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The emergency response following hurricanes Katrina and
Rita included massive pumping and aeration operations to re-
duce biochemical oxygen demand (BOD) of floodwaters trapped
within the city of New Orleans. Such engineering operations
aerosolized tremendous quantities of water as microdroplets,
which in turn increased the potential for waterborne microorgan-
isms to partition into the atmosphere. To determine if remedi-
ation efforts significantly impacted local airborne microbe pop-
ulations, or resulted in aerosolization of potentially pathogenic
microorganisms, we performed direct microscopy, broad spec-
trum PCR, and DNA sequencing analysis on paired air and
water samples collected in the immediate vicinity of turbulent
pumping and aeration operations throughout flooded New Or-
leans. We report here that remediation activities following Hur-
ricanes Katrina and Rita did not significantly impact bioaerosol
ecology proximal to large engineering works, which promoted
floodwater aerosolization. With exception to the minor repre-
sentation of species associated with common skin infections, no
pathogenic species were detected in this atmospheric sampling
campaign. When compared to the growing genetic catalogues of
atmospheric molecular ecology surveys, results from this sampling
campaign were consistent with, but limited to, phylum level taxo-
nomic patterns emerging from observations of outdoor bioaerosol
communities.

1. INTRODUCTION
In the weeks following Hurricanes Katrina and Rita, the

US Army Corps of Engineers drained nearly a trillion gal-
lons of floodwater from the city of New Orleans by coordi-
nating a massive pumping operation (USACE 2005a, b, c). Two
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water quality studies conducted immediately following Hur-
ricane Katrina found elevated numbers of pathogenic bacte-
ria (or cultured surrogate indicators) in floodwaters distributed
throughout the city (Pardue et al. 2005; Presley et al. 2006).
High biochemical oxygen demands (BOD) (80 mg/L average)
observed in many flooded locations, prompted emergency re-
sponse crews to execute in-situ water reclamation practices
using high-power mechanical aeration and turbulent pump-
ing discharges in many of New Orleans’ major canals. Such
practices were employed for the express purpose of entraining
air into moving floodwaters, and resulted in the aerosolization
of tremendous quantities of water. Since significant numbers
of microbes have been shown to partition into the atmo-
sphere from relatively quiescent water bodies (Blanchard and
Syzdek 1970, 1971, 1972, 1982; Angenent et al. 2005; Paez-
Rubio et al. 2005), the Katrina floodwater reclamation prac-
tices could have significantly impacted local aerobiology by en-
hancing the partitioning potential of waterborne microbes into
aerosols.

Throughout New Orleans, floodwaters containing elevated
numbers of potentially pathogenic microbes and high organic
carbon levels were subject to sustained mechanical energy inputs
on an enormous scale. In response to these unique environmental
conditions, we identified and enumerated microorganisms asso-
ciated with active water reclamation operations to determine
whether the local ecology of airborne microbes was influenced
by proximal water sources, and to ascertain if microbes present
in the air posed a potential health risk to emergency response
personnel working in the vicinity of water aerosolizing devices.
Direct microscopy was used to quantify the microbiological
loads present in aerosols and water samples. Broad-spectrum
PCR and rRNA sequence analysis were conducted to assess
microbial community compositions in the vicinity of outdoor
remediation operations in the weeks between Hurricanes Kat-
rina and Rita (September 18–September 25, 2005), and the week
immediately following Rita’s landfall.

230



BIOAEROSOL PARTITIONING IN THE KATRINA FLOOD ZONE 231

TABLE 1
Site identification key with GPS coordinates of the sampled locations in the flooded City of New Orleans during September,

2005. Three letter acronyms identify each site and timing of sample collection

Sample ID Descriptive location Lattitude Longitude

LPK Lake Ponchartrain 30.028333 57.501667
OCK Orleans Canal Aerator 30.026944 59.501389
LAK London Avenue Canal 30.02175 9.081467
SCK 17th St Canal at the levee break 30.020278 89.501944
IHR Inner Coastal Waterway near 30.00475 89.9949683

Paris Road
ILR Inner Coastal Waterway near 30.0051 89.949267

Paris Road
CGR Inner Harbor Navigation Canal 29.96555 90.025917

Coast Guard Station

Sample designations ending with K signify sampling date between hurricanes Katrina and Rita (September 18–22, 2005); sample designation
ending with R signify sampling date within a week after Rita’s landfall (September 23, 2005)

2. MATERIALS AND METHODS

2.1. Aerosol and Source Water Sampling
A total of 55 samples were collected from 22 sites throughout

the City of New Orleans between September 18 and 25, 2005.
Based on safe accessibility, seven of these were chosen to collect
concomitant aerosol and proximal source water samples in the
immediate vicinity (not more than 2 m) of operating aerators
and/or the turbulent terminus of floodwater transmission pipes.
Table 1 lists their GPS coordinates.

As a cohort of unperturbed background observations, sam-
ples were also collected on the quiescent west shore of Lake
Pontchartrain, where no engineering operations were engaged.
During the entirety of this sampling campaign, local wind speeds
were below measurable levels, which was the prevailing condi-
tion between Hurricanes Katrina and Rita.

Aerosol samples were collected with SKC Biosamplers
(BioSampler SKC Inc., Eighty Four, PA), positioned approx-
imately 1 meter above the ground. The collection medium was
20 ml of DNA-free sterile water (USP, Hospira, Inc. Lake For-
est, IL). Biosamplers were operated at a flow rate of 12.5 L/min,
at which they have a capture efficiency in excess of 90% for par-
ticles with mean aerodynamic diameters in the range between
0.4 and 10 µM. Two impingers were run in parallel for each
sampling site and collected continuously for at least one hour
at each sampling site, in each case collecting a minimum air
volume of 0.75 m3. To maintain appropriate aerosol collection
efficiency within the impingers, sterile water was episodically
added to the Biosamplers to make up for any evaporative losses.
At the end of each sampling event, the collection fluids from
each impinger were combined into DNA-free sterile 50 ml con-
ical vials and placed on ice until they could be processed, which
was less than 8 hours in all cases. A 1 liter grab sample of source
water was collected at each of the sampling sites, approximately
30 min into each of the local aerosol sampling operations. Water

samples were collected in sterile Nalgene bottles and stored on
ice until they too could be similarly processed (<8 h) as detailed
in the following section.

Samples were processed and archived in the laboratory fa-
cilities at the Louisiana State University Coastal Ecology In-
stitute. Samples were aliquoted as follows: 10 mL for direct
microscopy analysis preserved with 2% (v/v) formaldehyde,
and 30 mL (aerosol samples) or 990 mL (source water samples)
for molecular analysis concentrated on 0.2 micrometer nitrocel-
lulose filters (100 mL) (Nalgene Analytical Test Filter Funnel,
Nalge Nunc International Rochester, NY). At the end of the
sampling campaign all samples were stored on ice or frozen
with liquid nitrogen and shipped overnight to the University of
Colorado where they were stored at 4◦C (direct count samples)
or −20◦C (DNA samples) until analyzed.

2.2. Bacterial Enumeration
Aerosol samples were stained and enumerated using 4’6-

diamidino-2-phenylindole (DAPI) (Sigma Chemicals, St. Louis,
MO) in accordance with previously described methods (Her-
nandez et al. 1999). DAPI is a nonspecific fluorescent DNA
intercalating agent that has been successfully used for quantita-
tive microscopy in other laboratory and environmental aerosol
applications (Paez-Rubio et al. 2005); it was used as described
here with relative low background fluorescence observed in air
or water samples. A minimum of 10 random fields were counted
per slide and only intact, brightly stained cells with obvious bac-
terial or fungal morphology were counted. Direct counts were
reported as the average of all fields counted; in all cases the
coefficient of variation observed was less than 20%.

2.3. Genomic DNA Extraction
Concentrated samples and negative controls were extracted

from the filters using a bead beating protocol modified from



232 M. RODRÍGUEZ DE EVGRAFOV ET AL.

Frank et al. (2003). Modifications to the protocol were made
due to the material nature of the nitrocellulose filter. Briefly,
filtered samples were dissolved using a bead beating solu-
tion containing ethyl acetate prior to the chloroform extraction
process. Extracted DNA was resuspended using 20 microliters
of Tris-Ethylenediamine Tetraacetic Acid (TE). Extracted DNA
concentrations were measured using a PicoGreen dsDNA
Quantitation Kit (Molecular Probes, Carlsbad, CA) and the
NanoDrop

©R ND-3300 Fluorospectrometer (NanoDrop Tech-
nologies, Wilmington, DE).

2.4. PCR of rRNA Genes
Extracted DNA was assayed using universally conserved

(515F/1391Rev) and bacteria specific (8F/1391Rev) primers
following the protocol described by Papineau and coworkers
(Papineau et al. 2005). PCR controls with no DNA template
were included with every assay. Extraction and negative con-
trols never showed amplification.

2.5. Clone Library Construction
Clone libraries were constructed for each of the primer pairs

(bacterial and universal) used. Each library was constructed of
at least 96 randomly selected rRNA clones using a widely ac-
cepted method previously described by Papineau and coworkers
(2005).

2.6. DNA Sequencing
Sequencing was performed as previously described by Pap-

ineau et al. (2005). Base calling and assembly of raw sequence
data were performed with the PHRED and PHRAP software
packages (Ewing et al. 1998) using the software XplorSeq
(Frank 2008).

2.7. Phylogenetic Analysis
The sequence collection was screened for chimeric sequences

with the Bellerophon software package (Huber et al. 2004). The
closest known relative of each rRNA clone was determined
by comparison of its sequence to all rRNA sequences in Gen-
Bank by BLAST (Altschul et al. 1990). Sequences were aligned
with the NAST software package (DeSantis et al. 2006) and
their phylogenetic positions were determined by analysis with
the ARB software package (Ludwig et al. 2004) and a curated
ARB database and tree with ∼100,000 rRNA sequences ≥1250
nucleotides in length from the NAST project (DeSantis et al.
2006). Sequences were added to the ARB tree by parsimony
insertion.

2.8. Richness Estimates
Estimates of potential true rRNA sequence diversity in each

sample were calculated with the Chao1 statistic (Chao 1984)
as previously described (Papineau et al. 2005). Sequences were

collected into operational taxonomic units (OTUs), or related-
ness groups, based on sequence identity at fixed intervals rang-
ing from 95% to 100% in increments of 1%. OUT data were
used to calculate the Chao1 richness estimate using a Python
script (J.J. Walker, unpublished software).

2.9. Comparative Phylogenetic Methods
Sequence sets representative of the microbial composition

of water and air samples were compared statistically with
the online phylogenetic statistics software package UniFrac
(Lozupone and Knight 2005; Lozupone et al. 2006) and the
SONS program (Schloss and Handelsman 2006). UniFrac com-
pares sets of related sequences (samples) using a phylogenetic
tree and calculates a comparative metric based on the fraction of
the total distance in the tree that is unique to a particular sample.
Relationships between samples were explored using the dis-
tance metric with two complementary methods—hierarchical
classification and ordination. Samples were clustered hierarchi-
cally with the Unweighted Pair Group Method with Arithmetic
means (UPGMA), and statistical support for the resulting phy-
logenetic tree was assessed by jackknife iterations. Principal
Coordinates Analysis (PCA) (Lozupone et al. 2007) was used to
order the samples by maximizing the linear correlation between
distances from the UniFrac distance matrix in a two dimensional
projection. The SONS program compared the membership and
structure of the selected (sourced) communities at a specified
phylogenetic level. Based on the selected phylogenetic level,
the program assigned sequences to operation taxonomic unit
(OTU) bins (membership) and then evaluated the abundance in
each bin for each sample and associated community content.
Community similarity was assessed based on shared and unique
memberships and overall extent of structure alikeness.

2.10. Potential Pathogens
A list of known human pathogens was used to compare the

closest match by BLAST for all 2100 sequences catalogued in
this study (Taylor et al. 2001). The list of pathogen names and
the closest BLAST matches were exported to Microsoft Excel
and compared using a series of lookup functions.

3. RESULTS

3.1. Microbe Quantitation
As determined by direct epifluorescent microscopy, the con-

centrations of bacteria, fungi and their spores in the floodwater
and aerosol samples are summarized in Figure 1.

Floodwater microbe concentrations were ten-fold or more
over that observed in western Lake Pontchartrain, the designated
background, and were similar to microbial numbers previously
reported for partially treated domestic wastewater (2 × 1011

cells/L) (Paez-Rubio et al. 2005). The bioaerosol loads measured
above the Katrina flood zone were in the range between 1 × 105

and 3 × 106 cell/m3; these levels were elevated above those
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FIG. 1. Direct microscopic count of bacteria, fungi, and their spores in atmo-
spheric samples and nearby aerated/turbulent floodwaters. Left scale refers to
source water concentrations; right scale refers to aerosol concentrations.

reported for other undisturbed outdoor environments (2 × 104

− 1 × 105 cell/m3) (Tong and Lighthart 1999; Maron et al.
2005) and were similar to those measured in another flood-
impacted region (La Junta, CO, 3 × 105 − 2 × 107 cell/m3)
(Fabian et al. 2005); these levels however, were markedly less
than those reported from a Sonoran desert site flooded with
partially treated domestic wastewater (Chihuahua, Mexico, 1
× 107 − 1 × 109 cell/m3) (Paez-Rubio et al. 2005). Based on
the data available from the aforementioned bioaerosol studies
using similar sampling equipment and microscopic analyses,
the airborne microbe concentrations observed here are in the
range of other outdoor bioaerosol concentrations observed in
the absence of measurable wind velocity.

3.2. Microbial Composition and Relative Representation
DNA extracted from the collected samples was used as tem-

plates for PCR with both bacterial (8F/1391R) and universal
(515F/1391R) primers. Resultant PCR products then were pro-
cessed such that a minimum of 96 randomly selected clones
were sequenced for each sample. A total of 28 rRNA gene li-
braries (both bacterial and universal) were analyzed and 2100
sequences determined. Table 2 summarizes the characteristics
associated with these clone libraries.

When possible composite (bacterial and universal) libraries
were used for phylogenetic analyses. While this sampling and
analysis scheme did not have the statistical power to detect all
phylotypes, it provided a robust survey of the more dominant
taxonomic units. Figure 2 summarizes the phylogenetic distri-
bution of rRNA sequences observed in the proximal air and wa-
ter environments, to which nonparametric Chao1 analyses was
applied to estimate richness (Chao 1984) within the collected
samples.

Sequences were parsed into relatedness groups based on
operational taxonomic units (OTUs) assigned to differentiate
species at or above 97% sequence identity. As judged by this
level of stringency, between 55 and 390 OTUs were estimated
to populate the air samples, where proximal water samples were
predicted to contain between 190 and 470 distinct OTUs. A
summary of the Chao results are listed in Table 2. Chao1 anal-
yses as defined by this OTU level suggested that all but one
of the 14 samples analyzed contained a range of bacterial di-
versity that was beyond the resolution of the clone libraries
observed here. However, more than 90% of the sequences re-
solved were associated with 10 of the currently indexed bacterial
phyla, and no sequences recovered were associated known hu-
man pathogens.

TABLE 2
Summary of clone library characteristics for each sample (B corresponds to those libraries generated with Bacterial primer sets;

U corresponds to those libraries generated with Universal primer sets)

Sample LPKA No. of libraries 2 Library types No. of clones No. of OTUS Chaol estimate

LPKA 2 B,U 135 54 102
OCKA 2 B,U 136 75 186
LAKA 1 U 88 47 122
SCKA 2 B,U 165 86 179
IHRA 2 B,U 158 115 388
ILRA 2 B,U 111 41 55
CGRA 2 B,U 109 39 120
LPKW 1 U 74 43 210
OCKW 2 B,U 169 110 404
LAKW 2 B,U 164 72 191
SCKW 3 B,B,U 242 134 469
IHRW 3 B,U,U 211 110 203
ILRW 3 B,B,U 265 55 274
CGRW 1 B 74 39 205

28 2101
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FIG. 2. Phylogenetic distribution of rRNA sequences observed from pooled
atmospheric samples and nearby aerated/turbulent floodwaters.

3.3. Atmospheric–Aquatic Relationships
To assess potential relationships between local airborne and

aquatic community structure, we compared their phylogenetic
composition using accepted bioinformatics practices leverag-
ing UniFrac analyses with an Unweighted Pair Group Method
with Arithmetic Mean (UPGMA) (Lozupone and Knight 2005).
These were applied to quantify relationships between different
OTU sets in a phylogenetic tree built solely from these greater
New Orleans samples; an independent principal coordinates
analysis (PCA) was then applied to expose salient environmental
associations.

Results of the UPGMA analysis summarized in Figure 3,
showed a distinct separation between aerosol and proximal
source water sequences, which was statistically supported by
Jackknife permutations (n > 1000). In all cases, OTU clusters
in aerosol samples were more similar to one another than to OTU
clusters in proximal floodwaters. PCA converged on a compli-
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FIG. 3. Acronyms identify each site and timing of sample collection. Sample
designations including K, signify sampling date between hurricanes Katrina and
Rita; sample designation including R signifies sampling date within a week of
Rita’s landfall. Final letter signifies sampling environment: designations ending
with A, signify atmospheric sample; designations ending with W signify flood-
water sample. The sample identified as URBA represents sequence data from
an unrelated aerosol study by Brodie et al. (2007). (Top) UPGMA distance ma-
trix results for sequenced samples recovered from air and proximal floodwaters
environments following 1000 jackknife iterations. (Bottom) Principal Compo-
nents Analysis (PCA); Component 1 (sample environment) is on the x-axis.
Component 2 (sample date) is on the y-axis.

mentary result (Figure 3), which suggested that the phylogenetic
variations observed could be explained by source—atmosphere
or floodwater—and that some variation could be associated with
collection date (pre– or post–Hurricane Rita). Inclusion of se-
quence data (URBA) from an unrelated atmospheric aerosol
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sites had almost no overlap; other shared up to 18% overlap.

study (Brodie et al. 2007) in the UPGMA and PCA analyses did
not alter aerosol and source water clustering (Figure 3).

UniFrac analyses did not identify any significant correla-
tions between the conglomerate phylogenetic compositions of
the paired air and water samples; however, some phyla overlap
suggested some sites may have had similar kinds of organisms.
In order to assess this, we inspected the OTUs shared among
samples using the SONS analysis package (Schloss and Han-
delsman 2006), which binned these sequence collections into
OTUs. Figures 4 and 5 summarize SONS outcomes, showing
that only 73 of the total 974 OTUs observed, were shared be-
tween the atmospheric and floodwater samples. Further, four of
seven sites had less than 8% of their OTUs present any signifi-
cant overlap in proximal air and water samples; the maximum
overlap at any given site was approximately 20% of the total
OTUs recovered. Table 3 provides a listing of the OTUs shared
between the proximal water and air samples.

Closer examination of the shared OTUs revealed that in most
instances the shared sequences were not from the same sam-
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FIG. 5. Sequence associations of the 73 shared OTUs (>97% sequence iden-
tity) in atmospheric samples and nearby aerated/turbulent floodwaters.

TABLE 3
Summary of shared species between air and proximal water

samples, and the frequency of their occurrence. Sites CGR and
OCK are not included because no OTUs were shared between

their air and water samples

Site Shared species Frequency

LPK Ferrimicrobium sp. 3
Thiothrix sp. 2

LAK Sulfurimonas sp. 9
Arcobacter sp. 2
Clostridium clariflavum 2
Rhodobacter sp. 2

SCK Synechococcus sp. 9
Arcobacter sp. 23
Chlorobaculum limnaeum 8
Sulfurimonas denitrificans 18
Pelodictyon luteolum 6
Clostridium sp. 7
Cytophaga sp. 2
Azovibrio sp. 2
Dechloromonas sp. 5

ILR Chlorobium limicola 14
Methylobacterium sp. 4
Bacillus sp. 2
Novosphingobium sp. 4
Sulfurimonas denitrificans 5
Clostridium sp. 2
Chelatococcus sp. 2
Synechococcus sp. 4
Hydrogenophaga sp. 2
Sulfuricurvum kujiense 2

IHR Erysipelothrix sp. 24
Dolosigranulum pigrum 2
Methylibium aquaticum 2
Pelodictyon luteolum 5
Campylobacterales bacterium 11
Thioclava sp. 2
Arcobacter mytili 3
Bacillus sp. 2
Sulfurimonas sp. 2

pling environment. Community relatedness among the air sam-
ples was also examined using SONS analysis. Samples collected
prior to Hurricane Rita (designated with K) shared 2 OTUs—
Mangroveibacter plantisponsor and Exiguobacterium sp.—that
combined to account for less than 2% of the total sequence data
recovered from the environments considered. A similar finding
was observed for the three samples collected following Hurri-
cane Rita (designated with R). Variovorax paradoxus was the
only species common to all three environments and accounted
for a total of 5 sequences (<1% of the total sequence data for
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the three environments considered). No OTU was common to
all the aerosol environments.

3.4. Regional Aerosol Communities
The relatedness between air samples and lack of significant

overlap between OTUs recovered from aerosols and nearby aer-
ated/turbulent floodwaters prompted indications of an intrare-
gional aerobiological population with respect to the near-ground
level atmosphere. The concept of an ubiquitous aerosol commu-
nity was explored through additional SONs and Unifrac anal-
yses using additional atmospheric sequence data available in
GenBank (Hughes et al. 2004; Maron et al. 2005; Paez-Rubio
et al. 2005; Baertsch et al. 2007; Brodie et al. 2007; Fierer et al.
2008). When scrutinized at species level (97% sequence ID),
SONS analysis indicated few examples of shared diversity. A
total of 1530 OTUs were present among the different aerosol en-
vironments. Of these OTUs, 229 were shared between any two
environments and only 77 included sequences from the Katrina
data set. These 77 OTUs accounted for 16% of the total Kat-
rina aerosol sequence data, with a quarter of these sequences
being observed only once. At the less stringent level (phylum),
many of the atmospheric environments ostensibly had similari-
ties in their composition, with representatives of the Proteobac-
teria, Firmicutes, and Actinobacteria dominating these sequence
databases. UniFrac analyses applied to seek order among these
atmospheric databases were inconclusive because of variability.
Such variance between environments could be the result of many
different factors including the numbers of sequences considered,
metrological factors, and sample collection differences.

4. DISCUSSION
Relatively little is known about the kinds of organisms that

populate the atmosphere on local, regional or continental scales
(Peccia and Hernandez 2006). Aerobiology studies have tradi-
tionally focused on health concerns associated with indoor envi-
ronments, with particular emphasis on airborne fungi and their
spores (Hambraeus 1988; Burge 1990; Madelin 1994; Horner
et al. 1995; Gorny et al. 2002), and there is a paucity of outdoor
bioaerosol surveys. While not a large survey, this study adds to
the growing inventory of seasonal observations of atmospheric
microbial communities, and does so through a unique environ-
mental window: a flooded and deserted metropolitan Gulf Coast
city, during the windless September weeks between Hurricanes
Katrina and Rita.

Much of our knowledge about the microbes that inhabit
the atmosphere has been acquired from culture-based studies,
even though it is established that culture methods are biased
and insufficient for capturing the microbial diversity present
in most environments (Amann et al. 1995; Pace 1997). More-
over, characterization of airborne populations is difficult due
to relatively low cell densities and local meteorological chal-
lenges. In recent years, reliable culture independent methods
have been developed (Alvarez et al. 1995; Peccia and Hernandez

2006) and utilized for the characterization and quantification of
bioaerosols.

While modern molecular methods, in particular PCR-based
surveys, alleviate biases associated with microbial recovery by
culture, and greatly increase sampling sensitivity, they have their
own limitations. These include the biases associated with tar-
get amplicons, primer annealing, polymerase error, annealing
temperatures, cycle number and template concentration, and
the number of primer pairs used (Farrelly et al. 1995; Suzuki
and Giovannoni 1996; Polz and Cavanaugh 1998; Becker et al.
2000; Ishii and Fukui 2001; Hongoh et al. 2003; Acinas et al.
2005; Osborne et al. 2005; Sipos et al. 2007; Jeon et al. 2008;
Huber et al. 2009). These shortcomings skew our understanding
of the diversity present within any environmental sample and
the atmosphere is certainly no exception.

In addition to methodologically induced limitations, other
limitations of this work include its intrinsic nature of its irre-
producibility (post–natural disaster New Orleans) and limited
sample and sequence data sizes. The cleanup efforts involved
in restoring the city were quick and comprehensive. Flooded
neighborhoods were systematically drained in the course of a
day making repeat sampling impossible. Likewise, the loss of
infrastructure, such as bridges and roads, as well as the massive
amount of debris, such as boats, cars, and trees, made navigat-
ing the city to arrive at sampling locations difficult at best. In
many instances sites of intense remediation efforts were only
accessible by military helicopter.

The total bioaerosol loads observed in this study were similar
to those reported for another flood impacted landscape (Fabian
et al. 2005), but were considerably less (100–200×) than those
published for site flooded with domestic wastewater (Paez-
Rubio et al. 2005). The microbial loads measured in the proximal
source water samples were similar to those previously reported
for domestic wastewater. With the extensive energy input from
remediation activities and relatively elevated source water mi-
crobial concentrations, the local bioaerosol loads may have been
expected to be greater. The disparity in microbial concentrations
between the source water and local aerosol samples may sug-
gest limited partitioning of waterborne microbes to the local air.
Weather conditions (high humidity and negligible wind), which
prevailed during this sampling campaign, may have impacted
these physical partition rates (Harrison et al. 2005; Maron et al.
2006). Bioaerosol loads measured near the remediation activi-
ties appear to be characteristic of what is emerging to be a rela-
tively consistent range of outdoor near-ground levels given the
current catalogue of bioaerosol studies executing direct micro-
bial counting (Tong and Lighthart 1999; Angenent et al. 2005;
Maron et al. 2005; Rodriguez de Evgrafov, unpublished data).

As judged by modern phylogenetics, the microbial compo-
sition of floodwaters and the associated local atmospheric envi-
ronments presented relatively limited diversity, where 10 phyla
circumscribed more than 90% of the total sequences recovered.

Both the atmospheric environment and some floodwaters ap-
peared to be significantly influenced by the passage of Hurricane
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Rita. The aerosol contents were markedly different for sam-
ples collected between hurricanes Katrina and Rita than those
collected immediately after Rita. Prior to Hurricane Rita, rep-
resentatives of the Firmicutes comprised 41% of the over-
all airborne ecology, mainly spore-forming Bacillus spp. and
Clostrium spp., with α-proteobacteria representatives being the
next largest group. Following Hurricane Rita, however, repre-
sentatives of Firmicutes disappeared almost entirely and the
α-proteobacteria representatives constituted 33% of the total
atmospheric sequences—under otherwise identical meteorolog-
ical conditions. A similar division was also observed in the
water samples. ε-proteobacteria representatives composed the
largest group of organisms in the sampled water bodies prior
to Hurricane Rita; however, after the storm event, the domi-
nant phyla in the flood waters shifted to representatives of the
Firmicutes. Of the ε-proteobacteria representatives observed,
nearly half were members of the Sulfurimonaceace family, per-
haps indicating that anoxic conditions dominated the sampled
water bodies at that time. Firmicutes observed in water samples
following Hurricane Rita were primarily Erysipelothrix spp.,
related to organisms cultured from a mangrove and an anoxic
swine lagoon.

Recent studies suggest that the risk for airborne infectious
disease outbreak is low following natural disasters, particularly
for developed nations (Shultz et al. 2005; Floret et al. 2006).
Most acute medical cases reported during the first three weeks
following Katrina were dermatologic in nature (CDC 2005).
While incidences of upper respiratory infections and pneumo-
nias were also reported, there were no major reported respira-
tory disease outbreaks (CDC 2005; Singer 2005), and a medi-
cal group reported that management of chronic illnesses made
up most of their patient visits (Currier et al. 2006). We re-
port here that sequences corresponding to Propionibacterium
acnes and Staphylococcus epidermidis were the two most abun-
dant potentially pathogenic organisms with greater than 97%
BLAST ID. These results are consistent with the medical re-
ports from the Katrina disaster, and do not support the hy-
pothesis that there was an elevated health risk to emergency
response personnel in this environment from flood remediation
activities.

Richness estimates applied to each sample determined that
almost all environments were under sampled given the reso-
lution offered by the clone libraries recovered. These richness
findings were not unexpected given the dynamic environmental
events and cleanup operations that took place during the sam-
pling campaign, and the numbers of sequences recovered and
analyzed. Even so, the microbial compositions observed provide
some understanding of the types and distribution of microorgan-
isms that were present in these unique environments.

Results from community comparisons with UniFrac (Figure
3), which incorporated sequence data from another large aerosol
study (Brodie et al. 2007), showed that microbes observed in
the New Orleans near ground atmosphere were more similar to
an extra-regional aerosol environment than they were to their

proximal source waters. Likewise a SONS community member-
ship analysis of the post-Katrina air and water sequences, which
revealed that less than 10% of species-level OTUs were shared
between the two environments, and those in common were not
from the same environment in most instances. Similar analyses
among the air samples revealed few similarities among the sam-
pled environments. These results may suggest that the source
of the recovered aerosol sequences was the local atmospheric
community rather than the corresponding source waters.

Disconnect between the dominant microbes found in the lo-
cal atmosphere and perturbed floodwaters in this setting may
indicate that the airborne microbes detected are part of a com-
plex collection of organisms that may pervade near ground-
level on a yet-to-be determined environmental scale. Indeed,
microbial physiology and water quality factors can influence
the potential for microbes (and chemicals) to transfer from wa-
ter sources into aerosols (Angenent et al. 2005; Paez-Rubio et al.
2005; Baertsch et al. 2007). In the samples analyzed however,
any contribution to atmospheric biocomplexity from artificially
generated aerosols appears minor, regardless of the tremendous
energy inputs from mechanical aerators and pump-induced tur-
bulence. These results suggest that the combination to microbial
physiology and environmental conditions did not promote the
aerosol partitioning of waterborne microbes.

Through a series of additional statistical analyses leveraging
sequence data from other airborne molecular ecology surveys,
we observed that membership similarity among these atmo-
spheric environments was limited to a phylum level. Commu-
nity structure analyses at more stringent phylogenetic levels
confirmed that the membership similarity in genetically char-
acterized atmospheric communities observed is superficial and
there likely exists great variability among the airborne microbial
ecology in different atmospheric environments; the spatial and
temporal scale is yet to be determined. This conclusion is not
surprising considering the dynamic nature of the atmosphere,
sampling and analytical differences between this and other at-
mospheric molecular studies, and the limited genetic data avail-
able for analyses. Additional long term molecular based aerosol
studies are needed to resolve the environmental scales germane
to the airborne microbial biosphere.

REFERENCES
Acinas, S. G., Sarma-Rupavtarm, R., Klepac-Ceraj, V., and Polz, M. F. (2005).

PCR-Induced Sequence Artifacts and Bias: Insights from Comparison of
Two 16S rRNA Clone Libraries Constructed from the Same Sample. Appl.
Environ. Microbiol. 71:8966–8969.

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990).
Basic Local Alignment Search Tool. J. Mol. Biol. 215:403–410.

Alvarez, A. J., Buttner, M. P., and Stetzenbach, L. D. (1995). PCR for Bioaerosol
Monitoring—Sensitivity and Environmental Interference. Appl. Environ. Mi-
crobiol. 61:3639–3644.

Amann, R. I., Ludwig, W., and Schleifer, K. H. (1995). Phylogenetic Identifica-
tion and In-Situ Detection of Individual Microbial-Cells without Cultivation.
Microbiol. Rev. 59:143–169.
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