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A B S T R A C T

The airborne fungal and bacterial species present in pig farm dust have not been well characterised even though
these bioaerosols are known to cause inflammation and other airway maladies. In this study, the microbial
species and composition in airborne dust within and between pig farms were investigated. Passively sedimenting
dust from six pig farms were collected using electrostatic dust collectors. The bacterial and fungal species were
identified using matrix-assisted laser desorption-ionisation time-of-flight mass spectrometry (MALDI-TOF MS)
and next generation sequencing (NGS).

Dust samples taken within the same stable section revealed high resemblance and stability. Constrained
statistical analysis of the microbial community compositions indicated that the types of stable did not appear to
have a great effect on the bacterial and fungal β-diversity. In contrast to this, the farm from which samples were
taken appeared to have the greatest effect on the bacterial β-diversity, but this trend was not observed for the
fungal β-diversity. The most common bacteria and fungi according to NGS data were anaerobes typically as-
sociated with the pig intestinal tract and yeasts respectively.

Bacterial sedimentation varied at a rate between 103 and 109 CFU/m2/day, with the most common species
after aerobic incubation being Aerococcus viridans and Staphylococcus equorum, while Clostridium perfringens and
Staphylococcus simulans were the most common species after anaerobic incubation. A total of 28 different species
of bacteria and fungi were classifiable as pathogens.

In conclusion, the biodiversity in pig farm dust shows a high diversity of bacterial species. However, samples
from the same stable section resembled each other, but also different sections within the same farm also re-
sembled each other, thus indicating a high degree of community stability in the dust source. In regards to fungal
identification, the biodiversity was observed to be similar between samples from different stable sections and
farms, indicating a higher degree of similarities in the mycobiomes found across pig farms studied.

1. Introduction

Farmers working with livestock are on a daily basis exposed to high
levels of bacteria and fungi (Eduard et al., 2001). Microorganisms, cell
fragments, and metabolites coming from animal dander, faecal matter,
and feed materials are typical components found in dust (Donham
et al., 1989, 1986). Previous research has shown an association between
occupational exposure to increased concentrations of bacterial en-
dotoxin and dust and the development of asthma and other airway
maladies (Heederik et al., 1991; Madsen et al., 2015; Zhiping et al.,
1996). Of the studies which analysed microbial exposure, many have

focused on total bacterial or fungal exposure, rather than analysing the
microbial diversity and identifying the fungal and bacterial species.
However, in the last years, studies have been conducted on analysing
the abundance, genetics, and infections of livestock associated methi-
cillin resistant Staphylococcus aureus (LA-MRSA) in farms (Angen et al.,
2017; Dahms et al., 2014; Feld et al., 2018; Garcia-Graells et al., 2012;
Goerge et al., 2017). Furthermore, the bacterial pathogens Salmonella,
Campylobacter, Listeria, Enterococcus, and Clostridium have been asso-
ciated with pigs (Baer et al., 2013; Keessen et al., 2011; Nilsson, 2012;
Songer, 2010). Members of these genera are known to cause intestinal
disease and soft-tissue infections in humans (Swartz, 2002). Recently it
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was observed that the bacterial diversity found in the anterior nares of
pigs resembles that of pig farmers (Kraemer et al., 2018; Weese et al.,
2014). This makes it important to obtain knowledge on which fungi and
bacteria are present in the air in pig farms.

Different methodological approaches can be used for the identifi-
cation of airborne fungi and bacteria. One approach, high-throughput
next generation sequencing (NGS) has the advantage that both cultur-
able and unculturable microorganisms can be identified. However,
these techniques are still inherently biased by primer choice, and the
efficiency of DNA extraction, which limit the identification of bacterial
and fungal genera (Ghyselinck et al., 2013). Currently, NGS cannot
distinguish pathogenic and commensal species from one another in
complex environmental samples. Another approach allows for the
identification of many culturable bacterial and fungal species down to
the species level through the use of matrix assisted laser desportion/
ionisation time of flight mass spectrometry (MALDI-TOF MS) after
growth on agar plates. This makes it a relevant tool for distinguishing
between pathogens, commensals, and other environmental species
(Carbonnelle et al., 2011; Madsen et al., 2015; Marklein et al., 2009;
Wieser et al., 2012). Therefore, a combination of these two techniques
may be required to analyse relevant bacteria and fungi present in
complex environmental samples.

In the measurement of potential occupational exposure to micro-
organisms, samples taken should ideally be representative of the po-
tential exposure that farm workers face. In pig stables, spatial variation
(Barber et al., 1991; Wang et al., 2002) and daily variations (Zeitler-
Feicht et al., 1991) in the airborne dust have been observed. Pig farmers
normally work in different farm sections during a working day, and this
is potentially associated with different dust (Mc Donnell et al., 2008)
and MRSA exposure levels (Madsen et al., 2018a). However, whether
this is also associated with exposure to different airborne microbiota is
not yet known. In pig farms, animals of almost similar age and weight,
with the exception of farrowing and nursing stables, are kept in the
same stables where they are likely to share the same bacterial species
(Han et al., 2018).

Using short-term sampling times, e.g. 10min, a variation in S.
aureus concentration is observed within the same day and pig farm
section, and this could be related to the work-tasks performed (Madsen
et al., 2018a). Additionally, farm work may occur both during the day
and night. Consequently, a sampling period spanning at least one day
and night is preferable. One of the methods used for long-term sampling
of airborne settling dust is the electrostatic dust collector (EDC), which
has been used for sampling MRSA in pig stables, measuring mite al-
lergen exposure, and bacterial and fungal exposure in indoor environ-
ments (Dorado-García et al., 2013; Feld et al., 2018; Frankel et al.,
2012; Van Cleef et al., 2015; Zahradnik et al., 2011). The sampler has
the advantage that it does not subject the sampled microorganisms to
an airflow which is expected to be beneficial for the survival of bacteria.

To help protect workers from potential disease, general knowledge
regarding the quantity and identity of bacterial and fungal species
present in farm dust is needed. Knowing the species composition and
the microbial diversity of dust in pig farms is a vital step towards being
able to risk evaluate an exposure in a pig farm.

The aim of this study was to further the understanding of the mi-
crobial species and composition in airborne dust within and between
pig farms across Denmark. To do this, airborne dust was sampled in
different farm sections of LA-MRSA positive pig farms, and for identi-
fication a two phasic approach was used. Thus, bacteria and fungi were
quantified and identified using MALDI-TOF MS, and Illumina based
amplicon sequencing was used to identify the bacterial and fungal di-
versity. Additionally, statistical analyses were performed to test whe-
ther samples taken in different farm sections within a farm resembled
each other more than samples taken in different farms with pigs of the
same age and vice versa.

2. Materials and methods

2.1. Sampling and storage

Electrostatic dust collectors (EDCs) (ZEEMAN, Holland) were uti-
lised for the collection of bacteria and fungi in settling airborne dust
from six conventional swine farms located across Denmark. Samples are
referred to as stated in Table 1.

During sampling, EDCs were placed in one to four stable sections
and in one or two different stable types (farrowing, nursing, weaning,
and fattening). The farrowing section housed sows and piglets of 0–4
weeks, the nursing stable had sick pigs of 3–6 months, the weaning
section consisted of pigs of 4–8 weeks, and the fattening section con-
tained pigs up to 6 months. All samples were taken in the winter of
2015/2016. EDCs were left open at a height of 1–1.5m above the floor
with a distance of 2m between samples for 1–7 days for passive sam-
pling.

2.2. Extraction and cultivation

Dust from EDC cloths was extracted by placing the EDCs in sterile
50mL tubes with the addition of 15mL of extraction buffer (0.85%
NaCl + 0.05% Tween 80) and shaking at 500 rpm for 15min. Extracts
were aliquoted in 1mL volumes in cryotubes (Sigma Aldrich, Germany)
with 0.5 mL of 85% glycerol. Aliquots were then stored at −80 °C until
culturing and sequencing.

For aerobic bacterial and fungal cultivation, a serial dilution series
was applied from 10-1 up to 10-5 with 100 µL of sample being plated on
Nutrient Agar (NA) plates (Oxoid, UK) with 1% (wt/vol) cycloheximide
(Sigma Aldrich, Germany) and dichloran-glycerol (DG18) agar with
chloramphenicol (Oxoid) to select for bacterial and fungal growth re-
spectively. NA and DG18 plates were incubated at 25 °C. The dilution
which gave optimal coverage and separation of individual colony
forming units (CFUs) was used to represent that sample. Thus, CFUs for
identification by matrix assisted laser desorption/ionisation time of
flight mass spectrometry (MALDI-TOF MS) ranged between 20 and 200.

Anaerobic growth of bacteria from the resuspended dust samples
was performed using a serial dilution series from 10-2 to 10-3 plated on
NA plates. Samples were then incubated in an AnaeroJar (Oxoid) with
an AnaeroGen™ (Oxoid) sachet at 37 °C for 3 days. Once the AnaeroJar
was opened, the bacterial colonies were immediately prepared for
MALDI-TOF MS using the method described below. Only CFUs large
enough (Ø> 1.5mm) for identification were used for identification by
MALDI-TOF MS.

2.3. Species identification by MALDI-TOF MS

The MALDI-TOF MS analysis was performed on a Microflex LT mass
spectrometer (Bruker Daltonics) using the Biotyper 3.1 software with
the BDAL standard library. A bacterial test standard (Bruker Daltonics)
was used to calibrate the instrument.

For bacterial identification the extended direct transfer method was
used as previously described (Feld et al., 2018). In brief, a sterile
toothpick was used to transfer a small amount of bacterial colony onto a

Table 1
Overview of the samples taken from farm A to F and stable types and sample
name.

Farm Stable type and sample name

A Farrowing A1-A3 Weaning A4-A6
B Weaning B1-B3 Fattening B4-B6
C Farrowing C1-C3 Weaning C4-C6
D Weaning D1-D3 Nursing D4-D6
E Weaning E1-E4 –
F Weaning F1-F3 –
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target plate (MSP 96 target polished steel BC, Bruker Daltonics,
Bremen, Germany) before the colony was covered with 1 µL of 70%
formic acid and left to dry. Once dried, the sample was overlaid with
1 µL of HCCA matrix (α-cyano-4-hydroxycinnamic acid, Bruker Dal-
tonics). For fungal identification, the extended direct transfer method
was not sufficient for identification. Those samples from DG18 agar
plates were subcultured overnight in Sabouraud growth media (Oxoid)
to obtain sufficient mycelium with few to no spores which could affect
the MS spectra. The sample was washed twice with water to remove
excess growth media before extraction was done using the ethanol ex-
traction protocol (Madsen et al., 2015).

2.4. Next generation sequencing

DNA from resuspended dust samples was extracted using the
FastDNA® SPIN Kit for Soil (MP Biomedicals, USA) according to the
manufacturer's protocol with 400 µL of resuspended settling dust used
for extraction. Extracted DNA was then amplified in a two-step PCR
targeting the V4 variable region of the bacterial 16S rRNA gene and the
internal transcribed spacer (ITS) region of fungal ribosomal cistron. The
primers targeting the V4 region were: 515F: GTGCCAGCMGCCGCGG
TAA and 805R: GGACTACNVGGGTWTCTAAT and for the ITS, the
primers used were ITS1F: CTTGGTCATTTAGAGGAAGTAA and ITS1R:
GCTGCGTTCTTCATCGATGC (Caporaso et al., 2011; Ghannoum et al.,
2010). Amplicon library PCR was performed using 10 ng of extracted
DNA as template per 25 µL PCR reaction (400 nM of each dNTP, 1.5mM
MgSO4, 2mU Platinum Taq DNA polymerase High Fidelity, and 1x
Platinum High Fidelity buffer (Thermo Fisher, USA) and 400 nM of bar-
coded library adapter pair (Illumina, USA).

Thermocycler settings included initial denaturation at 95 °C for
2min followed by 35 cycles of 95 °C for 20 s, 56 °C for 30 s, 72 °C for
60 s and final elongation at 72 °C for 5min.

All PCR reactions were run in duplicate and pooled. Amplicon li-
braries obtained were cleaned using AMPure XP bead protocol
(Beckman Coulter, USA) with the following modifications: the sample/
bead ratio was 5/4 and the purified DNA was eluted in 23 µL nuclease
free water. Library concentrations were measured with Quant-iT HS
DNA Assay (Thermo Fisher, USA) and quality was checked using D1000
ScreenTapes (Agilent, USA). Samples were pooled in equimolar con-
centrations and the library pool was sequenced on the MiSeq platform
(Illumina, USA) according to previous published procedure (Caporaso
et al., 2012).

Due to PCR amplification issues, sample (B3) was removed from the

dataset. All sequenced sample libraries were trimmed and low quality
reads were removed using trimmomatic (v0.32) (Bolger et al., 2014).
Reads were merged using FLASH (v1.27) (Magoč and Salzberg, 2011)
before chimeric sequences were removed and reads were formatted
using the UPARSE workflow (Edgar, 2013). Usearch7 was used to de-
replicate reads and cluster them into Operational Taxonomic Units
(OTUs) at a 97% sequence similarity. Taxonomy was assigned using
MiDAS (a manually curated version of SILVA) and UNITE as reference
databases for bacterial and fungal taxonomy respectively (Kõljalg et al.,
2014; McIlroy et al., 2015). The obtained raw sequence data is available
at the European Nucleotide Archive (ENA) under project accession
number PRJEB29770.

2.5. Statistics and bioinformatics

All statistical analyses and visualisations were performed in RStudio
version 1.1.453 (https://www.rstudio.com/), with R version 3.5.0
(Team, 2015), using the following R CRAN packages: ampvis2
(Andersen et al., 2018), ggplot2 (Wickham, 2009), Phyloseq (McMurdie
and Holmes, 2013), and Vegan (Okasanen et al., 2018). Isolates which
could not be identified by MALDI-TOF MS were included in the cal-
culation of the sedimentation rates but were not incorporated in the
construction of constrained redundancy analysis (RDA) plots. Microbial
community composition and structure were explored using heatmaps
and RDA plots. Microbial richness and evenness were visualised using
Chao1 and CFU counts. Stable section similarity was explored using
Jaccard index values. The β-diversity was investigated using RDA plots
on Hellinger transformed abundance counts. Statistical comparisons
were run between clusters using analysis of similarity (ANOSIM) ac-
cording to Jaccard index values. Statistical comparisons between sedi-
mentation of bacterial and fungal CFUs from different farms were
performed using Wilcoxon signed-rank tests.

3. Results

3.1. Concentrations of bacteria and fungi

Bacterial and fungal concentrations for samples grown aerobically
varied between the farms and associated stables. Overall, the con-
centration of aero-tolerant bacteria in the settling dust amongst all farm
sections ranged from 4.1× 105 to 3.2× 109 CFUs/m2/day. Fungal
concentrations ranged from below detection to 1.2×106 CFU/m2/day
with significant differences between farms (Figs. 1A and 1B).

Fig. 1. Sedimentation rate of bacterial (A) and fungal (B) CFUs per m2 per day in the 6 pig farms studied.
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3.1.1. Aerobes
After aerobic incubation, a total of 96 bacterial species were iden-

tified by MALDI-TOF MS, and 81% of all bacterial isolates were iden-
tified to species level. On average 7.7 ± 4.1 different species were
observed per sample. Three species were found in nearly each sample:
Aerococcus viridans, Staphyloccus equorum, and Leuconostoc mesenter-
oides.

RDA plotting of the samples cultured at 25 °C revealed separate
clustering based on the farm (Fig. 2A). RDA plotting of the samples
constrained based on the stable type (Fig. 2B) showed some separation
between the stable types, although it was observed that samples taken
from the same farm still clustered closer to one another rather than
based on the stable type.

3.1.2. Fungi
Fungal identification revealed 27 mould and yeast species, and

83.5% of all isolates were identified to species level. An average of
2.6 ± 1.7 species were observed in each sample. In some samples (C6,
and F3) the yeast species Filobasidum uniguttulatum and Candida famata
respectively dominated. In samples A4, D1, and D4 there were no
fungal colonies which formed at any dilution. Constrained analysis of
the biodiversity revealed differences in the β-diversity, which were
linked to the farm of origin rather than stable type (Fig. 3 A and B).

3.1.3. Anaerobic bacteria
Anaerobic incubation revealed a total of 49 different species of

which 24 could not be cultured aerobically. A single sample (D4) did
not have any anaerobes. The following genera were not found during
aerobic culturing: Clostridium, Lactobacillus, and Vagococcus. In addition
to these three genera, several species of Staphylococcus were identified,
including S. aureus, S. simulans, S. epidermidis, S. chromogenes, S. pas-
teuri, S. hominis, S. hyicus, and S. haemolyticus.

Fig. 2. A and B: RDA plotting of the bacteria cultured at 25 °C and identified by MALDI TOF MS constrained by which farm dust was taken from (A) or based on the
stable type (B). Dissimilarity between clusters measured by ANOSIM was observed to be significant (p < 0.001) between the Farms (A) while just below significant
(p=0.055) between Stable types (B).

Fig. 3. A and B: RDA plotting of the fungi identified by MALDI TOF MS constrained by which farm dust was taken from (A) or based on the stable type (B).
Dissimilarity between clusters measured by ANOSIM was observed to be significant (p=0.008) between the Farms (A) while not significant (p=0.353) between
Stable types (B).
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Of the Clostridium species identified, C. perfringens was the most
common isolate observed (16/31 samples tested positive for C. perfri-
gens) and 11/31 samples tested positive for S. aureus. RDA plotting
revealed a clear distinction between samples at the farm level (Fig. 4A)
rather than based on stable type (Fig. 4B).

3.2. Sequencing

A total of 4.0× 105 high quality bacterial reads and 1.5×105 high
quality fungal reads were generated with an average number of
13,340 ± 3704 reads per bacterial sample while fungal samples gen-
erated an average number of 5011 ± 2980 reads. The number of reads
from each OTU acts as a measure of the relative abundance within each
sample and the relative abundance of each OTU varies from sample to
sample. Rarefraction curves of the bacterial and fungal OTUs approxi-
mated a horizontal line (with the exception of sample B3), indicating
that the majority of microbial diversity was captured (Supplementary
Figs. 1 and 2).

The most dominant bacterial OTUs were from the genera Clostridium
sensu stricto, Lactobacillus, Terrisporobacter, Turicibacter, Romboutsia,
Methanobrevibacter, Aerococcus, and Weissella (Fig. 5), all of which are
either facultative or obligate anaerobes. Bacterial α-diversity showed

an average richness of 150 OTUs.
Sequencing of fungal DNA showed that the most dominant fungal

OTUs were from the genera Debaryomyces, Cryptococcus, Apiotrichum,
Wallemia, and Candida. Validation of the OTUs by BLAST (NCBI) re-
vealed that the OTU classified as Cryptococcus was mislabelled and in-
stead belonged to the genus Filobasidum and the OTU classified as
Debaryomyces belonged to the genus Candida. A list of the 25 most
abundant fungal OTUs observed is shown in Fig. 6.

Community wide analyses were performed on sequencing data
using RDA plots to visualise the results and were constrained to identify
metadata variables which influenced sample compositions. In Fig. 7A
the dataset was clustered based on the farm of origin, and in Fig. 7B the
samples were clustered based on stable type. Sequenced samples con-
strained based on farm of origin clustered closest to samples from the
same farm, implying that the bacterial diversity of each farm is unique
and has an influence on the bacterial communities present.

Fungal samples constrained based on the farm of origin showed
some unique clustering (in particular farms B and E), but the remaining
farms had a large overlap implying that the samples are of similar
fungal populations, as seen in Fig. 8A and B.

Fig. 4. A and B: RDA plotting of the bacteria cultured at 37 °C anaerobically and identified by MALDI TOF MS constrained by which farm dust was taken from (A) or
based on the stable type (B). Dissimilarity between clusters measured by ANOSIM was observed to be significant (p < 0.001) between the Farms (A) while not
significant (p=0.162) between Stable types (B).

Fig. 5. Heatmap of the top 25 bacterial OTUs identified after targeting the bacterial 16S rRNA V4 region. Samples are faceted by the farm they are taken from.
Taxonomy is listed at the phylum and highest taxonomic resolution possible.
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Fig. 6. Heatmap of the top 25 fungal OTUs identified after targeting the fungal ITS region. Samples are faceted by the farm they are taken from. Taxonomy is listed at
the highest taxonomic resolution possible.

Fig. 7. RDA plotting of the bacterial OTUs identified after sequencing constrained by which farm dust was taken from (A) or based on the stable type (B).
Dissimilarity between clusters measured by ANOSIM was observed to be significant between the Farms (A), p < 0.001, and between Stable types (B), p= 0.017.

Fig. 8. RDA plotting of the fungal OTUs identified after sequencing constrained by which farm dust was taken from (A) or based on the stable type (B). Dissimilarity
between clusters measured by ANOSIM was observed to be significant between the Farms (A), p < 0.001, and between Stable types (B), p= 0.038.
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3.3. Diversity indices

Diversity of the samples was also explored by estimating the α-di-
versity indices using Shannon-Weaver and Chao1, as shown in Table 2.
The α-diversities (richness, Shannon-Weaver, and chao1) were sig-
nificantly different (p < 0.001 to p=0.05) for different farms except
for fungal culturing (data not shown). Fungal culturing revealed the
lowest level of α-diversity. Amongst the stable types, it was noted that
the bacterial diversity was highest as measured using all indices in the
fattening stables. Fungal diversity was noted to be highest as measured
using all indices in the farrowing stables while both bacterial and fungal
diversity were lowest in the nursing stable.

The differences between the stables and farms were explored using
the Shannon-Weaver Index to study whether the farm or the stable type
had the greatest effect on the diversity. Samples taken from Farm D had
a Shannon Index value that was significantly (p < 0.0001) lower in the
samples which were sequenced targeting the V4 and ITS regions

compared to the samples taken from the other five farms. Samples from
different stable sections on the same farm were also compared by their
Jaccard index to determine whether samples taken from the same stable
section resembled each other more compared to the samples taken from
different stables and farms. Fungal culturing revealed the lowest level
of similarity while bacterial anaerobic culturing revealed the highest
level of similarity within each stable section (Supplementary table 1).

3.4. Biological risk group 2 species

In total, 28 species of bacteria and fungi identified by MALDI-TOF
MS were categorised under risk group 2 in accordance with the German
Technical Rules for Biological Agents (TRBA) 460 (fungi) and 466
(bacteria) as shown in Table 3 (Ausschuss für Biologische Arbeitsstoffe,
2016, 2015).

Table 2
α-diversity indices of each stable type based on species for cultured bacteria and fungi and based on OTU clustering for sequenced data. Significant p-values are
written in bold.

W Fa Ft N

Richness P-value
Aerobes 7.7 ± 3.7 10.8 ± 3.7 13.0 ± 1.7 4.0 ± 3.5 P=0.01
Anaerobes 7.4 ± 4.3 10.7 ± 3.1 8.7 ± 4.7 2.5 ± 0.7 P=0.10
Fungi 2.9 ± 1.8 3.0 ± 1.7 1.7 ± 1.2 1.0 ± 0 P=0.31
16S 199.6 ± 34.5 199.3 ± 21.1 238.0 ± 5.6 147.6 ± 10.9 P < 0.01
ITS 58.2 ± 24.9 71.8 ± 15.4 91.7 ± 1.5 14.3 ± 6.7 P < 0.01

Shannon-Weaver P-value
Aerobes 1.2 ± 0.6 1.4 ± 0.2 1.7 ± 0.1 0.7 ± 0.8 P=0.11
Anaerobes 1.5 ± 0.6 1.6 ± 0.2 1.6 ± 0.7 0.6 ± 0.6 P=0.14
Fungi 0.63 ± 0.5 0.8 ± 0.6 0.4 ± 0.6 1.0 ± 0 P=0.01
16S 2.99 ± 0.37 3.42 ± 0.18 3.21 ± 0.01 2.73 ± 0.16 P=0.01
ITS 2.3 ± 0.9 2.9 ± 0.9 3.1 ± 0.2 0.1 ± 0.08 P < 0.01

Chao1 P-value
Aerobes 11.4 ± 5.9 17.5 ± 10.2 17.3 ± 3.8 4.0 ± 3.5 P=0.03
Anaerobes 9.8 ± 5.3 15.3 ± 5.4 10.1 ± 6.3 2.5 ± 0.7 P=0.03
Fungi 3.3 ± 2.1 4.0 ± 2.7 2.7 ± 2.9 1.0 ± 0 P=0.44
16S 252.6 ± 33.5 243.1 ± 25.4 295.5 ± 30.5 192.6 ± 36.4 P < 0.01
ITS 68.01 ± 27.7 79.9 ± 18.7 97.2 ± 0.7 22.7 ± 16.3 P < 0.01

Table 3
Group 2 microorganisms which can cause disease according to the German Technical Rules for Biological Agents 460 and 466.

Organism(s) Range in positive samples
(CFU/m2/day)

Disease(s) Reference(s)

Aerococcus viridans 900–4.05× 106 Urinary tract infections (UTIs),
Endocarditis

(Chen et al., 2012; Mohan et al., 2017)

Bacillus cereus 4.5×103*** Diarrhoea, bacteraemia (Bottone, 2010)
Clostridium perfringens/bifermentans/

cadaveris/baratii
150–1.76× 105 Enterocolitis, diarrhoea, gas gangrene,

necrotic enteritis, bacteraemia,
necrotising endometritis, botulism,
pneumonia

(Brynestad and Granum, 2002; Hale et al., 2016;
Harvey et al., 2002; Lima et al., 2016; Poduval et al.,
1999; Songer, 2010)

Enterococcus avium/casseliflavus/durans/
faecalis/villorum/gallinarum/hirae/
faecium

150–4.5×105 Bacteraemia, UTIs, bacterial endocarditis,
and wound infection

(Patel et al., 1993; Reid et al., 2001; Swartz, 2002)

Filobasidium uniguttulatum* 450–6.8×104 Cryptococcal meningitis (Pan et al., 2012)
Leuconostoc mesenteroides sp. 1.5×104-1.1×107 Wound infections and other nosocomial

infections
(Todorov and Dicks, 2005)

Serratia marcescens 1.5×103-9.0×104 UTIs, opportunistic infections (Passaro et al., 1997)
Staphylococcus aureus/saprophyticus/

pasteuri/haemolyticus/hominis/
hyicus/pettenkoferi/epidermidis

1.5×103-1.5×105 UTIs, bacteraemia, sepsis, nosocomial
disease

(Allen et al., 2014; Casanova et al., 2011; Gunn and
Davis Jr, 1988; Hashi et al., 2015; Lowry, 1998;
Palazzo et al., 2008; Petersen et al., 2014; Savini et al.,
2009; Schöfer et al., 2011)

Streptococcus parauberis**/lutetiensis 150–7.5×103 Bacteraemia (Almuzara et al., 2013)
Vagococcus fluvialis 1.5×103*** Bacteraemia, bacterial peritonitis (Teixeira et al., 1997)

* The only class 2 fungal species identified.
** According to the TRBA, although Streptococcus parauberis is classified under risk group 2, it is noted to be a pathogen of vertebrates which humans would not

normally be infected by, but can be obtained from the environment if a person works in a place with an increase pathogen concentration.
*** Only a single sample contained this pathogen, so no range can be given.
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4. Discussion

The bacterial and fungal community structures were used to de-
termine which metadata variable had the greatest influence on the β-
diversity seen in the dust samples. In this study, the farm of origin was
observed to have the greatest effect on the bacterial β-diversity. This
was visualised by samples which clustered closest to other samples from
the same farm during plotting. In contrast, the type of stable was not
seen to have as great an effect on the bacterial β-diversity. This might
partly be due to the uneven number of samples taken from each stable
type, but is more likely due to a combination of different environmental
factors that are unique to each farm and affect the bacterial microbiota.

On pig farms, pigs living in the same stable are likely to be of almost
similar age and weight, with the exception of farrowing and nursing
stables, and are likely to have similar microbial profiles. However, in
the scope of this project, the effect of stable type on the β-diversity was
not observed to fully distinguish between the microbial communities
coming from farrowing or weaning stables as the samples consistently
had overlapping clustering during constrained plotting. Samples taken
from the nursing and fattening stables were noted to have different
clustering patterns. However, due to the low number of samples taken
(3 from each stable) and that the samples from fattening and nursing
stables were only taken from Farm B and D respectively, broad as-
sumptions regarding the overall biodiversity of the microbial commu-
nities from these stable types cannot be made. A potential reason for
these samples (B4-B6 and D4-D6) being more dissimilar compared to
the other stable types could partially be explained by the activity levels
and ages of the animals in addition to the dust concentrations within
the stables. Interestingly, even though the nursing stable had the
highest concentration of bacteria, it was also observed to have the
lowest richness amongst the different stables. This was reflected in both
the data obtained after MALDI-TOF MS analysis and after bacterial
sequencing. Analysis of the Jaccard similarity index values for samples
taken from the same stable section revealed that settling dust cultured
anaerobically for bacterial species resembled each other more com-
pared to samples taken from different stable sections from different
farms. In contrast, the fungal culturing was unable to clearly distinguish
between samples coming from the same stable section and samples
coming from another stable section on the same farm. This is possibly
due to lower diversity in fungal species, but also suggests the possibility
that the mycobiomes present in these farms and stables are similar.

In contrast to the trend seen in the bacterial data, the ability to
discriminate pig farms from each other was not possible via the iden-
tification of the fungal species. In these samples, there was significant
overlap in the samples taken from different farms and stables, in-
dicating that the mycobiome found at one pig farm or stable is not
unique, but is rather likely to be more similar to the mycobiomes found
in other pig farms and stables. Another possible cause for the similar
clustering pattern observed after fungal identification by MALDI-TOF
MS could be due to several samples with low CFU counts and low di-
versity.

Culturing of fungi on DG18 plates revealed large variations of CFUs
between samples and farms with three samples having no CFUs, to
others which contained several hundred. This variation of fungal CFUs
between samples taken from the same stable is likely due to the spatial
variation of dust, causing more fungal CFUs to settle on one sample
compared to another (Barber et al., 1991).

Fungal sequencing identified multiple species of conidia producing
fungi, such as Apiotrichum, Aspergillus, Cladosporium, and Wallemia.
Although many members of these genera are classified under risk factor
1 in accordance to the German TRBA (Ausschuss für Biologische
Arbeitsstoffe, 2016), they may contribute to other respiratory diseases
in humans, such as hypersensitivity pneumonitis (Chiba et al., 2009;
Dushianthan et al., 2010). Other genera, such as Kazachstania and
Candida, are known members of the pig intestinal mycobiome (Isaacson
and Kim, 2012; Urubschurov et al., 2018, 2011) and their presence in

high concentrations is consistent with the results obtained regarding
the bacterial sequencing where the most dominant OTUs were asso-
ciated with the gastrointestinal tract. Interestingly, fungal sequencing
showed a similar trend to the data obtained after culturing where the
fungal β-diversity could not be fully differenciated between samples
taken from different farms.

Fungal culturing and subsequent analysis by MALDI-TOF MS was
able to identify Scopulariopsis brevicaulis, which was not identified
during sequencing. This is likely due to the choice of DNA extraction
kit, as different kits are known to severely affect the recovery of bac-
terial and fungal DNA based on the cell wall thickness and a single kit
able to extract genomic DNA from all cell types equally still does not
exist (Fredricks et al., 2005). However, although identification by NGS
and MALDI-TOF MS gave slightly different results, both methods were
still able to distinguish samples taken from different farms regarding
the bacterial identification using RDA plotting.

The sedimentation rate of aerobic bacteria and fungi varied between
stables and farms. However, it is clear that the sedimentation rates of
bacteria and fungi exceeded the concentrations observed in the settling
dust in home environments by a factor of 102–105 (Madsen et al.,
2018b). Although the majority of the bacterial and fungal species were
considered non-pathogenic, high concentrations of these microorgan-
isms can contribute to the inflammatory potential of aerosols. As pre-
vious research has shown, increased mould and bacterial concentra-
tions in the air are associated with inflammation of the airways and
generalised worsened lung function (Zhiping et al., 1996). In addition,
the high concentration of opportunistic pathogens present is concerning
as workers can carry these organisms on their clothes and/or airways,
before transferring them outside (Angen et al., 2017; Rossi et al., 2017).

During this study, anaerobic incubation and subsequent MALDI-TOF
MS analysis allowed for the identification of strict and facultative
anaerobes present in the settling dust. In a previous culture-in-
dependent analysis of the microbial communities found in pig farms, it
was observed that the vast majority of the OTUs found after sequencing
were from bacterial genera associated with the intestinal flora of ver-
tebrates, such as Clostridium, Terrisporobacter, and Enterococcus, many of
which are strict anaerobes, which would not be observed using aerobic
incubation (Nehme et al., 2008; Pryde et al., 1999; Quan et al., 2018).

From the anaerobic culturing, several species identified by MALDI-
TOF MS were previously detected using aerobic incubation. However,
there were several strict anaerobes and facultative anaerobes which
were not isolated and identified during aerobic incubation. Several of
these were members of the genus Clostridium. The most commonly
isolated Clostridium species was C. perfringens, which is an opportunistic
pathogen involved in soft tissue infections and is associated with diar-
rhoea in humans (Brynestad and Granum, 2002; Songer, 2010). Clos-
tridium difficile was previously detected in air samples of swine con-
tainment facilities in the Netherlands (Keessen et al., 2011), but was not
observed after anaerobic incubation in this study. Although clostridia
are not normally considered to be zoonotic pathogens, there is still the
risk of farm workers acquiring C. difficile and C. perfringens from their
work place (Songer, 2010).

The microbial diversity observed in this study is lower compared to
other research done comparing the microbial communities found in pig
farms (Vestergaard et al., 2018) and comparing the microbial com-
munities found in the anterior nares of pigs, farm workers, and cow
farmers (Kraemer et al., 2018). However, this deviation from previous
research is potentially due to differences used in dust collection
methods and subsequent data treatment. In one study, EDC cloths were
allowed to sample dust for 2 weeks uninterrupted and in another study
exact sequence variants (ESVs) were applied despite that ESVs tend to
overestimate the microbial diversity (Kraemer et al., 2018; Vestergaard
et al., 2018). This study has shown that the bacterial species and di-
versity are, relatively, unique allowing differentiation of pig farms. In
addition, this study also compared the fungal species and biodiversity,
which were not covered by previous studies.
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5. Conclusions

The settling dust from pig farms shows a high diversity of bacterial
species with each farm having a unique bacterial fingerprint with re-
gards to the diversity of species and OTUs identified during analyses.
However, samples from the same section resembled each other and thus
indicate a high degree of community stability in the dust source. In
contrast, the same trend was not observed in fungal identification, in-
dicating that the mycobiome found across pig farms may be less di-
verse. Aerobic culturing revealed a low level of biodiversity within
samples (on average 7.7 different species were found per sample) while
96 different species were identified in all samples cultured aerobically.
Of the most common species, A. viridans and S. equorum were observed
to be the most abundant after aerobic incubation, while the most
commonly identified anaerobic species included C. perfringens and S.
simulans. NGS sequencing revealed that the most common bacterial
OTUs were observed to be anaerobes. The most common fungal OTUs
were mould and yeast genera which are associated with animal feed
and the intestinal flora of pigs. In total, 28 pathogenic species of bac-
teria and fungi, in concentrations ranging from 1.5× 102-1.1×107

CFUs/m2/day, according to the German TRBA 466, were observed and
they may potentially pose health-risks to workers.

Funding sources

This study was funded by the National Research Centre for the
Working Environment, Copenhagen, Denmark and Aalborg University,
Denmark.

This study does not involve any samples taken from human subjects.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.envres.2019.01.008

References

Allen, K.B., Fowler, V.G., Gammie, J.S., Hartzel, J.S., Onorato, M.T., DiNubile, M.J.,
Sobanjo-ter Meulen, A., 2014. Staphylococcus aureus infections after elective cardi-
othoracic surgery: observations from an international randomized placebo-controlled
trial of an investigational S. aureus vaccine. Open Forum Infect. Dis. 1, 1–8. https://
doi.org/10.1093/ofid/ofu071.

Almuzara, M., Bonofiglio, L., Cittadini, R., Vera Ocampo, C., Montilla, A., Del Castillo, M.,
Ramirez, M.S., Mollerach, M., Vay, C., 2013. First case of Streptococcus lutetiensis
bacteremia involving a clindamycin-resistant isolate carrying the lnuB Gene. J. Clin.
Microbiol. 51, 4259–4261. https://doi.org/10.1128/JCM.01774-13.

Andersen, K.S.S., Kirkegaard, R.H., Karst, S.M., Albertsen, M., 2018. ampvis2: an R
package to analyse and visualise 16S rRNA amplicon data. bioRxiv 299537. https://
doi.org/10.1101/299537.

Angen, Ø., Feld, L., Larsen, J., Rostgaard, K., Skov, R., Madsen, A.M., Larsen, A.R., 2017.
Transmission of methicillin-resistant Staphylococcus aureus to human volunteers
visiting a swine farm. Appl. Environ. Microbiol 83. https://doi.org/10.1128/AEM.
01489-17.

Ausschuss für Biologische Arbeitsstoffe, 2016. Technische Regeln für Biologische
Arbeitsstoffe: Einstufung von Pilzen in Risikogruppen.

Ausschuss für Biologische Arbeitsstoffe, 2015. Technische Regeln für Biologische
Arbeitsstoffe: Einstufung von Prokaryoten (Bacteria und Archaea) in Risikogruppen.

Baer, A.A., Miller, M.J., Dilger, A.C., 2013. Pathogens of interest to the pork industry: A
review of research on interventions to assure food safety. Compr. Rev. Food Sci. Food
Saf. 12, 183–217. https://doi.org/10.1111/1541-4337.12001.

Barber, E.M., Dawson, J.R., Battams, V.A., Nicol, R.A., 1991. Spatial variability of air-
borne and settled dust in a piggery. J. Agric. Eng. Res. 50, 107–127. https://doi.org/
10.1016/S0021-8634(05)80009-5.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30, 2114–2120. https://doi.org/10.1093/
bioinformatics/btu170.

Bottone, E.J., 2010. Bacillus cereus, a volatile human pathogen. Clin. Microbiol. Rev. 23,
382–398. https://doi.org/10.1128/CMR.00073-09.

Brynestad, S., Granum, P.E., 2002. Clostridium perfringens and foodborne infections. Int.
J. Food Microbiol. 74, 195–202. https://doi.org/10.1016/S0168-1605(01)00680-8.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Huntley, J., Fierer, N., Owens,
S.M., Betley, J., Fraser, L., Bauer, M., Gormley, N., Gilbert, J.A., Smith, G., Knight, R.,
2012. Ultra-high-throughput microbial community analysis on the Illumina HiSeq
and MiSeq platforms. ISME J. 6, 1621–1624. https://doi.org/10.1038/ismej.2012.8.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A., P.J.,
Turnbaugh, N., Fierer, R., Knight, 2011. Global patterns of 16S rRNA diversity at a
depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 108,
4516–4522. https://doi.org/10.1073/pnas.1000080107.

Carbonnelle, E., Mesquita, C., Bille, E., Day, N., Dauphin, B., Beretti, J.L., Ferroni, A.,
Gutmann, L., Nassif, X., 2011. MALDI-TOF mass spectrometry tools for bacterial
identification in clinical microbiology laboratory. Clin. Biochem. 44, 104–109.
https://doi.org/10.1016/j.clinbiochem.2010.06.017.

Casanova, C., Iselin, L., von Steiger, N., Droz, S., Sendi, P., 2011. Staphylococcus hyicus
bacteremia in a farmer. J. Clin. Microbiol. 49, 4377–4378. https://doi.org/10.1128/
JCM.05645-11.

Chen, L.-Y., Yu, W.-C., Huang, S.-H., Lin, M.-L., Chen, T.-L., Fung, C.-P., Liu, C.-Y., 2012.
Successful treatment of Aerococcus viridans endocarditis in a patient allergic to pe-
nicillin. J. Microbiol. Immunol. Infect. 45, 158–160. https://doi.org/10.1016/j.jmii.
2011.09.010.

Chiba, S., Okada, S., Suzuki, Y., Watanuki, Z., Mitsuishi, Y., Igusa, R., Sekii, T., Uchiyama,
B., 2009. Cladosporium species-related hypersensitivity pneumonitis in household
environments. Intern. Med. 48, 363–367. https://doi.org/10.2169/internalmedicine.
48.1811.

Dahms, C., Hübner, N.O., Cuny, C., Kramer, A., 2014. Occurrence of methicillin-resistant
Staphylococcus aureus in farm workers and the livestock environment in
Mecklenburg-Western Pomerania, Germany. Acta Vet. Scand. 56, 1–8. https://doi.
org/10.1186/s13028-014-0053-3.

Donham, K., Haglind, P., Peterson, Y., Rylander, R., Belin, L., 1989. Environmental and
health studies of farm workers in Swedish swine confinement buildings. Br. J. Ind.
Med. 46, 31–37. https://doi.org/10.1136/oem.46.1.31.

Donham, K.J., Scallon, L.J., Popendorf, W., Treuhaft, M.W., Roberts, R.C., 1986.
Characterization of dusts collected from swine confinement buildings. Am. Ind. Hyg.
Assoc. J. 47, 404–410. https://doi.org/10.1080/15298668691389955.

Dorado-García, A., Bos, M.E.H., Graveland, H., Van Cleef, B.A.G.L., Verstappen, K.M.,
Kluytmans, J.A.J.W., Wagenaar, J.A., Heederik, D.J.J., 2013. Risk factors for per-
sistence of livestock-associated MRSA and environmental exposure in veal calf
farmers and their family members: an observational longitudinal study. BMJ Open 3,
1–10. https://doi.org/10.1136/bmjopen-2013-003272.

Dushianthan, A., Owen, C., Dawson, A., Edwards, J.H., Harrison, N.K., 2010. Summer-
type relapsing fever (hypersensitivity pneumonitis) secondary to Cladosporium her-
barum in the domestic environment. Respir. Med. CME 3, 95–97. https://doi.org/10.
1016/j.rmedc.2009.04.004.

Edgar, R.C., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon
reads. Nat. Methods 10, 996–998. https://doi.org/10.1038/nmeth.2604.

Eduard, W., Douwes, J., Mehl, R., Heederik, D., Melbostad, E., 2001. Short term exposure
to airborne microbial agents during farm work: exposure-response relations with eye
and respiratory symptoms. Occup. Environ. Med. 58, 113–118. https://doi.org/10.
1136/oem.58.2.113.

Feld, L., Bay, H., Angen, O., Larsen, A.R., Madsen, A.M., 2018. Survival of LA-MRSA in
dust from swine farms. Ann. Work Expo Heal 62, 147–156. https://doi.org/10.1093/
annweh/wxx108.

Frankel, M., Timm, M., Hansen, E.W., Madsen, A.M., 2012. Comparison of sampling
methods for the assessment of indoor microbial exposure. Indoor Air 22, 405–414.
https://doi.org/10.1111/j.1600-0668.2012.00770.x.

Fredricks, D.N., Smith, C., Meier, A., 2005. Comparison of six DNA extraction methods for
recovery of fungal DNA as assessed by quantitative PCR comparison of six DNA ex-
traction methods for recovery of fungal DNA as assessed by quantitative PCR. J. Clin.
Microbiol. 43, 5122–5128. https://doi.org/10.1128/JCM.43.10.5122.

Garcia-Graells, C., Antoine, J., Larsen, J., Catry, B., Skov, R., Denis, O., 2012. Livestock
veterinarians at high risk of acquiring methicillin-resistant Staphylococcus aureus
ST398. Epidemiol. Infect. 140, 383–389. https://doi.org/10.1017/
S0950268811002263.

Ghannoum, M.A., Jurevic, R.J., Mukherjee, P.K., Cui, F., Sikaroodi, M., Naqvi, A.,
Gillevet, P.M., 2010. Characterization of the oral fungal microbiome (mycobiome) in
healthy individuals. PLoS Pathog. 6. https://doi.org/10.1371/journal.ppat.1000713.

Ghyselinck, J., Pfeiffer, S., Heylen, K., Sessitsch, A., De Vos, P., 2013. The effect of primer
choice and short read sequences on the outcome of 16S rRNA gene based diversity
studies. PLoS One 8, e71360. https://doi.org/10.1371/journal.pone.0071360.

Goerge, T., Lorenz, M.B., van Alen, S., Hubner, N.O., Becker, K., Kock, R., 2017. MRSA
colonization and infection among persons with occupational livestock exposure in
Europe: prevalence, preventive options and evidence. Vet. Microbiol. 200, 6–12.
https://doi.org/10.1016/j.vetmic.2015.10.027.

Gunn, B.A., Davis Jr, C.E., 1988. Staphylococcus haemolyticus urinary tract infection in a
male patient. J. Clin. Microbiol. 26, 1055–1057.

Hale, A., Kirby, J.E., Albrecht, M., 2016. Fatal spontaneous Clostridium bifermentans
necrotizing endometritis: a case report and literature review of the pathogen. Open
Forum Infect. Dis. 3, 1–3. https://doi.org/10.1093/ofid/ofw095.

Han, G.G., Lee, J.Y., Jin, G.D., Park, J., Choi, Y.H., Kang, S.K., Chae, B.J., Kim, E.B., Choi,
Y.J., 2018. Tracing of the fecal microbiota of commercial pigs at five growth stages
from birth to shipment. Sci. Rep. 8, 1–9. https://doi.org/10.1038/s41598-018-
24508-7.

Harvey, S.M., Sturgeon, J., Dassey, D.E., 2002. Botulism due to Clostridium baratii type F
toxin. J. Clin. Microbiol. 40, 2260–2262. https://doi.org/10.1128/JCM.40.6.2260-
2262.2002.

Hashi, A.A., Delport, J.A., Elsayed, S., Silverman, M.S., 2015. Staphylococcus pettenkoferi
bacteremia: A case report and review of the literature. Can. J. Infect. Dis. Med.
Microbiol. 26, 319–322.

Heederik, D., Brouwer, R., Biersteker, K., Boleij, J.S.M., 1991. Relationship of airborne
endotoxin and bacteria levels in pig farms with the lung function and respiratory
symptoms of farmers. Int. Arch. Occup. Environ. Health 62, 595–601. https://doi.

J.K. White et al. Environmental Research 171 (2019) 558–567

566

https://doi.org/10.1016/j.envres.2019.01.008
https://doi.org/10.1093/ofid/ofu071
https://doi.org/10.1093/ofid/ofu071
https://doi.org/10.1128/JCM.01774-13
https://doi.org/10.1101/299537
https://doi.org/10.1101/299537
https://doi.org/10.1128/AEM.01489-17
https://doi.org/10.1128/AEM.01489-17
https://doi.org/10.1111/1541-4337.12001
https://doi.org/10.1016/S0021-8634(05)80009-5
https://doi.org/10.1016/S0021-8634(05)80009-5
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1128/CMR.00073-09
https://doi.org/10.1016/S0168-1605(01)00680-8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1016/j.clinbiochem.2010.06.017
https://doi.org/10.1128/JCM.05645-11
https://doi.org/10.1128/JCM.05645-11
https://doi.org/10.1016/j.jmii.2011.09.010
https://doi.org/10.1016/j.jmii.2011.09.010
https://doi.org/10.2169/internalmedicine.48.1811
https://doi.org/10.2169/internalmedicine.48.1811
https://doi.org/10.1186/s13028-014-0053-3
https://doi.org/10.1186/s13028-014-0053-3
https://doi.org/10.1136/oem.46.1.31
https://doi.org/10.1080/15298668691389955
https://doi.org/10.1136/bmjopen-2013-003272
https://doi.org/10.1016/j.rmedc.2009.04.004
https://doi.org/10.1016/j.rmedc.2009.04.004
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1136/oem.58.2.113
https://doi.org/10.1136/oem.58.2.113
https://doi.org/10.1093/annweh/wxx108
https://doi.org/10.1093/annweh/wxx108
https://doi.org/10.1111/j.1600-0668.2012.00770.x
https://doi.org/10.1128/JCM.43.10.5122
https://doi.org/10.1017/S0950268811002263
https://doi.org/10.1017/S0950268811002263
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1371/journal.pone.0071360
https://doi.org/10.1016/j.vetmic.2015.10.027
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref29
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref29
https://doi.org/10.1093/ofid/ofw095
https://doi.org/10.1038/s41598-018-24508-7
https://doi.org/10.1038/s41598-018-24508-7
https://doi.org/10.1128/JCM.40.6.2260-2262.2002
https://doi.org/10.1128/JCM.40.6.2260-2262.2002
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref33
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref33
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref33
https://doi.org/10.1007/BF00381114


org/10.1007/BF00381114.
Isaacson, R., Kim, H.B., 2012. The intestinal microbiome of the pig. Anim. Health Res.

Rev. 13, 100–109. https://doi.org/10.1017/S1466252312000084.
Keessen, E.C., Donswijk, C.J., Hol, S.P., Hermanus, C., Kuijper, E.J., Lipman, L.J.A., 2011.

Aerial dissemination of Clostridium difficile on a pig farm and its environment.
Environ. Res. 111, 1027–1032. https://doi.org/10.1016/j.envres.2011.09.014.

Kõljalg, U., Nilsson, R.H., Abarenkov, K., Tedersoo, L., Taylor, A.F.S., Bahram, M., Bates,
S.T., Bruns, T.D., Bengtsson-Palme, J., Callaghan, T.M., Douglas, B., Drenkhan, T.,
Eberhardt, U., Dueñas, M., Grebenc, T., Griffith, G.W., Hartmann, M., Kirk, P.M.,
Kohout, P., Larsson, E., Lindahl, B.D., Lücking, R., Martín, M.P., Matheny, P.B.,
Nguyen, N.H., Niskanen, T., Oja, J., Peay, K.G., Peintner, U., Peterson, M., Põldmaa,
K., Saag, L., Saar, I., Schüßler, A., Scott, J.A., Senes, C., Smith, M.E., Suija, A., Taylor,
D.L., Telleria, M.T., Weiss, M., Larsson, K.-H., 2014. Towards a unified paradigm for
sequence-based identification of fungi. Mol. Ecol. 22, 5271–5277. https://doi.org/10.
1111/mec.12481.

Kraemer, J.G., Ramette, A., Aebi, S., Oppliger, A., Hilty, M., 2018. Influence of pig
farming on the human nasal microbiota: Key role of airborne microbial communities.
Appl. Environ. Microbiol. 84, 1–13. https://doi.org/10.1128/AEM.02470-17.

Lima, C.O., da Rocha, V.M., Ferreira, E.O., Filho, J.S., Serradas, L.R., Silva, R.O., Lobato,
F.C., Domingues, R.M., 2016. Clostridium baratii: a rare case of pneumonia asso-
ciated with an Alzheimer patient in Rio de Janeiro, Brazil. JMM Case Rep. 3,
e005041. https://doi.org/10.1099/jmmcr.0.005041.

Lowry, F.D., 1998. Staphylococcus aureus Infections. N. Engl. J. Med. 520–532. https://
doi.org/10.1056/NEJM199808203390806.

Madsen, A.M., Kurdi, I., Feld, L., Tendal, K., 2018a. Airborne MRSA and Total
Staphylococcus aureus as Associated With Particles of Different Sizes on Pig Farms.
Ann. Work Expo. Heal 1–12. https://doi.org/10.1093/annweh/wxy065.

Madsen, A.M., Moslehi-Jenabian, S., Islam, M.Z., Frankel, M., Spilak, M., Frederiksen,
M.W., 2018b. Concentrations of Staphylococcus species in indoor air as associated
with other bacteria, season, relative humidity, air change rate, and S. aureus-positive
occupants. Environ. Res. 160, 282–291. https://doi.org/10.1016/j.envres.2017.10.
001.

Madsen, A.M., Zervas, A., Tendal, K., Nielsen, J.L., 2015. Microbial diversity in bioaerosol
samples causing ODTS compared to reference bioaerosol samples as measured using
Illumina sequencing and MALDI-TOF. Environ. Res. 140, 255–267. https://doi.org/
10.1016/j.envres.2015.03.027.

Magoč, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 27, 2957–2963. https://doi.org/10.1093/
bioinformatics/btr507.

Marklein, G., Josten, M., Klanke, U., Müller, E., Horré, R., Maier, T., Wenzel, T.,
Kostrzewa, M., Bierbaum, G., Hoerauf, A., Sahl, H.G., 2009. Matrix-assisted laser
desorption ionization-time of flight mass spectrometry for fast and reliable identifi-
cation of clinical yeast isolates. J. Clin. Microbiol. 47, 2912–2917. https://doi.org/
10.1128/JCM.00389-09.

Mc Donnell, P.E., Coggins, M.A., Hogan, V.J., Fleming, G.T., 2008. Exposure assessment
of airborne contaminants in the indoor environment of Irish swine farms. Ann. Agric.
Environ. Med. 15, 323–326.

McIlroy, S.J., Saunders, A.M., Albertsen, M., Nierychlo, M., McIlroy, B., Hansen, A.A.,
Karst, S.M., Nielsen, J.L., Nielsen, P.H., 2015. MiDAS: The field guide to the microbes
of activated sludge. Database 2015, 1–8. https://doi.org/10.1093/database/bav062.

McMurdie, P.J., Holmes, S., 2013. phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One 8, e61217.

Mohan, B., Zaman, K., Anand, N., Taneja, N., 2017. Aerococcus Viridans: a rare pathogen
causing urinary tract infection. J Clin. Diagn. Res. 11, DR01–DR03. https://doi.org/
10.7860/JCDR/2017/23997.9229.

Nehme, B., Létourneau, V., Forster, R.J., Veillette, M., Duchaine, C., 2008. Culture-in-
dependent approach of the bacterial bioaerosol diversity in the standard swine
confinement buildings, and assessment of the seasonal effect. Environ. Microbiol. 10,
665–675. https://doi.org/10.1111/j.1462-2920.2007.01489.x.

Nilsson, O., 2012. Vancomycin resistant enterococci in farm animals – occurrence and
importance. Infect. Ecol. Epidemiol. 2, 16959. https://doi.org/10.3402/iee.v2i0.
16959.

Okasanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin,
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner,
H., 2018. Vegan: community ecology packgge. R Package Version 2, 0–10.

Palazzo, I.C., d’Azevedo, P.A., Secchi, C., Pignatari, A.C.C., Darini, A.L., Vanzato Palazzo,
I.C., d’Azevedo, P.A., Secchi, C., Pignatari, A.C.C., da Costa Darini, A.L., 2008.
Staphylococcus hominis subsp. novobiosepticus strains causing nosocomial blood-
stream infection in Brazil. J. Antimicrob. Chemother. 62, 1222–1226. https://doi.
org/10.1093/jac/dkn375.

Pan, W., Liao, W., Hagen, F., Theelen, B., Shi, W., Meis, J.F., Boekhout, T., 2012.
Meningitis caused by Filobasidium uniguttulatum: case report and overview of the
literature. Mycoses 55, 105–109. https://doi.org/10.1111/j.1439-0507.2011.
02054.x.

Passaro, D.J., Waring, L., Armstrong, R., Bolding, F., Bouvier, B., Rosenberg, J., Reingold,
A.W., McQuitty, M., Philpott, S.M., Jarvis, W.R., Werner, S.B., Tompkins, L.S., Vugia,
D.J., 1997. Postoperative Serratia marcescens wound infections traced to an out‐-
of‐hospital source. J. Infect. Dis. 175, 992–995. https://doi.org/10.1086/514008.

Patel, R., Keating, M., Cockerill 3rd, F., Steckelberg, A., 1993. Bacteremia due to
Enterococcus avium. Clin. Infect. Dis. 17, 1006–1011.

Petersen, A., Skov, R.L., Larsen, A.R., Benfield, T., Schønheyder, H.C., Westh, H., Skinhøj,
P., 2014. Staphylococcus aureus bacteraemia Cases in Denmark 2014, Reference
Laboratory for Antimicrobial Resistance and Staphylococci.

Poduval, R.D., Mohandas, R., Unnikrishnan, D., Corpuz, M., 1999. Clostridium cadaveris
bacteremia in an immunocompetent host. Clin. Infect. Dis. 29, 1354–1355. https://
doi.org/10.1086/313491.

Pryde, S.E., Richardson, A.J., Stewart, C.S., Flint, H.J., 1999. Molecular analysis of the
microbial diversity present in the colonic wall, colonic lumen, and cecal lumen of a
pig these include : molecular analysis of the microbial diversity present in the colonic
wall, colonic lumen, and cecal lumen of a pig. Appl. Environ. Microbiol. 65,
5372–5377.

Quan, J., Cai, G., Ye, J., Yang, M., Ding, R., Wang, X., Zheng, E., Fu, D., Li, S., Zhou, S.,
Liu, D., Yang, J., Wu, Z., 2018. A global comparison of the microbiome compositions
of three gut locations in commercial pigs with extreme feed conversion ratios. Sci.
Rep. 8, 1–10. https://doi.org/10.1038/s41598-018-22692-0.

Reid, K.C., Cockerill, F.R., Patel, R., 2001. Clinical and epidemiological features of
Enterococcus casseliflavus/flavescens and Enterococcus gallinarum bacteremia: a
report of 20 cases. Clin. Infect. Dis. 32, 1540–1546. https://doi.org/10.1086/
320542.

Rossi, G., Smith, R.L., Pongolini, S., Bolzoni, L., 2017. Modelling farm-to-farm disease
transmission through personnel movements: From visits to contacts, and back. Sci.
Rep. 7, 1–11. https://doi.org/10.1038/s41598-017-02567-6.

Savini, V., Catavitello, C., Bianco, A., Balbinot, A., D’Antonio, D., 2009. Epidemiology,
pathogenicity and emerging resistances in Staphylococcus pasteuri: from mammals
and lampreys, to man. Recent Pat. Antiinfect. Drug Discov 4, 123–129. https://doi.
org/10.2174/157489109788490352.

Schöfer, H., Bruns, R., Effendy, I., Hartmann, M., Jappe, U., Plettenberg, A., Reimann, H.,
Seifert, H., Shah, P., Sunderkötter, C., Weberschock, T., Wichelhaus, T.A., Nast, A.,
2011. Diagnosis and treatment of Staphylococcus aureus infections of the skin and
mucous membranes. JDDG - J. Ger. Soc. Dermatol. 9, 953–967. https://doi.org/10.
1111/j.1610-0387.2011.07786.x.

Songer, J.G., 2010. Clostridia as agents of zoonotic disease. Vet. Microbiol. 140, 399–404.
https://doi.org/10.1016/j.vetmic.2009.07.003.

Swartz, M.N., 2002. Human diseases caused by foodborne pathogens of animal origin.
Clin. Infect. Dis. 34, S111–S122. https://doi.org/10.1086/340248.

Team, R.C., 2015. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing.

Teixeira, L.M., Carvalho, M.D.G.S., Merquior, V.L.C., Steigerwalt, A.G., Brenner, D.J.,
Facklam, R.R., 1997. Phenotypic and genotypic characterization of Vagococcus flu-
vialis, including strains isolated from human sources. J. Clin. Microbiol. 35,
2778–2781.

Todorov, S.D., Dicks, L.M.T., 2005. Production of bacteriocin ST33LD, produced by
Leuconostoc mesenteroides subsp. mesenteroides, as recorded in the presence of
different medium components. World J. Microbiol. Biotechnol. 21, 1585–1590.
https://doi.org/10.1007/s11274-005-8122-4.

Urubschurov, V., Büsing, K., Souffrant, W.B., Schauer, N., Zeyner, A., 2018. Porcine in-
testinal yeast species, Kazachstania slooffiae, a new potential protein source with
favourable amino acid composition for animals. J. Anim. Physiol. Anim. Nutr. (Berl)
102, e892–e901. https://doi.org/10.1111/jpn.12853.

Urubschurov, V., Janczyk, P., Souffrant, W.B., Freyer, G., Zeyner, A., 2011. Establishment
of intestinal microbiota with focus on yeasts of unweaned and weaned piglets kept
under different farm conditions. FEMS Microbiol. Ecol. 77, 493–502. https://doi.org/
10.1111/j.1574-6941.2011.01129.x.

Van Cleef, B.A.G.L., van Benthem, B.H.B., Verkade, E.J.M., Van Rijen, M.M.L., Kluytmans-
Van Den Bergh, M.F.Q., Graveland, H., Bosch, T., Verstappen, K.M.H.W., Wagenaar,
J.A., Bos, M.E.H., Heederik, D., Kluytmans, J.A.J.W., 2015. Livestock-associated
MRSA in household members of pig farmers: transmission and dynamics of carriage, a
prospective cohort study. PLoS One 10, e0127190. https://doi.org/10.1371/journal.
pone.0127190.

Vestergaard, D.V., Holst, G.J., Basinas, I., Elholm, G., Schlünssen, V., Linneberg, A., Šantl-
Temkiv, T., Finster, K., Sigsgaard, T., Marshall, I.P.G., 2018. Pig farmers’ homes
harbor more diverse airborne bacterial communities than pig stables or Suburban
Homes. Front. Microbiol. 9, 1–14. https://doi.org/10.3389/fmicb.2018.00870.

Wang, X., Zhang, Y., Riskowski, G.L., Ellis, M., 2002. Measurement and analysis of dust
spatial distribution in a mechanically ventilated pig building. Biosyst. Eng. 81,
225–236. https://doi.org/10.1006/bioe.2001.0014.

Weese, J.S., Slifierz, M., Jalali, M., Friendship, R., 2014. Evaluation of the nasal micro-
biota in slaughter-age pigs and the impact on nasal methicillin-resistant
Staphylococcus aureus (MRSA) carriage. BMC Vet. Res. 10, 1–10. https://doi.org/10.
1186/1746-6148-10-69.

Wickham, H., 2009. ggplot2: Elegant Graphics for Data Analysis.
Wieser, A., Schneider, L., Jung, J., Schubert, S., 2012. MALDI-TOF MS in microbiological

diagnostics-identification of microorganisms and beyond (mini review). Appl.
Microbiol. Biotechnol. 93, 965–974. https://doi.org/10.1007/s00253-011-3783-4.

Zahradnik, E., Sander, I., Kendzia, B., Fleischer, C., Thomas, B., Raulf-Heimsoth, M.,
2011. Passive airborne dust sampling to assess mite antigen exposure in farming
environments. J. Environ. Monit. 13, 2638–2644. https://doi.org/10.1039/
C1EM10430F.

Zeitler-Feicht, M., Praml, G.J., Riedel, H., 1991. Die zeitliche Variation der
Feinstaubbelastung der Luft im Mastschweinestall. Tierhygienische und arbeitsme-
dizinische Aspekte. Berliner und Münchener Tierärtzliche Wochenschrift 104, 84–89.

Zhiping, W., Malmberg, P., Larsson, B.M., Larsson, K., Larsson, L., Saraf, A., 1996.
Exposure to bacteria in swine-house dust and acute inflammatory reactions in hu-
mans. Am. J. Respir. Crit. Care Med. 154, 1261–1266. https://doi.org/10.1164/
ajrccm.154.5.8912733.

J.K. White et al. Environmental Research 171 (2019) 558–567

567

https://doi.org/10.1007/BF00381114
https://doi.org/10.1017/S1466252312000084
https://doi.org/10.1016/j.envres.2011.09.014
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12481
https://doi.org/10.1128/AEM.02470-17
https://doi.org/10.1099/jmmcr.0.005041
https://doi.org/10.1056/NEJM199808203390806
https://doi.org/10.1056/NEJM199808203390806
https://doi.org/10.1093/annweh/wxy065
https://doi.org/10.1016/j.envres.2017.10.001
https://doi.org/10.1016/j.envres.2017.10.001
https://doi.org/10.1016/j.envres.2015.03.027
https://doi.org/10.1016/j.envres.2015.03.027
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1128/JCM.00389-09
https://doi.org/10.1128/JCM.00389-09
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref46
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref46
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref46
https://doi.org/10.1093/database/bav062
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref48
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref48
https://doi.org/10.7860/JCDR/2017/23997.9229
https://doi.org/10.7860/JCDR/2017/23997.9229
https://doi.org/10.1111/j.1462-2920.2007.01489.x
https://doi.org/10.3402/iee.v2i0.16959
https://doi.org/10.3402/iee.v2i0.16959
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref52
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref52
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref52
https://doi.org/10.1093/jac/dkn375
https://doi.org/10.1093/jac/dkn375
https://doi.org/10.1111/j.1439-0507.2011.02054.x
https://doi.org/10.1111/j.1439-0507.2011.02054.x
https://doi.org/10.1086/514008
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref56
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref56
https://doi.org/10.1086/313491
https://doi.org/10.1086/313491
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref58
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref58
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref58
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref58
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref58
https://doi.org/10.1038/s41598-018-22692-0
https://doi.org/10.1086/320542
https://doi.org/10.1086/320542
https://doi.org/10.1038/s41598-017-02567-6
https://doi.org/10.2174/157489109788490352
https://doi.org/10.2174/157489109788490352
https://doi.org/10.1111/j.1610-0387.2011.07786.x
https://doi.org/10.1111/j.1610-0387.2011.07786.x
https://doi.org/10.1016/j.vetmic.2009.07.003
https://doi.org/10.1086/340248
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref66
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref66
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref67
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref67
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref67
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref67
https://doi.org/10.1007/s11274-005-8122-4
https://doi.org/10.1111/jpn.12853
https://doi.org/10.1111/j.1574-6941.2011.01129.x
https://doi.org/10.1111/j.1574-6941.2011.01129.x
https://doi.org/10.1371/journal.pone.0127190
https://doi.org/10.1371/journal.pone.0127190
https://doi.org/10.3389/fmicb.2018.00870
https://doi.org/10.1006/bioe.2001.0014
https://doi.org/10.1186/1746-6148-10-69
https://doi.org/10.1186/1746-6148-10-69
https://doi.org/10.1007/s00253-011-3783-4
https://doi.org/10.1039/C1EM10430F
https://doi.org/10.1039/C1EM10430F
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref77
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref77
http://refhub.elsevier.com/S0013-9351(19)30008-8/sbref77
https://doi.org/10.1164/ajrccm.154.5.8912733
https://doi.org/10.1164/ajrccm.154.5.8912733

