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Respiratory illnesses are a significant cause of morbidity for in-
dividuals who work within concentrated animal feeding operations
(CAFOs); however, most available information about CAFO aero-
biology has derived from culture-based studies, which may detect
only a small fraction of microbial diversity present. In this study, we
characterized the identity, spatial distribution, and abundance of
airborne microorganisms present in swine and dairy CAFOs using
direct microscopy, broad-range rRNA PCR, and sequence analysis
of air samples collected from within and nearby swine and cattle
operations in the western United States. We report that indoor
airborne bacterial loads were not elevated above those measured
immediately outdoors. The microbial assemblage of these indoor
environments was considerably more diverse than reported in pre-
vious CAFO aerosol studies. Members of bacterial genera associ-
ated with animal gut microbiota, including Bacillus spp., Clostrid-
ium spp., and Lachnospira spp., were most frequently observed.
We detected no recognized, acute respiratory pathogens, but iden-
tified the common opportunistic pathogen Aerococcus viridans in
several samples. Fungal species were not recovered in any of the
indoor clone libraries. Specific PCR assay for porcine circovirus
demonstrated that this pathogen is prevalent in the atmosphere of
swine environments sampled, but was not detected in the bovine
dairy facilities.

INTRODUCTION

Since the end of the Second World War, the commercial live-
stock industry has undergone increased industrialization. One
result of this modernization has been a decrease in the number
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of traditional animal farms in the United States, along with
an increase in the numbers of animals raised (Tellier 2006;
Thorne 2007). To meet consumer demand and to compensate
for reduced farm space, livestock are frequently raised indoors
in high numbers and densities under controlled environmen-
tal conditions. While such concentrated animal feeding opera-
tions (CAFOs) reduce labor costs and ensure consistent growth
conditions and product quality, they also promote prolonged
confinement at high population densities, which can increase
susceptibility to infectious disease among livestock and work-
ers. Additionally, livestock and workers are routinely exposed
to relatively high concentrations of dusts, gases, and endotoxin
as a result of indoor confinement practices (Radon et al. 2002;
Heederik et al. 2007).

Concentrated animal feeding operation (CAFO) employment
is associated with increased incidences of multiple respiratory
disorders, including asthma, chronic bronchitis, organic dust
toxic syndrome, chronic obstructive pulmonary disease, rhinitis,
hypersensitivity, hydrogen sulfide and carbon dioxide poison-
ing, and acute lower respiratory tract inflammation (Donham
et al. 1989a; Crook et al. 1991; Schenker et al. 1998; Von Es-
sen and Donham 1999; Cole et al. 2000; Sprince et al. 2000;
Danuser et al. 2001; Radon et al. 2001, 2002; Monso et al. 2003,
2004). Chronic airway inflammation possibly is exacerbated by
exposure to microbes and their products in bioaerosols. For
instance endotoxin, a highly toxigenic, bacterial lipopolysac-
charide component of gram-negative bacterial cell walls, has
been associated with reduced lung function in swine farmers
(Donham et al. 1989b; Vogelzang et al. 1998). Correlations
between biotic and abiotic exposures and respiratory disease
have been the focus of many aerosol studies and have led to
the establishment of dust, gas, and endotoxin exposure lev-
els (Crook et al. 1991; Seedorf et al. 1998; Predicala et al.
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2001; Avery et al. 2004; Pomorska et al. 2007; Ni and Heber
2008).

CAFO workers, particularly those working with swine and
poultry, are at the forefront of risk for emerging zoonotic dis-
eases of substantial public health concern, including avian in-
fluenza (Nicholson et al. 2003; Koopmans et al. 2004), swine
influenza (Olsen et al. 2002; Myers et al. 2006), and multi-
drug resistant pathogens (Chapin et al. 2005; Scott et al. 2005).
Consequently, a better understanding of CAFO airborne micro-
biology and development of sensitive surveillance protocols are
needed. Any relationship between CAFO-related infectious dis-
eases and the microbial assemblages present within these envi-
ronments remains poorly understood. Except for the most acute
infections, the etiological agents of lung disorders in CAFO
workers are not well characterized, in part because the current
understanding of the aerobiology in these environments is based
on traditional culture analyses, which typically isolate only a
small fraction of microbes (Amann et al. 1995; Pace 1997).
Additionally, past studies have been limited to descriptions of
mesophilic aerobic bacteria and/or fungi (Cormier et al. 1990;
Crook et al. 1991; Chang et al. 2001; Predicala et al. 2002; Jo
and Kang 2005; Kim et al. 2008) isolated from these environ-
ments. As a result of these constraints, little is known about the
bulk composition of CAFO aerosol microbiology.

The aims of this study were to determine airborne bio-
logical loads and to survey the major airborne microbial as-
semblages found within swine and dairy cattle CAFOs. We
used culture-independent molecular methods based on riboso-
mal RNA (rRNA) gene sequences for characterization of mi-
crobes, which potentially provide a broader perspective on the
microbial diversity of CAFOs than do culture analyses. Addi-
tionally, we demonstrate that the analytical protocols used for
rRNA gene sequencing also can be applied for airborne virus
detection. Detection and monitoring of viral pathogens is com-
plex and usually requires submission of swab or pathological
samples to tissue culture or immunological assays for target
viruses. To assess the efficacy of detecting viral signatures in
bioaerosols, we assayed Porcine Circovirus-2, which commonly
occurs in swine CAFOs (Verreault et al. 2010), and sometimes is
pathogenic (Madec et al. 2008). Overall, the results of this study
provide a model for obtaining more robust descriptions of air-
borne microorganisms in CAFO environments than previously
available, including concomitant characterization of selected vi-
ral and bacterial genes.

METHODS

Aerosol Sampling

Aerosol samples were collected in and near one dairy and
two swine facilities located in the Rocky Mountain region of
the United States. The prevailing winds during these sampling
campaigns were westerly and light. Background samples were
collected approximately 5 miles west (northwest) of the dairy
and swine facilities observed in this study. All background sam-
ples were taken on the same days when aerosols were collected
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from the respective animal housing sites. The dairy consisted of
24 stalls and was opened at one end for the animals to enter and
exit. Aerosol sample collection took place at the closed end of
the building and as near to the milking operations as possible.
The average time spent by a cow within the building was 12 min.
Following milking, the cows returned to holding pens until the
next milking session. Seven samples were collected at this fa-
cility during Spring 2007 and four were randomly selected for
sequencing analyses.

Swine facility A (Swine A) consisted of three growth-phase
barns: nursery, grower, and finisher. Samples were collected
from each type of barn. The nursery was divided into six rooms
separated by doors and was entirely enclosed. Each room was
approximately 25’ wide and 32’ long with fan units in each room
to maintain a temperature of approximately 25°C. The grower
and finisher barns were approximately 50’ wide and 100" long
and contained 40 pens. Each pen held 10 to 12 pigs. These barns
were partially enclosed with 0.6-m gaps between the roof and
walls to allow air circulation, and a 0.3-m gap between the roof
slats. Manure pits were located under slated concrete floors in
both barns. Sample collection took place as close to the center
of each barn as was possible. Six samples were collected for
sequence analyses during Summer 2007.

Swine facility B (Swine B) was an entirely enclosed barn
with 18 rooms (each approximately 33’ wide and 60’ long)
separated by doors. The pigs were brought to the building from
a farrowing barn and remained within the sampled barn for the
duration of their lives. At the time of sampling, the pigs were at
the finishing stage (20-30 weeks old). Air circulation within the
barn was controlled automatically by motors, which opened and
closed the barn walls to maintain a temperature of approximately
25°C. Three samples were collected at one end of the barn in
Fall 2007 and analyzed.

Aerosol samples were concurrently collected with SKC
Biosamplers (BioSampler SKC Inc., Eighty Four, PA, USA)
and an Omni 3000 Portable Sampler (Sceptor Industries, Inc.,
Kansas City, MO). Both samplers used in this study are de-
signed as swirling liquid impingers; they capture particles from
an airstream introducing a tangential shear stress to the reser-
voir contents. While they have markedly different flow rates,
the physical details underlying the operations of these samplers,
have been comprehensively described in the literature (Xuejun
et al. 1999; Zhao et al. 2011). SKC Biosamplers were operated
approximately 1 m above the ground. The collection medium
in the SKC samplers was sterile 10 mM Tris-Cl pH 8.0, 1 mM
EDTA (Thermo Fisher Scientific, Pittsburg, PA, USA). Two
Biosamplers were operated in parallel at a flow rate of 12.5
L/min and they were allowed to collect continuously for at least
30 min at each sampling site. Collection fluids from the parallel
impinger runs were pooled for processing. The Omni collected
samples in parallel with the SKC Biosamplers at a height of
1.8 m above ground and a flow rate of 270 L/min. The col-
lection medium in the Omni was sterile 1X PBS supplemented
with 0.005% Tween (Thermo Fisher Scientific, Pittsburg, PA,
USA). Samples were collected at 5-min intervals and pooled to
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comprise a 30-min collection period. Sterile water was added
during collection to both impingers to compensate for evapo-
rative losses. All samples were held on ice until processed, no
more than a few hours. Negative controls of impinger media
were processed in parallel with other samples.

Sample aliquots for microscopic counting were preserved
with 2% (v/v) formaldehyde. Samples for molecular analy-
sis were collected onto 0.2 micron nitrocellulose filters (Nal-
gene Analytical Test Filter Funnel, Nalge Nunc International
Rochester, NY, USA). Processed samples were stored at 4°C
(microscopy) or —80°C (DNA analyses) until analyzed.

Airborne Microbe Enumeration

Aerosol samples were stained and enumerated using 4'6-
diamidino-2-phenylindole (DAPI) (Sigma Chemicals, St. Louis,
MO, USA) and previously described methods (Hernandez et al.
1999). Samples were incubated with DAPI (20 ptg/mL) for 5 min
at 4°C then filtered onto 25 mm, 0.22 micron pore, black poly-
carbonate filters (Poretics, Inc., Livermore, CA, USA). Filters
were mounted in low fluorescence immersion oil containing an
antifadent (CitiFluor, Leiscester, UK) and examined at 1100 x
using a Nikon Eclipse E400 epifluorescence microscope.

A minimum three independent aliquots from each impinger
were used for direct counts each of which required that at least
10 random fields were counted per slide; only intact, brightly
stained cells with obvious bacterial or fungal morphology were
counted. Direct counts were calculated based on the average
of all fields counted; in all cases, the coefficient of variation
observed was less than 20% (Hernandez et al. 1999). After test-
ing for normality, a paired z-test, with a one-tailed distribution
was applied at a 90% confidence level to test for significant
differences between the direct counts recovered from each en-
vironment.

Genomic DNA Extraction

Concentrated samples and negative controls were extracted
from filters using a bead-beating and solvent extraction protocol
modified from Frank et al. (2003). Extracted DNA was dissolved
in 20 uL of Tris-EDTA, pH 8.0 (TE), and stored at —80°C.

PCR of rRNA Genes

DNAs were submitted to rRNA gene PCR amplification us-
ing universally conserved (515 Forward/1391 Reverse) primers
and HotMasterMix® PCR master mix (Eppendorf North Amer-
ica, Inc., Westbury, NY, USA). A typical 20uL PCR reaction
included: 8 uL 2X HotMasterMix, 0.5 uL Forward Primer
(25 ng/ul), 0.5 uL Reverse Primer (25 ng/uL), 8 uL wa-
ter, 2 uL bovine serum albumin (10 wg/uL), and 1 uL
DNA template. Amplification was performed on an Eppen-
dorf Mastercycler® (Eppendorf North America, Inc., West-
bury, NY, USA) using a protocol of: 94°C for 2 min, 94°C
for 20 s, 52°C for 20 s, 65°C for 90 s, 30 cycles total. PCR
controls with no DNA template were included with each re-
action. To confirm rRNA gene amplification, PCR products
were examined by agarose gel electrophoresis (1% agarose
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with ethidium bromide). Extraction and negative controls
never showed evidence of amplification due to methodological
contamination.

Clone Library Construction

Amplicons from four independent PCR reactions with the
same template DNA were pooled and purified by agarose gel
electrophoresis using a Montage® DNA Gel Extraction Kit
(Milipore, Billerica, MA, USA). Purified product was then
ligated into pCR4.0 TOPO plasmid vectors and transformed
using Top10 electro competent cells (Invitrogen Corporation,
Carlsbad, CA, USA). Transformed cells were plated and grown
overnight on Luria-Bertani (LB) agar. For each library (multi-
ple libraries were made with some samples), a total of 96 clones
were picked randomly into 10 uLL TE, heated at 85°C for 10 min
for lysis and centrifuged at 4000xG for 10 min to pellet cellular
debris.

DNA Sequencing

Sequencing was performed as previously described by Pap-
ineau et al. (2005). Briefly, sequencing template was prepared
from rRNA gene clones by PCR amplification with T3 and T7
vector primers, and treatment of amplicons with ExoSAP-IT
(GE Healthcare, Piscataway, NJ, USA). Templates were se-
quenced with the DYEnamic ET Terminator Cycle Sequencing
Kit (GE Healthcare, Piscataway, NJ, USA) on a Mega-BACE
1000 DNA Sequencer using T3 and T7 primers. 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).

SSU rRNA Phylogenetic Analysis

The sequence collection was screened for chimeric sequences
(Huber et al. 2004), which were discarded. The closest known
relative of each rRNA gene clone was identified by BLAST
(Altschul et al. 1990). Sequences were aligned with the NAST
software package (DeSantis et al. 2006) and phylogenetic as-
signments were inferred with the ARB software package (Lud-
wig et al. 2004) by parsimony insertion. Sequences were clus-
tered into operational taxonomic units (OTUs) at 97% sequence
identity bins using the program sortx (Frank 2008).

Richness Estimates and Community Relatedness

Sample coverage and species richness estimates were esti-
mated using biodiv (Frank 2008), which calculates coverage
statistics (Goods, Cacg), species richness estimates (Schao1 and
Sace), and diversity indices (Simpson, Shannon) based on user
defined sequence identity levels. Sequence libraries were com-
pared using UniFrac (Lozupone and Knight 2005), which com-
pares related sets of sequences (samples) through a sequence
distance index based on the fraction of the total branch-length
in a phylogenetic tree that is unique to a particular sample.
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PCV2-Specific Quantitative PCR

Sevevteen aerosol samples were analyzed for the presence
of porcine circovirus type 2 (PCV2) using specific quanti-
tative PCR (Q-PCR) with PCV2-specific primers (Verreault
et al. 2010). As a control template for the PCV2 survey, we
used a plasmid carrying the PCV2 gene, into which we in-
troduced a 10 base-pair deletion (PCV2A). Use of this con-
trol ensured that any potential contamination of experimen-
tal samples by control DNA, a common problem in QPCR,
could be detected by QPCR product size. To construct the dele-
tion plasmid, the plasmid pCR4/PCV2a, which contained the
entire genome of PCV2 genotype 2a (Gagnon et al. 2008),
was amplified by PCR with a primer incorporating a 10 base
pair deletion in positions 591-600 in the PCV2a genome
(AY094619). Amplicons were cloned into pCR®4-TOPO®
vector (TOPO® TA Cloning kit, Invitrogen Corp., Carlsbad,
CA, USA), and sequenced to verify the deletion. The con-
trol plasmid was purified from E. coli with a QIAprep® Spin
Miniprep Kit (Qiagen Inc.) and quantified by spectrofluorome-
try. Q-PCR was performed on a DNA Engine Opticon System
(MJ Research Inc., Incline Village, NE, USA) in 25-uL reac-
tion volumes composed of 12.5 uL Power SYBR® Green PCR
Master Mix (Applied Biosystems, Warrington, UK), 150 nM of
each primer, 1 uL of 10 mg/mL bovine serum albumin (BSA)
(Sigma-Aldrich Inc., St. Louis, MO, USA), 8.62 uL water, and
1 uL of sample DNA. The amplification and detection program
was as follows: 95°C for 10 min followed by 38 cycles of 95°C
for 15 s, 65°C for 20 s, 60°C for 45 s, a fluorescence read, then
1 s at 80°C, and a second plate read. Three replicate QPCR
reactions were performed for each sample. Multiple negative-
template controls were included in all assays. A melting curve
and agarose gel electrophoresis of PCR amplicons were used
to ensure specificity of amplification. A set of QPCR products
was sequenced directly to verify that amplified sequences cor-
responded to PCV2 and not a spurious sequence. Quantification
of template concentrations was made by linear extrapolation of
baseline-subtracted data from the plasmid dilution series stan-
dard curves, and calculated as the number of PCV2 genomes
per cubic meter of air (PCV2/m?). We estimate a sensitivity of
these Q-PCR assays to be ~100-200 PCV2 genomes/m?.

PCV2 DNA Sequencing

Impinger sample DNAs were amplified using PCV2-specific
primers that span a highly variable region of the PCV-2 genome
based on comparison of GenBank sequences and correspond
to: forward primer, 5'-GGGCCAGAATTCAACCTTAA-3' (lo-
cation in PCV2a genome [AY(094619]: 1415-1434); reverse
primer 5'-AGGAGGCGTTACCGSAGAAG-3 (S = C or G)
(location in PCV2a genome [AY094619]: 1723-1704). Am-
plification products were cloned and sequences determined as
above.

PCV2 Phylogenetic Analysis
The Swine facility PCV2 sequences were augmented with ge-
nomic PCV2 sequences from GenBank trimmed to correspond
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to the PCR priming sites and aligned with ClustalX version 2.1
(Larkin et al. 2007). One thousand bootstrap trees were cast
from the aligned sequence set and the bootstrap scores were an-
notated onto to the best scoring maximum likelihood tree found
with RAXML (Stamatakis 2006). The annotated tree was drawn
with Phylovis, as described previously (Robertson et al. 2009).

Sequence Accession Numbers

All sequences from this study have been deposited in Gen-
Bank, with the accession numbers JIN566417 - IN566807 (Cir-
covirus 2) and JN56608-N568240 (16S rRNA sequences).

RESULTS

Airborne Microbial Concentrations

Total airborne microorganism concentrations, as determined
by microscopic counting of DAPI-stained aliquots of impinger
samples, are summarized in Figure 1. The airborne microbe
concentrations observed within the different CAFOs were in
the range of 6 x 10°-2 x 107 cells/m?, only a few-fold higher
than the corresponding outdoor environments (2 x 10°-3 x 10°
cells/m3). These observations were similar to bioaerosol loads
(1 x 10°%=7 x 107 cells/m?) reported for other industrial ani-
mal farming environments measured using direct microscopic
methods (Agranovski et al. 2004; Chi and Li 2005).

Microbial Diversity of Sampled Environments

Aerosol samples were subjected to rRNA gene sequence
analysis in order to identify microorganisms in the aerosols.
As detailed in Materials and Methods, DNAs were extracted
from samples, used as templates for PCR with universally con-
served rRNA gene primers (515F/1391R) and PCR products
were cloned; at least 96 clones were randomly selected and
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FIG. 1. Total microbial loads for the CAFOs and the outdoor environments.

Aliquots of collected samples were stained using DAPI and visualized under
an epifluorescence microscope. Only intact brightly stained cells with obvious
bacterial or fungal morphology were counted. Outside (background) controls
are displayed to the right of each set of samples. Error bars represent the pooled
standard deviation of three independent counts, each of which averaged the
observations of ten microscopic fields.
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TABLE 1
Ecological indices associated with clone libraries
No. of No. of No. of Chao 1 ACE Chao coverage ACE coverage

Environment libraries clones OTUs estimate estimate (%) (%) Shannon
Swine A out 1 67 46 197 318 23 14 5.81
Finisher 2 188 117 624 839 19 14 6.95
Grower 2 188 112 1258 1217 9 9 6.92
Nursery 2 164 96 375 463 26 21 6.91
Swine B out 1 46 42 313 388 13 11 5.2
Hallway 1 85 58 608 719 10 8 5.81
North Barn 1 94 54 350 451 15 12 5.98
South Barn 1 91 73 469 991 16 7 6
Dairy out 2 144 97 592 708 16 14 6.56
Parlor 4 366 204 1762 1626 12 13 7.75
Total 17 1433

sequenced for each sample. A total of 17 rRNA gene libraries
(16 bacterial and 1 eukaryotic) were analyzed and 1433 se-
quences determined. Because of high microbial loads, this depth
of sequence analysis undersamples the total assemblage, but we
identify the abundant organisms and provide sufficient informa-
tion for community comparisons (Kuczynski et al. 2010).

The majority of sequences, >90%, were highly similar
(=97% identity, species-level variation [Goebel and Stacke-
brandt 1994]) to sequences in GenBank. Approximately 5%
of sequences had less than 95% sequence identity (genus-level
variation) to database sequences. Collectively, the sequences
fell into ~750 different 97% identity operational taxonomic
units (OTUs). OTU richness and diversity indices (Schao1, SACEs
Shannon, and Simpson) for the samples, using rarefaction to
control for unequal sample sizes, are summarized in Table 1. By
these metrics, the dairy parlor samples had the highest species
richness of the indoor environments followed by the grower and
finisher barns (624-1762 OTUs as predicted by Schaor). Out-
door environments presented markedly lower richness (197-592

Swine B

Swine A

Grinmtesi

Swine A Outside Swine B Outside

OTUs as predicted by Schao1)- Sample coverage, the observed
fraction of predicted OTUs, ranged between 7 and 21%, indi-
cating that much biodiversity remains uncharacterized in these
environments.

Microbial Composition of the Sampled CAFO Environments
The phylogenetic distributions of rRNA gene sequences
recovered from the indoor CAFO air samples and the cor-
responding local outdoor environments are summarized in
Figure 2. Table 2 lists those bacterial families detected more
than twice. Approximately 80% of all sequences obtained from
the CAFO indoor environments were represented by members
of the Firmicutes phylum and 21% of these had high similarity
(>97%) to sequences previously reported in animal or human
gut, as determined by comparison to datasets of published stud-
ies. An additional 6% of the Firmicutes sequences were closely
related to human microbiota, for instance species detected in
subgingival plaque. The remaining Firmicutes sequences were
diverse with many observed only once. Sequences indicative of

Dairy Outside

FIG. 2. Phylum-level phylogenetic distribution of sequences recovered from indoor CAFO air and their corresponding outdoor environments.
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TABLE 2
Phylogenetic distribution of 16S rRNA sequences in CAFO bioaerosols
Total North  South

Bacterial families sequences Dairy Nursery Grower Finisher Hall Barn  Barn  Outdoors
Firmicutes 953

Acidaminococcaceae 32 1 8 4 4 6 3 1

Aerococcaceae 82 46 6 15 3 2 1 9

Bacillaceae 3 1 2

Carnobacteriaceae 5 3 2

Clostridiaceae 184 17 7 65 68 11 7 7 2

Lachnospiraceae 272 93 62 35 26 13 15 24 4

Lactobacillaceae 98 4 35 26 9 4 12

Mollicutes 19 9 2 1 4 2 1

Paenibacillaceae 3 1 2

Peptostreptococcaceae 104 39 1 17 22 4 5 13

Planococcaceae 26 11 1 1 13

Staphylococcaceae 20 7 3 1 9

Streptococcaceae 88 1 4 6 8 22 29 17 1

Unclassified Lactobacillales 6 3 1 1 1

Uncultured Firmicutes 6 4 2

Unclassified Firmicutes 3 1 1 1
Bacteroidetes 150

Bacteroidaceae 12 11 1

Flavobacteriaceae 13 2 3 7 1

Flexibacteraceae 7 4 3

Hymenobacteraceae 10 1 9

Prevotellaceae 55 9 14 3 4 8 8 9

Sphingobacteriaceae 5 2 3

Unclassified Bacteroidetes 41 3 4 4 1 29

Uncultured Bacteroidetes 4 3 1
Actinobacteria 99

Bifidobacteriaceae 2 1 1

Brevibacteriaceae 2 1 1

Cellulomonadaceae 3 3

Corynebacteriaceae 11 9 2

Corynebacterineae 2 2

Intrasporangiaceae 4 2 2

Microbacteriaceae 5 1 4

Micrococcaceae 22 8 1 13

Nocardioidaceae 8 2 6

Propionibacteriaceae 20 1 19

Pseudonocardiaceae 2 2

Streptomycetaceae 3 3

Unclassified Actinobacteria 9 2 7

Uncultured Actinobacteria 5 1 1 1 1 1
Gammaproteobacteria 65

Aeromonadaceae 2 2

Enterobacteriaceae 15 14 1

Moraxellaceae 30 22 1 2

Pasteurellaceae 2 1 1

Pseudomonadaceae 6 6

Succinivibrionaceae 7 3 4

Uncultured Gammaproteobacteria 2 2

(Continued on next page)
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TABLE 2
Phylogenetic distribution of 16S rRNA sequences in CAFO bioaerosols (Continued)

Total North  South

Bacterial families sequences Dairy Nursery Grower Finisher Hall Barn  Barn  Outdoors
Deltaproteobacteria 5

Uncultured Deltaproteobacteria 5 1 4
Betaproteobacteria 12

Comamonadaceae 4 2 2

Oxalobacteraceae 5 1 4
Alphaproteobacteria 21

Bradyrhizobiales 2 2

Rhodobacteraceae 4 4

Sphingomonadaceae 6 6

Unclassified Alphaproteobacteria 2 1 1

Uncultured Alphaproteobacteria 4 4
candidate division WYO 8

Uncultured candidate division WYO 8 8
Chloroflexi 5

Uncultured Chloroflexi 4 1 3
Cyanobacteria 4

Uncultured Cyanobacteria 4 1 1 2
Acidobacteria 5

Uncultured Acidiobacteria 5 5
Thermi 2

Trueperaceae 2 2
Gemmatimonadetes 2

Uncultured Gemmatimonadates 2 2
Spirochaetes 1
Fusobacteria 1
Archeal Families 42

Methanobacteriaceae 39 5 3 4 7 4 11 5

Crenarchaeote 3 3
Eukarya 76

Davidiellaceae 17 17

Dothioraceae 25 25

Trichocomaceae 7 7

Unclassified fungi 2 2

Wallemia 11 11

Viridiplantae 10 1 2 1
Totals 1451 356 159 180 179 81 93 83 300

the opportunistic pathogen Aerococcus viridans was observed
in all environments, except the swine nursery.

Other notable phyla observed in the CAFO environments
included Bacteroidetes, Proteobacteria, and Methanobacteria.
Representatives of the Bacteroidetes, common fecal bacteria,
comprised the second most abundant phylum (9%) observed
indoors. Most of these sequences (67%) belonged to the fam-
ily Prevotellaceae and were closely related to microorganisms
previously detected in the human gut. Proteobacteria composed
5% of the total sequences observed with Gammaproteobacteria

being the largest phylum. The Gammaproteobacteria observed
were primarily from indoor dairy air and were related to mi-
crobes from a wide variety of environments. Representatives of
archaeal methanogens closely related to rumen gut clones were
observed in all CAFO environments (3% of total sequences).

Microbial Composition of Corresponding Nearby
Local Outdoor Air

The airborne microbial composition of the respective out-
door environments was collectively more diverse than inside
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the CAFOs. Groups with the largest representation in the out-
door samples included Actinobacteria (26%), Firmicutes (26%),
Bacteroidetes (19%), and Proteobacteria (15%), which were
generally distinct from the indoor air microbiota (Figure 2).
Consistent with this high diversity, most outdoor sequences were
encountered only once and generally were related to other en-
vironmental sequences (data not shown).

Community Comparisons

In order to test more rigorously relationships between the
different sites and the outdoors, we used UniFrac (Lozupone
and Knight 2005) analysis, which quantifies phylogenetic
relationships between sets of taxa. Results indicated that air-
borne microbes recovered from indoors were markedly differ-
ent from those recovered outdoors, regardless of the animals
being housed (Figure 3). Airborne microbial assemblages in-
side the dairy and swine houses also differed. Within the
swine houses, significant differences in airborne microbe pop-
ulations could be associated with housing practices (partial
vs. complete enclosure). Similarities within the CAFO envi-
ronments are dominated by sequences representative of fecal
bacteria. UniFrac-based principal coordinates analysis (not
shown) suggests the variation observed was best explained by
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FIG. 3. UniFrac community analysis. UPGMA and Jackknife results for all
sampled environments. Jackknife values reflect 100 permutations. Nursery,
Grower, and Finisher are the sampled sites from Swine Facility A. Hallway,
South Barn, and North Barn are the sampled sites from Swine Facility B.
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aerosol sample source—indoor versus outdoor and animal as-
sociation.

Analysis of Aerosolized Viruses

In order to extend this method beyond detection of bacteria,
we explored detection of viruses captured in impinger fluids, us-
ing as a proxy porcine circovirus 2 (PCV2), which is common
in swine facilities (Verreault et al. 2010). Accordingly, DNAs
from the aerosol samples analyzed for bacterial contents were
also assayed for PCV2 viral contents using QPCR as described
(Verreault et al. 2010). PCV2 loads were detected in all swine
facilities with mature pigs, but were not detected in the nurs-
ery, the dairy facilities or in outdoor samples. Where detected,
PCV?2 aerosolized viral loads were significant (10°-10° viral
DNAs/m?). These findings are consistent with other reports of
the widespread occurrence of PCV2 in swine facilities and in-
dicate that the virus is a commensal of swine as well as an
opportunistic pathogen.

PCV2 virus is a “quasispecies,” a collection of closely re-
lated viruses that have undergone rapid variation (Hughes and
Piontkivska 2008; Rosario et al. 2009) Consequently, sequence
variation in rapidly changing regions of the PCV2 genome can
be used for precise typing of the virus. In an effort to iden-
tify the PCV2 subtypes associated with the swine CAFOs, we
amplified from the sample DNAs by PCR a ~300 bp highly
variable (capsid protein) region of the PCV2 genome, cloned
the products and sequenced ~400 representative clones. Phylo-
genetic analysis of the sequences (Figure 4) indicates that sev-
eral PCV2 relatedness groups, subspecies, occurred in the two
swine facilities, including subspecies variously termed PCV2,
PCV2a, PCV2b, PCV1/2a, and PCV2e (Morozov et al. 1998;
Olvera et al. 2007; Gagnon et al. 2010; Beach et al. 2010; Taka-
hagi et al. 2010). No novel PCV2 clades were detected. The
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FIG. 4. Phylogenetic relationships among aerosolized circovirus sequences.
Schematic representation of an unrooted phylogenetic tree derived from porcine
circovirus type 2 sequences found at swine facilities A and B. The total number of
sequences within each wedge (including seeded genome sequences) is indicated
by the number within the wedge. ICD means uncorrected intraclade distance.
Bootstrap values for all clades are greater than 70%.
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phylogenetic analysis also shows that different subspecies of
PCV2 predominated at the two swine facilities, almost mutu-
ally exclusively. Swine facility A had a relatively narrow range
of PCV2 sequence variation compared to the broader range of
swine facility B. Each of the PCV2 relatedness groups is it-
self variable, with a few percent sequence variation within the
groups (ICD, intraclade distance, in Figure 4).

DISCUSSION

Until very recently, CAFO aerobiology has been charac-
terized mainly with culture-based techniques that emphasize
species that grow best at moderate temperature under oxic con-
ditions (Cormier et al. 1990; Crook et al. 1991; Chang et al.
2001; Predicala et al. 2002; Jo and Kang 2005; Kim et al.
2008). Our study sidestepped these constraints by use of culture-
independent technology. Microbial loads were quantified by
microscopy and microbial species were identified by broad-
spectrum rRNA gene PCR and sequencing.

Relatively few published studies report the total (both viable
and nonviable) numbers of airborne microorganisms present
within CAFO environments. Total airborne microbe concen-
trations observed in all three facilities were similar to each
other and to their corresponding outdoor environments. Air-
borne bacterial loads within both swine facilities were compa-
rable to those reported in previous studies using similar count-
ing methods (Agranovski et al. 2004; Chi and Li 2005), but
were greater (10-1000x) than levels previously reported for
airborne fungi (Adhikari et al. 2004a; Lee et al. 2006). Signif-
icant differences in total airborne microbial loads measured at
Swine Facility A (Figure 1) may be attributed to animal den-
sity within the sampled barns: the grower barn, with ten-fold
higher microbial load, housed three times more pigs than the
sampled nursery room, with much smaller pigs. With the ex-
ception of the grower barn, the loads measured at Swine Facil-
ity A were statistically indistinguishable from those measured
outdoors.

The results of this study suggest that the microbial diver-
sity aloft within swine and dairy CAFO environments is sub-
stantially more extensive than previously recovered by culture
(Table 1). Overall more than 750 species-level OTUs (97% se-
quence identity bins) were observed among the 1433 sequences
analyzed, with most observed only once or twice. OTU richness
estimates (Sacg and Scpao1) predicted large numbers of species
(between 350-1762) present in each of the CAFO aerosol sam-
ples. The most diverse environments in this sampling campaign,
measured by both Shannon and Simpson diversity indices, were
predicted in those places where some mixing with or stirring by
outdoor air took place, such as the dairy parlor and the swine
grower and finisher barns. Based on these diversity and richness
estimates, and the number of OTUs observed, the estimated
clone library coverage was typically 10%—20%. Thus, CAFO
biodiversity was undersampled, although the more abundant
kinds of organisms were captured (Figure 2). Deeper sequence
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analysis will certainly reveal considerable further microbial di-
versity in these settings.

Like the observations reported by Ravva in a US Department
of Agriculture study of dairies in Central California (Ravva
et al. 2011), and pig and poultry confinements in the Midwest
US (Hong et al. 2012), the most frequently observed species
in these CAFO environments were primarily representatives
of the phylogenetic group Firmicutes, of the kinds associated
with nonpathogenic gut or rumen microorganisms (Figure 2).
Major Firmicute lineages included Bacillus spp. (33% of Fir-
micute sequences), Lachnospiraceae spp. (30%), and Clostrid-
ium spp. (20%). The relative abundances of some phylotypes
(Aerococcus spp., Lactobacillus spp., Streptococcus spp., and
Clostridium spp.) observed in both swine facilities were similar
to those of swine gastrointestinal tracts (Leser et al. 2002; Snell-
Castro et al. 2005) and swine confinement buildings (Cormier
et al. 1990; Crook et al. 1991; Predicala et al. 2002; Nehme
et al. 2008). The phylogenetic types of organisms observed in
the dairy samples were similar to those reported in the feces
of dairy cows (Dowd et al. 2008) and cultured in a previous
aerosol study of cattle feedlots (Wilson et al. 2002). Particu-
lar species of organisms and their proportions, however, differ
among the various dairy studies. Nonetheless, the general con-
clusion from this and other studies is that most airborne bacteria
in the CAFO setting are associated with the aerosolization of
manure, and that there is a relatively low incidence of airborne
bacterial pathogens either immediately near dairy confinements
or downwind (Dugan 2012).

Few microbes encountered might be considered to be of
known health-related concern. Sequences closely related to the
common opportunistic pathogen Aerococcus viridans, which is
associated with arthritis in swine (Martin et al. 2007), were
found in all environments except the Swine A nursery. A. viri-
dans has been cultured from environmental aerosol samples in
previous studies (Williams et al. 1953; Kerbaugh and Evans
1968). Sequences closely related to that of Propionibacterium
acnes, a common human commensal, were also recovered from
all environments. While generally considered harmless, P. ac-
nes is associated with corneal ulcers, acne, and other illness
(Bruggemann et al. 2004). P. acnes is apparently ubiquitous in
the environment and has been observed in other outdoor aerosol
studies (Brooks et al. 2007; Tringe et al. 2008; de Evgrafov
et al. 2010). Whether deposition of P. acnes in the lungs through
aerosol inhalation represents a health threat is unknown.

At the limited depth to which we sequenced (1433 se-
quences), no fungal rRNA sequences were detected. In contrast,
previous CAFO bioaerosol studies based on culture counts con-
cluded that fungi contributed a sizable portion of the overall
observed (via culture) airborne ecology (Hanhela et al. 1995;
Chang et al. 2001; Adhikari et al. 2004a,b; Jo and Kang 2005;
Chi and Li 2005; Lee et al. 2006; Kim et al. 2008). This conclu-
sion based on culture, however, is not supported by our results.
The universal primers used in this study readily amplify fungal
DNA from other environments, so our results indicate that in
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fact fungal genes are rare compared to bacterial genes. This is
consistent with the results of sequence-based surveys in general,
which find that bacterial rRNA genes numerically overwhelm
fungal genes in the environment by orders of magnitude. More-
over, the kinds of organisms detected by sequencing, gut and
rumen bacteria, tend to be anaerobic and therefore not detected
by routine oxic cultivation. We conclude that any meaningful
survey of the microbiology of the CAFO aerosol environment
needs to include culture-independent analysis.

Aerosol transmission of viral diseases is a major concern in
global health and international monitoring of recognized and
emerging diseases is an ongoing effort. Surveillance for dis-
ease viruses is expensive and usually involves point samples
such as swabs or clinical specimens. We demonstrate here that
fluid impinger aerosol sampling, coupled with molecular analy-
sis, readily detects the commonly occurring swine CAFO virus,
PCV2. The method likely extends to all viruses, the desired de-
tection targets selected by the choice of primers used in QPCR
or other molecular assays. This aerosol protocol potentially of-
fers a more efficient and economical way than point sampling
to obtain facility-wide surveillance for disease agents.

In summary, the results of this study show that the microbial
diversity of CAFO atmospheric environments has the poten-
tial to be far greater than previously reported based on culture
studies, and confirms that viruses, which are germane to health
of animals within these impoundments, are airborne in signif-
icant numbers. The results also provide baseline information
for the deeper sequencing and longitudinal studies that will be
necessary to better understand the atmospheric environment of
CAFOs.
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