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Microorganisms are abundant in the upper atmosphere, particularly downwind of arid regions, where winds can mobilize large
amounts of topsoil and dust. However, the challenge of collecting samples from the upper atmosphere and reliance upon cul-
ture-based characterization methods have prevented a comprehensive understanding of globally dispersed airborne microbes.
In spring 2011 at the Mt. Bachelor Observatory in North America (2.8 km above sea level), we captured enough microbial bio-
mass in two transpacific air plumes to permit a microarray analysis using 16S rRNA genes. Thousands of distinct bacterial taxa
spanning a wide range of phyla and surface environments were detected before, during, and after each Asian long-range trans-
port event. Interestingly, the transpacific plumes delivered higher concentrations of taxa already in the background air (particu-
larly Proteobacteria, Actinobacteria, and Firmicutes). While some bacterial families and a few marine archaea appeared for the
first and only time during the plumes, the microbial community compositions were similar, despite the unique transport histo-
ries of the air masses. It seems plausible, when coupled with atmospheric modeling and chemical analysis, that microbial bioge-
ography can be used to pinpoint the source of intercontinental dust plumes. Given the degree of richness measured in our study,

the overall contribution of Asian aerosols to microbial species in North American air warrants additional investigation.

Air samples from the lower troposphere contain a substantial
microbial component that originates from a variety of ma-
rine/terrestrial sources (1-3). Airborne cells can spread genes to
distant environments and even influence weather as cloud/ice
condensation nuclei (1), but very little is known about microbial
diversity and abundance at higher altitudes, where long-range at-
mospheric transport (i.e., global dispersal) is more efficient (4).
Mountaintop observatories can provide access to the upper tro-
posphere and lower stratosphere, making it feasible to capture
enough biomass to employ modern molecular assays. Seasonal
measurements at such platforms may help clarify the influence of
microorganisms on patterns of climate (5), epidemiology (6-8),
and biogeography (9).

We collected samples from the Mt. Bachelor Observatory
(MBO), aresearch station 2.8 km above sea level on the summit of
an extinct volcano in central Oregon (43.98°N, 121.7°W). In the
springtime, windblown plumes of pollution, smoke, and dust
from Asia routinely reach the field site after crossing the Pacific
Ocean in 7 to 10 days (4, 10, 11). Annually, as much as 64 Tg of
Asian aerosols is transported to North America (12). Recently
(13), we described two major Asian long-range transport (ALRT)
plumes with high concentrations of particulate matter (mostly
dust, but also anthropogenic pollution) arriving at MBO. The first
event began at 2:00 coordinated universal time (UTC) on 22 April
2011 and lasted 51 h; the second started at 12:00 UTC on 12 May
2011 and ended 80 h later (see Tables 1 and 2). Airborne bacterial
concentrations were measured by quantitative PCR, and rRNA
sequencing was used to identify cultured species. Average bacterial
genomes ranged from 1 to 4 m ™ across the April episode and 2 to
7 m > across the May episode, assuming that intact cells (contain-
ing 2 to 8 f{g DNA) were captured. Several Gram-positive bacterial
isolates were identified using culture-based recovery methods, but
since so few species can actually be cultivated (9, 13), our goal was
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to reexamine the air samples with a more comprehensive molec-
ular tool testing the hypothesis that transpacific plumes deliver
rich microbial populations to North America.

MATERIALS AND METHODS

Sample collection. Microbes were collected on sterile polyethersulfone
filters (pore size, 0.8 um) connected to a previously described air-sam-
pling device at MBO (13). Briefly, a high-volume pump pulled ~0.5 m*
min~ ! of air through individual filters over 12-h intervals, and then
samples were removed from the device and stored at —80°C. During
sampling periods, meteorological and atmospheric chemistry data
were collected for aerosol elemental composition (e.g., ammonium
sulfate [NH,SO,], soil, and trace metals), carbon monoxide (CO),
ozone (O;), water (H,O) vapor, total gaseous mercury (THg), temper-
ature, atmospheric pressure, wind speed, and direction. Details of
MBO instruments, calibrations, and element concentration calcula-
tions have been published elsewhere (4, 10, 13).

Atmospheric modeling. We calculated 240-h backward trajectories
initialized from MBO during peak aerosol periods to establish the long-
range transport history of arriving air masses. Trajectories were calculated
with the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (14), version 4, which uses global meteorological data
from the Global Data Assimilation System archive. The data set has a time
resolution of 3 h, a spatial resolution of 1° latitude by 1° longitude, and a
vertical resolution of 23 pressure surfaces between 1,000 and 20 hPa. Tra-
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FIG 1 Ten-day kinematic back trajectories for air arriving at MBO (43.98°N,
121.7°W), depicting transpacific transport patterns from Asia (left) to North
America (right). Back trajectories for both episodes were calculated using the
HYSPLIT model at the peak plume hour (highest aerosol, CO, and Oj levels).
The colored scale bar represents trajectory height (m above sea level). (a)
Trajectories ending 22 April 2011 at 12:00 UTC, showing a rapid ascent to the
upper troposphere/lower stratosphere prior to sampling; (b) trajectories end-
ing 13 May 2011 at 00:00 UTC, showing possible marine boundary layer mix-
ing and a storm loop off the Alaskan coast prior to sampling.

jectories were run at multiple heights (1,200, 1,500, and 1,800 m above
ground level) surrounding the summit of MBO (4).

Transoceanic aerosol plumes were also modeled with the Navy Re-
search Laboratory Aerosol Analysis and Prediction System (NAAPS; http:
/[www.nrlmry.navy.mil/aerosol/) to compare them with HYSPLIT, ver-
sion 4, long-range transport patterns. The NAAPS model produces a total
aerosol forecast at an optical depth of 550 nm that includes sulfate, smoke,
dust, and sea salt mass concentrations. We examined air samples from the
periods from 15 to 25 April 2011 and from 7 to 17 May 2011.

DNA extraction and PCR amplification. To extract DNA, samples
were processed with MO BIO PowerWater (PW) kits (product 14900-
100-NF; MO BIO Laboratories, Inc., Carlsbad, CA). Each quartered filter
was placed inside a 5-ml PowerWater bead tube containing 3 ml of solu-
tion PW1, and the tube was incubated for 30 min at 65°C, followed by a
15-min vortex (product 12-812; Fisher Vortex Genie 2; Fisher Scientific).
All subsequent extraction steps followed the PowerWater manufacturer’s
guidelines, with solution volumes being proportionally adjusted to match
the boosted volume of solution PW1. A centrifuge (product 5804; Eppen-
dorf, Hauppauge, NY) and PowerVac manifold (product 11991; MO BIO
Laboratories, Inc.) were used, along with a wash of 800 pl of 100% etha-

TABLE 1 April plume sample manifest
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nol, prior to the addition of solution PW4. The final sample elution vol-
ume was 40 pl in buffer EB (Qiagen). DNA samples were quantified using
NanoDrop spectrophotometry (ND-1000; Thermo Scientific, Wilming-
ton, DE) and PicoGreen (Life Technologies, Grand Island, NY) methods.
Next, 16S rRNA gene PCR amplification was performed: bacterial 16S
rRNA genes were amplified using forward primer 27F.1 (5'-AGRGTTTG
ATCMTGGCTCAG-3") and reverse primer 1492R.jgi (5'-GGTTACCTT
GTTACGACTT-3"); archaeal 16S rRNA genes were amplified using for-
ward primer 4Fa (5-TCCGGTTGATCCTGCCRG-3') and reverse
primer 1492R.jgi (15). Thermocycling program conditions were 95°C for
3 min, followed by 35 cycles at 95°C for 30 s, 50°C for 30 s, and 72°C for 2
min and an extension at 72°C for 10 min, before holding at 4°C. Amplified
products were concentrated and quantified by electrophoresis using an
Agilent 2100 bioanalyzer.

Microarray design, experiment, and scoring. PhyloChip microarrays
are commercially available through Second Genome, Inc. (San Bruno,
CA), and have been extensively described elsewhere (15-18). Amplified
and purified DNA products were fragmented and biotin labeled. Each
reaction mixture was injected into the hybridization chamber of version
G3 of a PhyloChip array (15). A PhyloChip control mix was included for
scaling and normalization. Oligonucleotide targets and probes represent-
ing publicly available bacterial and archaeal 16S rRNA genes were synthe-
sized by photolithography on a PhyloChip version G3 array. Other rele-
vant technical details, quality/processing controls, and reproducibility
tests for the PhyloChip version G3 array have been published (15). Oper-
ational taxonomic units (OTUs) were defined as a group of highly similar
16S rRNA gene sequences (<0.5% divergence). In total, there were 59,959
potential clusters spanning 2 domains (archaea and bacteria), 147 phyla,
1,123 classes, and 1,219 orders. Each OTU was assigned to 1 of 1,464
families (19). Experimentally, hybridization took place for 16 h in an oven
at 48°C and 60 rpm before the PhyloChip array was washed, stained, and
scanned using a GeneChip 3000 7G scanner (Affymetrix, Santa Clara,
CA). Fluorescence intensity was captured using Affymetrix software
(GeneChip Microarray Analysis Suite) and calculated using preestab-
lished formulas (17).

Statistical analysis. Hybridization scores (HybScores) were calculated
for each OTU using probe fluorescent intensities. The relative abundance
of taxa was measured by comparing intensities against the intensity of the
PhyloChip control mix after subtracting from background values. Multi-
variate statistical analyses were performed with PhyCA-Stats software
(Second Genome, Inc.), and algorithms compared the relationship be-
tween probes and taxa. Maximum and minimum HybScores were dis-
carded before averaging and scaling of the values so that a HybScore
change of 1,000 represented a doubling in probe fluorescent intensity.
Data were reduced to a series of predefined filters (15) based on significant
taxon patterns, established through either parametric Welch tests or
Adonis tests to generate P values. Presence and absence (i.e., incidence)
data were transformed into binary metrics, which used the UniFrac dis-
tance method for examining changes in communities (20, 21). Abun-
dance metrics used HybScore data for OTUs and a weighted UniFrac
method for measuring sample-to-sample distance.

Avg aerosol DNA concn PCR yield No. of OTUs
Sample Date (mo/day/yr) and time (UTC) Category level (g m™7) (ngpl™) (ng) detected
Abk142 4/21/2011 20:00 to 4/22/2011 08:00 Background 1.56 2.2 1,394 2,325
Adul43 4/22/2011 08:00 to 4/22/2011 19:00 Plume 23.3 15.3 1,442 2,197
Adul44 4/22/2011 19:00 to 4/23/2011 07:00 Plume 10.3 1.5 1,328 2,808
Adul45 4/23/2011 07:00 to 4/23/2011 19:00 Plume 10.7 1.7 1,347 2,620
Adul46 4/23/2011 19:00 to 4/24/2011 07:00 Plume 10.2 1.8 1,330 2,742
Abk147 4/24/2011 07:00 to 4/24/2011 19:00 Background 0 2.0 991 2,114
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TABLE 2 May plume sample manifest

Avg aerosol DNA concn PCR yield No. of OTUs
Sample Date (mo/day/yr) and time (UTC) Category level (ugm™?) (ngul™") (ng) detected
Tbk175 5/12/2011 06:00 to 5/12/2011 19:00 Background 0.408 1.6 1,339 2,311
Tdul76 5/12/2011 19:00 to 5/13/2011 08:00 Plume 9.52 0.5 1,331 2,155
Tdul77 5/13/2011 08:00 to 5/13/2011 20:00 Plume 8.70 2.6 1,314 2,682
Tdul78 5/13/2011 20:00 to 5/14/2011 08:00 Plume 7.82 1.4 1,115 2,864
Tdul79 5/14/2011 08:00 to 5/14/2011 20:00 Plume 5.05 1.1 1,361 2,841
Tdul80 5/14/2011 20:00 to 5/15/2011 08:00 Plume 5.56 1.2 1,309 2,656
Tbk181 5/15/2011 08:00 to 5/15/2011 20:00 Background 1.99 1.3 1,165 2,516
Tbk182 5/15/2011 20:00 to 5/16/2011 08:00 Background 0.161 6.7 1,259 2,235

Microarray data accession number. The entire microarray data set
with OTU annotations can be accessed at the Greengenes database (http:
//greengenes.secondgenome.com/downloads/phylochip_datasets).

RESULTS AND DISCUSSION

First, it was essential to establish possible source regions and trans-
port histories for the events of interest using meteorological and
chemical data. Kinematic back trajectories were modeled for each
episode with HYSPLIT, revealing key differences in origin, mix-
ing, and vertical transport. Ten-day back trajectories for the April
event began near China, the Korean Peninsula, or Japan and
showed the air mass rapidly lifting to an altitude of ~8 km (Fig.
la). Low humidity and high O; indicate that the pollution plume
may have mixed with air from the upper troposphere/lower
stratosphere during transport (13). Airborne THg and CO can be
used as tracers for ALRT (4), and enhancement ratios between the
species (see Fig. S1 in the supplemental material) in the April
plume were consistent with previously identified Asian pollution
events at the collection site (10). Soil and NH,SO, concentrations
were also correlated (see Fig. S2 in the supplemental material),
indicating a similar origin and an airborne time sufficient for ho-
mogenization (22). The NAAPS model provided another check
for ALRT by depicting the transpacific migration of airborne sul-
fate, dust, smoke, and sea salt at a total aerosol optical depth of 0.1
to 0.2 (see Movie S1 in the supplemental material). For the May
episode, 10-day HYSPLIT back trajectories show an air mass orig-
inating over the Pacific Ocean and mixing into the marine bound-
ary layer (Fig. 1b). According to the model, the air was swept
through a storm loop off the coast of Alaska before ascending into
the free troposphere and MBO. Depleted levels of THg/CO (see
Fig. S1 in the supplemental material) and NH,SO,/soil (see Fig. S3
in the supplemental material) align with the possibility of a
boundary layer excursion. Compared to what was observed in the
April episode, the May NAAPS data (see Movie S2 in the supple-
mental material) show denser emissions in Asia and a larger trans-
pacific plume.

Air samples (spanning 12-h intervals) from before, during, and
after ALRT events were analyzed for microbial richness and abun-
dance using a PhyloChip 16S rRNA microarray (3, 15-18). Tables
1 and 2 provide the aerosol level, microbial concentration (ng
DNA), and community richness (number of OTUs) for each sam-
pling interval and category (plume or background). Overall, 2,808
bacterial OTUs were detected at the peak of the April episode (694
above background levels); 2,864 bacterial OTUs were detected at
the peak of the May episode (629 above background levels). On
the basis of incidence data alone, bacterial richness was highest
during plumes and lowest before and after plumes (i.e., from

1136 aem.asm.org

background air). Bacterial taxa spanned a broad range of phyla,
including Firmicutes, Proteobacteria, Actinobacteria, and Bacte-
roidetes. Six species of archaea were also measured in 8 samples
(see Table S1 in the supplemental material).

Principle coordinate analysis (PCoA) was used to measure dis-
similarity in ALRT plumes. Each point on the ordination plots
represents an entire microbial community sample. Figure 2 as-
sembled incidence data from 38,546 possible taxa and partitioned
the samples into two distinct categories: plume and background.
Significant clusters (P = 0.032) emerged with (i) April and May
background samples and (ii) April and May plume samples, sup-
porting the idea that ALRT events were more similar than differ-
ent. Comparable clustering was observed (P = 0.044) in a fol-
low-up analysis using abundance data from 2,514 possible taxa
(see Fig. S4 in the supplemental material). Incidence data for only
86 selected taxa at peak plume sampling intervals (Adul43 to
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FIG 2 Principle coordinate analysis of background samples (green) and
plume samples (blue). Analysis was based on the unweighted UniFrac distance
between samples from 38,546 possible taxa with incidence differences. For axis
1, 29% of the variation was explained; for axis 2, 9% of the variation was
explained. The partitioning shows the similarity in community composition
between plume samples (abbreviated du) and the similarity in community
composition background samples (abbreviated bk), regardless of plume tim-
ing (April or May). Note that Adu143 and Tdul76 were transitional samples at
the onset of a plume (i.e., a mixture of background and plume).
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FIG 3 Relative abundance of 15 common bacterial families across the April plume (left) and May plume (right). The size of each color block (assigned to families
in the table below) represents the number of OTUs detected in the family relative to the total number of OTUs detected in that sample. For example, Bacillaceae
OTUs accounted for 6.5% of the total OTUs detected in the first April sample (Abk142). Generally, family proportions remained constant across both episodes.

Adul45, Tdul77 to Tdul79) revealed a microbiome contrast be-
tween April and May plumes (see Fig. S5 in the supplemental
material).

Figure 3 supports the idea that ALRT plumes delivered similar
microbiota, despite unique transport histories, in April and May:
although species richness levels varied between the events (Tables
1 and 2), the proportion of 15 common bacterial families was
essentially parallel. An important point, however, is that while the
relative abundance remained steady across ALRT plumes, the ab-
solute abundance of 312 OTUs changed significantly (P < 0.001).
To illustrate this observation, a circular tree (see Fig. S6 in the
supplemental material) was constructed to display differentially
abundant OTUs and their taxonomic relationship on the basis of
16S rRNA gene alignment. Welch test P values were used to reduce
the number of significantly different families to 83, and the one
OTU with the greatest abundance difference from each family was
included in the tree. Heat-map values revealed increases within
the class Clostridia and families Sphingomonadaceae, Rhodobacte-
raceae, and Isosphaeraceae relative to the combined means of base-
line samples. Altogether, Proteobacteria (n = 29), Actinobacteria
(n=19), and Firmicutes (n = 19) totaled 80% of the phyla whose
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abundance increased during ALRT plumes. A higher level of Ac-
tinobacteria and Firmicutes is noteworthy because the families in-
clude many spore-forming and Gram-positive species capable of
surviving extreme conditions associated with long-range upper
atmospheric transport. Curiously, 4 out of 5 of the families that
decreased in abundance during plumes were Proteobacteria from
marine environments (including Alteromonadaceae, Vibrion-
aceae, and the OM60 family within the Oceanospirillales).

After establishing that ALRT plumes delivered higher concen-
trations of microbes already present in the North American back-
ground air, we focused on variations within specific taxa using
prediction analysis for microarrays (PAM) (23). Figure 4 high-
lights taxa with possible Asian or oceanic origins, including iso-
lates from a Chinese forest (OTU 51259), Dongping Lake sedi-
ments (OTU 51013), and marine microbial mats (OTU 75349).
The alignment between taxon source regions and probable emis-
sion sites identified by atmospheric data was striking; however,
annotations from the 16S rRNA sequence database can be inaccu-
rate. Source verification of probe-detected taxa would require
sample sequencing (which was outside the scope of our current
study). Another possible agreement between atmospheric trans-
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FIG 4 Significant abundance variations in specific taxa between background (green) and plume (blue) periods. Combined data for April and May events are
shown. HybScores are on the y axis, and the sample order (from left to right) follows the order used in Tables 1 and 2 (e.g., Abk142 is the leftmost data point).

Numbers in parentheses are OTU identification numbers.

port models and microbial biogeography was the detection of
Aeropyrum spp. in the May episode. Finding marine archaea (24)
in the free troposphere above central Oregon also supports micro-
bial ALRT, but biogeography alone cannot be the only means of
inferring distant provenance. Only after considering the location
of our field site, prevailing wind direction, and long-range trans-
port validation through a number of independent atmospheric
data sets [including (i) HYSPLIT, version 4, kinematic back tra-
jectories, (ii) aged aerosol data (i.e., NH,SO, and soil), (iii) plume
chemical composition (i.e., CO and THg), and (iv) the NAAPS
model] could we be confident about the transoceanic origin of air
samples.

Soon, it may be useful to think about microorganisms as air
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pollution (e.g., how aerosols were depicted in Movies S1 and S2 in
the supplemental material, moving in plumes through a global
background layer). Our main finding—that transpacific dust
plumes deliver elevated levels of species already in the background
air—suggests that microbes pool like other types of pollution over
the Pacific Ocean. However, a transpacific monitoring network
with sampling sites in eastern Asia and western North America is
needed to establish an aerobiology data set comparable to that for
the NAAPS model. Such an undertaking would require seasonal
measurements from a variety of natural (desert dust, marine sea
spray, etc.) and artificial (livestock feedlots, wastewater-treatment
facilities, etc.) upwind emission sources (25), monitored, ideally,
through a combination of ground- and aircraft-based platforms.
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Global sampling efforts using rRNA microarrays might consider
employing the same commercial products to reduce false hybrid-
izations and other sources of variation (17). Standardizing air col-
lection techniques, DNA extraction, PCR amplification, and mi-
croarray protocols would be useful for comparisons between field
sites. Even though microarrays offer improved sensitivity to mi-
crobial taxa (our first investigation of the same ALRT samples
detected only 18 species of bacteria [13]), culture-based aerobiol-
ogy data still have value: understanding what species remain viable
after intercontinental atmospheric transport informs questions
related to disease propagation.

Airborne microorganisms originate from the surface and must
eventually return to it. Consequently, the atmosphere has gener-
ally been considered a conduit for life rather than a true ecosys-
tem. However, our study revealed a microbial richness that rivals
that of surface ecosystems and the presence of many phyla with
adaptations for extended viability during atmospheric transport
(e.g., spore-forming and Gram-positive bacteria). In addition, the
potential for dynamic microbial interactions with the environ-
ment, such as in situ metabolism (26), the stimulation of cloud
formation and precipitation (5), and selection pressures from UV
radiation (27) all support the idea that the atmosphere might be
considered an ecosystem in its own right. No matter how it is
classified, as desertification injects more dust into the atmosphere
(6, 12) and humans grow increasingly vulnerable to changing pat-
terns of weather and disease, it will be important to monitor mi-
crobial populations on intercontinental winds.
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