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Abstract: The release of pathogens into the air from swine confinement buildings are mitigated
through preventative measures, such as outgoing air filtration, to reduce the risk of spread to nearby
barns and communities. The present study aims to characterize the effectiveness of a percolating
biofilter developed by the Research and Development Institute for the Agri-environment (IRDA) to
capture airborne contaminants, such as bacteria and viruses emitted from a swine finishing room.
Over a 10-month period (summer, fall, and winter), air was sampled upwind and downwind of the
biofilter using two wet walled cyclonic samplers. Culture-dependent and molecular biology analyses
were used to track changes in microbial concentrations and populations both captured and emitted
by the percolating biofilter. Results revealed a minor reduction (median reduction efficiency 14.4%)
in culturable bacteria. There was a decrease in total bacteria (qPCR) (75.0%) and other qPCR targeted
organisms: archaea (42.1%), coliphages (25.6%), Enterococcus (76.1%), and Escherichia coli (40.9%).
The community analyses showed similar bacterial diversity in the air upwind and downwind of the
biofilter although more Proteobacteria were present downwind of the unit, likely attributable to the
Proteobacteria-rich nutritive solution. Evidence is provided for bioaerosols reduction by a percolating
biofilter treating air from a swine fattening-finishing room.
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1. Introduction

The swine industry in Canada exported approximately $4 billion worth of pork products and $465
million in live pigs in 2017 [1], a financial portrait achieved by an industry continually moving away
from small farms to large-scale operations [2]. The increased number of pigs per building leads to larger
amounts of air contaminants generated by swine confinement buildings (SCB) potentially posing a risk
to surrounding farms and communities [3]. SCB emit contaminants such as dust particles, unpleasant
odours, ammonia, hydrogen sulfide, various organic compounds and bioaerosols [4]. Bioaerosols
are airborne particles containing whole or components of living organisms such as bacteria, archaea,
fungi, and viruses. The bacterial fraction in swine buildings are likely derived from the feces [5,6]
and, consequently, workers may be exposed to and inhale pathogens [7,8]. These bioaerosols are
capable of being emitted from SCB and travelling kilometers and, therefore, may pose serious concerns
for neighboring farms, workers, and surrounding communities [9]. Efforts are deployed to enhance
public acceptability of SCB by controlling environmental emissions [10–13]. When examining air
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filtration methods for swine building exhaust air, the ability to remove a wide range of air contaminants,
including bioaerosols, should be considered.

1.1. Potential Costs of Disease and Mitigation

Disease outbreaks in SCB can be extremely costly to producers. Post-weaning diarrhea (PWD)
caused by Escherichia coli can cause serious economic damages but may be treated with the antimicrobial
drug colistin although there has been an increase in colistin-resistance identified in various countries
with a link to agricultural usage [14,15]. The use of colistin is not permitted in Canada but is still used as a
growth promoter or therapeutically in many countries, including European countries [16]. Alternatives
to antibiotics could be breeding strategies for pigs resistant to infection and vaccination [17,18].
Viral infections can be detrimental to the industry, such as Porcine reproductive and respiratory
syndrome (PRRS), caused by the PRRS virus (PRRSV), responsible for yearly losses of $130 million
in Canada and $664 million in the United States (between 2005 and 2010) [19–21]. Also, Porcine
circovirus (PCV), the agent responsible for post weaning multisystemic wasting syndrome (PMWS)
and PCV-associated diseases, were previously responsible for $560 million in losses between 2004
and 2009 in Canada [19]. PRRSV has been detected up to 10 km from an infected swine building
thus constituting a risk for a long-distance spreading during outbreaks [22,23]. These viruses can
be controlled through vaccination but the prevention of exposure may be done through sanitation
of pig transport vehicles and the treatment of air [19,24,25]. The adoption of biosecurity measures,
vaccination, breeding strategies, and the use of antibiotics can mitigate the risk and damages of
viral and bacterial outbreaks, although each has its limitations, such as an increased resistance to
antibiotics [17–19]. Vaccination may be costly and have a variable efficiency against high mutation rate
viruses such as RNA viruses. An alternative strategy for protecting herds is the use of air treatment of
both incoming and emitted air from SCB. A benefit to the treatment of emitted air is the combination of
potential reduction of bioaerosols and other unwanted air contaminants, and the reduced likelihood of
spreading diseases to multiple other swine buildings.

Different methods of treating air have been applied with varying degrees of success and include
physical, chemical, and biological-based filtration [26]. Biofilters incorporate active biofilms for
the intention of utilizing microbial metabolism to reduce airborne contaminants. A biotrickling or
percolating biofilter, an air treatment unit (ATU), was designed by the Research and Development
Institute for the Agri-environment (IRDA) for treating emitted air from swine buildings [13]. In the ATU,
the biofilm develops and matures on an inert support and is maintained active by the constant trickle
down of a nutritive solution over the biofilm microbial community. The flow of air is perpendicular to
the flow of the nutritive solution which may capture bioaerosols and other air contaminants and collect
them to be metabolized on the biofilm (e.g., ammonia). Re-aerosolization of intercepted bioaerosols
may also be possible from the circulating nutritive solution. In Canada, due to variation in temperatures
and relative humidity during the different seasons, the ATU must be efficient within different operation
conditions responding to the variable air flow patterns of swine building ventilation systems. The Pork
Production Reference Guide (2000) by the Prairie Swine Centre has recommended ventilation rates
from as low as 0.8 CFM (cubic feet per minute) per pig in the winter to 305.1 CFM per pig in the
summer (variation in ventilation linked to outside environment (temperature and relative humidity),
building, and pig weight) (rates converted to CFM). Rates determined from a study of a swine building
in Saskatchewan (Canada) were 182.0 CFM per pig in the beginning of summer and 19.4 CFM per pig
in winter (rates converted to CFM) (outdoor temperatures ranged from −22.3 ◦C to 23.3 ◦C) [27]. These
changes in ventilation rates have previously been found to affect the airborne bacterial amounts within
swine buildings which result in a statistical difference of concentrations associated with winter and
summer [6].
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1.2. Biofiltration of Air

Treatment of emitted air by biofilters composed of microorganisms developing on an inorganic
or organic solid media (e.g., woodchips) were proven effective at reducing culturable bacteria (up to
90% reduction on DG18 agar) but at varying effectiveness depending on the solid media used [28].
Additionally, the application of plasma ions was responsible for some reductions of bioaerosols (22%
and 25% for culturable bacteria and fungi on tryptic soy agar) although did not significantly reduce
ammonia or hydrogen sulfide [29]. The use of acid scrubbers (e.g., sulfuric acid) to reduce alkaline
compounds with acids, resulted as well in the decrease of culturable bacteria (70%) [30]. On the
other hand, increases in airborne bacteria (279%) cultured on sheep blood agar plates were observed
downwind of a biotrickling filter [30]. Even though the ATU developed by the IRDA was designed
mainly for ammonia and odour removal, the system was found effective to reduce bacteria quantified
by PCR during laboratory-scale experiments [31]. The removal mechanism of bacteria by IRDA’s
biotrickling filter is thought to be the impaction of bacteria-laden particulate on the wet surface of the
filter bed. The trapped particles are then be removed from the filter bed by the percolating liquid.

It is unclear whether the active biofilm plays a significant role in bioaerosol removal, but it does
represent a source of microorganisms that could potentially be emitted into the treated air. This
risk should be considered when operating a biotrickling filter, particularly concerning Legionella [32].
Shedding from the internal biofilm could possibly be unraveled by high-throughput 16S rRNA
amplicon sequencing and community diversity analyses. Previous studies have established that
the air of swine buildings is predominately composed of sequences classified into Firmicutes with
Bacteroidetes making up a lesser proportion [5,33–36]. The proportions of phyla in the air of SCB may
vary according to sequencing approach, SCB location, or even the amplified 16S rRNA regions (V1–V3,
V3, V3–V4). Kumari et al., (2014) evaluated the changing bacterial community during two seasons,
winter and summer, in swine buildings in South Korea using Illumina HiSeq (16S rRNA V3 region)
and found a reduced representation from winter to summer of Firmicutes and Bacteroidetes (~55–50%
and ~25–20%, respectively) with significant gains in Proteobacteria and Actinobacteria (~15–25% and
~5–10%, respectively). Comparatively, in another study by the same authors using 454 pyrosequencing
of the V1–V3 16S rRNA region, it was found that Firmicutes comprised 72.4% [36]. Two Danish studies
similarly showed important relative abundances of Firmicutes (up to 90%) using two approaches
(Illumina MiSeq and clone libraries) and two air sampling strategies (an electrostatic dust collector
and a filtering membrane) [5,35]. An American study found high Firmicutes abundance inside (~80%)
while more diversity across phyla outside the swine buildings (Firmicutes 26%, Actinobacteria 26%,
Bacteroidetes 19%, and Proteobacteria 15%) based on clone libraries [34]. Common among all studies
is the very low relative abundance of Proteobacteria in the air of swine buildings, regardless of room.
The dominant genera in most studies are Prevotella and Lactobacillus [33,37]. Previous studies found
that bacteria in swine building air ranged in concentrations from 1.55 × 104 to 1.55 × 106 CFU/m3 and
8.06 × 107 to 3.34 × 109 copies/m3, culturable and qPCR respectively [38]. Targeted bacteria in the
study varied from below detection limit to 1.07 × 106 copies/m3 or 9.05 × 104 CFU/m3 depending on
method and target [38].

Limited knowledge is available about biotrickling filters’ ability to reduce bioaerosols from swine
buildings. Past studies on air treatment units differ by the used sampling and analysis methods,
the targeting microorganisms, the location (climate), and duration of sampling. Consequently, more
studies on commercial scale percolating biofilters are needed, particularly in Canada with seasons
greatly affecting the emitted air volumes to be treated.

The present study aims to evaluate the efficiency of bioaerosol removal by a commercial scale
percolating biofilter, an ATU developed by the IRDA to treat emitted air from a finishing room.
The impact of seasonal changes towards bioaerosol reduction efficiency was investigated during a
10-month period.
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2. Experiments

2.1. Air Treatment Unit Design and Operation

For 10 months, two identical ATUs (units A and B) were treating in parallel the emitted air from a
SCB housing about 260–360 grower-finisher pigs. Pigs inside were provided pelleted food with an ad
libitum feed strategy and manure was accumulated underneath the slatted floor.

The units were built in two insulated shipping containers stacked vertically. The lower container
housed electronic control panels and the reservoir of the recycled nutritive solution pumped up to
the ceiling spray nozzles of the upper container in which the inert filter bed (DURA-PAC XF68 PVC
modular cross-flow media, Raschig-USA Inc., Arlington, TX, USA) and growing biofilm were located.
The upper container was divided in half to allow two separate ATUs functioning in parallel (units A
and B). A series of 36 spray nozzles for each unit (0.5-inch full cone square pattern nozzles, BEX model
number 1/2S29SQ), operating with a flowrate of 108 US gallons per minute and a water pressure of
approximately 10 psi, were used to ensure complete wetting of the filter bed. Each unit has a maximum
design capacity of treating 4320 CFM of air supplied by a blower (Dehli Bi15, Canam HVAC, Brockville,
ON, Canada) corresponding to an empty bed residence time (EBRT) of 3 s. Relative humidity, upwind
and downwind temperatures, and airflow rates inside units were measured by CS500 (Campbell
Scientific, Edmonton, AB, Canada), type T thermocouples, and 20” IRIS dampers (Continental Fan
Canada Inc., Mississauga, ON, Canada).

2.2. Air Sampling and Data Acquisition

The ATUs were sampled 17 times between May 2017 and April 2018 with the following data
recorded during each sampling visit: relative humidity, temperature, and airflow rate within each
unit. Air samples were collected upwind and downwind of the ATUs using Coriolisµ Biological
Air Samplers (Bertin Corp., Rockville, MD, USA) with collection recipients containing 15 mL of 1×
PBS (phosphate buffered saline). The sampling rate of the Coriolis µ was adjusted according to the
airflow within the air treatment unit at the time of sampling to ensure isokinetic sampling (from 100 to
300 L/min). Inlets of sampling probes (metallic tubing) were located in ventilation ducts connecting the
ATUs independently to the building ventilation system (upwind) and inside the two ducts exhausting
air from each unit (downwind). Air from each sampling site was collected twice for 10 min. For high
throughput sequencing analysis, additional samplings of 30 min were performed during sampling
visits 14 to 17 (from February 14, 2018, to March 13, 2018). All collection recipient volumes were
completed to 15 mL with 1× PBS.

For the 10-min air samples and subsequent qPCR analysis, aliquots of 1 mL were pelleted
(21,000 × g for 10 min) and the supernatants discarded. Total DNA was extracted using the DNeasy
PowerLyzer PowerSoil Kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer’s
instructions with a few modifications. The PowerBead Solution was used to solubilize the pellet and a
Mixer Mill MM301 (30 Hz for 10 min, Retsch, Haan, Germany) for bead beating. Extracted DNA was
stored at −20 ◦C. For RT-qPCR analysis of RNA (F+) coliphages (group I), RNA was extracted from
aliquots using the QIAamp Viral RNA Mini Kit (Qiagen). cDNA was synthesized from the extracted
RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) and 10 µL of RNA with
10 µL of reaction mixture containing iScript reaction mix, iScript reverse transcriptase, and nuclease
free water. The synthesized cDNA was stored at −20 ◦C until further analysis.

For the 30-min air samples to be analyzed by high throughput sequencing, samples were filtered
onto a 0.2 µm polycarbonate membrane (Merck Millipore, Cork, Ireland). As previously described [39],
the membrane was inserted into a 1.5 mL tube containing a tungsten carbide bead (Retsch) and 750 µL
of PowerBead Solution (Qiagen), frozen at −80 ◦C for 16 h, and pulverized by shaking in a Mixer Mill
MM301 (30 Hz for 20 min, Retsch). DNA was then extracted from the broken membrane using the
DNeasy PowerLyzer PowerSoil Kit (Qiagen, Mississauga, ON, Canada).
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DNA was analyzed by qPCR for total archaea [40], Clostridium perfringens, Escherichia coli,
Enterococcus, Legionella pneumophila, Legionella longbeachae, PCV, and total bacteria. C. perfringens
protocols were run on a CFX384 Touch Real-Time PCR Detection System (Bio-Rad) and the remainder
on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Data was acquired with the Bio-Rad CFX
Manager software (Version 3.1) and analyzed using the linear regression of the log10 (target number
copy) = f (threshold cycle) function. All PCR run had percent efficiency (%E = (10 (−1/slope of standard curve)

− 1) × 100) between 90% and 110%. Primers and probes obtained from Integrated DNA Technologies
are listed in Table 1 [41–50]. PCR reaction mixtures were composed of 5 µL of extracted DNA or
cDNA, iQ Supermix or iQ SYBR Green Supermix (Bio-Rad), primers, probe, and DNase/RNase-free
water. Genomic DNA from E. coli (ATCC 25922), L. pneumophila (ATCC® 33152), L. longbeachae (ATCC®

33462D-5) and from Methanosarcina mazei (ATCC BAA-159D) were quantified by spectrophotometry
(NanoDrop 2000 Spectrophotometer, ThermoScientific, Rochester, NY, USA) and 10-fold dilutions
used as a standard curve. Standard curve for quantification of C. perfringens, E. coli, Enterococcus, RNA
(F+) coliphages (group I) and PCV were 10-fold dilutions of DNA plasmid constructions consisting of
pCR4TOPO (Invitrogen, Carlsbad, CA, USA) with specific 16S rDNA, pIDTSMART-AMP plasmid
containing the targeted region (69 bp) of the coliphage replicase gene (IDT, Coralville, IA, USA) or
pCR2.1TOPO (Invitrogen) for whole PCV-A genome cloned in E. coli [7,51]. Total bacteria concentration
was then expressed as equivalent E. coli per cubic metre of air (equivalent E. coli m−3) and archaea as
equivalent M. mazei m−3. Concentration of specific targeted bacteria or viruses were expressed as PCR
target copies per cubic metre of air (copies/m3).

Table 1. qPCR protocols for targeted microorganisms.

Microorganisms Primers and Probes
(Final Concentration) Sequence (5′–3′) Thermoprotocol References

Archaea

A751F (500 nM) CCG ACG GTG AGR GRY
GAA

1) 95 ◦C for 5 min
2) 95 ◦C for 10 s

3) 55.5 ◦C for 20 s
4) 72 ◦C for 30 s

Repeat 2)–4) 35 times
5) 72 ◦C for 10 min

6) 50–95 ◦C (0.5 ◦C increase per 2 s)

[44,45]
A976R (500 nM) YCC GGC GTT GAM TCC AAT T

Bacteria

EUBF (625 nM) GGT AGT CYA YGC MST
AAA CG 1) 94 ◦C for 3 min

2) 95 ◦C for 20 s
3) 62 ◦C for 60 s

Repeat 2)–3) 40 times

[43]EUBR (625 nM) GAC ARCC ATG CAS CAC
CTG

EUB probe (62.5 nM)
FAM-TKCGCGTTGC

DTCGAATTA
AWCCAC-TAMRA

Clostridium
perfringens

CPerf165F (250 nM) CGC ATA ACG TTG AAA
GAT GG

1) 95 ◦C for 3 min
2) 95 ◦C for 15 s
3) 57 ◦C for 30 s
4) 72 ◦C for 30 s

Repeat 2)–4) 40 times
5) 72 ◦C for 10 min

6) 50–95 ◦C (0.5 ◦C increase per 2 s)

[40]

CPerf269R (250 nM) CCT TGG TAG GCC GTT
ACC C

Enterococcus
Ent1 (250 nM) CCC TTA TTG TTA GTT GCC

ATC ATT [42]

Ent2 (250 nM) ACT CGT TGT ACT TCC CAT
TGT

Escherichia coli EC1 (300 nM) GTT AAT ACC TTT GCT CAT TGA

1) 95 ◦C for 3 min
2) 95 ◦C for 15 s
3) 55 ◦C for 30 s
4) 72 ◦C for 30 s

Repeat 2)–4) 40 times
5) 72 ◦C for 10 min

6) 50–95 ◦C (0.5 ◦C increase per 2s)

[41]

EC2 (300 nM) ACC AGG GTA TCT AAT
CCT GTT
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Table 1. Cont.

Microorganisms Primers and Probes
(Final Concentration) Sequence (5′–3′) Thermoprotocol References

Legionella
longbeachae

LLongF (500 nM) AGA TGG GAT GTC TGG
TGC TC 1) 95 ◦C for 3 min

2) 95 ◦C for 15 s
3) 60 ◦C for 1 min

Repeat 2)–3) 40 times
[48]LlongR (500 nM) ACC TGG TTT TGC ACC

AGT TC

LlongProbe (50 nM) 56-FAM/ACA AAG CAA/ZEN
AAG GTG ACG CT/3IABkFQ

Legionella
pneumophila

LpneuF (500 nM) GCA TTG GTG CCG ATT
TGG 1) 95 ◦C for 5 min

2) 95 ◦C for 15 s
3) 57 ◦C for 10 s

Repeat 2)–3) 45 times
[47]LpneuR (500 nM) GYT TTG CCA TCA AAT CTT

TCT GAA

LpneuProbe (50 nM)
56-FAM/CCA CTC ATA/ZEN/

GCG TCT TGC ATG CCT
TTA/3IABkFQ

Coliphages
Colip-F (250 nM) ATCCATTTTGGTAACGCCG 1) 95 ◦C for 3 min

2) 94 ◦C for 15 s
3) 60 ◦C for 30 s

Repeat 2)–3) 40 times

[49]Colip-R (250 nM) TGCAATCTCACTGGGACATAT

Colip-Probe (50 nM) TAGGCATCTACGGGGACGA

Porcine Circovirus

Circo-Gen-F (400 nM) GGC CAC CTG GGT GTG
GTA AA

1) 95 ◦C for 3 min
2) 95 ◦C for 30 s
3) 60 ◦C for 60 s
4) 72 ◦C for 60 s

Repeat 2)–4) 45 times

[46]Circo-Gen-R (400 nM) CCC ACC ACT TGT TTC TAG
GTG GTT

Circo-Gen-Probe (120 nM)
56-FAM/TTT GCA GAC CCG

GAA ACC ACA TAC TGG
A/3BHQ

Culturable airborne bacteria were quantified on tryptic soy agar (TSA, BD, Sparks, MD, USA)
with amphotericin (5 µg/mL, Sigma-Aldrich, St. Louis, MO, USA). Aliquots of 1 mL and 0.1 mL of a
10-fold dilution series (10−1 to 10−6) were spread on TSA plates. Plates were incubated at 25 ◦C for
72 h. Concentration of culturable bacteria were expressed as colony forming units per cubic metre of
air (CFU/m3).

ATU reduction efficiency (expressed in %) was calculated using the following equation:

Reduction efficiency = ((upwind concentration − downwind concentration)/

upwind concentration) × 100

For air samples with no PCR detectable target, the limit of detection (LOD) was used to calculate
the associated reduction efficiency. The resulting reduction efficiency is associated with an arrow
in Figures. Arrow direction indicates a possible underestimation or overestimate of the reduction
efficiency by using PCR LOD for downwind or upwind air samples, respectively.

For bacterial diversity analysis by high throughput sequencing, samples were sent to the Plateforme
d′analyse génomique de l′Institut de biologie intégrative et des systèmes (IBIS, Université Laval,
Québec, QC, Canada). PCR amplified V6–V8 regions of the 16S rRNA genes were sequenced on an
Illumina MiSeq platform [52]. Sequencing data received were cleaned and analyzed in the mothur
bioinformatics software package mostly according to the MiSeq SOP [mothur v.1.39.5; [53]). Briefly,
contigs were generated and sequence reads longer than 450 bp, with more than 0 ambiguous base
pairs, and more than 8 homopolymers were removed. Cleaned reads were then aligned to the Silva
SSU reference database v.128, shortened to the V6–V8 region for performance, and chimeras removed
using the UCHIME function [54]. Cleaned and trimmed sequences were classified by the Bayesian
classifier in mothur according to the Silva taxonomy database v.128 with 80% confidence cut-offs.
Sequences were clustered into operational taxonomic units (OTUs) according to a 0.03 dissimilarity
(or 97% similarity) cut-off. Good’s index was used as an indicator of coverage using the subsampled
quantity. Chao1 and the number of OTUs generated were used as richness indices. Inverse-Simpson
index was used as a measure of diversity. Samples were grouped according to sampling location and
visit for comparisons. The beta diversity was examined through the use of PCoA plots as well as the
analysis of molecular variance (AMOVA) calculations for statistical analyses of significance.
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2.3. Statistical Analysis

Data were expressed as medians with inter-quartile range (IQR) due to outliers and the potential
for larger negative values. T-tests were used to identify significance between studied sets and were
considered significant if p ≤ 0.05. Statistical tests performed outside the mothur software were made
using GraphPad Prism 5 (ver. 5.03).

3. Results

The ATUs had changing airflow rates during the course of the study due to changing seasons
and outdoor temperatures and the consequent variable airflow patterns of swine building ventilation
systems (ventilation rates from 250 to 3500 CFM). The average temperatures across all samplings
upwind and downwind of the ATUs were 20.8 ◦C and 19.8 ◦C, respectively, with a greater standard
deviation for downwind temperatures (4.5 ◦C compared to 2.5 ◦C). The relative humidity averaged
66.9% with a standard deviation of 13.4%. See Table 2 for details. Upwind concentration for airborne
culturable and total bacteria and archaea ranged from 333 CFU/m3 to 226,857 CFU/m3, 975 E. coli
equivalent m−3 to 240,748 E. coli equivalent m−3, and 896 M. mazei equivalent m−3 to 5579 M. mazei
equivalent m−3, respectively. No correlation was found between airborne bacteria and archaea upwind
concentration and the monitored ATU airflow rate, temperature or relative humidity. Among specific
targeted microorganisms, larger amounts of airborne Enterococcus than E. coli were revealed by qPCR
analysis in non-treated air samples (upwind).

There was no significant difference between the two ATUs’ median percent reduction of total
bacteria, and units A and B results were then pooled together. Culturable bacteria had a median
of 1.1 × 104 copies/m3 upwind, with a minimum of 9.52 × 102 CFU/m3 and maximum of 6.05 × 105

copies/m3, and 1.6 × 104 CFU/m3 downwind. The upwind air had median concentrations of total
bacteria (by qPCR) of 2.99 × 104 copies/m3 (min: 3.36 × 103 copies/m3, max: 1.03 × 106 copies/m3),
Enterococcus at 1.30 × 103 copies/m3 (min: 2.30 × 102 copies/m3, max: 7.10 × 103 copies/m3), archaea
at 3.85 × 103 copies/m3 (min: 1.45 × 103 copies/m3, max: 1.38 × 104 copies/m3), E. coli at 7.57 × 102

copies/m3 (min: 2.50 × 102 copies/m3, max: 1.00 × 105 copies/m3) and coliphages at 7.88 × 103 copies/m3

(min: 1.46 × 103 copies/m3, max: 8.61 × 104 copies/m3). The ATUs were effective at reducing total
bacteria (a 75% median reduction efficiency, n = 34) and Enterococcus (76.1%, n = 23), while moderately
effective at diminishing archaea (42.1%, n = 10) and E. coli (40.9%, n = 22), and even less at reducing
culturable bacteria (14.4%, n = 34). There was no detectable C. perfringens or PCV (by qPCR) in any air
samples. Coliphages were reduced by 25.6% (n = 23). There was no correlation identified between
environmental conditions (temperature, relative humidity) and percent reduction efficiency.

For evaluating the impact of ATU airflow rate and seasons on bioaerosol reduction efficiency, air
samples were classified into three groups (See Figure 1, Table 3); group A representing the start-up
period or biofilm establishment (sampling visits 1 to 6, n = 24), group B was characterized by high
ATU airflow rates (visits 7 to 9, n = 12), and group C associated with a variable ATU airflow rate (visits
10 to 17, n = 32). Although differences in reduction efficiency can be seen between groups, there was
only a statistically significant difference between the percent reduction of E. coli in Group B–Group
C (p = 0.0155). Although there was a trend of decreasing reduction efficiency of coliphages over the
year from highest to lowest (Group A (40.8%), Group B (28.8%) and Group C (17.6%)), there was no
significant difference between the three groups.
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Table 2. Table of recorded air treatment unit (ATU) environmental conditions during sampling. This
table includes the approximate air flow (cubic feet per minute) within the ATU and the sampling rate
selected based on isokinetic calculations. Relative humidity was only measured before the ATU and
was assumed to be near 100% at the exit.

Visit. Unit Air Flow
(CFM) EBRT (s) Sampling Rate

(L/min)
Relative

Humidity (%)
Temperature
Before (◦C)

Temperature
After (◦C)

V1
(26/5/2017)

A 1540 8.4 150 64.0 20.0 19.0

B 1090 11.9 150 63.0 20.0 20.0

V2
(21/6/2017)

A 1350 9.6 100 63.5 22.2 20.5

B 1160 11.2 100 64.5 23.1 22.6

V3
(5/7/2017)

A 1400 9.3 150 45.0 25.5 21.0

B 1170 11.1 100 51.0 26.7 23.5

V4
(17/7/2017)

A 1350 9.6 150 63.1 26.2 23.4

B 1240 10.5 100 68.9 27.4 25.5

V5
(3/8/2017)

A 1390 9.3 150 64.5 24.7 22.2

B 1370 9.5 150 67.1 25.2 23.7

V6
(14/8/2017)

A 1350 9.6 150 61.7 24.6 21.1

B 1230 10.5 100 66.2 23.4 22.2

V7
(30/8/2017)

A 3375 3.8 300 48.9 26.2 21.0

B 3090 4.2 250 51.5 25.5 21.4

V8
(13/9/2017)

A 3325 3.9 300 50.5 27.2 21.7

B 3080 4.2 250 54.7 24.6 21.9

V9
(28/9/2017)

A 3300 3.9 300 54.7 22.5 19.5

B 3050 4.2 250 57.8 21.5 19.0

V10
(17/10/2017)

A 1130 11.5 100 56.0 20.4 17.0

B 490 26.4 150 59.0 19.2 15.0

V11
(3/11/2017)

A 1100 11.8 100 58.0 21.7 20.0

B 540 24.0 200 59.3 21.4 22.0

V12
(18/12/2017)

A 255 50.8 100 80.3 11.6 16.7

B 770 16.8 250 79.9 15.6 17.5

V13
(25/1/2018)

A 385 33.7 150 88.8 13.8 17.6

B 460 28.2 200 94.4 13.3 16.7

V14
(14/2/2018)

A 290 44.7 100 87.5 14.2 16.8

B 870 14.9 300 92.5 15.1 17.0

V15
(7/3/2018)

A 575 22.5 150 82.0 15.2 17.3

B 1263 10.3 150 83.5 16.9 17.5

V16
(23/3/2018)

A 455 28.5 150 81.5 15.8 17.2

B 1420 9.1 150 71.0 19.2 18.1

V17
(13/4/2018)

A 285 45.5 100 83.0 16.8 19.0

B 1690 7.7 150 55.8 19.6 17.5
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Figure 1. Percent reduction efficiencies of ATU against all detectable studied microorganisms.
The graphs represent ATU reduction efficiencies for archaea, F+ RNA coliphages (group I), bacteria
cultured on tryptic soy agar (TSA), Escherichia coli, Enterococcus, and total bacteria by qPCR. Red arrows
refer to reduction efficiencies calculated using the limit of quantification for downwind or upwind data.

Table 3. Percent reduction efficiencies for analyses by grouping. Median values reported with
interquartile range (IQR) in brackets. Negative values indicate an increase in treated air concentration.
Flow rate (CFM = cubic feet per minute) is the median of values recorded during the time of sampling
for each visit.

Percent Reduction Efficiency (%)

Group AirFlow Rate
(CFM) Total Bacteria Culturable Enterococcus E. coli Archaea Coliphages

A 1350 66 (66) −218 (559) 32 (139) 20 (99) 42 (0) 40.8 (168.2)
B 3195 77 (34) 26 (50) 84 (8) −87 (274) 42 (26) 28.8 (54.5)
C 557.5 75 (17) 29 (96) 76 (31) 56 (27) 47 (23) 17.6 (100.4)

For diversity analysis, following the formation of contigs, the screening and the filtering, a total of
882, 096 sequence reads were available to characterize the bacterial diversity of air samples (n = 16)
and nutritive solution samples (n = 7).

The generation of OTUs resulted in 22,102 OTUs at the 3% cut-off. The largest quantity of OTUs
were in the nutritive solution samples followed by upwind and then downwind air samples. When
samples are plotted according to similarity on a distance matrix and dendrogram, two groups appear
(air samples and nutritive solution samples) (Figure 2). There is a significant difference in sample
diversity between air samples and nutritive solution samples (p-value < 0.001).
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Figure 2. Dendrogram of samples. V## identifies the visit, A or B identifies the unit for upwind,
downwind, and nutritive solution samples.

The cleaned sequencing data revealed that air samples, both upwind and downwind of ATUs,
contained primarily the phyla Bacteroidetes and Firmicutes while the bacterial microbiota of the nutritive
solution was primarily composed of Proteobacteria (Figure 3). In treated air samples, there was an
increase in relative abundance of Proteobacteria compared to upwind air samples, an average of 1.8%
across all non-treated air samples to 9.5% (from 0.9% to 22.9%) downwind of ATUs. The most dominant
genera found in air samples were Prevotella, Terrisporobacter, Streptococcus, and Clostridium. Legionella
were present in air samples (from 0.0% to 2.4% in relative abundances). L. longbeachae and L. pneumophila
specific qPCR were then run in samples with the highest relative abundances of Legionella classified
sequences. However, these two species of Legionella were undetectable.
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4. Discussion

The ATUs were able to reduce bacteria emitted from the swine building, as determined by qPCR
targeting total bacteria. Results show similar efficiency to laboratory-scale tests of the ATUs for phage
(36.6%) [31,55]. Although culturable bacteria was associated with an overall low ATU percent reduction
efficiency, it may not be representative of the efficiency of the ATU over extended use, as the first
sampling group (group A) had a median increase of 218% but subsequent sampling groups had median
reductions of 26% and 29% (groups B and C, respectively). It could potentially be due to the biofilm
not being established on the inert support during the start-up period and an increased ATU bacterial
shedding. A mixed inoculum was used during the start-up period to aid in biofilm establishment.
Aarnink et al., also mentioned a 279% increase when investigating culturable bacterial reduction by a
biotrickling filter treating air from a pig building [30]. The operational duration of the biotrickling
filter was, however, not reported by Aarnink et al., (2011) and as such, no comparison can be made
regarding the potential impact of time on reduction efficiencies for culturable bacteria. It is important
to note that not all bacteria can be grown on TSA at 25 ◦C in aerobic conditions used in the present
study. Organisms that do not utilize the substrates available or that are anaerobic could not be cultured
on the media used in the present study. Some major genera detected in sequencing were anaerobic
bacteria and as such represent an underrepresented community in culturable data.

There was no correlation between environmental factors and the PCR quantified airborne bacteria
and archaea concentration. The sampling covered a diverse range of temperatures, airflow rates, and
relative humidity. There was the appearance of an association between low upwind concentrations
and increases in concentrations after the ATU but this could not be determined statistically. The only
statistically significant difference in quantities of non-treated air samples according to seasonal
groupings (groups A through C) was E. coli in groups B and C but the limited number of samples
in group B (n = 4) may have biased the median. The non-statistically significant difference between
culturable bacteria in group A and the others may be due to the greater variation (IQR of 559).

Targeted bacteria such as E. coli were reduced (40.9%) by the ATU, this is not always consistent as
5 of 22 samples with detectable E. coli had increases after the ATU. An important consideration because
of the potential economic ramifications of an exacerbated E. coli outbreak. Post-weaning diarrhea
(PWD), caused by Escherichia coli, is a major cause of piglet fatality worldwide. PWD was estimated to
cost $20,000 per year for a 500 sow herd (Ontario, Canada) and can be particularly troublesome due to
recurring yearly outbreaks [56]. Total piglet scours (E. coli and other causes included) were estimated
to cost the Australian swine industry about $7 million a year [57]. Certain strains of E. coli were found
to be transferable by air within the same building [58]. Enterococcus was reduced by 76.1% which may
be an important reservoir for antibiotic resistance in swine buildings. Enterococcus of swine origin has
been discovered carrying antimicrobial resistance genes outside SCB [59]. Additionally, Enterococcus
has been identified as comprising the majority of airborne bacteria in swine buildings which makes
it a potentially important reservoir for antibiotic resistance genes and a marker to establish bacterial
reductive efficiency of studied strategies [9]. These concentration of bacteria in the air in this study
were similar to those found in previous swine buildings although existing at the lower edges of the
ranges described previously [38]. This could indicate the natural loss of bacteria through the exhaust
fans and due to the distance to the first air sampler.

Unlike the previous finding of airborne PCV (eukaryotic viruses) inside all visited Eastern
Canadian SCB [51], there was no detectable PCV in any samples likely due to the widespread
use of effective vaccines in Canada prior to the present study [19]. F+ RNA coliphages (group I),
bacterial viruses specific to coliforms, were, however, detected and concentration reduced by the ATUs.
The reduction efficiency varied but overall was low (25.6%) which is comparable to the lab-scale ATU
tests using nebulized phages (36.6%) [31]. These results enhance the knowledge of the percolating
biofilter’s ability to reduce viral loads in the air emitted from SCB by targeting and detecting genes
from viruses that are naturally aerosolized in swine buildings. However, the detection rate of the
coliphages was 48.5% and better targets still need to be found. A viral marker is then needed for



Atmosphere 2019, 10, 525 12 of 16

subsequent studies in order to unravel the ATU efficiency of removing viral aerosols. A viral marker
should be airborne and generated naturally inside swine buildings.

The high-throughput amplicon sequencing largely corroborated previous work on the airborne
bacterial diversity inside SCB [33]. Although the duration of this study lasted 10 months, sequencing
data was not available for the entire duration due to sampling limitations and as such no comparison can
be made regarding seasonal differences in bacterial communities in emitted air. The major differences
being in the lower relative abundances of Firmicutes when compared to sequencing techniques like
454 pyrosequencing or clone libraries [5,34,36]. The results of the present study are similar to the a
study with different 16S rRNA regions targeted and the use of Illumina HiSeq (V6–V8 in the present
study compared to V3) [33]. Dissimilarities in data could be explained by: the use of different air
samplers (the wetted wall cyclone Coriolis µ vs. dry filtering membranes or other liquid or solid
impactors) and the differences in the classification database (SILVA compared to RDP database). Indeed,
these authors found that RDP database did not assign as many sequences to Terrisporobacter when
compared with SILVA using the same confidence cut-off (data not shown). When classifying sequences
according to the RDP database, the genus Terrisporobacter is identified as an unclassified member of the
Peptostreptococcaceae family and as such may not be reported in literature. Moreover, clone libraries and
454 pyrosequencing results are more dissimilar to Illumina sequencing. Finally, differences between
the present study and others could result from the air being not directly sampled inside SCB. Bacterial
diversities were instead characterized in bioaerosols environmentally emitted from the building.

5. Conclusions

The present study provides evidence that a biotrickling filter, an air treatment unit (ATU) designed
by the IRDA, is effective at removing environmentally emitted bioaerosols, even with highly variable
air flowrates, without significantly impacting the bacterial communities through ATU shedding.
The overall effectiveness of the ATU design was revealed with the use of qPCR, high throughput
sequencing and culture approaches. No sign of decline in ATU functionality over the 10-month period
was observed although variability in reduction efficiency for culturable bacteria characterized the
period of biofilm establishment. This study does not exclude the potential for biotrickling filters to
be sources of emitted bacteria. There was no pathogenic agent of serious concern detected during
the present study. Future work includes evaluating the efficiency of ATUs against viruses using a
viral marker or during outbreaks, such as during PRRSV episodes, and the incorporation of anaerobic
bacterial considerations during culture and molecular biology methods.
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