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ARTICLE INFO ABSTRACT
Keywords: Waste workers are exposed to bioaerosols when handling, lifting and dumping garbage. Bioaerosol exposure has
Waste collectors been linked to health problems such as asthma, airway irritant symptoms, infectious, gastrointestinal and skin

Truck drivers

E diseases, and cancer. Our objective was to characterize the exposure of urban collectors and drivers to inhalable
Xposure

Bioaerosols bioaerosols and to measured the cytotoxic effect of air samples in order to evaluate their health risk.

Microbial metabolites Personal and ambient air sampling were conducted during the summer of 2019. Workers from 12 waste trucks

ddPCR collecting recyclables, organic waste or compost were evaluated. Bacteria and fungi were cultured, molecular
biology methods were used to detect microbial indicators, cytotoxic assays were performed and endotoxins and
mycotoxins were quantified.

Domestic waste collectors were exposed to concentrations of bacteria and endotoxins above the recommended
limits, and Aspergillus section Fumigati was detected at critical concentrations in their breathing zones. Cytotoxic
effects were observed in many samples, demonstrating the potential health risk for these workers.

This study establishes evidence that waste workers are exposed to microbial health risks during collection. It
also demonstrates the relevance of cytotoxic assays in documenting the general toxic risk found in air samples.
Our results also suggest that exposures differ depending on the type of waste, job title and discharge/unloading
locations.
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management industry are exposed to bioaerosols during the handling,
lifting, and dumping of waste (Poulsen et al., 1995; Lavoie et al., 2006;
Ncube et al., 2017; Viegas et al., 2020a,b). Bioaerosols can be defined as
solid biological particulates suspended in the air, with various aero-
dynamic diameters ranging from hundreds of nanometers to tens of
micrometers (Sykes et al., 2011). They may consist of pathogenic or
non-pathogenic live or dead bacteria and fungi, viruses, allergens, bac-
terial endotoxins, mycotoxins, peptidoglycans, and/or microbial volatile
organic compounds (Douwes et al., 2003; Wéry, 2014).

Exposure to bioaerosols in the occupational environment of waste
sorting and recycling is a major concern because it has been linked to a
number of adverse health effects. Studies have reported an association
with airway symptoms, asthma, respiratory and infectious diseases, nose
irritation, gastrointestinal and skin problems (Douwes et al., 2003; Ivens
et al., 1999; Wouters et al., 2002). Allergic bronchopulmonary asper-
gillosis (ABPA) has also been reported in two compost collectors, where
Aspergillus fumigatus (A. fumigatus) was identified in the patients’ sputum
(Poole and Wong, 2013). Aspergillus species were proposed as target
indicators in waste management industries primarily because Aspergillus
section Fumigati is a well-described pathogen and a common component
of bioaerosols from the waste industry, but also because of the large
increase in resistance to azoles observed in Aspergillus isolates, which
may represent a serious health problem (Viegas et al., 2015; Varga et al.,
2015; Sabino et al., 2016; “Stop Neglecting Fungi”, 2017; Viegas et al.,
2020a,b; Roca-Barcelo et al., 2020, Viegas et al., 2021a). Toxic effects
following exposure to airborne biological agents are also associated with
endotoxin (Rylander, 2002) and mycotoxin exposure (Varga et al.,
2015). The exposure to a mixture of bioaerosols may lead to potentially
additive and synergic effects (Samake et al., 2017; Von Essen and
Donham, 1999). The use of cell models to determine the biological ef-
fects of multiple stressors has been reported in a variety of settings,
including the waste management industry (Huttunen et al., 2008;
Segura et al., 2009; Madsen et al., 2012; Gniadek et al., 2017; Viegas
et al., 2017a, Viegas et al., 2020b-c). Human hepatocellular carcinoma
cells (HepG2) have been used to target the cytotoxicity of mycotoxin
mixtures (McKean et al., 2006), which are produced by various toxigenic
fungal species, and metabolized in the liver. Human lung epithelial cells
(A549) are used in bioassays as a model for alveolar cells (Swain et al.,
2010). The use of cell models provides valuable information to improve
our understanding of the multiple toxicity pathways associated with
adverse outcomes (Hernandez et al., 2019; Altenburger et al., 2018; Roy
et al., 2020; Mack et al., 2019).

A variety of factors were identified as determinants of exposure to
bioaerosols during waste and recyclable material collection. The
collection location and type of waste may influence worker exposure
(Lavoie et al., 2006; Park et al., 2011). Exposures to culturable bacteria
and fungi based on air sampling have commonly been reported in
occupational hygiene studies (Lavoie et al., 2006; Wouters et al., 2006;
Park et al, 2011; Marchand et al., 2017a,b). Although culturing
methods may underestimate less abundant taxa in a specific environ-
ment (Mbareche et al., 2019; Madsen et al., 2020), their analysis re-
mains critical in assessing health risks, as viability affects inflammatory
responses and cytotoxic effects (Madsen et al., 2020). Because culturable
flora represents approximately 10% of total flora (Eduard, 2009; Russell
et al., 1999), some studies have recommended that molecular biology
methods be used to evaluate total flora (Madsen et al., 2016; Viegas
et al., 2017b). The use of a next-generation PCR technology called
droplet digital PCR (ddPCR) has been proposed for absolute quantifi-
cation (Hindson et al., 2011; Taylor et al., 2015; Verhaegen et al., 2016).
Droplet digital PCR provides absolute quantification of nucleic acids
without depending on amplification efficiency and without the need for
a standard curve, leading to more precision in quantification when
compared to other PCR methods. In addition, ddPCR overcomes part of
the problem of inhibition that could likely lead to underestimation when
using qPCR (Verhaegen et al., 2016; Racki et al., 2014; Taylor et al.,
2017). The ddPCR technology also has a better ability to detect rare
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events in a microbial load sample, enabling a more comprehensive risk
assessment of targeted microbial indicators.

The purpose of this study was to characterize bioaerosol concentra-
tions during waste collection by implementing a comprehensive char-
acterization strategy combining sampling and analytical methods to
obtain an extensive assessment of the microbial risk. Culture-based
methods and molecular tools such as ddPCR were applied to compare
drivers’ and collectors’ exposure to microbial contamination. Antifungal
resistance was evaluated to determine the specific risk of exposure to
resistant microorganisms, and cellular toxicity was determined to assess
the toxicity of the aerosols as a whole.

2. Materials and methods

Measurements and sampling were performed in the city of Montréal
in the summer of 2019, during the months of July and August, in order to
evaluate the worst-case scenario, since higher humidity and warmer
temperatures promote microbial proliferation. Twelve waste collection
trucks were assessed during a full working day (Table 1). The research
team followed the trucks throughout the day to document the workers’
activities.

2.1. Workplace description and sampling approach

For each truck, the waste collection team was composed of one driver
and at least one collector. Collectors manually or mechanically dumped
the contents of garbage containers into the back of the trucks. Drivers
occasionally helped the collectors. Trucks used a compaction system
during collection. At least once a day, the truck was driven to the waste
disposal site to dump the collected waste. Generally, waste can be
separated into three categories: domestic waste (mixed fractions), re-
cyclables (cardboard, glass, paper, plastic, etc.) and compost (grass, food
leftovers, soil, etc.). An employee’s working day was between three and
8 h.

2.2. Sampling approach

2.2.1. Ambient air samples

The bioaerosols in the ambient air of the cabin were sampled on a 44
mm diameter electret filter used as standard with the SASS 3100 air
sampler (Research International Instrument Inc., Washington, DC). This
filter has a collection efficiency of 50% at an aerosol particle diameter of
0.5 pm when the SASS 3100 is operated at a flow rate of 300 L/min. The
SASS samplers were mounted on the passenger seat near the driver and
centre of the cabin (Research International inc.) The number of samples
per type of waste is detailed in Table 1. Depending on the duration of the
working day, three or four sequential samples were taken. All samples
were analyzed separately. Half of the samples were used to perform
culture and endotoxin analyses, and for targeted molecular detection by
ddPCR. The other half were used to analyze mycotoxin, cytotoxin, and
azole resistance. The sample’s collection duration was between one and
2 h. The filters were composed of polypropylene electret microfibres.
For the first half of the samples, the filters were extracted in a 50 mL
falcon® tube (Thermo Fisher Scientific, Burlington, ON, CA) containing
10 mL of PCR-grade Phosphate Buffered Saline (PBS) (Fisher Scientific,
Burlington, ON, CA), with the addition of 0.05% Tween 20 (Sigma-Al-
drich Canada Co., Oakville, ON, CA). Extraction was completed by

Table 1
Number of samples collected per each waste type

Waste type Trucks (N) Sample Numbers

Driver Collector Cabin
Compost 2 4 4 7
Recyclable 6 12 13 24
Domestic 4 9 7 13
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vortexing at 2500 RPM for 10 min in a multi-vortex (Fischer Scientific,
Ottawa, ON, CA). For mycotoxin analysis, half of the filters were
extracted with 4.0 mL of the extraction solvent (ACN: H20: AcOH
79:20:1) for 60 min using a rotary shake. As for the cytotoxin and azole
resistance assay, the other half of the filters were extracted in a 50 mL
falcon® tube containing 10 mL of NaCl 0.9% with the addition of Tween
80 (Frilabo, Maia, Portugal) to a final concentration of 0.05%. These
extracts were kept at —80 °C until analysis.

2.2.2. Personal samples

Personal measurements were taken on both drivers and collectors in
the breathing zone (Fig. S1). The inhalable fraction (Dso = 100 pm) of
airborne biological agents was collected using a CIP10-M (Tecora,
Villebon-sur-Yvette, France). The flow rate was adjusted to 10 L/min, in
accordance with the INRS sampling method (INRS, 2017). CIP10-M
cupules were decontaminated with isopropanol for 1 min, then in
DNA AWAY for 5 min (Thermo Fisher Scientific, Burlington, ON, CA),
and finally autoclaved for 30 min. Two millilitres of sterile PCR grade
PBS were added to the cupule just before turning the sampler on. To
prevent dryness, 1 mL of PBS was added every hour. On each sampling
day, two sequential samples were taken for each worker. Sampling time
was adjusted to correspond to half of the working day (1.5-4 h). After
the collection, the sample was harvested in a 2 mL Eppendorf tube
(Thermo Fisher Scientific, Burlington, ON, CA). At the end of the sam-
pling day, samples were brought to the laboratory, kept at 5 °C and
analyzed separately the next day. All samples from the CIP-10 M were
completed with PBS to a final volume of 2 mL. Aliquots of 500 pl and
1000 pl were taken for endotoxin and PCR analysis, respectively. The
rest of the sample was used to make a 1/6 dilution for the culturable
analysis.

Due to analytical limitations, not all analyses were performed on all
samples. Table 2 provides a summary of the analyses performed on each
sample type. Fewer analyses were performed on personal samples
(collected with the CIP10-M) because of the limited sample quantity
available.

2.3. Analyses performed

2.3.1. Culture analysis
All samples (N = 93; collectors (24), drivers (25) ambient air (44))
were analyzed for culturable microorganisms on two different culture

Table 2
Analysis performed per type of sample
Analysis Microbial target Culture media Sample type
Personal Ambient air

Culture Bacteria TSA X X
Gram-negative VRBA X
Fungi MEA X X
Fungi DG18 X
Fungi SAB X
Fungi-Azole ITRA X
Fungi-Azole VORI X
Fungi-Azole POSA X

Endotoxin X X

Mycotoxin X

Cytotoxicity X

dd-PCR Fungal Biomass X X
Asp/Pen X X
A.section Fumigati X X
A.section Flavi X X
E.coli X X
Enterococcus X X
Legionella X X

TSA: trypticase soya agar; VRBA: violet red bile agar; MEA: malt extract agar;
DG18: dichloran-glycerol agar; SAB: Sabouraud dextrose agar; ITRA: 4 pg/mL
itraconazole supplemented SDA media; POSA: 0.5 pg/mL posaconazole sup-
plemented SDA media; VORI 1 pg/mL voriconazole supplemented SDA media
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media: tryptic soy agar (TSA) for the total culturable bacteria and malt
extract agar (MEA) for the culturable fungi. In addition, 19 of the
ambient air samples were analyzed using violet-red bile agar (VRBA),
dichloran-glycerol agar 18% (DG18) and Sabouraud dextrose agar
(SDA) to evaluate microbial diversity and SDA with itraconazole (ITR),
posaconazole (POS) or voriconazole (VOR), in order to determine the
susceptibility pattern of the collected fungi, following EUCAST break-
points. Detailed protocols for culturable analyses have been published in
previous reports (Viegas et al., 2020c) and are available in the Supple-
mentary Material file.

2.3.2. Endotoxin analysis

Endotoxin samples (N = 93) were either analyzed the same day or
kept at 4 °C for 24 h. Analyses were performed following IRSST method
332 (Marchand, 2009).

2.3.3. Mycotoxin analysis

The same 19 ambient air samples analyzed with VRBA, DG18 and
SDA were screened for mycotoxin presence. Mycotoxins were analyzed
by HPL-MS ((HPLC) Nexera (Shimadzu, Tokyo, Japan) with a mass
spectrometry detector API 4000 (Sciex, Foster City, CA, USA), following
the same laboratory procedures described in previous papers (Viegas
et al.,, 2021b). The mycotoxin concentration was calculated using
external calibration. The Limit of Detection (LOD) obtained for each
mycotoxin with the analytical method used are presented in Table 3S in
the Supplementary Material file.

2.3.4. Molecular detection

Samples were concentrated by centrifugation before DNA extraction.
Extracted DNA samples were kept at —20 °C until analysis. Escherichia
coli (E.coli), total fungi (FungiQuant), Aspergillus section Fumigati,
Enterococcus spp., Legionella spp., Aspergillus section Flavi and Asper-
gillus/Penicillium (Asp/Pen) detections were performed by ddPCR.
Table 1S in the Supplementary Material file provides the sequences of
the primers and probes used for detection (Integrated DNA Technologies
IDT, Coraville, IA, USA). Wells with fewer than 12,000 accepted droplets
were not included in the analysis (Viegas et al., 2020b). The Detection
Limit (DL) was set at 3 copies/20 pl. For each gene that was amplified, a
non-template control and a positive control were analyzed. The com-
plete protocol for molecular detection by ddPCR is presented in the
Supplementary Materials file.

2.3.5. Cytotoxicity evaluation

The same 19 ambient air samples were also screened for cytotoxicity,
using the MTT assay to evaluate the metabolic activity of human lung
epithelial (A549) and human hepatocarcinoma (HepG2) cells. The level
of cytotoxicity was determined through spectrophotometric analysis of
ten test dilutions of samples in an ELISA microplate reader (ELISA
LEDETECT 96, biomed Dr. Wieser GmbH; MikroWin 2013 SC software).
The lowest concentration of the samples causing a drop in absorption to
<50% of cell metabolic activity (ICso) was considered the threshold
toxicity level. The complete protocol for cytotoxicity evaluation is pre-
sented in the Supplementary Materials file.

2.4. Statistical analysis

NCSS™ software was used to determine the distribution of the data.
The Martinez-Iglewicz test was used to evaluate the normality of data
distribution. All data were log-transformed to normalize them before
performing the statistical analysis. The halved detection limit was used
for static analyses when sample results were below the detection limit.
The General Linear Model Analysis of Variance (GLM-ANOVA) and
Tukey-Kramer multiple comparison tests were performed on the log-
transformed data. A significant level of p = 0.05 was used for all sta-
tistical tests. The expostats tool was used to estimate geometric mean
and geometric standard deviation (available from www.expostats.ca).
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Table 3

Geometric mean (GM) and geometric standard deviation (GSD) of inhalable
culturable bacteria and fungi from personal (drivers and collectors) and ambient
air inside the cabins during waste collection

Type of Site Bacteria CFU/m? (n) GM Fungi CFU/m® (n) GM
waste (GSD) (GSD)

Recyclable Cabins (24) 1,620 (6.3) (24) 320 (2.6)
Drivers (11) 1,480 (11.0) (12) 340 (2.9)
Collectors (12) 2,070 (4.3) (13) 1,130 (4.7)

Compost Cabins (7) 3,380 (5.3) (7) 945 (2.1)
Drivers (4) 420 (4.0) (3) 370 (2.4)
Collectors (4) 5,200 (9.0) (4) 3,400 (3.0)

Domestic Cabins (13) 4,280 (3.3) (13) 1,090 (3.1)
Drivers (9) 2,380 (3.7) (9) 1,420 (4.8)
Collectors (7) 20,800 (12.1) (7) 4,940 (5.9)

3. Results

3.1. Bacteria and fungi

The personal (collector and driver) and ambient air (cabin) con-
centrations of culturable bacteria and fungi are presented in Table 3. No
trends were observed over the course of a day in relation to workers’
exposure to culturable microorganisms.

The bacterial geometric mean (GM) ranged from 420 CFU/m?
(compost/drivers) to 20,820 CFU/m?® (domestic/collectors). The fungal
GM ranged from 320 CFU/m® (recyclable/drivers) to 4940 CFU/m°®
(domestic/collectors). Regarding the bacteria and fungi, domestic waste
collectors were significantly more exposed than recycling workers, with
p values of 0.017 and 0.000183 respectively, but not more than workers
collecting compost. The maximum per sample concentrations measured
were 2.5 x 10° CFU/m? for bacteria and 4.3 x 10* CFU/m? for fungi.
These concentrations are all higher than the proposed exposure limit in
industrial environments characterized by the persistent presence of
microorganisms (Table 4) (Marchand, 2021).

Coliform bacteria cultured on VRBA represented about 6% of the
bacterial flora cultured on TSA. When the average concentrations were
sorted by the type of waste (Table 5), the highest percentage was
observed in the ambient air of the trucks during recycling material
collection, with coliform bacteria representing 10% of the general bac-
teria recovered on TSA.

The average concentrations of xerophilic fungi grown on DGI18
(1430 + 1280 CFU/m?) are higher than the concentrations observed on
the general broad spectrum MEA (630 + 560 CFU/m?) as well as on SDA
(430 + 380 CFU/m®). The genera Penicillum and Aspergillus are the most
abundant on all media. In terms of diversity, the SDA enabled the
characterization of eight different genera compared to six on the other
two media (Fig. 1). Regarding the Aspergillus genera, species from the
Circumdati section were predominant on both xerophilic (DG18) (86%)
and clinical (SDA) (40%) media. On the other hand, on MEA, the most
abundant Aspergillus were from the Nigri section, representing 68% of all
the Aspergillus species cultured. Only the Flavi and the Nigri sections were
retrieved on all three media. Species belonging to 8 of the 21 Aspergillus

Table 4
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Table 5
Total and coliform culturable bacteria in the ambient air of the driver’s cabin
Waste type Total Coliform Coliform/Total
CFU/m® CFU/m? %
(n) Average (SD) (n) Average (SD) Proportion
Recyclable (11) 5,900 (4,200) (12) 590 (1,900) 10%
Compost (3) 9,900 (6,200) (3) 120 (110) 1%
Domestic (5) 4,700 (2,600) (5) 70 (80) 1%

group sections could be identified using these 3 media. The highest
average concentration was for the Circumdati section cultured on DG18
with more than 1000 CFU/m? (Table 6).

3.2. Fungal azole susceptibility profile

Exposure to triazole-resistant fungi is presented in Fig. 2. In the
ambient air from the cabins, the highest concentrations of fungal strains
resistant to triazoles were obtained on media supplemented with vor-
iconazole and posaconazole antifungal agents. The average concentra-
tion obtained on these two media represents nearly 40% of the
concentration recovered on the non-supplemented SDA medium. The
supplemented media did not show significantly different concentrations
between them, but itraconazole-resistant fungal strains were the least
common in the ambient air from cabins.

Penicillium was the most abundant genus observed on all azole-
supplemented media, followed by Cladosporium sp. on itraconazole
supplemented media, Rhizopus on voriconazole media and Chrysonilia
sitophila on posaconazole media. Three different Aspergillus sections
(Candidi, Nigri and Nidulantes) were observed on the posaconazole and
voriconazole supplemented media, but not on the itraconazole supple-
mented media.

3.3. Molecular detection and quantification

Table 7 summarizes the concentration in DNA copies/m? of air for
total fungi, Asp/Pen group, Aspergillus sections Flavi and Fumigati,
Legionella, E. coli and Enterococcus, in the cabins as well as in the
breathing zones of the drivers and collectors. The fungal biomass con-
centration during recycling collection was significantly lower (p =
0.000007) than that measured during the collection of compost and
domestic waste. The peak concentration reaches 2,000,000 DNA copies/
m® of air and was observed in the collectors’ breathing zones during
compost and domestic waste collection. The Asp/Pen group concentra-
tions observed in the collectors’ breathing zones were significantly
higher (p = 0.015601) than those observed for the drivers. The Asp/Pen
(p = 0.000002) and Aspergillus section Fumigati (p = 0.000067) con-
centrations during domestic waste collection were significantly higher
than other types of waste. Section Flavi was detected in 25% of samples
and at much lower concentrations (13-3410 DNA copies/ms) than
section Fumigati (16-145,200 DNA copies/m?). No significant difference

Proposed occupational exposure limit for industrial environments characterized by the persistent presence of microorganisms (Marchand, 2021)

Bioaerosols Proposed limits

10,000 CFU/m? of air (Malmros et al., 1992)
1,000 CFU/m?® of air (Malmros et al., 1992)

Culturable bacteria
Culturable gram-
negative
Endotoxins
than 10 times higher) (DECOS 2011)

90 EU/m® of air or Concentration 30 times higher than the basic concentration (in presence of respiratory symptoms, the concentration should not be more

Fungi 10,000 spores/m® of air or 1,000 CFU/m® of air (Eduard, 2007; SUVA, 2021)
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Fig. 1. Distribution of culturable fungi burden obtained from the ambient air on three culture media

Table 6

Aspergillus section distribution on three cultured media
Aspergillus MEA DG18 SDA

Average Prevalence Average Prevalence Average Prevalence

Sections CFU/m® % CFU/m® % CFU/m® %
Aspergilli 29 2
Candidi 24 9
Circumdati 1048 86 110 40
Flavi 39 13 94 8 86 31
Fumigati 32 11 15 1
Nigri 206 68 25 2 78 29
Restricti 27 9
Nidulantes 11 1

could be observed between the types of waste collected, but the col-
lectors were significantly more exposed than the drivers. The greatest
concentration of Legionella were again observed during domestic waste
collection: 67% of samples had detectable levels. The collectors and
drivers (p = 0.000000) were exposed to significantly higher concen-
trations than those measured in the cabin. As for Enterococcus, the
concentrations observed in the breathing zones of the collectors were
higher (p = 0.008598) than in the cabin and no statistical difference
could be observed between the different types of waste. Only 13% of
samples were positive for E. coli, with the highest concentration (3400
copies/m>) measured for one domestic waste collector.

3.4. Metabolites (endotoxins and mycotoxins)

There were no detectable mycotoxins in any cabin air samples and
most of the GM for endotoxins were under 100 EU/m? (Table 8). The
highest GM was obtained for personal samples from the domestic waste
collectors (96 EU/m?®). Overall, collectors were exposed to significantly

higher endotoxin concentrations than drivers, no matter the type of
waste collected. The highest concentration of endotoxins measured for a
single sample was 450 EU/m3.

3.5. Cytotoxicity effects

Cytotoxic effects were observed in 37% of air samples in A549 cells,
and in 100% of air samples in HepG2 cells, as presented in Table 9.

4. Discussion

The purpose of this study was to assess the exposure of drivers and
collectors to airborne microbial agents and metabolites and to document
the potential cytotoxic effects of bioaerosols inside the cabin during the
collection of recyclable materials, compost and domestic waste. A
comprehensive sampling strategy was carried out to perform this anal-
ysis and characterize the health risk for workers in this industry.
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Fig. 2. Fungal burden in azole screening media, from samples collected in the
ambient air of the waste truck’s cabin (N=19) (red dots are outliers). SDA:
Sabouraud Dextrose Agar; ITRA: 4 pg/mL itraconazole supplemented SDA
media; POSA: 0.5 pg/mL posaconazole supplemented SDA media; VORIL: 1 pg/
mL voriconazole supplemented SDA media

4.1. Exposure to culturable microbiota

The evaluation of workers’ exposure to bioaerosol from culturable
microbiota is the traditional and most widespread approach used in
environmental and occupational studies. This method has the advantage
of enabling comparisons with the exposure limit values and with pre-
vious studies applying the same methods.

In the present study, regardless of the type of waste, the highest
bacterial concentrations were observed in the collectors’ breathing
zones during domestic waste collection (20,820 CFU/m®). The concen-
trations reported during domestic waste collection were comparable to
previously reported bioaerosol concentrations of 21,000 CFU/m® for
collectors, 3400 CFU/m? for drivers and 470 CFU/m? in cabins (Nielsen
et al., 1995). However, Park (collectors = 220,000 CFU/mg; drivers =
18,000 CFU/m?) and Krajewski (collectors = 267,000 CFU/m3; drivers
= 59,000 CFU/m>) observed higher exposure levels for domestic waste
workers (Park et al., 2011; Krajewski et al., 2002). Concerning recy-
clable materials and compost, respective median concentrations of 5600
CFU/m?® and 50,300 CFU/m® were reported for collectors in a previous
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study (Lavoie et al., 2006). Our results (420-20,800 CFU/ m?) are not as
high, but they confirm that domestic waste and compost collectors are
exposed to bacterial concentrations near the recommended limit of 10,
000 CFU/m® (Poulsen et al., 1995; Goyer et al., 2005; Marchand et al.,
2017a; Marchand, 2021).

Concerning coliform bacteria, although most are not pathogenic,
they can be good indicators of bioaerosol exposure. However, few
studies specifically assess coliform bacteria in air. They are largely used
for water and food quality evaluation and could also be useful for air
quality assessment. Coliforms live in the intestines of warm-blooded
animals (including humans) and their presence implies fecal pollution.
Their presence in the air may pose a health risk to workers. No exposure
limit is specifically proposed for coliforms in air, but an exposure limit of
1000 CFU/m® is proposed for total gram negative bacteria, which in-
cludes coliforms (Poulsen et al., 1995; Goyer et al., 2005; Marchand,
2021). Coliforms were measured in cabin air only, and the highest
average concentration measured was in the recycling trucks (590
CFU/m®). A study carried out in a wastewater treatment plant reported
maximum concentrations of 260 CFU/m® (Szytak-Szydtowski et al.,
2016). In a study of air in Mexico, 1.2% of outdoor air and 2.7% of in-
door air contained gram-negative bacteria (Rosas et al., 1997), lower
than the 10% observed for the recyclable material collection trucks in
this study. Inhaling bacteria can cause both respiratory and enteric

Table 8
Endotoxin concentrations of personal (collectors and drivers) and ambient air
(cabins) measured during waste collection

Type of waste Site Endotoxin EU/m? (n) GM (GSD)
Recyclable Cabins (13)5(3.5)
Drivers (12) 7.5 (4.9)
Collectors (13) 20.9 (2.8)
Compost Cabins (4)5.2(1.6)
Drivers (4) 4.5 (2.2)
Collectors (4) 52 (4.9
Domestic Cabins (8) 20 (1.6)
Drivers (9) 34 (2.6)
Collectors (7) 96 (3.2)
Table 9
Distribution of threshold toxicity levels (IC50) of collected air samples (N=19)
1C50 A549 HepG2
Number of toxic samples Number of toxic samples
10 mm?/ml 2 15
5 mm?/ml 2 3
2.5 mm?/ml 2 0
1.25 mm?/ml 1 1
0.625 mm?/ml 0 0
N.D. 12 0

Table 7
Microorganism quantification and detection of personal (collectors and drivers) and ambient air (cabins) measured during waste collection
Waste type  Site Total fungi Aspergillus section Fumigati ~ Aspergillus section Flavi ~ Asp/Pen Legionella E.coli Enterococcus
ITS copies/m®  18S copies/m? PEP copies/m> ITS copies/m®  16S copies/m®  grf-copies/ 16S copies/m>
3
m
GM (GSD) GM (GSD) GM (GSD) GM (GSD) GM (GSD) GM (GSD) GM (GSD)
Recyclable Cabins (n=13) 22,000 (4.8) 190 (5.1) 13 (1.9) 3,300 (7.6) 13 (2.2) 8(2.4) 380 (8.6)
Drivers (n=12) 6,600 (5.0) 60 (2.1) 35(1.4) 850 (5.8) 84 (2.6) 37 (1.8) 140 (4.8)
Collectors (n=13) 44,000 (8.7) 100 (4.6) 50 (3.7) 5,700 (8.7) 86 (2.7) 35(1.3) 250 (5.6)
Compost Cabins (n=4) 870,000 (1.6) 310 (2.8) 14 (1,6) 6,700 (2.6) 11 (1.5) 6 (1.3) 94 (2.1)
Drivers (n=4) 13,000 (1.2) 210 (2.9) 40 (1.2) 2,600 (2.5) 55 (2.1) 40 (1.2) 97 (1.9)
Collectors (n=4) 320,000 (6.3) 530 (4.8) 90 (2.2) 40,000 (3.4) 200 (3.7) 53 (1.2) 540 (22.2)
Domestic Cabins (n=8) 140,000 (2) 3,800 (2.1) 15 (1.6) 96,000 (11) 54 (3.8) 13 (3.8) 460 (3.8)
Drivers (n=9) 70,000 (5.1) 990 (12) 74 (2.2) 21,000 (6.5) 37 (2.2) 54 (1.8) 680 (7)
Collectors (n=7) 200,000 (5.6) 1,500 (4.9) 54 (1.9) 50,000 (5.1) 220 (4.4) 91 (5.3) 990 (7.5)

Grf: gene regulation function; ITS: internal transcribed spacer; PEP: aspergillopepsin
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symptoms, as it is also possible for bacteria to enter the mouth and throat
directly or through nasal secretions and be ingested (Ivens et al., 1999;
Douwes et al., 2003).

Workers’ exposure to fungi was higher during the collection of
compost and domestic waste than during the collection of recyclable
materials. In addition, collectors were about four times more exposed
than drivers. Regardless of the type of waste, drivers’ and collectors’
fungi concentrations measured in our study were in the same range as
found by Madsen (GM: 5700 CFU/m® (Madsen et al., 2016). Other
studies reported higher concentrations, ranging from 47,000 to 63,000
CFU/m? (Nielsen et al., 1995; Krajewski et al., 2002; Park et al., 2013).
All collectors and drivers collecting domestic waste had exposures
exceeding the fungal recommendation of 1000 CFU/m? (Marchand et al.
2017a, 2017b; SUVA, 2021; Marchand, 2021). In a previous study by
Nielsen et al. detection of section Fumigati by culture was achievable in
20% of the samples taken from domestic waste workers (Nielsen et al.,
1995). In this study, only 2% of the samples contained this section.
Penicillium and Aspergillus species represented more than 80% of the
culturable fungi isolated from cabin air. Penicillium has previously been
identified as the dominant genus in landfill, wastewater treatment plants
and during waste collection by other researchers (Kalwasinska et al.,
2014; Viegas et al., 2014; Madsen et al., 2019).

4.2. Azole resistance screening

Azole resistance is an emerging phenomena that poses a real danger
for immunocompromised individuals due to the increased risk of inva-
sive aspergillosis, caused by Aspergillus section Fumigati (“Stop
Neglecting Fungi” 2017; Resendiz et al., 2018). Although A. section
Fumigati was not observed on the azole supplement media, the growth of
fungi from air samples at EUCAST azole-breakpoint concentrations rai-
ses a red flag about the potential development of azole resistance in this
environment and demands further investigation. In fact, a previous
study reported section Fumigati isolates bearing the TR34/L98H muta-
tion known for causing azole resistance in respiratory protective devices
worn by workers in Portugal’s waste-sorting industry (Goncalves et al.,
2021).

4.3. Molecular analysis of indicator microorganisms

Culturable microbiota has the drawback of representing only a very
small percentage of the real microbial risk, since it is limited to cultur-
able microorganisms that are able to develop under laboratory condi-
tions (Cox et al., 2020). Viability is also an important parameter when
studying infectious risks, which cannot be assessed using culturable
microbiota. Overall, culture methods underestimate the immunological,
toxicological and irritative health risks associated with bioaerosol
exposure. For this reason, several researchers are now using molecular
methods to assess microbial risk independently of culturability (Eduard
and Halstensen, 2009; Viegas et al. 2012, 2014; Marchand et al. 2017a,
2017b; Mbareche et al., 2019). In addition, molecular biology detection
methods make it possible to target certain microbial agents as risk in-
dicators (A. section Fumigati, A. section Flavi, Legionella, E. coli and
Enterococcus). These microorganisms, even in low concentrations, can
represent a significant risk to the health of workers due to their infec-
tious and toxicologic potentials.

Total fungi concentrations ranged from 6800 to 860,000 copies/m?>.
These results indicate that 0.6%-7% of fungi were culturable when
compared to the total flora obtained by molecular detection. This is not
surprising, since culturable organisms have been reported to represent
approximately 10% of the total microflora (Russell et al., 1999; Eduard,
2009). Fifty percent of the samples from the breathing zones of workers
were over the 100,000 copies/m® threshold, proposed as an occupa-
tional limit by Eduard et al. (2012). In addition, the air measurements in
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the cabins for the three types of waste show that they were heavily
contaminated by fungi, the highest concentration being observed in a
compost truck (1,700,000 copies/mB). These observations are consistent
with the study by Madsen et al. which reported the contamination of
cabins by airborne microorganisms from the outdoor unloading process
and by workers entering the truck with their contaminated clothing
(Madsen et al., 2016).

Aspergillus and Penicillium species represented the vast majority of
the culturable microbiota measured in the present study. Aspergillus are
well-known molds that can cause health problems due to their toxicity
and allergenic and infection effects (Varga et al., 2015; Sabino et al.,
2019). Species of the Penicillium genus have been reported by some to be
the most frequent in waste collection environments (Madsen et al.,
2020). Exposure to Penicillium can be associated with expiratory flow
rate variability in people with asthma, and can induce both immediate
and late asthma in sensitive individuals (Knutsen et al., 2012). Contrary
to total fungi, the highest concentrations for the Asp/Pen group were
observed during domestic waste collection.

Section Fumigati has the greatest clinical relevance, known for
causing aspergillosis and other respiratory pathologies (Land et al.,
1987; Malta-Vacas et al., 2012; Mousavi et al., 2016). Hypersensitivity
pneumonitis (HP) caused by this section has previously been diagnosed
in a waste worker (Hagemeyer et al., 2013). The Fumigati section is
considered the most toxic among all the Aspergillus genus (Anyanwu
et al., 2003; Pieckova, 2012), due to its ability to produce a number of
mycotoxins (Viegas et al., 2017b). Hence, it is recommended that
exposure be reduced to a minimum in occupational environments
(Marchand et al. 2017a, 2017b; Marchand, 2021). This section was
detected in all air samples from the cabins, and domestic waste trucks
were the most contaminated. A concentration of 145,000 copies/m> was
observed in a driver’s breathing zone when he was at the landfill to
empty his load. This certainly demonstrates a health risk situation for
the drivers who must go to this landfill site (Fig. S2), and wearing a
respirator should be required. To our knowledge, no other studies have
reported section Fumigati exposures by molecular methods during waste
collection.

Although species from the A. section Flavi can cause invasive in-
fections, their occupational health risk arises more from their ability to
produce aflatoxins. These mycotoxins have significant health effects on
humans and animals (Okoth et al., 2012; Varga et al., 2015). IARC
Monographs have reported that naturally occurring aflatoxins are
carcinogenic to humans (Group 1) (IARC, 1993, 2002). In the present
study, A. section Flavi was detected in one out of four samples and the
collectors were the most exposed group, with a maximum concentration
of 3400 copies/m> measured in their breathing zones during recyclable
material collection. Previously, in a study aiming to assess exposure to
aflatoxin B1 in workers from the Portuguese waste industry (Viegas
et al.,, 2012b, 2014), all the workers enrolled in the study showed
detectable levels of AFB1 in blood samples. Values ranged from 2.5 ng
mL ™! to 25.9 ng mL ™!, with a median value of 9.9 + 5.4 ng mL™?, and all
of the controls showed values below the method’s detection limit (Vie-
gas et al., 2012b, 2014).

Legionella may be responsible for respiratory pathologies. Even
though legionellosis has been commonly linked with environmental
exposures via contaminated water, compost and soil (Le Goff et al.,
2010, Whiley and Bentham, 2011; Picard Masson et al. 2016; van
Heijnsbergen et al., 2015), work environments are increasingly recog-
nized as sources of Legionella infections (Principe et al., 2017). Among
others, Legionella has been reported in composting environments, in a
metal recycling plant, a wastewater treatment plant, a dentist’s office,
healthcare facilities, automotive industries and a recycling plant
(Marchand, et al. 2017a, 2017b; Picard-Masson et al., 2016; Ali et al.,
2010; van Heijnsbergen et al., 2015; Principe et al., 2017). Many
countries have adopted public health policies to fight Legionella
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infections but there is no occupational exposure limit for air samples and
further efforts need to be made to protect workers (Principe et al., 2017).
In the present study, 67% of the samples were positive for Legionella,
with concentrations reaching 1300 copies/m®. This is considerably
lower than what has been measured in composting plants, where con-
centrations up to 185,000 copies/m3 have been detected (Bonifait et al.,
2017).

Although most strains of E. coli and Enterococcus cause only minor
infections, their presence in water is indicative of the possible appear-
ance of more pathogenic microorganisms (Price and Wildeboer, 2017).
These two microorganisms are widely used for water quality assessment.
They could also be relevant microbial indicators for the evaluation of
occupational exposure to bioaerosols in some working environments. In
this study, E. coli and Enterococcus exposure levels were in the same
range for compost, recyclable material and domestic waste, with GM
lower than 100 copies/m® for E. coli and 1000 copies/m> for Entero-
coccus. Collectors’ exposure levels were higher than the recommended
level of 1000 CFU/m® for gram negative bacteria, even though they
represented only a fraction of them (E.colii 1800 copies/m*® and
Enterococcus: 7400 copies/m®). Few studies have performed analyses of
inhalable E. coli and Enterococcus in the waste industry. In their study,
Krajewski et al. identified the presence of E. coli in nine of the ten air
samples taken on workers during waste collection (Krajewski et al.,
2002); this study’s occurrence is above 20% (5/24) for E. coli and 75%
for Enterococcus, detected in the collectors’ breathing zones.

4.4. Endotoxin and mycotoxin exposure

The Dutch expert committee on exposure recommended a health-
based occupational limit value for endotoxins of 90 EU/m> based on
respiratory symptoms (DECOS. Endotoxins-Health-based recommended
occupational exposure limits., 2010). According to what has been re-
ported by Madsen et al. (2020), in their literature review, the majority of
waste collection workers would be exposed to endotoxin concentrations
of around 10 EU/m®. In our study, the endotoxin concentrations ranged
from 1.0 to 450 EU/m® with a geometric mean of 35 EU/m°>. These re-
sults are in accordance with Wouters et al. for the exposure of collectors
and drivers (GM: 29 to 66 EU/m®) during organic, residual and mixed
waste collections (Wouters et al., 2002). However, Krajewski et al.
measured average concentrations for domestic waste workers that are
four to ten times higher than the levels measured in the present study
(Krajewski et al., 2002). Even though the average concentration
observed is lower than the recommended limit, 13% (10/74) of the
sample concentrations exceed that limit. This represents a risk to the
health of exposed workers, since it is generally admitted that exposures
should be controlled so that less than 5% of exposures exceed the rec-
ommended limit.

Despite the fungal contamination found, no sample from cabin air
showed contamination by mycotoxins. The reason for these findings
might be due to the SASS filter not having small enough pore sizes to
retain the particles that carry mycotoxins (smaller diameter); this may
have influenced the results obtained, with no mycotoxins being detected
(Brasel et al., 2005; Viegas et al., 2014). Previous studies aiming to
detect airborne mycotoxins demonstrated that it is necessary to use fil-
ters with very small pore sizes, namely 0.2 pm, to retain mycotoxins
(Pasanen et al., 1993; Johanning et al., 2002; Viegas et al., 2017Db).

4.5. Cytotoxicity assessment

The primary routes of bioaerosol exposure to humans are believed to
be inhalation and inadvertent ingestion of contaminated dust. Human
lung epithelial (A549) and human hepatocyte carcinoma (HepG2) cells
were chosen to assess the cytotoxic effect of air samples from waste truck
cabins, because of their characteristics and relevant predictive value
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from in vitro models for different exposure routes, such as inhalation and
ingestion. Our results showed that ambient air samples from waste truck
cabins could, to varying extents, inhibit the metabolic activity of both
cell types. Previous studies using the MTT assay with these cell lines
propose oxidative damage and apoptosis as the possible underlying
cytotoxic mechanism (An et al., 2016; Taroncher et al., 2020). Despite
their limitations, A549 and HepGz2 cell lines are among the most widely
used for lung and liver, respectively (Nikolic et al., 2018). Of note, the
purpose of this study was not to fully validate A549 nor HepG2 as tools
for lung and liver toxicity, but more to use them to identify the different
toxicities of inhalable pollutants present in the air of waste truck cabins.

4.6. Worker exposure assessment

The present study suggests that occupational health risks from bio-
aerosols are greater during domestic waste collection when compared to
recyclable material and compost collections, for most of the microbial
contaminants. Our results show that collectors are the most exposed and
could be at risk of developing health effects related to microbial expo-
sure. This was expected, since collectors are in close contact with waste
and the aerosolization of microorganisms could occur during loading
and compacting garbage in the truck. Although garbage collectors are
the most exposed, this study found that one domestic truck driver was
exposed to the highest measured concentrations of mold, endotoxins,
Asp/Pen group, Aspergillus sections Fumigati and Flavi and E. coli. The
landfill used by this driver is in the open air and the contents of his truck
were unloaded onto a pile of garbage (Fig. S2). This task could be
responsible for the highest exposure, but since the other drivers using
the same landfill did not present the same levels, a more exhaustive
evaluation would be necessary to validate if unloading at this type of
landfill represents a higher risk.

Because of the intensity of the activity itself, the high temperatures
and humid environment during the summer, and the need to commu-
nicate in a noisy environment, it is very difficult to wear personal res-
piratory protective equipment during waste collection. However, it
should be recommended that protective equipment be worn in specific
situations that have the potential to generate high bioaerosol concen-
trations, such as when dumping waste at the landfill and when trucks are
cleaned. Additionally, measures to regularly clean the trucks’ cabins in
order to reduce long-term contamination risks should be implemented.
Respiratory protection must be used during cleaning.

4.7. Limitations

This project has some limitations, such as a restricted sample size,
but it does not prevent the obvious observation of waste collectors and
drivers being exposed to bioaerosols at certain times. Because this study
assesses the worst-case scenario, the risk may not be the same during
other times of the year.

5. Conclusions

This study is one of the first in the field of occupational health to use
the quantification and detection of microorganisms by ddPCR, which
allows absolute quantification of the workers’ exposure to total bio-
aerosols. This multi-technique approach, based on the use of different
sampling methods (personal, environment), and different assays
(culturing, molecular biology, endotoxin, mycotoxin and cytotoxicity)
made it possible to analyze a broader spectrum of the microbial biota
present and of the health risk it poses to the waste collection industry.
This approach is increasingly used and industrial hygienists should rely
on these new strategies to obtain an accurate assessment of microbial
risk.
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