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Abstract Bacteria are assumed to disperse widely via aero-
solized transport due to their small size and resilience. The
question of microbial endemicity in isolated populations is
directly related to the level of airborne exogenous inputs, yet
this has proven hard to identify. The ice-free terrestrial eco-
system of Antarctica, a geographically and climatically isolat-
ed continent, was used to interrogate microbial bio-aerosols in
relation to the surrounding ecology and climate. High-
throughput sequencing of bacterial ribosomal RNA (rRNA)
genes was combined with analyses of climate patterns during
an austral summer. In general terms, the aerosols were dom-
inated by Firmicutes, whereas surrounding soils supported
Actinobacteria-dominated communities. The most abundant

taxa were also common to aerosols from other continents,
suggesting that a distinct bio-aerosol community is widely
dispersed. No evidence for significant marine input to bio-
aerosols was found at this maritime valley site, instead local
influence was largely from nearby volcanic sources. Back
trajectory analysis revealed transport of incoming regional
air masses across the Antarctic Plateau, and this is envisaged
as a strong selective force. It is postulated that local soil
microbial dispersal occurs largely via stochastic mobilization
of mineral soil particulates.

Introduction

The aerosphere is important as a conduit for global transport
of bacteria and possibly as an ecological niche in itself.
Bacteria can be aerosolized from virtually any surface and
typically reach atmospheric concentrations in excess of 1×104

cells/m3 above land and marine surfaces [1–3]. Aerosolized
bacteria maintain viability during their atmospheric residence
and may exist in the air as spores, vegetative cells, or meta-
bolically active and dividing cells [4]. Bacterial residence
times can be several days, facilitating transport over great
distances, before their removal from the atmosphere by pre-
cipitation or direct deposition onto surfaces [5]. Understand-
ing the extent to which an environment may be impacted by
the input of foreign organisms, and identifying the sources of
these inputs, is important for understanding ecosystem dy-
namics and for monitoring ecological change.

Little is known about the contribution of bioaerosol transport
to the microbial ecology of isolated systems such as the Ant-
arctic continent. Antarctica is considered to be largely
decoupled from systems of global atmospheric transport, due
to its geographic isolation and barriers to the mixing of air
masses caused by the Antarctic Circumpolar Current [6]. Aero-
sols over Antarctica are predicted to have longer residence

Electronic supplementary material The online version of this article
(doi:10.1007/s00248-013-0296-y) contains supplementary material,
which is available to authorized users.

E. M. Bottos : P. Zawar-Reza : S. B. Pointing (*) : S. C. Cary (*)
International Centre for Terrestrial Antarctic Research, The
University of Waikato, Private Bag 3105, Hamilton, New Zealand
e-mail: steve.pointing@aut.ac.nz
e-mail: caryc@waikato.ac.nz

E. M. Bottos : S. C. Cary
Department of Biological Sciences, The University of Waikato,
Private Bag 3105, Hamilton, New Zealand

A. C. Woo
Sorbonne Paris Cité, Faculté de Médecine, Université Paris
Descartes, Paris Descartes, 24 rue du Faubourg Saint-Jacques,
75014 Paris, France

P. Zawar-Reza
Department of Geography, University of Canterbury,
Private Bag 4800, Christchurch, New Zealand

S. B. Pointing
Institute for Applied Ecology New Zealand, School of Applied
Sciences, Auckland University of Technology, Private Bag 92006,
Auckland 1142, New Zealand

Microb Ecol (2014) 67:120–128
DOI 10.1007/s00248-013-0296-y

http://dx.doi.org/10.1007/s00248-013-0296-y


times in the atmosphere than those over most temperate envi-
ronments [5], suggesting that long-range transport of bacteria
over the continent is likely. Few analyses of airborne bacteria
over Antarctica have been undertaken, with contemporary re-
ports restricted to analyses of microorganisms in the air above
Halley V Research Station on the Brunt Ice Shelf [7] and
Rothera Point on the Antarctic Peninsula [8]. Aeolian transport
is reported to be an important means of local redistribution of
organic material and biomass in deserts globally [9] and includ-
ing the cold polar deserts of Antarctica's ice-free ecosystems
[10–14]; however, there have been no descriptions of bacterial
diversity in these aerosols.

The McMurdo Dry Valleys in Victoria Land, Antarctica,
are the largest ice-free area on the continent [15, 16], and
deposition of organisms into Dry Valley soils has the potential
to profoundly impact ecosystem structure and function [17,
18]. It has recently been suggested that the low bacterial
numbers present in Dry Valley soils may enhance the ability
of invasive colonists compared to those in soil communities of
higher biomass [19]. Many of the same selective pressures
faced by organisms in the Dry Valleys including desiccation,
high UV radiation, low temperature, and oligotrophic condi-
tions [16] are faced by organisms during atmospheric trans-
port [6]. As such, many bacteria entering Antarctic soils from
the atmosphere may be well adapted to survive in their new
environment [20]. The likelihood of colonization may be
increased by the effects of climate change, as increased tem-
perature and water availability may favor growth of foreign
organisms in Antarctic soils [6, 21]. Atmospheric processes
may, therefore, have a particularly important role in shaping
microbial communities in Dry Valley soils.

In this study, the diversity of airborne bacteria was assessed
on the floor and ridge of Miers Valley, a location with exten-
sive landscape-scale ecological research data on the surface
ecology [18]. The objective was to set up a baseline dataset for
airborne inputs of bacteria and assess how they may influence
Dry Valley soils, since soil biodiversity is known to vary with
elevation in this system [16, 22].

Materials and Methods

Air Sampling

Aerosol samples were collected by filtration onto 0.2-μm-
pore-size polycarbonate filters by impaction using solar-
powered pumps (SKC, 224-PCXR8, Eighty Four, PA, USA)
mounted 1 m above the ground in each location. This height
was chosen since the majority of local dust mobilization has
been shown to occur at this near-ground interface (Cary et al.,
unpublished data). Filters inserted into cassette apparatus but
not exposed to air flow were used as controls. All filters and
cassettes were UV-sterilized and rinsed with 70 % alcohol

before use. Sampling apparatus was deployed 1 m above the
ground surrounded with a 2 mm gauze baffle on the Miers
Valley Floor (78°05′.78S, 163°47′.25E, approx. 270 m) and
Miers Valley Ridge (78°06′.83S, 163°47′.18E, approx.
550 m). Samples were collected from a continuous filtration
periodDecember 11, 2009 to January 25, 2010 (55 days), with
an estimated sample volume of 75,000 l for each location.
Filters were stored at −20 °C during transit from Antarctica
and until processed.

DNA Extraction, Amplification, and Sequencing

Total DNAwas extracted directly from the filters using the
DNeasy Plant Mini Kit (Qiagen, CA, USA), after first
washing with kit lysis buffer for 10 min. The remaining
steps of the extraction were carried out according to the
manufacturers instructions. Recovered DNA was quanti-
fied using NanoDrop™ (Thermo Scientific, Waltham, MA,
USA).

For each sample, PCR targeting the V5–V7 region of the 16S
rRNA gene was completed in duplicate. Each 30 μl reaction
contained 1× PrimeSTAR buffer, 0.2 mM dNTPs, 0.75 U
PrimeSTAR HS DNA Polymerase (Takara Holdings, Kyoto,
Japan), 0.4 μM of primers Tx9 (5′-GGATTAGAWACCCBG
GTAGTC-3′) and 1391R (5′-GACGGGCRGTGWGTRCA-3′)
[23], and 5 μl of template DNA. Thermal cycling conditions
consisted of 94 °C for 3 min; 30 cycles of 94 °C for 20 s, 52 °C
for 20 s, and 72 °C for 45 s; and 72 °C for 3 min. All thermal
cycling was completed on a Bio-Rad DNA Engine Peltier
Thermal Cycler 200 (Bio-Rad, Hercules, CA, USA). Duplicate
reactions were pooled, and amplicons were size-selected from
agarose gels using a MO BIO Gel Extraction Kit (MO BIO
Laboratories, Carlsbad, CA, USA). Gel extracted products were
cleaned using an Agencourt AMPure XP system (Beckman
Coulter, Brea, CA, USA) and quantified using a Qubit dsDNA
HS Assay Kit and Qubit 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA).

To prepare the amplicons for sequencing, a second round
of PCR was completed in triplicate. PCR reactions were
prepared as outlined above, but using 10 ng of purified
amplicon as the template and primers MIDX-Tx9F (5′-
CCATCTCATCCCTGCGTGTCTCCGACTCAG-MID-
GGATTAGAWACCCBGGTAGTC-3′) and BacB_1391R
(5 ′-CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-
GACGGGCRGTGWGTRCA-3′), adapted for one-way reads
with uniqueMID identifiers for each sample. Thermal cycling
conditions were as outlined above, but reduced to 13 cycles.
Triplicate products were pooled, gel-extracted, cleaned, and
quantified as outlined above, before quantification of
amplifiable molecules using a KAPA Library Quantification
Kit for Roche 454 Titanium/Universal (Kapa Biosystems,
Woburn, MA, USA) on a Corbett Rotor-Gene 6000 real-
time thermal cycler (Life Technologies). Amplicons were
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sequenced using the GS Junior Titanium emPCR Kit (Lib-L),
the GS Junior Titanium Sequencing Kit, PicoTitrePlate Kit,
and GS Junior System (Roche 454 Life Sciences, Branford,
CT, USA) at The University of Waikato DNA Sequencing
Facility.

Analysis of Sequencing Data

Raw sequence data was analyzed using AmpliconNoise v1.25
with default parameters [24]. Chimeric sequences were re-
moved using Perseus [24]. Sequences were processed in
Mothur v1.24.1 [25]. Pairwise distances were calculated using
ESPRIT [26] and sequences grouped at 97 % identity into
operational taxonomic units (OTU0.03) using average neigh-
bour clustering. Unique sequences had to be observed a min-
imum of three times in order for them to be retained for further
analyses. Sequences were assigned to taxonomic groups using
the Classifier function of the Ribosomal Database Project
(RDP) Release 10 [27] with a confidence threshold of 80 %,
and sequences were compared to those in the NCBI database
using the BLASTn algorithm [28].

Phylogenetic analyses were carried out in MEGA v5.05
[29]. Sequences were aligned over 266 homologous positions
of the 16S rRNA gene using Clustal W. A neighbour-joining
tree was constructed based on the alignment using default
parameters, except rates among sites were adjusted to be
gamma distributed, rather than uniform. The phylogenetic tree
was tested based on bootstrap analysis with 1,000 replications.

In addition to the NCBI database, Miers Valley aerosol
sequences were compared to those from previously published
datasets using the BLASTn algorithm. The first dataset in-
cluded 31 bacterial clone sequences reported in air samples
over Halley Station, West Antarctica [7] (GenBank accession
numbers FN431986–FN432029). The second dataset includ-
ed all bacterial sequences observed in a Miers Valley soil
sample that was used as a control site in a recent study [17].
The third dataset included 1,320 sequences from ice-free areas
of Antarctica [16]: Anchorage Island, Coal Nunatak, Fossil
Bluff, and Mars Oasis [30] (GenBank accession numbers
EF219488–EF220012; EF220190–220371; 220735–
220903), Miers Valley and Bratina Island [31] (GenBank
accession numbers DQ062859–DQ062918), Luther Vale
[32] (GenBank accession numbers EF464767–EF465090),
Ross Island [33] (GenBank accession numbers AY571818–
AY571845), and Marble Point and Wright Valley [34]
(GenBank accession numbers DQ365987–DQ366018).
Pyrosequencing data was also screened for possible user
contamination, using commonly accepted indicators of human
microflora and pathogens as previously described [35–39].
The pyrosequencing datasets generated in this study are de-
posited in the European Nucleotide Archive, under accession
number ERP002362 (http://www.ebi.ac.uk/ena/data/view/
ERP002362).

Meteorological Data and Back Trajectory Analyses

Back trajectories were generated with the internet-based ver-
sion of HYSPLIT, to establish the source regions of air masses
advecting over Miers Valley during the sampling period [40].
Seven-day back trajectories released at 500 m above ground
level (AGL) were obtained using the GDAS database for
every other day; to allow for adequate vertical mixing in the
atmosphere during transport, the isentropic option for calcu-
lating the back trajectories was selected. Although the resolu-
tion of GDAS is not adequate enough to show transport within
the Dry Valleys system, it should still elucidate the long-range
transport source regions accurately.

Results

From theMiers Floor sample, a total of 22,271 reads matching
the barcode were obtained, and 12,113 of these (574 unique
sequences) were retained following quality checks. From the
Miers Ridge sample, 22,101 reads matching the barcode were
obtained, and 11,467 of these (600 unique sequences) were
retained. Following removal of sequences that occurred less
than three times between the two air sample libraries, a total of
202 OTUs0.03 were retained for analyses (Supplementary
Table 1, Supplementary Figure 1). Control filters yielded no
recoverable DNA thus confirming the fidelity of our aerosol
sampling setup. The majority of the total sequences observed
grouped into OTUs0.03 common to both libraries. The 73
OTUs0.03 shared between the two libraries accounted for
95.3 % and 93.6 % of the sequences observed in the Miers
Floor and Miers Ridge samples, respectively (Supplementary
Table 2). A total of 64 OTUs0.03 were observed only in the
Miers Floor sample, and 65 OTUs0.03 were observed only in
theMiers Ridge sample, accounting for 4.7% and 6.4% of the
sequences in these libraries, respectively.

We recorded only ten OTUs0.03 (five in both samples, one
only in the Miers Floor sample, and four only in the Miers
Ridge sample) in the entire dataset for both locations that
displayed 91–99 % sequence similarity to human skin
(Dermacoccus , Flavobacteria , Lactobacillus , Micrococcus ,
Propionibacteria , Staphylococcus) or fecal (Escherichia) mi-
croflora; no pathogenic taxa were detected in the libraries.
These taxa indicative of human contamination comprised less
than 1 % of the sequences in the two libraries, and since most
were phylogenetically also very closely related to common soil
bacteria, we conclude negligible human contamination to our
sequence dataset.

In both samples, sequences grouping to the Firmicutes
dominated libraries, and sequences grouping to the
Actinobacteria, Bacteroidetes, and Cyanobacteria constituted
minor proportions of the libraries (Fig. 1). The highest diver-
sity was observed in the Proteobacteria with a total of 73
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OTUs0.03 found to group to the phylum, representing the
classes Alpha-, Beta-, and Gamma-proteobacteria. The
Firmicutes were represented by 56 OTUs0.03, which predom-
inantly grouped to the classes Bacilli and Clostridia. The
Actinobacteria were represented by 21 OTUs0.03, the
Bacteroidetes by 13 OTUs0.03, and the Cyanobacteria by 4
OTUs0.03. A single OTU0.03 grouping to the Acidobacteria
was observed in low abundance in the Miers Floor library, but
could not be confidently grouped beyond the phylum level.
Thirty four OTUs0.03 could not be confidently grouped to a
phylum.

The phylogenetic compositions of the libraries were
influenced heavily by five OTUs0.03, which dominated both
samples (Table 1). These sequences were found to cluster well
with cultured representatives of the taxonomic groups to
which they were assigned by RDP Classifier (Fig. 2). Many
of the dominant sequences were found to group closely with
known thermophilic genera. Sequences of OTU0.03 159
grouped within the Firmicutes to the genus Thermaerobacter
and shared 99 % sequence identity with its closest BLAST
match, Thermaerobacter subterraneus , an isolate from a hy-
drothermal system [41]. Sequences of OTU0.03 238 were
found to share 100 % sequence identity with isolate
Geobacillus tepidamans , which has been recovered from
highly disparate thermal environments, including geothermal
systems and food processing facilities [42]. The most abun-
dant phylotype found to group to the Proteobacteria, OTU0.03

9, also had a closest cultured match to the thermophilic bac-
teria Lysobacter thermophiles YIM 7785T, which was isolated
from a geothermal soil in China [43]; however, this sequence
has also been reported in numerous culture independent anal-
yses from diverse environments including air from a high
elevation site in Colorado, USA [44] and glacial ice in the
Antarctic Dry Valleys [45].

The two dominant sequences grouping to the family
Paenibacillaceae, OTUs0.03 166 and 176 (Table 1), had closest
BLAST matches of 99 % sequence identity to an uncultured

Fig. 1 Phylum level distributions
of sequences observed in the
Miers ridge (R) and Miers valley
floor (V) bacterial aerosol
libraries (this study), plus
surrounding soils (S) [17].
Phylum assignments were made
using the Classifier function of
the Ribosomal Database Project
(RDP) Release 10 [26] with a
confidence threshold of 80 %

Table 1 Taxonomic assignments of the most abundant OTUs0.03 ob-
served in the Miers Floor and Miers Ridge bacterial aerosol libraries

OTU Miers Floor
(%)

Miers Ridge
(%)

RDP assignment Confidence
(%)

9 15.7 15.1 Xanthomonadaceaef 100

159 24.6 6.7 Thermaerobacterg 100

166 7.3 11.3 Paenibacillaceaef 81–100

176 23.5 14.3 Paenibacillaceaef 87–100

238 8.2 24.4 Bacillaceaef 100

Assignments were made using the Classifier function of the Ribosomal
Database Project (RDP) Release 10 [26] with a confidence threshold of
80 %
f Sequences grouped to family
g Sequences grouped to genus
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Fig. 2 Neighbour-joining tree illustrating the phylogenetic relation-
ships of sequences from the five most abundant OTUs0.03 observed in
the Miers Floor and Miers Ridge bacterial aerosol libraries. The tree
is based on a Clustal W alignment of 16S rRNA gene sequences over

266 homologous positions. Bootstrap support is shown at each node
as a percentage, based on 1,000 resampled datasets. The scale indi-
cates the number of substitutions per nucleotide position
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bacteria associated with an insect host [46] and to an
uncultured bacteria associated with a mud volcano in the
Mediterranean [47], respectively. Their closest cultured
matches were with 98 % sequence identity to isolate
Paenibacillus sp. C15, from Lake Vostok accretion ice and
with 98 % sequence identity to Paenibacillus chinjuensis , an
isolate from a soil in Korea.

Few sequences in the Miers Valley aerosol libraries were
also present in the Halley Station aerosols, Miers Valley soil, or
Antarctic ice-free areas databases. Sequences from 5 OTUs0.03
observed in the Miers aerosol libraries matched 7 of the 31
clones reported in the Halley Station aerosols with >97 % 16S
rRNA gene sequence identity, and these OTUs0.03 accounted
for 3.2 % and 0.5 % of the Miers Floor and Miers Ridge
samples, respectively. Sequences from 13 OTUs0.03 observed
in the aerosol libraries matched sequences in the Miers soil
library with >97% 16S rRNA gene sequence identity, but these
sequences made up <3 % of either aerosol library. Sequences
from 34 OTUs0.03 were found to be present in either the Miers
soil library or soils from other ice-free areas in Antarctica, and
these OTUs0.03 accounted for 6.6 % and 5.3 % of the Miers
Floor and Miers Ridge samples, respectively.

Seven-day back trajectories indicated that the air masses
influencing the sample sites came predominantly from the
plateau, with few events immediately influenced by the ma-
rine environment (Fig. 3). An Automatic Weather Station
(AWS) installed in the valley floor shows that the typical
surface flow was easterly (up-valley) for December and Jan-
uary (data is not available between December 12 to January 18
due to equipment failure). As is typical for this season, strong
katabatic storms did not occur and wind speeds diurnally
oscillated between 7 to 0.5 m/s in response to the solar
insolation.

Discussion

The soils and rocks of Antarctica's Dry Valleys support unique
microbial communities that are able to tolerate the harsh
environmental conditions [16]. This study demonstrated that
the aerosol immediately above this edaphic niche supports a
bacterial diversity that includes a very low frequency of OTUs
related to local soil colonists and instead is dominated by
OTUs that suggest that the extensive local active volcanology,
together with strong selective pressure from regional transport
above the Antarctic plateau, may be the dominant factors
determining airborne bacterial dispersal.

The lack of correlation between aerosolized ‘communities’
and local edaphic communities in our study is an enigma. It is
recognized that dust transport is a major mechanism for mi-
crobial dispersal in deserts worldwide [9], and studies of
microbial signatures in Antarctic soils indicate this may also
be the case in the Dry Valleys, at least on a local scale [11]. Yet

during a large part of the Austral summer, our evidence
suggests that local edaphic bacteria form a negligible part of
the dust-free airborne biota. We propose that this may be due
to microbes associated with mineral soil (dust) particles that
were frozen solid to the surface and/or too heavy to have been
collected by our pumping apparatus, and therefore dust-
associated microbes were under-represented in our study. We
may therefore have detected only bacteria being transported as
very fine particulates. Soil microbial communities also exhibit
relatively low biomass [11, 48] and may be dispersed during
occasional stochastic events rather than in a continuous man-
ner, and this may contribute to relatively stochastic demogra-
phy between such desert locations [49, 50].

At the phylum level, the signatures observed in the Miers
Valley aerosols were largely similar to those reported in aero-
sols over other terrestrial environments. Studies of aerosols
from Texas [35], Colorado [51], Hong Kong [39], and the
Canadian High Arctic [52] report similar representation of
major phyla. This evidence supports suggestions that bacteria
from these groups may have characteristics that enhance their
ability to be aerosolized and survive harsh conditions in the
atmosphere [51]. That the same bacteria that are important
globally in aerosols are important in Antarctic aerosols sug-
gests there may be common controls to bacteria during high
atmospheric transport, and this may be independent of geo-
graphic location.

At the OTU0.03 level, there was also evidence that Miers
bio-aerosols were similar to those outside Antarctica. The
most abundant OTU0.03 grouping to the Proteobacteria was
also observed in air from a high elevation site in Colorado,
USA [44]. Several sequences of lower abundance in theMiers
library were also recorded from aerosols over tropical terres-
trial and marine environments [39], thus suggesting that some
taxa are globally distributed in the atmosphere.

Aerosols over Miers Valley showed much higher diversity
than those reported from other parts of the continent. This
result is at least partially attributable to the use of high-through-
put sequencing in the current study (thus resolution power in
our study was several orders of magnitude greater than in
earlier studies), but may also in part reflect landscape differ-
ences between the two study sites influencing aerosol compo-
sitions. Pearce and colleagues [7] proposed that the 31 clones
and 12 partial sequences reported in aerosols over Halley
Station represented a baseline of biodiversity for aerosols over
the continent, due to limited impact from local biological
sources. Our observation of seven of the taxa described in the
Halley Station libraries among the 202 OTUs seen in aerosols
over Miers Valley is in agreement with this concept and may
indicate that there are some bacterial taxa that can be predict-
ably observed in aerosols over the entire continent. The differ-
ence in bacterial assemblages observed between the two stud-
ies demonstrates a degree of temporal and/or spatial variation
in aerosol compositions over Antarctica.
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There was little evidence that local soils, lakes, glaciers, or
the Ross Sea had a marked influence on bacterial aerosol
compositions. The air sample libraries were found to be highly
dissimilar to the reference soil sample library at both the
phylum and OTU0.03 level. In stark contrast to the Miers
Valley aerosols, work by Tiao and colleagues [17] indicated
that the Miers soils were dominated by sequences grouping to
Actinobacteria (37.3 %) and Bacteroidetes (12.6 %), while
those grouping to Firmicutes (<1 %) and Proteobacteria
(Alphaproteobacteria 1.6 %, Betaproteobacteria <1 %, and
Gammaproteobacteria<1 %) made up small proportions of
the library. All of the phyla observed in the air samples were
observed in the soils, but many in the soil samples including
the Deinococcus–Thermus , Chloroflexi, Planctomycetes, and
Verrucomicrobia were not detected in either air sample. Se-
quences from only 13 OTUs0.03 in the Miers aerosol libraries
were also observed in the soil library, and none of the domi-
nant signatures in the aerosol libraries were represented. This
indicates strong selective pressure in Dry Valleys soils to-
wards community assembly that greatly enhances abundance
of ‘rare’ phylotypes from the incoming airborne (rather than
dust-borne) inoculum. We further postulate that dispersal is a
largely regional process and occurs via stochastic dust storm
events, whilst a more passive low-level but continuous aerosol
input from air movements harbours a largely non-invasive
aerosolized microbial input. It is also possible that the level
of biomass in Dry Valley soils surrounding the sample sites
was too low to have a detectable influence on the composition

of bacterial aerosols, although cyanobacteria that form high
biomass microbial mats around lakes and hypoliths in quartz-
bearing soils were undetected and so this appears unlikely.

Of the bacteria detected, none were confidently considered
to be of marine origin from the nearby Ross Sea. This is
consistent with the analysis of back trajectories for wind,
which showed weather arriving predominantly from the inte-
rior of the continent. Pearce and colleagues [7] also noted
limited marine influence on aerosols at Halley Station in
peninsular Antarctica, with only three bacterial sequences of
marine origin and no discernable variation in bacterial aerosol
compositions when the distance to open water was reduced
from 400 to 15 km during seasonal break up of the sea-ice.
Hughes and colleagues [8] also reported that only three of the
sequences detected in aerosols over Rothera Point were of
marine origin, despite close proximity to the open ocean and
the marine influence on much of the air arriving at the station.
Based on the climatic trends over the sampling period, it is,
perhaps, not surprising that little marine influence was ob-
served in the Miers Valley aerosols.

The substantial number of sequences in both libraries that
appear to be from thermophilic bacteria was unexpected, but
may be explained by influences from the many areas of
geothermal activity in the Ross Sea region. Potential sources
of thermophilic organisms include Mount Erebus 100 km
northeast of the Miers Valley, and Mount Melbourne and
Mount Rittman approximately 400 and 500 km north of the
Miers Valley, respectively. These sites host diverse and

Fig. 3 Hysplit [39] back
trajectories showing the origin of
air masses influencing the sample
site over the sampling period
(yellow highlight)
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abundant thermophilic microbial communities [53–55]. Bac-
teria may be aerosolized from these sites in steam that rises
from the fumaroles, similar to the mechanism of dispersal
described in other geothermal systems [56, 57]. Considering
the close proximity of the Dry Valleys to these ecosystems,
relative to other significant stocks of microbial biomass, it is
reasonable to suggest that these volcanoes, particularly Mt.
Erebus, may have an important influence on the composition
of bacterial aerosols in the region.

We postulate that at least some aerosolized bacteria arrived
via inter-continental dispersal. Indeed, Vincent [58] cites nu-
merous lines of evidence for the frequent transfer of biological
material to Antarctica by atmospheric processes. Bacteria
have been shown to survive long-distance transport in desert
dust blown between Africa and the Caribbean [59]. Many of
the bacteria observed in the Miers aerosols may be long lived
in the atmosphere, particularly the spore-forming taxa group-
ing to the phylum Firmicutes. The high proportion of
Firmicutes observed in these libraries could be the result of
selection for spore-forming bacteria during long-range trans-
port, as the Paenibacillus , Geobacillus/Anoxybacillus , and
Thermaerobacter found to dominate the Miers aerosols can
all be considered to be cosmopolitan in distribution [42, 60]
and may be highly mobile as spores.

We conclude, however, that the majority of the bacteria
observed in the aerosols originated in Antarctica, rather than
from off the continent. Antarctica has been hypothesized to
have one of the lowest rates of microbial exchange with other
continents and marine environments, with an estimated 90 %
of the aerosols deposited in Antarctic environments predicted
to have originated from on the continent [5]. The dust that
arrives in Antarctica is predicted to be predominantly from
Australia and Patagonia, with the Ross Sea region most heavi-
ly influenced by the Australian fraction [61], and there is little
reason to expect these aerosols to be dominated by thermo-
philes. That all of the dominant members are thermophilic
suggests that there is a common nearby source, as a mecha-
nism for the selection in favour of thermophilic bacteria in the
cold atmosphere is difficult to conceive.
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