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ABSTRACT: Particulate matter emissions from agricultural livestock
operations contain both chemical and biological constituents that represent
a potential human health hazard. The size and composition of these dusts,
however, have not been well described. We evaluated the full size distribution
(from 0 to 100 μm in aerodynamic diameter) and chemical/biological
composition of inhalable dusts inside several Colorado dairy parlors. Four
aerodynamic size fractions (<3, 3−10, 10−30, and >30 μm) were collected
and analyzed using a combination of physiochemical techniques to understand
the structure of bacterial communities and chemical constituents. Airborne
particulate mass followed a bimodal size distribution (one mode at 3 μm and a
second above 30 μm), which also correlated with the relative concentrations
of the following microbiological markers: bacterial endotoxin, 3-hydroxy fatty acids, and muramic acid. Sequencing of the 16S-
rRNA components of this aerosol revealed a microbiome derived predominantly from animal sources. Bacterial genera included
Staphlyococcus, Pseudomonas, and Streptococcus, all of which have proinflammatory and pathogenic capacity. Our results suggest
that the size distribution of bioaerosols emitted by dairy operations extends well above 10 μm in diameter and contains a diverse
mixture of potentially hazardous constituents and opportunistic pathogens. These findings should inform the development of
more effective emissions control strategies.

■ INTRODUCTION

Livestock operations have changed dramatically over the past
century following trends of consolidation, mechanization, and
increased productivity.1,2 This modernization has intensified
the generation of pollutants from these operations.3−6 In
Colorado (and elsewhere), the recent expansion of residential
development in proximity to animal production facilities has
caused concern regarding potential public health risks posed by
these operations.6−8 Fugitive emissions (e.g., ammonia, hydro-
gen sulfide, and particulate matter [PM]) from livestock
operations have been detected in residential areas up to five
kilometers away,9−13 and health effects associated primarily
with the bioaerosol fraction of these emissions have been linked
to residential proximity to feedlot operations.5−8,13−16 Agricul-
tural bioaerosols, which contain bacteria from sources such as
bedding material, feed, and livestock (i.e., manure, skin,
allergens, and dander), provoke inflammatory responses that
reduce lung function, which may result in a wide range of acute
and chronic airway diseases.17,18 Dairy workers are also at risk
of exposure to these emissions, which are highest during
specific tasks such as rebedding stalls, feeding, and milking

cows.19 Occupational exposure to dairy-generated aerosols has
been linked to higher rates of respiratory disorders (e.g., asthma
and interstitial lung disease) among some dairy farmers;19

however, knowledge gaps remain in the etiology of lung
diseases in the dairy environment.19−22 This occupational
disease burden is a major concern to the dairy industry as the
workforce (>164,000 in the United States and >1,000,000
worldwide) continues to expand to meet increased demand for
dairy products.23,24

A key step to reducing the health burden posed by aerosol
emissions from livestock operations is the identification of
causal risk factors for disease. Dairy-related aerosols contain
particles of varying shape, size, and organic/inorganic
composition, which can also vary by geography, land use,
operation, and practice.20,22,25−37 While health effects from
exposure to fine (PM2.5)

38 and coarse (PM2.5−10)
39 fractions of
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dairy PM have been reported, characterization of particles
larger than 10 μm and their relative contribution to health
effects has been limited. These larger particles (10 to 100 μm)
are known to deposit in the upper respiratory system (and may
cause conditions such as rhinitis and sinusitis40−42), yet their
presence and composition remain largely unstudied. These
particles also translocate into the digestive system following
nasopharyngeal deposition; the effects of which are also
unstudied. Yet, very few instruments can size-segregate aerosols
across the entire inhalable range (spanning 0 to 100 μm in
aerodynamic diameter); most aerosol sampling techniques have
an upper measurement limit of 20 μm.
Dairy microenvironments foster rich and abundant microbial

communities. Dairy PM can contain a wide range of biological
constituents, including opportunistic pathogens and related
inflammagens.20,37 Previous research has focused largely on
respiratory effects following exposure to Gram-negative
bacterial endotoxin.19,29,33,43 However, the endotoxin content
of these aerosols does not fully explain observed respiratory
health outcomes.19,20,22,44−48 As such, more in-depth study of
other etiologic agents, such as Gram-positive bacteria, is
needed. The goal of this work was to characterize the full
size distribution and bacterial composition of inhalable
particulate matter generated by modern dairy operations. We
hypothesized that a significant fraction of the airborne
microbiome was present in nonstandard aerosol size fractions
(i.e., within particles larger than 10 μm). To test this
hypothesis, we deployed a specialized high-volume cascade
impactor (IESL v2)49 capable of sampling PM sizes up to 100
μm. We focused primarily on milking parlors, the chief
production area among dairies.

■ MATERIALS AND METHODS

Sample Collection. Study Sites. Three Colorado dairies
representative of large-herd operations (i.e., at least 1,000
lactating cows) were recruited to participate. Two operations
employed a parallel milking parlor design, while the third
operation used a rotary configuration (Figure 1). These two
designs are common throughout the industry, each with
particular advantages and limitations with regard to through-
put.50 Parallel parlors are most common in large herd
operations where cows are positioned in stationary stalls;
however, rotary parlors have certain advantages given the highly
automated process where cows enter/exit a rotating carou-
sel.51,52

The IESL v2 sampler, described below, was positioned near
the operator pit inside each milking parlor to collect a
representative aerosol sample across a full work shift. Samples
were collected over four different campaigns at each dairy (n =
12 days). Sampling at each dairy was spread out to represent

fall, winter, spring, and summer seasons (Table 1). The IESL v2
cascade impactor was modified from its original design for
atmospheric sampling49 to segregate airborne dust into four
aerodynamic size fractions: >30, 10−30, 3−10, and <3 μm.
These size fractions were chosen to represent particles that
could potentially deposit in the pulmonary, tracheo-bronchial,
and upper regions of the respiratory system. Particular
emphasis was made to investigate particles larger than 10 μm,
which is the upper limit of most aerosol sizing equipment. The
three largest size fractions were collected onto PTFE impaction
substrates,49 while particles smaller than 3 μm were collected
on a PTFE final filter (20 × 20 cm, Zefluor, 3 μm pore size). A
rotary vane blower (Gast model R4110-2, Benton Harbor, MI)
maintained a flow of 1500 L/min through the instrument,
which was monitored in real time using an in-line mass flow
meter (Sierra Instruments model 760-N5 (Monterey, CA).
Details of the impactor modifications and operation are
provided in the Supporting Information (Figures S2 and S3).
Since the top three stages of the IESL v2 used Teflon-based

substrates rather than filters, samples were retreived using a
Teflon spatula. An NRD Staticmaster 1 × 3-in. ionizing unit
was used in tandem with the spatula to minimize electrostatic
losses during recovery. All samples were weighed to the nearest
0.1 mg on an analytical balance (Denver Instrument M-series
220D, Arvada, CO). The final filters were weighed pre- and
postsampling following a 24-h equilibration in a HEPA-filtered
weighing room. We designed two equilibration chambers to
house filters pre- and postsampling. One Zefluor afterfilter was
dedicated as a laboratory blank and housed in the clean,
presampling equilibration chamber. This blank filter was used

Figure 1. Milking parlor configurations: (a) parallel and (b) rotary used at the dairy operations that participated in this study. Reprinted/adapted
with permission from ref 50. Copyright 2013 Taylor & Francis.

Table 1. Milking Parlor Configurations and IESL v2
Sampling Characteristics

parlor
design

date of
collection

sample time
(min)

total volume
(L)

total PM
collected (mg)

Dairy 1
parallel Nov 2012 480 647214 76

April 2013 551 734465 132
Dec 2012 543 773739 74
July 2013 480 696800 124

Dairy 2
rotary Nov 2012 552 781160 115

Jan 2013 594 835984 89
May 2013 501 666431 50
Aug 2013 448 669760 47

Dairy 3
parallel April 2013 375 535015 55

June 2013 462 658214 84
Sept 2013 471 699707 60
Jan 2014 416 618383 55
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to correct for any error in measurements and determination of
sampling efficiency. All samples were stored at −80 °C prior to
analysis.
Sample Analysis. Postsampling, an aliquot of approx-

imately 1 mg of dust from the top three stages of the IESL v2
was weighed using a Mettler Toledo MX5 (Columbus, OH).
Subsequently, each fraction was extracted in 10 mL of 0.05%
TWEEN-20 solution53 with mechanical agitation (vortexing
and shaking). Since aliquots of afterfilter extracts were to be
used in future cell culture studies, Tween was not used, as it is a
known cytotoxin (see below).
Afterfilter Extraction. Each PTFE Zefluor afterfilter was

serially sonicated in solvents of decreasing polarity as previously
described.54 The afterfilter was preweighed, placed in a 50 mL
pyrogen-free Pyrex screw cap tube, then presoaked in 40 mL of
a pyrogen-free milli-Q water for 10 min, and then vortexed for
1 min. Subsequently, filters were sonicated and then washed in
a rotator for 1 h, respectively. The milli-Q water extract was
transferred to a 40 mL pyrogen-free Pyrex screw cap tube and
stored in a refrigerator. Next, each filter was extracted
(following a similar procedure as described above) in 40 mL
of acetone. After transferring the acetone extract to a secondary
container, the final extraction was performed using hexane. The
filter was removed and stored in a chemical hood for 12 h to
evaporate residual solvent. Each filter was desiccated,
equilibrated for 24 h, and then postweighed to the nearest
milligram.
The hexane and acetone extracts from each sample were

combined in the original extraction tube and evaporated using a
nitrogen blowdown manifold. Subsequently, milli-Q water
extracts were transferred back to the original tube, frozen to
−80 °C, and lyophilized at 0.1 mbar pressure and −40 °C using
a Labconoco Freezone 4.5 Liter Benchtop Freeze-Dry System
(Fort Scott, KS). Extracts were stored at −80 °C until
reconstitution.
Microbial Community Chemical Markers. Three different

aliquots from a subset of six IESL v2 samples (i.e., 24 size-
fractionated sample extracts representing each dairy) were
assigned for separate analysis of biologically active endotoxin,
total endotoxin (3-hydroxy fatty acids; 3-OHFA), and muramic
acid. Briefly, three individual replicates of 100 μL were analyzed
for biologically active endotoxin using Pyrogene Recombinant
Factor C (rFC) Assay kits (Cambrex, East Rutherford, NJ) as
previously described.55 Similar to Poole et al. (2010), 3-OHFA
and muramic acid were measured in the remaining two
individual aliquots of 1.5 mL. Each aliquot was lyophilized,
digested, derivatized, and separately analyzed using a Waters
Quattro Micro GC-MS/MS. Reagent and solvent blanks were
included in each analysis and served as reference and control
for background contamination.
DNA Sequencing. High-throughput DNA sequencing was

conducted on a subset of six IESL v2 samples (i.e., 24 size-
fractionated samples) representing each dairy. Bacterial
genomic DNA was extracted using the PowerSoil DNA
Isolation Kit (MO BIO). The V4 region of the 16S rRNA
gene (515F-806R) was amplified with region-specific primers
according to protocols published by the Earth Microbiome
Project (www.earthmicrobiome.org).56 Amplification was com-
pleted utilizing a barcoded primer set adapted for MiSeq by
adding nine extra bases in the adapter region of the forward
amplification primer that support paired-end sequencing.57 The
reverse amplification primer also contained a 12-base barcode
sequence that supports pooling of up to 2,167 different samples

in each lane. Each 25 μL PCR reaction contained 12 μL of
MoBio PCR Water (Certified DNA-free), 10 μL of 5 Prime
HotMasterMix (1×), 1 μL of Forward Primer (5 μM
concentration, 200 pM final), 1 μL of Golay Barcode Tagged
Reverse Primer (5 μM concentration, 200 pM final), and 1 μL
of genomic DNA. The PCR conditions were as follows: 94 °C
for 3 min to denature the DNA, with 35 cycles at 94 °C for 45
s, 50 °C for 60 s, and 72 °C for 90 s, with a final extension of 10
min at 72 °C to ensure complete amplification. Following PCR,
amplicons were quantified using PicoGreen (Invitrogen) and a
plate reader. Once quantified, different volumes of each of the
products were pooled into a single tube so that each amplicon
was represented equally. This pool was then cleaned using the
UltraClean PCR Clean-Up Kit (MoBio) and quantified using
Qubit (Invitrogen). After quantification, the molarity of the
pool was determined and diluted to 2 nM, denatured, and then
diluted to a final concentration of 6.75 pM with a 10% PhiX
spike for loading on the Illumina MiSeq sequencer.

Single Particle Analysis and Elemental Composition.
During a selected sampling day, the top three stages of the IESL
v2 were loaded with 200-mesh transmission electron
microscopy grids (Ted Pella, Inc., Redding, CA) and operated
for 30 min. Afterward, each grid was transported back to the lab
and mounted on a 10 mm JEOL aluminum specimen stub (Ted
Pella, Inc., Redding, CA) using double coated, carbon
conductive tape. A 10 mm punch was taken from the center
of the Zefluor PTFE afterfilter and mounted on a JEOL stub.
All samples were sputter coated with a thin layer of carbon
prior to analysis.
Scanning electron microscopy (SEM) was performed using a

field emission system (JEOL model JSM-6500F, Peabody, MA)
coupled with energy dispersive spectroscopy (EDS). Sufficient
resolution was achieved at a working distance of 10 mm and an
accelerating voltage between 10 and 15 kV. Elemental
identification, relative abundances, and X-ray mapping were
acquired using point and shoot and spectral imaging acquisition
modes. The high background of fluorine atoms from the PTFE
filter precluded elemental resolution of PM < 3; results from
only the larger three size fractions are reported.

Statistical Analysis. Descriptive and Spearman Rank
Correlation. Data were normalized to the amount of air
sampled at each campaign and reported in units of mass per
cubic meter of air. Descriptive statistics of mass concentrations
and bacterial loadings are presented as the geometric mean
(GM) and geometric standard deviation (GSD). Correlations
between total mass concentration of the IESL v2 inhalable
fraction and EU, 3-OHFA, and muramic acid were calculated
from Spearman rank correlation coefficients (ρ). Due to the
non-normal distribution of the data, we used Kruskal−Wallis
tests to detect differences in median EU, 3-OHFA, and
muramic acid mass as a function of PM size. The Dwass, Steel,
Crichtow-Fligner Method was used to conduct pairwise
comparisons of median values by size. Using the same statistical
approach, we investigated seasonal differences for mass
concentration and each bacterial marker. These analyses were
performed using SAS version 9.3 (SAS Institute Inc., Cary,
NC).

Bioinformatics. Ribonucleic acid sequences were quality
filtered and assigned to corresponding samples based on their
12-bp error-correcting Golay barcodes. Operational taxonomic
units (OTUs) were assigned taxonomy by clustering sequences
against 97% OTU reference data from the Greengenes
database58 using UCLUST.59 Diversity metrics were calculated
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using both OTU- and phylogeny-based methods. Within-
sample diversity (alpha diversity) was evaluated using
rarefaction, sample richness, and Faith’s phylogenetic distance.
Similarity between communities was compared using FastUni-
frac, which uses the Greengenes 97% OTU phylogenetic tree as
a reference to calculate phylogenetic distances.60 The
unweighted and weighted Unifrac metrics were calculated to
compare samples qualitatively (presence/absence only) and
quantitatively (relative abundances of taxa included).61

Taxonomic composition, heatmaps, and SourceTracker62

were generated using Qiime v1.9.1 and R Programming
Language v3.2.3.

■ RESULTS AND DISCUSSION
The IESL v2 was deployed 12 times (four times at each dairy)
between 2012 and 2014 producing a total of 48 size-
fractionated dust samples. The median sampling time was
480 min (range: 375594 min; Table 1). Sampling times
varied depending on the work shift and delays in production.
Some shifts were delayed due to mechanical issues or to the
arrival of new cows that were not accustomed to the milking
parlor. The IESL v2 was set up (and removed) during
opportune times identified by dairy managers and workers
inside the parlor. The average dust catch (i.e., the sum of all
four IESL stages) as a geometric mean was 73 mg (GSD: 1.4),
which translates to a geometric PM mass concentration of 108
μg m−3 (GSD: 1.3); these levels are similar to those for area
samples reported by Reynolds et al. (2009) but lower than
inhalable mass concentrations measured from personal breath-
ing-zone samples among the workers.21,29 Fixed-site area
measurements tend to be lower than personal exposures in
occupational environments, given the close proximity of
workers to potential emission sources (e.g., feed, bedding
materials, and animals). Garcia et al. (2013) demonstrated that
personal samples collected in dairy worker’s breathing zones
were higher than area-based samples. There were no statistically
significant (p = 0.66) differences in measured dust concen-
trations by season.
Particle Size Distributions and Chemical Markers of

Microbial Enrichment. The size distribution of inhalable PM
was consistently bimodal with one mode under 3 μm and a
second mode above 30 μm (Figure 2a). This larger size mode
persisted across different dairies, days, and seasons. This is a
novel finding; no studies have described the presence (and
composition) of particles larger than 20 μm in dairy
environments, presumably due to a lack of sizing equipment.
Further, the distribution of mass in this larger mode often
rivaled or exceeded that of the smaller mode (Figure 2). A
higher mass concentration was observed in the 10−30 μm size
range at Dairies 1 and 3 and in the 30−100 μm size range at
Dairy 2.
The concentration of bacterial chemical markers also varied

by particle size (Figure 2b-d). Endotoxin and muramic acid
were present in varying concentrations in both smaller and
larger size fractions. The distribution of muramic acid and 3-
OHFA was also bimodal; however, the mass contribution of 3-
OHFA was at least an order of magnitude greater than muramic
acid. On the contrary, biologically active endotoxin by size-
fraction largely varied and followed a unimodal distribution.
Correlations between total IESL v2 inhalable mass concen-
trations and the enrichment of biologically active endotoxin (ρ
= 0.72, p < 0.0001), total endotoxin (ρ = 0.65, p < 0.0001), and
muramic acid (ρ = 0.67, p < 0.0001) were strong and

statistically significant (Table S1). Garcia et al. 2012 also
observed a strong correlation (ρ = 0.79) between PM mass
(collected by a personal inhalable sampler) and biologically
active endotoxin. In this present study, no statistically
significant differences were observed between endotoxin
content and particle size (p = 0.16). Median mass
concentrations of 3-OHFA and muramic acid differed
significantly (p = 0.015) between 10 and 3 μm. The muramic
acid data also suggested a difference in median concentrations
between the 30 μm cut-point and the 3 μm cut-point (p =
0.063). There was no statistically significant difference in
biologically active endotoxin (p = 0.58), 3-OHFA (p = 0.97),
and muramic acid (p = 0.47) concentrations by season. These
markers were not detected in the reagent or solvent blanks.
Together, these data suggest that risk assessment and

emissions control efforts should consider a wider range of
particle sizes, spanning the entire range of inhalable aerosol,
given the concentrations and compositions of PM sizes
reported here. The relative distribution of chemical markers

Figure 2. Average size distributions of inhalable particles and their
microbial enrichment: (a) total PM mass by gravimetry; (b) muramic
acid and (c) 3-hydroxy fatty acids by mass spectroscopy; (d)
endotoxin by recombinant factor c assay. Error bars represent standard
deviations taken across independent sampling days. The y-axis
represents the mass.
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was not significantly different between dairies (endotoxin: p =
0.14; muramic acid: p = 0.72; 3-OHFA: p = 0.95) suggesting
that emissions/exposure reduction strategies could produce
commensurate reductions in health hazards from one parlor
design to the next (e.g., herringbone or rotary).
In the absence of a standard analytical procedure for

analyzing endotoxin, we measured total (3-OHFAs) and
biologically active endotoxin (lipid A) using GC-MS/MS and
enzymatic assay methods, respectively. A common finding in
the scientific literature is to measure the response of an enzyme
to lipid A;33 however, this may not accurately relate to dose if
the analyte is bound to the cell. While more labor intensive and
expensive, using GC-MS/MS allows resolution of specific 3-
OHFAs present in the lipid A component. Knowing the
richness and abundance of these fatty acids may provide better
and more reliable estimates of exposure risk.21 Burch et al.
(2010) found that 3-OHFA to be a more sensitive indicator of
nasal inflammation than lipid A among agricultural workers.
This was evident by a strong association between 3-OHFA and
inflammatory markers (e.g., polymorphonuclear neutrophils

and interleukin 8) measured in nasal lavages. We evaluated the
relationship between 3-OHFA and lipid A and observed a
moderate correlation (ρ = 0.4; p = 0.055; Figure S3). Other
researchers demonstrated various degrees of correlation
between 3-OHFA and lipid A with statistical significance, in
dairy and other livestock environments.43,55,63 Reynolds et al.
(2005) concluded that measuring 3-OHFA by GC-MS/MS
provides better resolution of the chemical composition of
bacteria-specific endotoxin, especially if more endotoxin is cell-
bound, than the biological assay. Without a priori knowledge of
the proportion of cell-free to cell-bound endotoxin, both
markers in tandem remain useful, especially until international
consensus on sampling and analyzing airborne endotoxin is
established.
The presence of muramic acid, an inflammatory component

of primarily Gram-positive bacteria, suggests that diverse
bacterial species are present in dairy PM.44,48 Poole et al.
(2010) suggested that muramic acid in dairy PM promotes
inflammatory responses by human monocytes and bronchial
epithelial cells independently of endotoxin. This marker is

Figure 3. Type and source attribution of common bacterial aerosols from dairy milk parlors: (a) bacteria were traced largely to animal feces, as well
as bird and human-associated sources; (b) relative bacterial abundance was comparable across different parlor types with Staphylococcus,
Streptococcus, and Pseudomonas as the predominant genera; (c) heat map showing unique fingerprints of bacteria were identified by source including
known pathogens with potential for antibiotic-resistance. The color key and histogram represent the distribution of the relative abundance (via
counts) of the OUT at the genus level. Each square is proportional to the counts of operational taxonomic units (normalized to an even sequencing
depth). The taxa shown in this plot were associated with varying degrees of counts. The color yellow represents low abundant taxa, while dominant
taxa are shown in red.
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relatively unexplored as it relates to human health outcomes.
Recently, Nonnenmann et al. (2017) found no associations
between exposures to muramic acid and changes in exhaled
nitric oxide, a marker of pulmonary inflammation, among
workers inside dairy parlors.64 Given the cross-sectional design
of this study, unanswered questions remain regarding the role
of muramic acid in agricultural lung disease.
DNA Sequencing of Size-Segregated Dairy Aerosol.

Amplicon sequencing of the 16S rRNA V4 region was
conducted to characterize the microbial community structure
in collected bioaerosol samples. A total of 1,878 distinct
operational taxonomic units (OTUs) were identified (using a
threshold of 97% identity of sequence similarity) across all
samples, with an average depth of 1,300 sequencing reads per
sample. All sequences associated with reagents and DNA
extraction were removed from the sample data set.
We used SourceTracker, a Bayesian statistical approach, to

identify potential sources of these bacterial OTUs (Figure 3a).
Measured OTUs were derived predominantly from animal
feces (greater than 75%), which is consistent with high-density
livestock operations. However, other animal sources, such as
bird and human sources, were also detected, in addition to
typical soil and waterborne taxa (Figure 3a). All the dairies
contained bathrooms near each operator pit. Consequently,
markers of human feces in bioaerosols were observed, most
notably in the parlor using a rotary milking system. This is a
concern as previous studies have suggested that substantial
atmospheric loading of potentially infectious agents occurs
when toilets are flushed.65

Similar trends in relative bacterial abundance were observed
between dairies, regardless of parlor design (i.e., rotary, parallel,
and herringbone; Figure 3b) or USDA certification status.
Gram-positive bacteria were prevalent, specifically Staph-
ylococcus (8.1%), Corynebacterium (8.5%), and Streptococcus
(3.8%). Dairy cattle are principal reservoirs of Staphylococcus
aureus, an opportunistic pathogen among humans that can
rapidly evolve toward an antibiotic-resistant phenotype.66,67

Recently, nasal carriage of livestock-associated, antibiotic-

resistant Staphylococcus aureus, which is distinct from hospital-
and community-associated strains, was suggested to be a
potential risk factor for skin and soft tissue infection.68 Given
the changing landscape of Staphylococcus aureus resistance,69−72

our results suggest that these larger particles (that we typically
do not measure) are an important source of exposure to
opportunistic pathogens among workers (who may transport
these species offsite) and nearby residents. This further
substantiates the concern that nasal colonization and/or skin
infection by these pathogens is a public health concern worthy
of additional investigation.
Bacterial source profiles are presented in Figure 3c. Bacteria

commonly associated with mammalian gut microbiome were
present (e.g., Acinetobacter) including unclassified genera
associated with Ruminococcaceae, Lachnospiraceae, and Enter-
obacteriaceae.73 Staphylococcus was one of the most abundant
taxa (at the genus level) relative to other potential organisms
(excluding Comamonadaceae) originating most likely from
animal feces. Pseudomonas and Bacteroides were also present in
collected bioaerosols. These genera contain species that are
linked to increased morbidity and mortality based on virulence
factors and mediation of drug resistance.74−78

The relative contribution of bacteria was comparable across
all four size-fractions (Figure 4) with a few exceptions.
Pseudomonas and Sphingomonas were highest in the 10 μm
fraction. Collectively, these results suggest that the airborne PM
microbiome extends well into the inhalable range (up to 100
μm in aerodynamic diameter). Above 30 μm, inhaled particles
deposit primarily in the upper respiratory tract, where they
reside or become eventually swallowed. As such, infections in
the nasal passage and gut (via mucociliary clearance) are
possible based on bacterial constitution of bioaerosols observed
in this study. Further, Pseudomonas, Streptococcus, Prevotella,
Fusobacterium, Haemophilus, Veillonella, and Porphyromonas
were observed in this study, which may play an important
role in the lung microbiome.79 Pseudomonas has also been
linked to asthma in deep lung tissue studies.80

Figure 4. Heat map of the abundance of the top 25 OTUs differentiating bacterial enrichment by aerodynamic diameter of inhalable bioaerosols. For
this analysis, one set of IESL v2 samples was analyzed to demonstrate that the bioaerosol microbiome spans the entire inhalable fraction. The color
of each square is proportional to the counts of OTUs as stated in Figure 2.
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Single Particle Analysis and Elemental Composition.
A wide spectrum of particle morphologies ranging from round
to amorphic was observed in each size range under SEM
(examples are shown in Figure 5A-C). Particle topographies
were heterogeneous, including surfaces that were flat and
smooth as well as folded and rough. Particles predominantly
contained magnesium, aluminum, silicon, and calcium (Figure
5A-C), which were most likely in the oxide form (e.g., silica).
Trace elements such as titanium, iron, sodium, potassium, and
sulfur were also observed (data not shown). Cambra-Loṕez et
al. (2011) identified similar elements in a source apportionment
study of particulate matter from poultry and swine housing-
systems in The Netherlands. Previous research has demon-
strated that agricultural workers, in general, are exposed to high
levels of silica (e.g., greater than 0.1 mg m−3).81,82 In dairies,
sand is frequently used in animal bedding, which has been
shown to reduce Gram-negative bacteria.83 However, sand
remains a potential inhalation hazard due to its silica content.
In light of the new silica rule enforced by Occupational Safety
and Health Administration (0.05 mg m−3),84 quantitative
exposure assessments of silica and other potentially harmful
inorganic hazards are essential for protecting dairy workers
against occupational lung diseases (e.g., silicosis).

Implications for Exposure and Health. Inhalable
particulate matter from Colorado dairies is a complex mixture
of organic and inorganic components with high inflammatory
potential. This is the first study to characterize the full size
distribution of airborne particles emitted by agricultural dairy
operations, specifically inside the milking parlor. Our results
suggest that both size-fractions of aerosols in these dairies are
likely generated by common sources based on the strong
correlation between markers. These sources may include, but
are not limited to, resuspension events such as flushing the
parlor and moving animals, which may account for the bimodal
distribution of the particles evaluated in this study. Based on
various factors (e.g., particle size, and prevailing wind patterns),
agricultural bioaerosols have been demonstrated to travel long
distances (up to 5 km).9,13 Although large particles settle
quickly in quiescent air, atmospheric transport of PM10 has
been suggested to extend up to several kilometers downwind.12

A linear relationship between wind speed and transport
distance has been widely recognized for atmospheric dust.85,86

Dust storms can transport large particles (>20 μm) hundreds
(to potentially thousands) of kilometers.87 Hence, these larger
particles can potentially impact the health of residents in
surrounding (downwind) communities. Alternatively, dust from

Figure 5. Magnesium (Mg), aluminum (Al), silicon (Si), and calcium (Ca) were identified by single-particle analysis using SEM-EDS. Elemental
maps of single particles illustrate the presence of these chemical elements based on color density: (A) PM30−100; (B) PM10−30; and (C) PM03−10. An
elemental map is not shown for particles smaller than 3 μm due to strong background signals of fluorine from the PTFE afterfilter.
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upwind sources (e.g., other livestock operations or anthro-
pogenic activities) may be a concern to the dairy micro-
environment, including animal health. This present study
warrants further modeling of bioaerosol dispersion and
deposition for particles extending up to 100 μm in aerodynamic
diameter.
A limitation of this work is that DNA sequencing does not

distinguish viable from nonviable bacteria. This distinction is
important, but the inherent challenges associated with
determining the concentration of viable bacteria in bioaerosols
made this effort beyond the scope of the present study. Bacteria
experience considerable stress related to mechanical and
nonmechanical forces during air sampling, which can render
them nonviable.88,89 For example, the shear force from sample
aspiration and/or impaction may rupture the bacterial cell;90

desiccation may also damage the cell and reduce viability.88

Hence, collection into a liquid media and shorter sample times
are typically recommended. Further, less than 1% of all bacteria
are culturable in the laboratory.91,92 Culture-based techniques
are selective for certain bacteria and, in turn, bias the results.93

In view of all this, abundance and diversity of viable bacteria are
underestimated at a concerning magnitude. Irrespective of
these challenges, isolating viable bacteria remains an important
practice that will be essential in our future bioaerosol exposure
assessments, in particular phenotypic characterizations, single
genome sequencing, and strain identification. Although field
blanks were not collected (only one IESL v2 impactor exists),
we employed a thorough washing procedure (70% ethanol and
10% bleach solutions) between sampling campaigns and tested
our sampling surfaces using laboratory (and reagent) blanks.
Our signal-to-laboratory blank values were separated by orders
of magnitude, given that each stage collected tens of milligrams
of organic dust mass.
Previous research on agricultural aerosol has focused

primarily on PM2.5 and respirable size fractions (particles less
than 4 μm in aerodynamic diameter) under the assumption that
pulmonary deposition is of greatest concern for assessing health
risks. In the present study, we demonstrate that a substantial
(and oftentimes a majority) proportion of particulate mass is
present in larger size ranges − spanning 10−100 μm in
aerodynamic diameter. These larger particles tend to deposit in
the upper respiratory system, including the nasopharyngeal
region. Consequently, nasal colonization by pathogenic species
is possible, resulting in localized and systemic effects.71,72,94−98

This finding is of particular public health relevance, especially in
the context of facilitated transmission of potentual zoonotic
pathogens into the community.
With a paucity of literature regarding large particles and

attendant health effects, our results have important implications
for occupational, environmental, and public health. The current
scientific opinion suggests that bioaerosol exposure confers
protection against asthma and atopy in children.20,99,100

However, several unanswered questions remain regarding
spatiotemporal dynamics of exposure, gene-environment
interactions, and the health continuum of these populations.
Also importantly, protections require exposure in infancy, and
children or adults who are not exposed often have
exaccerbation of their airway disease by later exposure.99

More research (particularly microbiome studies) is needed in
this area of large particle exposure health outcomes to
comprehensively address inhalable PM exposures, differentiate
between protective and adverse effects, develop interventions
and controls, and improve the health of dairy workers.
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