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ABSTRACT: Microbial air pollution from livestock farms has
raised concerns regarding public health. Little is known about
airborne livestock-related microbial levels in residential areas.
We aimed to increase insights into this issue. Air measure-
ments were performed in 2014 and 2015 at 61 residential sites
in The Netherlands. Quantitative-PCR was used to assess
DNA concentrations of selected bacteria (commensals:
Escherichia coli and Staphylococcus spp.; a zoonotic pathogen:
Campylobacter jejuni) and antimicrobial resistance (AMR)
genes (tetW, mecA) in airborne dust. Mixed models were used
to explore spatial associations (temporal adjusted) with
livestock-related characteristics of the surroundings. DNA
from commensals and AMR genes was detectable even at sites
furthest away from farms (1200 m), albeit at lower levels. Concentrations, distinctly different between sites, were strongly
associated with the density of farms in the surroundings especially with poultry and pigs. C. jejuni DNA was less prevalent (42%
of samples positive). Presence of C. jejuni was solely associated with poultry (OR: 4.7 (95% CI: 1.7−14), high versus low
poultry density). Residential exposure to livestock-related bacteria and AMR genes was demonstrated. Identified associations
suggest contribution of livestock farms to microbial air pollution in general and attribution differences between farm types. This
supports the plausibility of recent studies showing health effects in relation to residential proximity to farms.

■ INTRODUCTION

Microbial air pollution from the livestock industry has raised
concerns about potential public health risks and environmental
impact.1 Livestock farms are known to emit microorganisms,
some of which are zoonotic pathogens or carriers of resistance
to antimicrobials. A series of epidemiological studies identified
associations between residential proximity to livestock farms
and risk of zoonotic infections and suggest that environmental
transmission might play a role.1−8 Only for Q fever, the
transmission of the causal bacteria via air has been firmly
established; for other zoonotic diseases (campylobacteriosis,
methicillin-resistant Staphylococcus aureus (MRSA) coloniza-
tion), this is still to be ascertained.1,9 Besides infectious
diseases, other health outcomes like respiratory health effects
and atopic sensitization were found to be associated with
livestock density.10−14 The underlying causal mechanisms for
these more general health outcomes are unknown; microbial
air pollution is suggested to potentially play a role.10−14

Bacteria are highly abundant at farms; major sources are
farm animals and their excreta, mainly faeces. Levels of bacteria
in indoor air inside farms are high, and a wide variety of species
can be present.15,16 The majority of airborne bacteria within
farms are attached to dust particles.17,18 These dust particles

with associated components can be transported to the outside
environment by ventilation. At close distances (<200 m) from
farms, elevated levels were measured of several bacteria
including livestock commensals (e.g., Escherichia coli and
Staphylococcus spp.) but also zoonotic pathogens.18−31 Staph-
ylococci were measured at the greatest distances, until up to 400
m.22,23 These studies aimed at tracking the spread of microbial
aerosols in the close surroundings of a farm; the methodologies
used did not allow for quantification of residential exposures.
In the air at farm premises, bacteria that are commensals to
livestock animals are detected more often compared to
pathogens because of their high abundances.20,27 This makes
commensals useful indicator organisms of livestock farm
microbial emissions. Recently, also antimicrobial resistant
bacteria and antimicrobial resistance (AMR) genes have
been measured. Indoor collected air samples frequently
contained antimicrobial resistant bacteria and AMR genes,
and also, some of the air samples collected outside contained
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these.16,18,28,30,31 Higher abundances of antimicrobial resistant
bacteria and AMR genes have been reported downwind from
farms compared to upwind.16,20,28,32

Valuable insights into the role of livestock farms on
residential microbial exposures can be gained by environmental
sampling. Availability of molecular techniques has opened up
the possibility to study microbial air pollution at further
distances from farms, yet there is a lack of studies measuring
livestock-related microbes and their constituents in air at
distances where neighboring residents are living. Measurement
studies performed thus far focused mainly on endotoxin
(inflammatory cell wall component of Gram-negative bacteria),
assessed by a biological assay.33−38 A recently performed study
on Coxiella burnetii (zoonotic pathogen) showed the
possibilities of applying molecular techniques in combination
with air sampling at residential sites.39 Gaining knowledge on
other microbial exposures in air at residential sites in livestock
dense areas is of great significance for public health assessment.
Hence, we performed an extensive measurement study

aimed at sampling livestock-related microbial concentrations in
ambient air at residential sites. Our objective was to gain
insight into airborne concentrations at the residential level of
livestock-related commensals, pathogenic bacteria, and AMR
genes. Since levels at residential distances were expected to be
considerably lower compared to levels at farms, we integrated
long-term sampling with qPCR analyses to enable quantitative
estimation of the microbial load. A high number of sites (n =
61) were included, as we aimed to gain profound insight into
spatial variation. Sites were measured repeatedly over the
course of 1.5 years, providing insight into temporal variation.
Additionally, our goal was to explore spatial associations
between microbial concentrations in air with livestock-related
characteristics of the surroundings by using detailed farm
information.

■ METHODS
Study Design. In total, five gene targets were analyzed in

this study. Genes from Escherichia coli and Staphylococci were
included to represent, respectively, Gram-negative and Gram-
positive bacterial livestock commensals. E. coli and Staph-
ylococcus spp. are omnipresent at farms of all types; hence,
these are considered general markers for livestock-related air
pollution. In addition, two general AMR genes were included,
tetW and mecA, both related to antibiotic classes widely used in
the livestock industry (tetracyclines, penicillins). Besides these
four microbial markers for livestock emissions in general, also a
gene target for Campylobacter jejuni was analyzed. Campylo-
bacter jejuni is a mainly poultry-related zoonotic pathogenic
bacterium.
These five gene targets were tested in airborne dust samples

collected. In order to represent residential exposure to
microbial air pollution optimally, airborne dust samples were
collected at average breathing height (1.6 m) in residential
yards. Particulate matter samples with a nominal aerodynamic
diameter below 10 μm (PM10) were collected to ensure that
only particles small enough to be inhaled by humans were
collected. The air measurement campaign was performed in
the years 2014 and 2015 as part of the “Livestock Farming and
Neighboring Residents’ Health” (VGO) project; see de Rooij
et al. for a complete overview.33 In short, 2-week average air
samples were collected repeatedly at 61 residential sites in a
region with high livestock density in the Southeast of The
Netherlands (see Figure S.1 in the Supporting Information for

a map of the study area: 3000 km2 in size, no elevations). Sites
were selected to cover a wide spatial contrast in density of
livestock farms and animal species kept. To ensure coverage of
the expected highest local-scale air pollution variation in the
vicinity of farms, we chose to over-represent sites close to
livestock farms, resulting in 40% of sites at <250 m from a
farm, 35% at 250−500 m, 18% at 500−1000 m, and 7% at
>1000 m. Attention was paid to ensuring a geographical spread
of sites throughout the study area and a distribution without
major outliers for farm densities over the different sites. The
following inclusion criteria were kept: at least 500 m away from
an industrial site and at least 500 m distance between
measurement sites. The aim was to sample each site four times,
spread over the seasons. Per measurement period, around 10
sites were sampled simultaneously (restricted by availability of
equipment); it was taken care of that this set of 10 sites was
spread throughout the area and that sites located close to
farms, as well as further away, were represented. In addition, a
reference site was included which was located in the middle of
the study area, more than 1 km away from the nearest farm.
The reference site was sampled during the whole duration of
the measurement campaign. Parallel sampling was performed
at the reference site to gain insight into variability between
samples collected simultaneously side by side. During each
measurement period, a field blank control was placed at a
different site. This field blank filter underwent the same
procedure except that no air was drawn through the sampling
device.

Sampling. Harvard Impactors (Air Diagnostics and
Engineering Inc., Naples, ME, USA) were used to collect
PM10 on Teflon filters (Teflo W/ring 37 mm with 2 μm pore
size; SKC, Pennsylvania, USA). Samples were taken at a height
of 1.6 m, the average breathing height of humans. A pump with
critical orifices was used to maintain the flow at 10 L/min. To
avoid filter overloading, pumps were installed to sample 15 min
of each hour during the 14-day sampling period so each filter
represented a 14-day average Total sampling volume was
calculated on the basis of the total sampling time and the
measured average flow. Samples were stored within 72 h after
collection at −20 °C.

Sample Processing. Filters collected during the same
measurement period were processed in one run of extraction.
In each run, a blank filter was processed in parallel. Total DNA
in the PM10 dust captured on filters was extracted by using the
NucliSENS Magnetic bead DNA extraction kit (Biomerieux-
diagnostics, Marcy l’Etoile, France) with some adaptions to the
manufacturer’s instructions. In short, filters were added to 15
mL tubes containing a mixture of 3.5 mL of NucliSENS
Lysisbuffer and 3.5 mL of phosphate buffered saline (PBS).
Samples were incubated for 30 min at room temperature on an
orbital shaker at 250 rounds/min, after which the fluid was
transposed to a new 15 mL tube. To each tube, 30 μL of a
quantified DNA solution was added to serve as an internal
control for both extraction and qPCR amplification. This DNA
solution contained a 424 base pair sequence which was
amplified from the blue fluorescent protein (BFP) gene
contained in the pRSET/BFP bacterial expression vector
(Invitrogen); see the Supporting Information for further
details. The NucliSENS Magnetic Beads suspension (50 μL)
was added and mixed, followed by incubation at room
temperature for 10 min. Subsequently, the magnetic beads
containing DNA were washed according to the manufacturer’s
recommendations. Small modifications to the procedure were
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applied as described before (de Bruin et al., 2011). DNA yield
from the beads was optimized by repeating the elution with 50
μL of elution buffer to obtain 100 μL of DNA solution. This
solution was stored at −70 °C until further processing.
Quantitative PCR Analyses. Several quantitative PCR

analyses were performed to quantify DNA signature sequences
from bacteria and antimicrobial resistance genes in the ambient
PM10 fraction. Detection of Campylobacter jejuni DNA was
performed using the assay described by Jensen et al.40

Escherichia coli DNA was determined by means of the
previously described assay,41 which was adapted to allow
detection of both uidA (E. coli target) and BFP (blue
fluorescent protein, the control for DNA extraction and
qPCR amplification; see the Supporting Information for
details). Initial validation showed that assay performance,
including limit of detection (LOD), was unaffected by the
presence of other primer/probe sets. The assay described by
Kilic et al.42 was used for detection of DNA of Staphylococcus
spp. (tuf) and DNA of methicillin resistance gene (mecA).
Quantification of DNA of tetracycline resistance gene (tetW)
was performed using the assay described by Walsh et al.43 with
minor modifications (increased primer (600 nM) and probe
(200 nM) concentrations, decreased annealing temperature
from 60 to 59 °C). See the Supporting Information for a
description of gene targets, primer and probe sequences per
gene targets, and protocols including number of cycles, times,
and temperature per gene target. Analyses of tetracycline
resistance gene (tetW) were performed on a Bio-Rad CFX384
instrument (product-number: 1855485, Bio-Rad, Hercules,
California). All other qPCR analyses were performed on a
Lightcycler 480 instrument, Roche, Basel, Switzerland).
Negative controls (no template) and positive controls were
included for each PCR run. To avoid inhibiting effects of dust,
an adequate dilution was established on the basis of the
threshold cycle number (Ct) of the BFP internal control.
Samples were tested at 1:10 dilution using 3 μL of DNA
template per reaction well in triplicate for all genes, except for
tetW which was tested in duplicate and in 1:100 dilution.
Calibration Curves and Calculation of LOD. For each

gene target, calibration curves were implemented using serial
dilutions of positive control DNA at known concentrations;
see the Supporting Information for the dilution series per gene
target. The limit of detection (LOD) expressed as cycle
number (Ct) was determined by means of the receiver
operating characteristic (ROC) curve as described previ-
ously.44 In short, the optimal LOD is based on maximization of
the Youden index which is a combination of sensitivity and
specificity. Specificity was determined using the outcomes of
the no template controls. Sensitivity was determined using the
calibration curves. Computation of LOD based on max-
imization of the Youden index was not possible for the C. jejuni
target, as none of the no template controls yielded a Ct value
(thus no false positives); hence, LOD was determined using
the probability of detection method as described previously by
Nutz et al. set at 99%.44 See the Supporting Information for
specification of the Youden index and LOD per gene target.
The calibration curve was obtained through a log−linear fit

between copy-number concentrations in standard samples and
corresponding Ct values. First, PCR results <LOD were
excluded. Next, outliers were excluded through an iterative
process: every iteration, a log−linear model was fitted and
residuals assessed for outliers (defined as < first quartile minus
1.5 times IQR or > third quartile plus 1.5 times IQR) and the

outlier with the highest Ct-value was removed; this process was
repeated until no outliers were present. At the end, for each
gene target, the calibration curve formula was plotted against
the standard samples of the dilution series and visually checked
for coherence. See the Supporting Information for formulas of
calibration curves.

Data Processing. To allow quantitative estimations based
on all outcomes of the triplicate/duplicate tests per sample,
imputations were performed for results of the triplicate/
duplicate tests having an outcome below LOD (e.g., sample
tested in triplicate with one outcome above LOD, the other
two below LOD; the two outcomes below LOD are imputed
to allow averaging over all three outcomes taking all
information into account). Multiple imputation of outcomes
below LOD for each gene target were processed using
Bayesian statistics. This was only applied for gene targets
where minimally two-thirds of the samples had a Ct value
above LOD for at least 1 out of 3 of the triplicate (or 1 out of 2
for the duplicate outcomes for tetW). For gene targets not
meeting this criterion (results showed this to be the case for C.
jejuni), a sample was defined as either positive or negative
(positive sample: at least one of the triplicates having an
outcome above LOD). Ct values per reaction well were
estimated using a censored regression model that included
outcomes of the other reaction wells of that sample (testing
was in triplicate/duplicate), location, and measurement period
as random effects. Results obtained at the reference site across
all measurement periods were used to improve estimation of
(random) measurement period effects by including these in a
bivariate normal model (for the formula of the full model, see
the Supporting Information). The model was estimated in a
Bayesian framework using MCMC methods as implemented in
the R-package rjags, using uninformative (or weakly
informative) priors for random effects, regression coefficients,
and (residual) precisions (R studio - version 3.3.3 was used45).
The resulting data were used to compute the mean Ct per

sample for each gene target based on the Ct values of the
reaction wells per triplicate/duplicate. Then, by using the
calibration curve formula, the copy number per sample was
computed. Using the sampling volume (the amount of air
drawn through the filter) in combination with the reaction well
volume plus extraction volume and dilution, the number of
copies per cubic meter of air was calculated per sample. Field
blank correction per gene target was performed when more
than 10% of the field blanks yielded Ct values above LOD
(results showed this to be the case for Staphylococcus spp.). In
that case, to account for potential contamination, the average
concentration of the field blanks was subtracted from the copy
number per sample before calculation of the number of copies
per cubic meter of air.

Livestock-Related Determinants. Geographical Informa-
tion System (GIS) software (ArcGIS, version 10.2.2.) was used
to compute general and detailed livestock characteristics of the
surroundings around the measurement sites (see Table S.1 for
descriptives of livestock characteristics around sites). Coor-
dinates of the locations of all livestock farms and the number
and species of licensed animals per farm in the year 2015 were
used. These were obtained from the provincial database of
mandatory environmental licenses for livestock keeping, as
provided by the provinces of Noord-Brabant (http://bvb.
brabant.nl) and Limburg (http://limburg.vaa.com/webbvb).
The available farm data did not entail information on antibiotic
usage. The main animal species kept in the livestock industry
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in The Netherlands are the following: poultry, pigs, cows,
horses, goats, sheep, and fur animals. We calculated distances

to the nearest farm and the number of farms/animals in buffers
of 1000 and 3000 m around the site (buffer size was restricted

Figure 1. (A) Overview of concentrations in ambient air of livestock commensal bacteria and AMR genes over time measured repeatedly at 61 sites
in sets of 10 sites per measurement period and continuously at the reference site (panel A, E. coli; panel B, Staphylococcus spp.; panel C, tetW; panel
D, mecA). Note: Dual y-axes; the left y-axis represents concentrations in ln copies/m3, and the right y-axis represents concentrations in copies/m3.
RF site is reference site; Sites Av is average concentration over all measurement sites during the measurement period; Sites are measurement sites
(in total 61). (B) Overview over time of the proportion of samples containing C. jejuni DNAambient air samples collected repeatedly at 61 sites
in sets of 10 sites per measurement period and continuously at the reference site. Note: The bars marked with a black dot mean positive samples at
the reference site in the corresponding measurement period.
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to 3000 m because of proximity to country borders). We also
calculated the distance weighted number of farms/animals in
these buffers (Σ(N/m), e.g., summation (n/distance in m) for
all farms in the buffer). Each livestock-related predictor was
truncated to its 95th percentile value in line with de Rooij et al.
2018.33 This was done because various livestock-related
predictors showed a right-skewed distribution among measure-
ment sites
Statistical Analyses. Descriptive analyses were performed.

For C. jejuni, the proportion of samples being positive was
assessed. For the other gene targets, due to skewness of the
distribution of concentrations, a log-transformation was
performed. Correlations (Pearson and Spearman) between
concentrations of the various gene targets were assessed.
Mixed modeling was performed to assess associations with

livestock-related characteristics of the surroundings whereby
the nature of repeated measurements was taken into account
(random intercept per location; see the Supporting Informa-
tion for model equations). Due to the widely different scales of
the different livestock-related characteristics, each predictor
was scaled from the 10th percentile to 90th percentile range,
making direct comparisons of the magnitude of associations of
livestock-related predictors possible. Linear mixed modeling
was performed on log-transformed concentrations of com-
mensal bacteria and AMR genes. Estimates of associations
were exponentiated to represent ratios in concentrations.
Logistic mixed modeling was performed for C. jejuni (C. jejuni
was assessed binary(absence/presence), since criteria for
applying multiple imputations was not met); consequently,
associations were expressed in odds ratios. Associations were
adjusted for temporal variation by including the concentrations
(log-transformed) measured at the reference site into the
model (linear mixed modeling) or by including the binary
outcome (negative or positive) at the reference site into the
model (logistic mixed modeling). Mixed modeling per gene
target for every general livestock characteristic (all farm types
taken together) was performed to assess associations and
thereby gain insight into the relevance of the number of
livestock farms and distances to livestock farms. Next, mixed
modeling per gene target was performed using more detailed
characteristics: information on animal species (pig, poultry,
cattle, horse, goat, sheep, or fur animals farm) and number of
animals (per animal species) were included. Then, mixed
modeling per gene target including all animal species together
was performed to assess mutually adjusted associations. Model
assumptions were checked including distribution of residuals
and spatial autocorrelation though Moran’s I statistic.
As an additional analysis, gene targets’ concentrations were

compared to endotoxin and PM10 concentrations, as assessed
previously within this air measurement campaign.33 Several
sensitivity analyses were performed. Multivariable analyses
with exclusion of the animal species determinant with the
highest variance inflation factor were performed to check for
potential disturbances of associations due to collinearity. In the
case of a considerable change in the estimate of statistically
significant associations after adjustment for other animal
species, further model checking was performed by assessing
the effects of excluding other animal species as a determinant.
Results of all analyses are shown, either in the main text or in
the Supporting Information.

■ RESULTS

Concentrations/Levels. In total, 235 samples were
successfully collected at 61 measurement sites, with 2, 3, 4,
and 5 times successful sampling at 1, 9, 49, and 2 sites,
respectively. The reference site was sampled successfully for
every measurement period except for the first period due to a
loss of power supply to the pump. DNA of livestock-related
bacteria and AMR genes was found to be present in ambient
air at residential sites within a livestock dense area. The
majority of gene targets had high percentages of positive
samples (at least one within a triplicate/duplicate having an
outcome above LOD), except C. jejuni (E. coli - 75%,
Staphylococcus spp. - 95%, mecA - 88%, tetW - 95%, C. jejuni
- 42%; see Table S.2). Consequently, for C. jejuni, no multiple
imputations were performed and binary analyses were carried
out. Nearly all of the field blanks were negative for most gene
targets (percentage positives of 0% to max 6%) except for
Staphylococcus spp. (32%). Hence, Staphylococcus spp. concen-
trations of DNA in samples were adjusted for (potential)
contamination by subtracting the average concentration of field
blanks (9.1 × 103 gene copies/sample).
The distributions of airborne concentrations of livestock

commensal bacteria and AMR genes were skewed (see Figure
S.2). Samples with outlying high values were present for each
target; however, absolute concentrations measured differ per
gene target (95th percentile for E. coli, Staphylococcus spp.,
tetW, and mecA: 2.5 × 102, 3.7 × 104, 1.8 × 105, and 1.8 × 102

(copies/m3), respectively). For each gene target, the
concentration of samples collected side by side at the reference
site showed a high level of agreement (see Figure S.3 for
correlation plots; range in Pearson correlations of 0.93−0.97;
range in Spearman correlations of 0.84−0.93; range in mean
coefficients of variation of 2.7−15%), indicating limited
sampling variability for each gene target.

Variation in Time and Space. Clear variation between
sites and over time was observed (see Figure 1). Figure 1A
shows the concentrations of livestock commensals and AMR
genes measured during the whole campaign, and Figure 1B
shows the proportion of samples positive for C. jejuni over
time; per measurement period (14 days), the reference site and
around 10 sites were included. Gene targets were detected
both at residential sites located close to a farm (250 m) as well
as residential sites located further away from a farm (>1000
m); concentrations showed a decreasing trend with increasing
distance from the nearest farm (see Figure S.4). The spatial
variation in DNA concentrations was smaller than the
temporal variation, with the ratio of mean variance between
locations over total variance (mean variance between locations
+ mean variance between measurement periods) being for E.
coli, Staphylococcus spp., tetW, and mecA: 0.31 (90% CI: 0.21−
0.42), 0.14 (90% CI: 0.07−0.23), 0.17 (90% CI: 0.10−0.26),
0.26 (90% CI: 0.15−0.36), respectively. The pattern in
variation over time was comparable for the different gene
targets; correlations between gene target concentrations
measured at the reference site during the 26 two-week periods
were strong (range in Pearson correlations: 0.71−0.91; see
Figure S.5).
Variation within sites markedly decreased after adjustment

for temporal variation using the concentrations measured over
time at the reference site, supporting the usefulness of a
reference site for these markers (Figure S.4). The effect on
rank classification due to temporal adjustment was minimal
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(intraclass correlation coefficient of 0.94, 0.94, 0.89, and 0.93
for E. coli, Staphylococcus spp., tetW, and mecA, respectively).
Residual temporal variation remained despite adjustment for
temporal variation, as expected, since this adjustment cannot
account for local effects. The within site variance was smaller
than the between site variance (ratio of between site variance/
within site variance of 1.81, 3.68, 2.13, and 2.57 for E. coli,
Staphylococcus spp., tetW, and mecA, respectively). Spatial
correlation between gene target concentrations was slightly less
strong than temporal correlation (Figure 2 and Figure S.5).
The range in correlations was 0.66−0.81 for spatial correlation
and 0.71−0.91 for temporal correlation.
DNA concentrations of livestock commensal bacteria and

AMR genes were weakly to moderately correlated with
previously reported endotoxin and PM10 concentrations (see
Table S.3). Pearson correlations between gene target DNA and
PM10 concentrations were low for temporal and spatial
variation (0.32 with mecA for spatial variation and with E. coli
for temporal variation, lower with other gene targets). Spatial
correlations between gene target DNA concentrations and
endotoxin concentrations were stronger (0.45−0.57) com-

pared to temporal correlation (0.23 with E. coli and with tetW,
lower with other gene targets).

Associations with Livestock-Related Determinants.
Concentrations measured in air at residential sites were
strongly related to general livestock characteristics of the
surroundings (all farm types taken together); see Table 1 for
results of these analyses and see Figure 3 for the visual
representation of the association between the distance
weighted number of farms with the concentrations measured.
Associations were strongest when the number of farms
weighted to distance in a 3000 m buffer were considered,
highlighting the importance of taking into account the number
of farms together with proximity. Analyses with distance
weighted predictors, including information on farm type and
the number of animals (per animal species), showed strong
associations with especially pigs, poultry, and cattle (see Table
S.4, associations unadjusted for other animal species). The
animal species the most strongly associated differed between
gene targets (strongest association: tetW, mecA, and C. jejuni -
poultry; E. coli - pigs; Staphylococcus spp. - cows). Most of these
strongest associations remained after adjustment for other

Figure 2. Correlation between temporal adjusted site-average DNA concentrations of the gene targets at 61 sites plotted against each other in the
lower panel, together with the Pearson correlation coefficient in the upper panel. Note: The axes represent concentrations expressed in ln copies/
m3. The red line is based on the LOESS smoothed fit. *** = P-value < 0.001.
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animal species (see Table 2). There were generally moderate
to low correlations between the number of animals/farms of
different species/types (see Figure S.7).
Table 2 shows the results of multivariable modeling

performed per gene target including all seven animal species.
Ambient air DNA concentrations of mecA were found to be
independently associated with the “distance weighted number
of poultry”. Concentrations of mecA were 3.9 times higher
when the “distance weighted number of poultry” was high
(90th percentile) compared to a low “distance weighted
number of poultry” (10th percentile). DNA concentrations in
ambient air of E. coli as well as tetW were found to be
independently associated with the “distance weighted number
of pigs” and the “distance weighted number of poultry
animals”. The ratio in E. coli concentrations associated with
the “distance weighted number of pigs” and “distance weighted
number of poultry” was 3.1 and 1.8, respectively. For tetW
concentrations, this ratio was, for both predictors, 2.4. Results
of multivariable models also showed relatively high ratios for
several other animal species that did not reach statistical
significance (e.g., ratio of 2.32 for “distance weighted number
of horses” in relation to Staph spp. concentration). Multi-
variable logistic analyses on C. jejuni results showed the
“distance weighted number of poultry” to be independently
associated with odds of an ambient air sample to be positive
(odds ratio of 4.71). For Staphylococcus spp., differences in
associations before and after mutual adjustment were apparent,
especially for the predictor “distance weighted number of
cows”. More insight into this was gained by sensitivity analyses.
Sensitivity Analyses. Independently associated predictors

(see Table 2) were robust to exclusion of the predictor with
the highest variance inflation factor (4.1), “distance weighted
number of cows”, from the multivariable model (see Table
S.5). Additional investigations for Staphylococcus spp. showed

that, when the predictor “distance weighted number of
poultry” was excluded, no other predictor was significantly
associated with DNA concentrations of Staphylococcus spp.
(see Table S.6). Exclusion of the predictor “distance weighted
number of pigs” from the full multivariable model did not
change the association of “distance weighted number of
poultry” with Staphylococcus spp. Pearson correlation between
the predictor “distance weighted number of cows” and the
predictors “distance weighted number of pigs” and “distance
weighted number of poultry” was 0.72 and 0.55; respectively
(see Figure S.7). Taking these results together, the difference
in association with Staphylococcus spp. concentration before
and after mutual adjustment could be explained by spatial
relatedness between these livestock characteristics.

■ DISCUSSION

This study shows that livestock-related bacteria (commensals,
Campylobacter jejuni) and antimicrobial resistance genes (tetW,
mecA) can be detected in air also at greater distances (more
than several hundred meters) from farms, extending to
distances at which residential areas are located. This indicates
that microbial exposure, resulting from livestock emissions,
occurs in these residential areas. Detectable levels of DNA of
the bacterial and AMR genes were measured across the
measurement area (surface 3000 km2). Even at sites located
the furthest away from farms (1200 m distance) detectable
levels of bacteria and resistance genes were found, albeit at
lower quantities. We observed large temporal and spatial
variations in airborne concentrations within the study area.
The spatial variation observed was strongly associated with
livestock densities in the surroundings; this suggests con-
tribution of livestock industry to microbial air pollution in
general. In addition, results suggested differences in contribu-
tion between farm types to airborne concentrations measured.

Table 1. Temporal Adjusted Associations of General Livestock Characteristics with Airborne Bacteria and AMR Genes
Measureda

commensal bacteria (ln copies/m3) AMR genes (ln copies/m3) pathogenic bacteria (0/1)

E. coli Staph spp. tetW mecA C. jejuni

variables (scaled 10th−90th
percentile) ratio CI LB CI UB ratio CI LB CI UB ratio CI LB CI UB ratio CI LB CI UB OR CI LB CI UB

distance site to nearest
livestock farm (−1 * m)

1.51* 1.01 2.25 1.80 0.90 3.63 1.67* 1.08 2.56 1.77 1.00 3.16 2.39* 1.13 5.53

distance site to nearest
livestock farm (m−1)

1.86* 1.20 2.89 1.97 0.90 4.35 2.08* 1.28 3.32 1.92 1.00 3.67 2.32* 1.02 5.67

N livestock farms within
250 m buffer

1.57* 1.15 2.14 1.35 0.76 2.39 1.60* 1.14 2.25 1.36 0.85 2.18 1.71 0.95 3.22

N livestock farms within
500 m buffer

2.41* 1.57 3.71 2.41* 1.07 5.42 2.12* 1.30 3.46 2.39* 1.25 4.62 2.43* 1.03 6.28

N livestock farms within
1000 m buffer

2.36* 1.48 3.82 4.18* 1.82 9.49 2.44* 1.45 4.10 2.64* 1.32 5.31 3.98* 1.62 11.03

N livestock farms within
3000 m buffer

2.66* 1.79 3.94 4.35* 2.14 8.85 2.36* 1.51 3.71 3.94* 2.23 6.89 3.03* 1.36 7.38

N farms weighted to
distance in 1000 m buffer
(Σ(N/m))

2.51* 1.68 3.78 3.29* 1.54 6.96 2.51* 1.60 3.97 2.53* 1.36 4.76 3.26* 1.45 8.13

N farms weighted to
distance in 3000 m buffer
(Σ(N/m))

3.16* 2.14 4.66 5.05* 2.44 10.49 2.92* 1.86 4.57 4.06* 2.25 7.39 3.85* 1.68 9.84

aMixed modeling was performed per livestock characteristic for each gene target. Associations were adjusted for temporal variation by taking into
account concentrations measured at reference site. Ratio = estimate of association exponentiated to represent ratio in concentration when
comparing the predictor 10th percentile to the 90th percentile. OR = odds ratio. CI LB/CI UB = 95% confidence interval; lower bound, upper
bound, respectively. Predictor variables truncated to 95th percentile and then scaled to 10−90 percentile range, thus predictor values divided by
10−90 percentile range of that predictor. Σ(N/m) = summation weighted distance to a farm (1/distance in meters) for all farms in the buffer. For
all values marked with *, P-value < 0.05.
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The findings of this study are a crucial step toward assessment
of environmental impact and ultimately public health
relevance.
Insights in Microbial Airborne Exposures. A high

percentage of the collected air samples yielded detectable DNA
levels for livestock commensal bacteria and AMR genes. In
contrast to highly abundant commensal bacteria, the
percentage of air samples containing C. jejuni DNA was
considerably lower. This was expected, since C. jejuni bacteria
(pathogens) are not as omniprevalent at livestock farms as E.
coli and staphylococci. Higher DNA concentrations were
measured for Staphylococcus spp. compared to E. coli.
Dominance of staphylococci was also described in studies
measuring bacteria in the air within farms.16,46−52 McEachran
et al. showed airborne AMR genes to be highly prevalent in
close vicinity to farms; we included further distances from
farms and showed high abundances of AMR genes (tetW and
mecA) also at these distances.20

All gene targets were significantly related to the number of
farms in the surroundings as well as the distances to these
farms. The number of farms weighted to distance in a 3000 m

buffer had the strongest relation with measured levels. This
confirms the dilution effect of microbial emissions away from
the source and underpins the relevance of the collection of
farms in the surroundings instead of solely the nearest farm.
This finding also suggests that farms potentially contribute to
residential exposures at distances up to 3000 m. Microbial
emissions being able to travel large distances are not
unexpected given the dispersion of particulate matter to
which the biological components adhere. It is known that
PM10 particles are able to disperse up to several kilometers
from a source, smaller particles even further,53 and this has also
been shown for PM emissions from livestock farms.54 Research
done on Q fever epidemics indicated dispersion of airborne
Coxiella burnetii bacteria from farms to its surroundings to be
far; results suggested distances traveled of over 5 km.9 Both
livestock-related commensals and AMR gene concentrations
were strongly related to livestock characteristics of the
surroundings, indicating the usefulness of these gene targets
as markers for livestock-related microbial air pollution at
residential distances. This was expected, since E. coli and
staphylococci are known to be ubiquitous in all livestock

Figure 3. Scatterplots showing the associations between airborne DNA concentrations of gene targets with distance weighted number of farms in
the surroundings of residencies. Note: The dashed line represents the linear regression fitted line (all p-values <0.0001).
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animals and the studied AMR genes (tetW and mecA) will be
present in Dutch livestock farms of all types, as usage of
penicillins and tetracyclines is widespread.55

Multivariable analyses enabled identification of independ-
ently associated animal species. Poultry was the only animal
species associated with the presence of C. jejuni DNA in
ambient air, in line with C. jejuni generally being considered a
typical poultry-related pathogen.56 Animal species that
remained associated with measured ambient concentrations
of livestock commensals and AMR genes after adjustment for
other animal species were poultry and pigs. The robustness of
these associations was confirmed by sensitivity analyses. The
strength of the associations varied for the different gene targets.
This likely reflects differences in composition of bioaerosol
concentrations in farms indoors between farm types, with
absolute as well as relative differences in concentrations
between various bioaerosols. Despite indications for associa-
tions between animal density and increased ambient bioaerosol
concentrations for animal species other than pigs and poultry,
these were not identified as significantly associated in
multivariable analyses. This may be due to several reasons:
effects being subtle and hence limitations in the power of this
study to pick these up, more limited animal density contrasts,
and spatial inter-relatedness with other animal species
complicating disentangling of effects.
Concentrations varied noticeably over time for all targets in

this livestock dense area. Likely, this is due to complex co-
occurrences of effects of meteorological conditions and time-
varying emissions of farms. Emission levels of microbial air
pollution are known to vary over time for farms of all
types.21,27,29,49,57,58 The transport of bioaerosols in ambient air
is known to be affected by meteorological conditions, which
also affect viability of micro-organisms and decay of DNA.59

Microbial air pollution at residential sites to considerably vary
over time offers the possibility to investigate acute effects of
peaks of exposure. As we did not have data on time-varying
emissions, we did not attempt to model temporal variation.
Studies measuring exposure to endotoxin (another livestock-
related microbial air pollutant) in rural areas also showed
substantial variation over time.34−38 These results stress the
importance of taking into account temporal adjustment when
studying spatial variation in microbial air pollution. As no
routine monitoring data of microbial air pollution is available,
this requires installment of a reference site within the studied
area which is sampled for the whole duration of the
measurement campaign.
We previously showed that concentrations in ambient air of

endotoxin, also a marker of bacterial exposure, were associated
with livestock farm density in the surroundings.33 Interestingly,
DNA concentrations of livestock commensals and AMR genes
showed only modest temporal and moderate spatial correlation
with endotoxin concentrations. This may partially be explained
by the observation that the strength of the correlation between
endotoxin concentrations and bacterial concentrations in air
inside farms differed per bacteria species.46,49 Moreover,
endotoxin can be derived from all Gram-negative bacteria
species, not solely animal-related bacteria species, and may
therefore be affected by other sources of bacteria in the
environment. Measurement sites were selected not to be near
industrial sites, avoiding proximity of major sources like
composting sites, manure-processing facilities, and food-
processing plants. Small local sources contributing to measured
endotoxin concentrations could however have occurred.33

Livestock commensals and AMR genes appeared, compared to
endotoxin, more specific markers for livestock-related air
pollution. Spatial variation of concentrations of livestock
commensals and AMR genes were more profound, results
did not pinpoint one of the gene targets as the best
representative.

Issues Related to the Methodology Used. Our
objective was to gain insight into residential exposures at a
high number of sites and to study differences in concentrations
between sites. Exposure levels were expected to be
considerably less at these distances from farms; therefore,
long-term sampling in combination with qPCR analyses was
performed. Quantitative PCR analyses in combination with
long duration sampling allowed aerosolized bacteria to be
quantified even at low levels and are not hampered by
decreased culturability (e.g., due to airborne sampling itself).
This could not have been achieved with culture-based
methods, as those only allow for short-term sampling, since
viability issues with captured bacteria intensify over time.
Consequently, the number of samples needed to accurately
assess residential exposures and differences between residential
sites would be unfeasibly high, as these depend upon longer-
term averages to diminish potential unrepresentativeness of
snapshot moments. A drawback of qPCR analyses is unknown
viability status of the bacteria, which is of relevance for health
risks due to pathogens. Studies performed so far have reported
the majority of livestock-related bacteria within the air
surrounding a farm to originate from that farm.58 Attribution
to other sources than livestock farms on the airborne DNA
concentrations measured at the residential sites cannot be
excluded, but if they have contributed, a limited and random
effect is to be expected due to applied selection criteria for
measurement sites (not near industrial sites). Furthermore,
measurement sites were properly geographically distributed
with respect to distance to the nearest farm; sites located close
to a farm, further away, and far away were scattered throughout
the study area.

Human Health Implications. Several studies performed
in North America and Europe suggest a clear association
between campylobacteriosis and residential proximity to
livestock farms.2,3,6,60,61 In this study, we showed Campylo-
bacter jejuni DNA to be present in the air at residencies in a
rural area in particular in poultry dense areas. This observation
lends plausibility to the hypothesis that airborne transmission
may contribute to recent epidemiological findings that indicate
that campylobacter-related illness is more prevalent in poultry
dense areas.2,3 To gain more insight, research on viability and
relations between airborne exposure, uptake, and response is
needed. Epidemiological studies on MRSA carriage indicated
residential proximity to livestock farms as a risk factor.4,5,7,8 We
did not assess specific antimicrobial resistant bacteria but did
show a decline in airborne concentrations of AMR genes with
increasing distance from farms. Further research is warranted
to increase insights into the relevance of livestock farm
emissions of AMR genes with respect to the public health
burden of antimicrobial resistant bacteria. Besides infectious
diseases, other health outcomes like respiratory health effects
and atopic sensitization were also associated with livestock
density.10,14 Inflammatory responses are independent of the
viability status of bacteria, as these are induced by bacterial
components having pro-inflammatory properties like endotox-
in (cell wall component Gram-negative bacteria) and
peptidoglycan (cell wall component Gram-positive bacteria).62
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Prospects. Bioaerosol sampling today is still challenging,
despite technological developments thus far. Thanks to
innovations in molecular microbiology, sampling is not fully
dependent on culture-based methods anymore. This enables
valuable comparisons of outcomes between studies and
prevents underestimation of bacterial quantities due to no or
decreased culturability.51,63 Both qPCR analyses as culture-
based methods are impractical to thoroughly specify acute
exposures at residential sites. Gaining insight into the potential
occurrence of high peaks of microbial air pollution at
residential sites would be interesting, as these can have,
depending on the agent and mechanism, health implications.
Intriguing technical developments are ongoing aimed at
accurate real-time monitoring of microbial concentrations in
air, which would mean a great leap forward for insights into
short-term variation. Technology is not there yet but expected
in the foreseeable future.63

Knowledge on airborne bioaerosol levels in relation to
livestock farming has, besides public health relevance, also
veterinary value. Increasing insights in airborne transmission of
micro-organisms emitted by a farm is also of importance with
respect to farm-to-farm transmission. In the case of infectious
disease outbreaks, air measurements can either prospectively or
retrospectively contribute to source identification and source
attribution.9

This study demonstrates microbial air pollution at
residential distances in relation to livestock farming. More
and more epidemiological evidence has become available on
the health effects in relation to residential proximity to farms.
Health outcomes found to be associated with livestock density
not only included infectious diseases; also associations were
observed considering general respiratory health effects and
atopic sensitization. Exposure proxies were used in these
studies, so no underlying causal mechanisms could be
identified; it is not unlikely that microbial air pollution (in
part) plays a role. Our study revealed measurable exposures in
air to livestock-related microbial markers (commensals and
AMR genes) and a zoonotic pathogen (Campylobacter jejuni)
at residential sites and identified associations between airborne
concentrations and livestock characteristics of the surround-
ings. Exposure assessment studies are crucial to understanding
the observed health effects and the potential risks resulting
from farm emissions.
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Gageldonk-Lafeber, A. B.; Heederik, D. J. J.; Yzermans, J.; van Dijk, C.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b07029
Environ. Sci. Technol. 2019, 53, 7746−7758

7756

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.8b07029
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b07029/suppl_file/es8b07029_si_001.pdf
mailto:m.m.t.derooij@uu.nl
http://orcid.org/0000-0002-6560-4839
http://dx.doi.org/10.1021/acs.est.8b07029


E.; Maassen, C. B. M.; van der Hoek, W. Livestock-Associated Risk
Factors for Pneumonia in an Area of Intensive Animal Farming in the
Netherlands. PLoS One 2017, 12 (3), No. e0174796.
(13) Smit, L. A. M.; Boender, G. J.; De Steenhuijsen Piters, W. A. A.;
Hagenaars, T. J.; Huijskens, E. G. W.; Rossen, J. W. A.; Koopmans,
M.; Nodelijk, G.; Sanders, E. A. M.; Yzermans, J.; et al. Increased Risk
of Pneumonia in Residents Living near Poultry Farms: Does the
Upper Respiratory Tract Microbiota Play a Role? Pneumonia 2017, 9,
3.
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(39) De Rooij, M. M. T.; Borleé, F.; Smit, L. A. M.; De Bruin, A.;
Janse, I.; Heederik, D. J. J.; Wouters, I. M. Detection of Coxiella
Burnetii in Ambient Air after a Large Q Fever Outbreak. PLoS One
2016, 11 (3), No. e0151281.
(40) Jensen, A. N.; Andersen, M. T.; Dalsgaard, A.; Baggesen, D. L.;
Nielsen, E. M. Development of Real-Time PCR and Hybridization
Methods for Detection and Identification of Thermophilic Campy-
lobacter Spp. in Pig Faecal Samples. J. Appl. Microbiol. 2005, 99 (2),
292−300.
(41) Frahm, E.; Obst, U. Application of the Fluorogenic Probe
Technique (TaqMan PCR) to the Detection of Enterococcus Spp.
and Escherichia Coli in Water Samples. J. Microbiol. Methods 2003, 52
(1), 123−131.
(42) Kilic, A.; Muldrew, K. L.; Tang, Y.-W.; Basustaoglu, A. C.
Triplex Real-Time Polymerase Chain Reaction Assay for Simulta-
neous Detection of Staphylococcus Aureus and Coagulase-Negative
Staphylococci and Determination of Methicillin Resistance Directly
from Positive Blood Culture Bottles. Diagn. Microbiol. Infect. Dis.
2010, 66 (4), 349−355.
(43) Walsh, F.; Ingenfeld, A.; Zampicolli, M.; Hilber-Bodmer, M.;
Frey, J. E.; Duffy, B. Real-Time PCR Methods for Quantitative
Monitoring of Streptomycin and Tetracycline Resistance Genes in
Agricultural Ecosystems. J. Microbiol. Methods 2011, 86 (2), 150−155.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b07029
Environ. Sci. Technol. 2019, 53, 7746−7758

7757

http://dx.doi.org/10.1021/acs.est.8b07029
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