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Re-aerosolization in liquid-based air samplers induces bias
in bacterial diversity

Joanie Lemieuxa,b, Marc Veilletteb, Hamza Mbarechea,b, and Caroline Duchainea,b

aD�epartement de biochimie, de microbiologie et de bio-informatique, Facult�e des sciences et de g�enie, Universit�e Laval, Quebec City,
Quebec, Canada; bCentre de recherche de l’Institut universitaire de cardiologie et pneumologie de Qu�ebec, Quebec City,
Quebec, Canada

ABSTRACT
Bioaerosols collected in a liquid-based sampler can be re-aerosolized into the airflow during
collection and lost or concentrated in the collection fluid and overestimated during the sub-
sequent analyses. Very little information is available concerning the specific impact on bio-
aerosol quantification and diversity and wrong evaluation of pathogens or potentially
harmful microorganisms concentration could lead to incorrect data interpretation and
inaccurate exposure risk assessment. The aim of this two-part study was to better under-
stand how evaporation impacts the results obtained from liquid-based samplers. Bacterial
consortium was spiked in the collection vessels of the CoriolismVR and the BioSamplerVR and
the bacterial concentration was monitored after running the samplers in vitro. Relative ratios
of the bacteria were analyzed using qPCR (before/after). A field study in which liquid-based
air samplers in a natural environment were compared to filter-based samplers was per-
formed. This allowed for the relative characterization of either concentration or the re-aero-
solization between the two samplers using high throughput sequencing methods. Amongst
the four strains of bacteria examined in vitro, results suggest differential behavior between
concentration or re-aerosolization from the liquid. Re-aerosolization of bacteria is difficult to
predict as the cell-surface hydrophobicity, the liquid-based air sampler and its flowrate can
influence it. The sequencing results from field samples confirmed the loss of entire genera
by re-aerosolization (Brevundimonas, Clostridium, Mycobacterium, and Smithella) out of the
BioSamplerVR while concentration of several other genera were reduced (Bradyrhizobium,
Delftia, Propionibacterium, and Sphingomonas). These observations suggest that evaporation
in liquid samplers might lead to over- or underestimation of the prevalence of
some genera.
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Introduction

Air is a highly complex environment to sample com-
pared to soil or water, where biomass is more abun-
dant (Whitman, Coleman, and Wiebe 1998; van der
Heijden, Bardgett, and van Straalen 2008; Burrows
et al. 2009; Yooseph et al. 2013; Bouchez et al. 2016).
Since biomass in the air can be diluted, volumetric air
sampling is the most effective approach for collecting
and concentrating bioaerosols. Volumetric air sampling
occurs when a known volume of air is captured at a
specific flowrate, enabling the airborne particulates to
be retrieved using various media such as liquid buffers,
culture media or filters. The hope is that air samplers
collect microbes leading to quantification and diversity
analyses with as little bias as possible.

Several air samplers are currently available on the
market. These samplers use various capture flowrates
and capture mechanisms including inertial impactors,
impingers, cyclones, and filters. The choice of sam-
pling device and strategy is mainly related to their
intended applications and must consider the advan-
tages and weaknesses associated with the sampling
principles (Thorne et al. 1992; Grinshpun et al. 1997;
Pahl et al. 1997; Willeke, Lin, and Grinshpun 1998;
Lin et al. 1999; Lin et al. 2000; Duchaine et al. 2001;
Agranovski et al. 2002, 2005; Yao et al. 2009; Zhen
et al. 2009; Coccia et al. 2010; Kesavan, Schepers, and
McFarland 2010; Griffin et al. 2011; Springorum,
Clauß, and Hartung 2011; Yamamoto et al. 2011; Han
and Mainelis 2012; Sanchez-Munoz et al. 2012; Su
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et al. 2012; Dybwad, Skogan, and Blatny 2014; Amato
et al. 2015; Kesavan and Sagripanti 2015;
Wubulihairen et al. 2015; Haig et al. 2016; Yu et al.
2016). For example, high flowrates used with a filter-
based sampler could be inappropriate for culture-
based approaches but might be effective for molecu-
lar-based studies.

Because liquid samplers are gentler on microbial
cell integrity and result in higher microbial viability,
they are better suited for cultivability assays of various
microorganisms such as bacteria, molds, and even
viruses. They also allow dilution of the sample prior
to plate count, microscopy, or cell count analyses
(Juozaitis et al. 1994; Terzieva et al. 1996; Lin et al.
1999; Agranovski et al. 2002; Hogan et al. 2005;
Hermann et al. 2006; Rule et al. 2007; Verreault,
Moineau, and Duchaine 2008; Coccia et al. 2010;
Riemenschneider et al. 2010; Griffin et al. 2011; King
and McFarland 2012; Ahmed, Schulz, and Hartung
2013; Dybwad, Skogan, and Blatny 2014; West and
Kimber 2015; Zheng and Yao 2017). Liquid-based
samplers are also compatible with molecular analyses
such as specific detection and quantification by qPCR
or high throughput sequencing analyses (An,
Mainelis, and White 2006; Cayer et al. 2007; Kim
et al. 2011; Yamamoto et al. 2011; Lecours et al. 2012;
Dybwad, Skogan, and Blatny 2014; Hoisington et al.
2014; Bonifait et al. 2017; Mbareche et al. 2017a,
2017b, 2018a, 2018b; Veillette, Mbareche, and Dion-
Dupont 2017; Brisebois et al. 2018; Zhen et al. 2018).
Indeed, widely used air samplers like the swirling
impinger BioSamplerVR (SKC Inc., Eighty-Four, PA,
USA) and the cyclonic impactor CoriolismVR (Bertin
Technologies, Montigny-le-Bretonneux, France) both
share the benefits specific to liquid-based samplers.
The BioSamplerVR has three nozzles tangentially ori-
ented from its collection vessel. These nozzles dictate
the flowrate through the critical orifices and create a
swirling motion that collects bioaerosols in the collec-
tion fluid (Willeke, Lin, and Grinshpun 1998; Lin
et al. 1999, 2000; Dungan and Leytem 2016). The
CoriolismVR aspirates air in a conical vessel where it
creates a vortex in the collection fluid where the bio-
aerosols are collected by centrifugal motion (Carvalho
et al. 2008; Gomez-Domenech et al. 2010; Langer
et al. 2012). Furthermore, the BioSamplerVR and
CoriolismVR can sample over long time periods, which
allows for the recovery of large volumes of air and
microorganisms (Willeke, Lin, and Grinshpun 1998;
Carvalho et al. 2008; Gomez-Domenech et al. 2010).
However, a recent study reported large dissimilarities
in the assessments of microbiota using 16S rDNA

sequencing when liquid samplers were compared with
electret filters (Veillette, Mbareche, and Dion-Dupont
2017; Mbareche et al. 2018a). The reasons behind this
discrepancy could not be explained.

Various factors such as temperature, relative humidity
and bacterial cell behavior in liquid may influence their
response and thus, the consequent diversity sampled
using liquid-based samplers. Liquid samplers always
exhibit a loss of collection fluid during the sampling
period (Henningson and Ahlberg 1994; Lin et al. 1997;
Willeke, Lin, and Grinshpun 1998; Lin et al. 1999;
Agranovski et al. 2002). This loss of liquid and its impact
on the loss of specific microorganisms has never been
addressed. This phenomenon associated with liquid sam-
plers could lead to the loss of microorganisms by re-aero-
solization (Grinshpun et al. 1997; Willeke, Lin, and
Grinshpun 1998; Lin et al. 1999; Agranovski et al. 2002;
Riemenschneider et al. 2010; Griffin et al. 2011;
Springorum, Clauß, and Hartung 2011; Han and
Mainelis 2012). Re-aerosolization occurs when microor-
ganisms already harvested in the collection fluid are re-
aerosolized in the airflow and lost, leading to an under-
estimation of biodiversity and biomass.

A recent study suggested that droplets produced by
bubbles from liquid that has been artificially contami-
nated with bacteria have different behaviors than
those produced from clean water (Poulain and
Bourouiba 2018). This leads to the conclusion that the
possible impacts of re-aerosolization on results can be
significant if a population or a type of microorganism
is completely or partially lost during sampling.
Underestimating the concentration of a pathogen or a
potentially harmful microorganism could be damag-
ing, and inaccurate evaluations of microbiota or bio-
diversity could impair our understanding of the role
of bioaerosols in health effects.

The aims of this study were to 1) evaluate re-aero-
solization in two widely used liquid samplers spiked
with known bacterial consortia and 2) evaluate evap-
oration and subsequent re-aerosolization induced bias
in a natural environment by comparing liquid and fil-
ter samplers.

Material and methods

In vitro experiments

Air samplers
Two liquid samplers were tested in this study, the
CoriolismVR and the BioSamplerVR . The CoriolismVR was
tested at 100 L/min and 200 L/min for 10min while
the BioSamplerVR airflow was set at 12.5 L/min and
was used for 20min of sampling. The CoriolismVR and
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BioSamplerVR collection vessels were filled with 15 and
20mL of PBS (sodium phosphate buffer), respectively.

Experimental design
The collection vessels of the CoriolismVR and
BioSamplerVR were each spiked with a bacterial suspen-
sion prior to being run in a sterile environment (level
2 safety cabinet, type A2, Nu-Aire, MN, USA).
Quantitative PCR was used to assess bacterial strains
and total genome concentration before and after sam-
pling. The concentration of a given bacterial strain in
the collection fluid was compared before and after
sampling to determine if re-aerosolization (loss) or
concentration (increase) had occurred beyond the

amount associated with normal evaporation. Five con-
ditions were tested consisting of each one of the four
chosen bacteria alone and the consortium (Figure 1).
Five replicates of each condition were performed.

Bacteria growth and preparation for experiments
The four bacteria used in this study were Lactobacillus
paracasei, Moraxella catarrhalis, Pseudomonas aerugi-
nosa, and Staphylococcus aureus (Table 1). These bac-
teria were chosen because they represent a mixed
population of Gram negative and positive bacteria as
well as a mixture of rod- and coccus-shaped bacteria.
Cell surface hydrophobicity was evaluated for each
strain using a test based on adsorption to n-

Figure 1. Experimental protocol for sampling each of the four bacteria strains and the bacterial consortium using CoriolismVR and
the BioSamplerVR .
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hexadecane as described by Rosenberg, Gutnick, and
Rosenberg (1980). Auto-aggregation capacity was also
measured for each strain as described by Malik
et al. (2003).

L. paracasei, M. catarrhalis, P. aeruginosa, and S.
aureus were grown as described in Perrott et al.
(2017), except that the cells were not washed before
dilution. The optical density of each overnight culture
was measured at 600 nm using a GeneQuant pro spec-
trometer (model 80-2114-98, GE Healthcare
Biosciences, Buckinghamshire, England). Cultures
were diluted with PBS to obtain an OD600 of 0.5
(approximately 1� 107 cells/mL).

First, each of the strains was tested alone. One
milliliter of suspension was added to the collection
fluid of each of the liquid samplers and vortexed.
Aliquots (2� 1.5mL) were collected to represent
“before sampling” conditions before the sampler was
turned on. At the end of the running time, the
residual volume of the collection fluid was measured
and additional aliquots (2 x 1.5mL) were collected to
represent “after sampling” conditions (Figure 1). The
bacterial consortium was then tested, and one milli-
liter of each bacterial suspension was added to the
collection fluid and vortexed. Next, the same “before”
and “after” steps described above were completed
(Figure 1). Five replicates of each conditions were per-
formed. After sampling, aliquots were centrifuged at
21,000 g for 10min to concentrate the bacteria, then
the supernatant was discarded, and the pellets were
stored at –20 �C until DNA extraction. The experi-
ments were repeated using the CoriolismVR at 100 L/
min and the BioSamplerVR with adding glycerol or
sucrose to the collection fluid at a final concentration
of 20% to determine if the composition of the fluid
influences evaporation and re-aerosolization.

DNA extraction
DNA from the “before” and “after” aliquots as well as
from the stock bacterial culture was extracted using a
DNeasy PowerLyzer PowerSoil kit (Mississauga, ON,
Canada) following the manufacturer’s instructions.

Homogenization was performed with a Mixer Mill
MM301 (Retsch, D€usseldorf, Germany) at 30 move-
ments per minute for 15min. DNA was eluted with
100 ml elution buffer supplied with the kit. Extracted
DNA samples were stored at –20 �C until fur-
ther analysis.

Quantitative PCR
Specific PCR amplifications of the four DNA strains
were performed according to a previous study (Perrott
et al. 2017). In addition, total bacteria amplification
(Universal primers) was performed on the bacterial
consortium samples (Table 2). Triplicates of each
sample were used for quantification. Standard curves
were prepared with 10-fold dilutions of genomic DNA
specific to the assay. Results were analyzed using Bio-
Rad CFX Manager software version 3.0.1224.1015
(Bio-Rad Laboratories).

Data analysis
For each sample, the quantified number of genome
copies for each strain per milliliter was used to calcu-
late relative ratios (RR): the number of genome copies
from the “after sampling” group divided by the num-
ber of genome copies from the “before sampling”
group. As an example, the calculation of the relative
ratio of P. aeruginosa is presented in Equation (1).

P: aeruginosaRR

¼ Number of P: aeruginosa genome copies=mLafter
Number of P: aeruginosa genome copies=mLbefore

(1)

The same calculation was performed for total bac-
teria with total genome copies. These relative ratios
indicate if the bacteria are re-aerosolized from the col-
lection fluid during sampling (RR < 1) or if they are
concentrated only because of evaporation of the col-
lection fluid (RR > 1). The same concentration of
bacteria before and after (RR ¼ 1) sampling indicates
that the sampling and liquid evaporation processes do
not affect the bacteria.

Table 1. Bacterial strains included in this study.
Strains Lactobacillus paracasei Moraxella catarrhalis Pseudomonas aeruginosa Staphylococcus aureus

Strain HER-1319 ATCC 8176 ATCC 27853 ATCC 25923
Shape Rod Coccus Rod Coccus
Arrangement Chains/Pairs Pairs/Short chains Isolated/Pairs Grape-like clusters
Length (mm) 0.7–1.1� 2.0–4.0 0.6–1.0 0.5–1.0� 1.5–3.0 0.5–1.0
Gram Positive Negative Negative Positive
Cell surface hydrophobicitya Hydrophilic Hydrophobic Hydrophilic Hydrophobic
Aggregationb þþþ þþ þ þþ
Phylum Firmicutes Proteobacteria Proteobacteria Firmicutes
aCell surface hydrophobicity test by Rosenberg, Gutnick, and Rosenberg (1980).
bAuto-aggregation test by Malik et al. (2003) (þþþ > 50%, þþ ¼ 20%–30% and þ < 20%).
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Field sampling experiments

Air samplers
Liquid samplers were compared to filter samplers and
one liquid sampler was connected to a filter at its out-
let to evaluate the loss by re-aerosolization during
evaporation. No significant loss is expected using filter
samplers, as there is no liquid evaporation. The liquid
samplers used in the experiment were the CoriolismVR

(high flowrate), sampling at 200 L/min for 10min
(2m3 of air), and the BioSamplerVR (low flowrate) con-
nected to a pump (Gilian AirCon-2 Area Air
Sampling Pump, Florida, United States), sampling at
12.5 L/min for 15min (0.25 m3 of air). The CoriolismVR

and the BioSamplerVR collection vessels contained
respectively 15mL and 20mL of sterile and filtered
PBS. In addition, closed-face cassettes (37mm) were
connected at the exhaust of the BioSamplerVR (between
the BioSamplerVR and the pump) to collect any micro-
organisms that might be re-aerosolized during evapor-
ation (Figure 2). The filter samplers used in this study
were the SASS 3100 (high flowrate) (Research
International, Inc., Monroe, WA), sampling at 300 L/
min for 7min and SKC 37mm closed-face cassettes
(low flowrate) (SKC Inc, Quebec, Canada), connected
to a Gilian AirCon-2 pump set out at 12.5 L/min for
15min. The 37mm cassettes were loaded with 0.8 mm
polycarbonate filter. Three sampling campaigns were
performed during which five replicates were collected.

Sampling setup
The sampling was performed in a wastewater treat-
ment center (WTC) in Eastern Canada during the
summer because this type of environment is known to
contain significant bacterial bioaerosols. The four air
samplers were placed 1m above the floor in the area
where grit removal takes place. All four samplers

collected air simultaneously. Five replicates were taken
per day and the WTC was visited three times.

Sample processing
Samples were kept on ice until arrival at the labora-
tory. The remaining volume of collection fluids were
recorded and transferred to a sterile 50mL conical
tube and stored at 4 �C with the filters and the cas-
settes until the following day. The SASS 3100 filters
were eluted in 5mL of SASS Extraction Fluid with the
SASS Particle Extractor (model 3010, Research
International, Inc., Monroe, WA) according to the
manufacturer’s instructions. The 37mm cassettes were
eluted by filling the cassettes with 3mL of SASS
Extraction Fluid and placed on an orbital shaker
(model 260301F, Fisher Scientific Boekel Ocelot
Shaker, Ottawa, Canada) at room temperature for
30min. After each cassette was disassembled, an

Figure 2. The 37mm cassette filter connected to
the BioSamplerVR .

Table 2. Primers and probes used in this study.

Microorganisms
Primers

and probes Sequence (50 to 30)
Final concentration

(nmol/L) PCR thermoprotocol References

S. aureus Saureus2F ATACGCCTCTCCACGCATAATC 200 Denaturation : 95 �C - 3min Perrott et al. 2017
Saureus2R CAGTAACTACGCACTATCATTCAGC 200 Annealing : 95 �C - 10 s

Elongation : 61 �C - 30 s
P. aeruginosa Pae-4F CGGCAACTACGGCTTCAAC 200 Cycles : 40

Pae-4R GCGGAACGAGTGACCTTGG 200 Initial melt step :95 �C - 10 s
Melt curve : 65-95 �C in 0.5 �C

increments for 5 s
M. catarrhalis Mor-F GTGAGTGCCGCTTTACAACC 500 Denaturation : 95 �C – 3min Greiner et al. 2003

Mor-R TGTATCGCCTGCCAAGACAA 500 Annealing : 95 �C - 10 s Perrott et al. 2017
Mor-TM FAM-TGCTTTTGCAGCTGTTAGCCAGCCTAA-BHQ_1 100 Elongation : 60 �C - 30 s

L. paracasei LactoF TGGATGCCTTGGCACTAGGA 600 Cycles : 40 Haarman & Knol 2006
LactoR AAATCTCCGGATCAAAGCTTACTTAT 600 Perrott et al. 2017
LactoP FAM-TATTAGTTC/ZEN/CGTCCTTCATC- IABkFQ/ 150

Total bacteria EUB F GGTAGTCYAYGCMSTAAACGT 625 Denaturation : 95 �C - 3min Bach et al. 2002
EUB R GACARCCATGCASCACCTG 625 Annealing : 95 �C - 20 s
EUB P FAM-TKCGCGTTGCDTCGAATTAAWCCAC-IBFMFQ 125 Elongation : 62 �C - 1min

Cycles : 40

1248 J. LEMIEUX ET AL.



1.5mL aliquot was collected. Aliquots (1.5mL) of the
liquid samples and of the eluted filters from the SASS
3100 were collected and all air samples were centri-
fuged at 21,000 g for 10min.

Quantitative PCR for total bacteria
See Table 2 for details.

Miseq illumina sequencing, bioinformatics workflow
and data analysis
The PCR-amplified 16S rDNA from the various sam-
ples were submitted to the Plateforme d’anlayses
g�enomiques de l’Institut de Biologie Int�egrative et des
Syst�emes (IBIS, Univerist�e Laval). Sequencing proto-
cols are described in detail in Comeau et al. (2011).

The bioinformatics analyses used in this study are
based on the workflow developed by Mbareche et al.
(2018a). An additional step was necessary for demulti-
plexing the raw FASTQ files where each sequence was
grouped by the sample it came from, and the reads
generated from the paired-end sequencing were com-
bined using mothur v1.35.1 (Schloss et al. 2009). The
sequences were filtered with mothur software
(mothur.org) to get rid of homopolymers, ambiguous
sequences and abnormal sequence lengths (too long
or too short). Identical sequences were put together
with VSEARCH (version 2.10.4) to reduce the file size
and lighten the computational burden. QIIME was
used to align the obtained sequences with the SILVA
ribosomal reference database (Caporaso et al. 2010).
The sequences were clustered into Operational
Taxonomic Units (OTUs) using the UPARSE method
implemented in VSEARCH with a cutoff of 97% simi-
larity (Rognes et al. 2016). Identification and removal
of chimeras were performed with UCHIME (Edgar
et al. 2011). QIIME was used for the taxonomic
assignment of OTUs using the 16S sequences from
the SILVA database. In order to concentrate our effort
on the core microbiome, OTUs that were present at
least 10 times in the dataset were kept for the micro-
bial diversity analyses. After constructing a metadata
mapping file, the microbial diversity analyses, includ-
ing the statistics were performed using QIIME scripts
(http://qiime.org/scripts/).

Statistical analysis
The relative ratios were assessed using a two-way ana-
lysis of variance (two-way ANOVA) performed with
GraphPad Prism 5 (GraphPad Software). The two var-
iables were: the samplers (CoriolismVR 100 L/min,
CoriolismVR 200 L/min and BioSamplerVR ) and the con-
ditions (each strain or the bacteria consortium).

Bonferroni post-hoc tests were performed to compare
replicate means. A one-way ANOVA was performed
on the relative ratios for total bacteria for the bacterial
consortium, followed by Turkey’s multiple comparison
test. Differences were considered significant when the
p-value < .05.

To determine the clustering of the samples a PCoA
(Principal Coordinates Analysis) was performed. The
statistical significance of the PCoA sample clustering
was determined using a PERMANOVA (Permutational
Multivariate Analyses of Variance). The test was
applied on a Bray-Curtis dissimilarity matrix for the
pairwise comparisons of samples. The statistical differ-
ence in the genera abundance between air samplers was
determined by a Wilcoxon Rank Sum Test (n¼ 3). A p-
value � .05 was considered significantly different.

Data availability
Raw sequence reads of the samples used in this study
have been deposited in the National Center for
Biotechnology Information (NCBI) under BioProject
PRJNA531492.

Results

In vitro experiments

Temperature and humidity
The different assays were performed from winter
through summer. The temperature and relative
humidity inside the laboratory in winter varied
between 16.7 �C and 16.9 �C and 32.1% and 33.1%,
respectively. During spring-summer, the temperature
and relative humidity varied between 18.1 �C and
20.9 �C and 67.3% and 73.4%, respectively.

Percentage of collection fluid evaporation
Evaporation rates for the two samplers (CoriolismVR

and BioSamplerVR ) were stable among replicates. The
experiments were performed in summer for the
BioSamplerVR and its evaporation rates varied from 7%
to 13%. For the CoriolismVR at 100 L/min, the evapor-
ation rates varied between 9% and 19%. The discrep-
ancies observed for CoriolismVR might be because the
experiments were performed in two different seasons,
thus exposed to different levels of relative humidity.
The percentage of evaporation observed for
CoriolismVR at 200 L/min varied between 33% and 39%.

Impact of running the spiked samplers on bacter-
ial content
The relative ratios (RR) of the two conditions tested
(single strain and bacterial consortium) for both
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samplers are shown in Figure 3. The tendency of each
strain was variable depending upon the condition and

the sampler. S. aureus tended to be lost during sam-
pling in almost all conditions, except in the bacterial

Figure 3. Relative ratios of genome copy numbers of each single strain and the bacterial consortium when added to the BioSamplerVR

and the CoriolismVR collection fluid. The geometric forms represent each value of the relative ratio obtained for the five replicates
(n¼ 5). The error bars represent standard deviation and the vertical bold lines represent the mean value of the relative ratios.
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consortium in the CoriolismVR at both flowrates, where
they tended to concentrate. The opposite tendency
was observed for P. aeruginosa, which were concen-
trated in the collection liquid of both air samplers.
Neither L. paracasei nor M. catarrhalis exhibited any
clear trends, as they alternated between being lost and
concentrated. The use of the CoriolislVR resulted in
more instances of total bacterial genome concentra-
tion while the BioSamplerVR led to more re-aerosoliza-
tion (loss). The results of the experiments that
included glycerol and sucrose were even more difficult
to interpret and were not conclusive because of the
randomness of the observed behaviors (data
not shown).

Sequencing from field assays

Summary of data processing
Fifty FASTQ files were generated and corresponded to
the pair-end (forward and reverse) sequencing of 25
air samples. Initially, 854,254 sequences were gener-
ated. After quality filtering, dereplication and chimera
checking, the resulting 226,545 sequences were clus-
tered into 616 OTUs.

Alpha diversity: Richness and diversity indices
Alpha diversity was measured using two indices:
observed OTUs and Chao1. Chao1 is a richness esti-
mator where the calculation of the index takes into
account the number of different OTUs in a sample.
The higher the value of the index, the richer the sam-
ple. The observed OTUs index simply shows the num-
ber of different OTUs present in a sample; the higher
the number of OTUs, the higher the bacterial diversity
of the sample. Figure 4 shows the results of the

comparisons of samples from the different air sam-
plers used in the wastewater treatment facility. The
four air samplers, CoriolismVR , BioSamplerVR , SASS
3100 and cassette filter all sampled simultaneously.
The samples collected with the filter-based samplers
(cassette filter and SASS 3100) exhibited statistically
greater species richness than those collected by liquid
samplers (CoriolismVR and BioSamplerVR ). The alpha
diversity determined from the BioSamplerVR cassette
(collected re-aerosolized bacteria from the
BioSamplerVR ) was significantly greater than those
from the liquid samplers (p-value < .05) but not from
the SASS 3100 (p-value > .05). The alpha diversity
from the cassette filter looked similar to the
BioSamplerVR cassette but was significantly different
(p-value < .05).

Multivariate analysis
A multivariate analysis was conducted to determine
the variation between the two types of air samplers
(filter and liquid) used. Samples collected using each
type of air sampler were compared using a PCoA,
based on a Bray-Curtis dissimilarity metric (Ramette
2007; Mbareche et al. 2017b). Figure 5 shows the three
principal-coordinate axes capturing 74% of the vari-
ation in the input data from the air samples. Samples
were Colored according to the variable (air sampler)
to better visualize clustering. Samples closer to each
other were more similar than those farther apart.
Sample grouping can be observed for filter-based sam-
plers (cassette filter and SASS 3100), which are clus-
tered close together. Samples from liquid-based
samplers (CoriolismVR and BioSamplerVR ) were spread
apart from the filter samplers and from each other.
Samples from the BioSamplerVR cassette (which was a

Figure 4. Comparisons of alpha-diversity metrics of observed OTUs (a) and Chao1 (b) for natural bioaerosols collected with two
sampler types (liquid and filter). Each horizontal line in the boxes represents the minimum, the average and the maximum of the
observed OTUs (n¼ 3).
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filter-based sampler) were clustering with the samples
from other filter samplers.

Statistical significance of sample grouping
To determine the statistical significance of the sample
grouping visualized with the PCoA analyses, a
PERMANOVA (Permutational Multivariate Analysis
of Variance) test was applied to the Bray-Curtis dis-
similarity matrix. The PERMANOVA test is inspired
by the ANOVA statistical test, but because it is a non-
parametric test, it analyzes the variance and deter-
mines the significance using permutations. Whereas
ANOVA/MANOVA (Analyses of Variance/
Multivariate Analyses of Variance) assumes normal
distributions, PERMANOVA is more appropriate for
sequencing data where the type of distribution is hard
to determine. The same variables that were used for
grouping in the PCoA analyses were used for the
PERMANOVA test. The results were consistent with
the observations made from the PCoA analyses. The
difference between the liquid and filter sample group-
ings had a p-value ¼ .0001. As expected, the differ-
ence between samples from the two liquid samplers
was statistically significant (p-value ¼ .04).

Taxonomic analyses of natural bioaerosols samples
Figure 6 shows the most abundant phyla collected by
the different air samplers used. Five or more phyla

were collected by each of the air samplers and repre-
sented 94.2% of the total taxonomic profile:
Proteobacteria (47.2%), Bacteroides (21.1%), Firmicutes
(12.9%), Actinobacteria (7.80%), and Fusobacteria
(5.20%). The relative abundances of the phyla col-
lected by the filter-based samplers were similar. The
phyla collected by the liquid-based samplers exhibited
greater differences in the relative abundances and
diversity of bacteria compared to the filter-based sam-
plers. A comparison of the phyla and their relative
abundances between the BioSamplerVR and its associ-
ated cassette (BioSamplerVR cassette) showed that most
of the phyla collected in the BioSamplerVR were re-
aerosolized at different rates and were captured by
the cassette.

The taxonomic profiles of the genera demonstrated
more obvious dissimilarities between the relative abun-
dances of the bacteria collected. Figure 7 shows the 20
most abundant genera that were present in the liquid
and filter samplers. These 20 genera represented more
than 90% of all the genera captured by each air sampler:
CoriolismVR (90.4%), BioSamplerVR (95.6%), BioSamplerVR

cassette (90.9%), cassette filter (94.2%), and SASS 3100
(96.0%). When identified to phyla, the taxonomic pro-
files from the filter samplers were similar. The cassette
filter and the SASS 3100 shared the exact same 20 gen-
era with almost the same percentages of relative abun-
dances (Figure 7). The cassette filter and the SASS 3100

Figure 5. Principal-coordinate analysis of air samples collected with two different types of air samplers.
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Figure 6. Relative abundance of the bacterial phyla collected using liquid- and filter-based samplers.

Figure 7. Relative abundances of bacterial genera collected using liquid and filter type samplers. (Please see supplemental infor-
mation for a complete legend).
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collected other genera beyond the 20 must abundant
(data not shown). The profiles of the liquid-based sam-
plers were different from each other and from the filter-
based samplers. There were more discrepancies than
similarities between the profiles of the two liquid sam-
plers. As shown in Figure 7, the CoriolismVR and the
BioSamplerVR shared 8 of the 20 most abundant genera.
The relative abundances of these 8 genera were very
similar, except for Bradyrhizobium (p-value ¼ .001),
Paracoccus (p-value ¼ .04), and Propionibacterium (p-
value ¼ .03). Bacillus, Campylobacter, Staphylococcus,
and Corynebacteriaceae (uncultured) were only present
in the collection fluid of the CoriolismVR while Pantoea,
Sphingopyxis, and Saccharibacteria (uncultured) were
only present in the collection fluid of the BioSamplerVR

(data not shown).
More thorough investigation of the profiles from the

BioSamplerVR and its cassette (BioSamplerVR cassette),
revealed that there is obvious re-aerosolization of some
genera (partially or completely) from the collection
fluid (Figure 7). Among the 43 genera collected by the
BioSamplerVR (Figure 8), 23 were partially re-aerosolised
from the collection fluid (found in the collection fluid
of the BioSamplerVR as well as in the cassette connected
to the sampler). Of those 23, only Bradyrhizobium (p-
value ¼ .001), Delftia (p-value ¼ .05), Leptotrichiaceae
(uncultured) (p-value ¼ .01), Propionibacterium (p-
value ¼ .05), Sphingomonas (p-value ¼ .04), and SHA-
109 (uncultured) (p-value ¼ .01) had statistically differ-
ent abundances between samples from the BioSamplerVR

and from its cassette. Fifteen were completely re-aero-
solized from the sampler (not found in the collection

fluid but present in the cassette). Mycobacterium spp,
was completely re-aerosolized from the BioSamplerVR

(Figure 8) and was not present in the collection fluid of
the CoriolismVR (data not shown). It was however suc-
cessfully captured by the Cassette filter and the SASS
3100 (data not shown).

Discussion

This two-part study aimed to demonstrate the signifi-
cant impact of aerosol sampler type on results.
Liquid-based sampler results need careful examination
since re-aerosolization and concentration are not well
understood and seem to be influenced by multiple
factors. The documented observations may be specific
to this study and the presented hypotheses are based
directly on the obtained results.

It has been previously observed that a fraction of
the collection fluid evaporates during sampling, and
that bubbles bursting into droplets can enrich bacteria
in air (Blanchard and Syzdek 1970; Blanchard and
Syzdek 1972; Blanchard 1978; Dahlback et al. 1981;
Poulain and Bourouiba 2018). The continuous move-
ment of the collection fluid in the CoriolismVR and the
BioSamplerVR can lead to bubbles production and then
droplets. Thus, the sampler used in combination to
the characteristics of the individual bacterial strains
can account for a significant portion of the variation
observed in in vitro behavior.

Bacterial characteristics such as cell surface hydro-
phobicity could help explain what happens at the air-
liquid interface. A hydrophobic outer membrane

Figure 8. Venn diagram of the genera (relative abundance) collected by the BioSamplerVR and those re-aerosolized from the collec-
tion fluid captured by the BioSamplerVR cassette.
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means that the bacteria are prone to being re-aerosol-
ized from the collection fluid. Hydrophobic particles
tend to be excluded from liquid that is more hydro-
philic by aggregating together, rather than aggregating
with water molecules (Doyle 2000). Therefore, the
particles are more likely to be enriched at the air-
liquid interface (Blanchard and Syzdek 1970; Dickson
and Koohmaraie 1989; Doyle 2000) and are more sus-
ceptible to being caught in bursting bubbles.
Conversely, hydrophilic particles tend to be retained
within the liquid phase (Dahlback et al. 1981). They
are prone to being concentrated in the spiked collec-
tion fluid because of their affinity towards polar mole-
cules present in the liquid (Doyle 2000). However, the
cell surface hydrophobicity of a given bacterium is not
a perfect predictor of its behavior in a liquid, as other
membrane characteristics are surely also influential
factors. It is possible that bacterial cells interact with
each other resulting in aggregate formations, which
may lead to modifications in their behavior. Since
bacteria are able to modulate their features in
response to their environment and their growth phase,
which may lead to modification or alteration of their
surface components, their cell surface hydrophobicity
and aggregation properties could be affected and thus,
their reaerosolization behavior (Kjelleberg and
Hermansson 1984;Wagner 1994; Doyle 2000;
Whitehead et al. 2001; Wilson et al. 2001; Nunan
et al. 2003; Hamadi et al. 2005; Borecka-Melkusova
and Bujdakova 2008; Lam et al. 2009; Bujdakova et al.
2013; Krasowska and Sigler 2014; Audrain et al. 2015;
Di Ciccio et al. 2015). In this experiment, the condi-
tion (each strain or consortium) was considered to
have a significant influence on the variation observed
in the rearosolization behavior of the bacteria. Also,
laboratory-grown microorganisms usually present
intrinsic characteristics that are not always similar to
microorganisms growing in natural environments,
that are exposed to other various growth conditions.

Some liquid-based air sampling protocols include a
process called “completion” which involves adding
back the missing buffer to the final volume so that
the volume of liquid used for subsequent analyses
equals the original volume, compensating for the
evaporated liquid (Thorne et al. 1992; Cayer et al.
2007; Letourneau et al. 2010a, 2010b; Brisebois et al.
2018). Knowing this completion and that some bac-
teria are lost and others are concentrated, the impact
of this step on the eventual underestimation or over-
estimation of collected microbes could be consider-
able. Completing the volume when some species have
been lost could lead to an underestimation of their

real concentrations. For species concentrated in the
collection fluid during sampling, completing the vol-
ume would be appropriate for bringing their concen-
trations back to their initial values. Despite the
unpredictable aerosolization bacterial behavior, this
study characterized the tendency of the CoriolismVR

and the BioSamplerVR to affect the re-aerosolization
rates of total genome copy numbers (total bacteria).
In the in vitro experiments, sampling with the
CoriolismVR led to a higher concentration of the total
bacteria in the collection fluid. The centrifugal motion
of the liquid might allow for less re-aerosolization of
bioaerosols due to higher inertia. To avoid introduc-
ing an overestimation bias, the collection fluid of the
CoriolismVR should be completed after sampling in an
attempt to reverse the concentration of bacteria.
Sampling with the BioSamplerVR led to greater re-aero-
solization of bacteria. The motion associated with
impingement could result in more bubbles bursting
and the re-aerosolization of more bioaerosols. In those
cases, the collection fluid should not be completed
after sampling because that dilution could lead to an
underestimation in the final bacterial concentration.
In fact, the overall bacterial concentration does not
seem to be as affected by the choice of sampler type,
which is not the case for single species. Even modify-
ing the collection fluid composition with the addition
of glycerol or sucrose, in an attempt to reduce evapor-
ation and re-aerosolization of some strains, did not
stabilize the variable behavior observed in some spe-
cies (data not shown).

In order to evaluate how re-aerosolization occurs
in liquid-based samplers in natural environments,
high throughput sequencing methods were used. The
taxonomic profiles obtained by filter samplers, in
which no evaporation takes place, were compared to
taxonomic profiles obtained by liquid samplers
(Mbareche et al. 2018a). Microbiota of the
BioSamplerVR cassette illustrated the important bias
associated with liquid-based sampling that underesti-
mates biomass diversity. The two liquid-based sam-
plers used in this study use different capture
mechanisms, cutoff sizes, flowrates, and sampling
times. The two filter samplers are also very different
in terms of operation. For example, the cassette filter
(low flowrate) sampled for 20min and the SASS 3100
(high flowrate) sampled for 7min, leading to different
volume of air collected. Despite these differences, the
samples shared almost the exact same taxonomic pro-
file. A few genera were collected by the Cassette filter
but not by the SASS 3100. This could be due to the
longer sampling time used with the Cassette filter,
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which allowed for the capture of more bioaerosols
events. These results demonstrate that in characteriza-
tion type studies, filter sampling is more reliable for
examining the diversity of an environment without
bias. The difference between liquid- and filter-based
sampling has been previously demonstrated in other
contexts (Mbareche et al. 2018a) but to our knowledge
this is the first characterization of the loss associated
with sampler choice.

The aim of this study was to highlight the occur-
rence of re-aerosolization or concentration along with
liquid evaporation for future investigations. The in
vitro results obtained with the bacteria consortium
may be different if other bacteria, liquid-based sam-
plers and experimental setups were used. Similarly,
the field results may be different in other environ-
ments and for other microorganisms like molds or
viruses. Those observations show the difficulty to
extrapolate or generalize microbial species behavior in
liquid-based samplers.

Conclusion

This study suggests that the re-aerosolization of bio-
aerosols occurring in liquid-based air samplers is sig-
nificant and is associated with biases in the
quantification of microorganisms and taxonomic anal-
yses. Differential behavior was observed for the con-
sortium of four bacteria, when added to the collection
vessels of the CoriolismVR and the BioSamplerVR . This
behavior was not always consistent with expectations
based on the cell surface hydrophobicity of the bacter-
ium. However, the impingement and cyclonic motion
of the collection fluids and the conditions tested had
significant influences on the re-aerosolization rates.
Moreover, taxonomic profiles from liquid-based sam-
plers were different and emphasized the re-aerosoliza-
tion of bioaerosols when compared to filter samplers.
Several genera were partially or totally re-aerosolized
from the collection vessel of the BioSamplerVR . The
CoriolismVR and the BioSamplerVR shared only a few
genera while most of genera collected by the Cassette
filter and the SASS 3100 were shared. The inability to
identify certain microorganisms of interest, due to
loss during liquid sampling is undesirable and could
lead to erroneous conclusions. This study also high-
lights the complexity of re-aerosolization and its
dependence on multiple factors extrinsic to the liquid
sampler itself. It underlines the need to increase our
knowledge about re-aerosolization in order to better
understand bioaerosol behavior in liquid-based sam-
plers and limit the associated biases.
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