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Rapid population growth and urbanization have led to increased waste generation rates.
Avoiding, reducing and reusing waste is imperative in the international approach to avoid
impacting disposals. Composting plants are crucial for better organic waste management,
although one of their environmental impacts is bioaerosol production, which can lead to
adverse health effects. This work analyzed bioaerosol contamination in composting plants
through multiple analytic methods, including culture-based techniques and qPCR,
subfractionated PM10, and PM4.5 sampling. The aim was to identify indicators useful
for assessing the human health risk associated with bioaerosol exposure during organic
waste treatment. Two composting plants and four different areas (reception/selection,
methanization, composting and refinement) were selected for sampling. The analysis
revealed high contamination levels and large microbial heterogeneity both for PM (until to
3 times above the guideline value) and bioaerosol samples (until to 3 magnitude orders
above the proposed reference value). Bacillus spp., Saccharopolyspora, and
Thermomyces always showed detectable but highly variable concentrations (ranging
from 2.12 to 4.86, from 3.65 to 7.30 and from 3.45 to 6.94 Log gene copies/m3

respectively). They correlated positively and significantly with other measured microbial
parameters, suggesting their potential use as indicators of biological contamination in
composting plants. Moreover, the integration of culture indipendent methods can increase
the monitoring sensitivity and improve the bioaerosol risk assessment. The reduction of
bioaerosol exposure levels in composting plants remains a primary goal but it requires in-
depth characterization of the complex bioaerosol composition, its airborne dispersion, and
its association with specific adverse health outcomes.
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INTRODUCTION

Waste management is one of the crucial points in international development policies, and nations
should adopt and implement optimization programs (European Parliament and Council, 2018). The
first issue is waste collection and management with methods appropriate to its composition; in this
context, the separation and biologic treatment of the organic fraction of municipal solid waste
(OFMSW) (approximately 30–40% of municipal solid waste) is crucial (Fernández-González et al.,
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2020). Composting plants supply an organic waste treatment
opportunity, and they allow for a considerable reduction in the
amount of urban waste disposed of in incinerators and landfills.
Such plants can contribute to reaching the EU directive in the
future in terms of the reduction of municipal waste landfilled (by
2035 to 10% or less of the total amount of municipal waste
generated by weight) (European Parliament and Council, 2018).
In Italy, more than 340 plants are currently actively treating the
organic fraction of waste by composting and/or anaerobic
digestion. They manage 23% of the annual average of 455 kg
of OFMSW produced per capita, more than 6.3 × 106 tons per
year (Anedda and Traversi, 2020; Istituto Nazionale per la
Protezione e la Ricerca Ambientale, 2020).

Microbial Aspects of the Composting
Process
During composting, organic waste is treated through biological
degradation under aerobic conditions provided by an extremely
complex and dynamic microbiota, resulting in the hygienization
and stabilization of organic matter (Ferguson et al., 2021; Pan et al.,
2021). In particular, thermophilic bacteria play a key role in such
biological processes, resulting in a useful fertilizer if compatible with
EU fertilizing product regulations (Official Journal of the European
Union, 2019). Examples ofmesophilic microorganisms involved are
mainly bacterial families such as Pseudomonaceae,
Enterobacteriaceae, and Streptomycetaceae, while thermophilic
microorganisms include bacteria belonging to the
Thermoactinomycetacea family. Finally, during maturation, there
is no degradation or an actual increase in the fungal concentration.

Anaerobic treatment is generally an additional preliminary
step during the composting process; it is catalyzed by anaerobic
and microaerophilic microorganisms that promote the
degradation of organic biomass, leading to biogas production.
Its application has two main advantages: a reduction of the
treatment volume during the composting phase and the
production of a valuable energetic vector. Anaerobic digestion
of OFMSW generally occurs under a thermophilic process,
appropriate for hygienization necessities. Hydrolytic,
acidogenic, acetogenic, and methanogenic microorganisms
catalyze this process (Carballa et al., 2015).

Potential Health Impacts of Bioaerosol
Emissions From Composting Plants
Although composting is an eco-friendly process that is beneficial
for the environment and public health, it is not free of risks,
including biological risks, which must be properly assessed and
managed.

One of the downsides of composting is air pollution, known as
odorous molecule production and bioaerosol release. Such pollution
is primarily generated during processes that involve the vigorous
movement of materials, such as shredding, compost pile turning, or
compost screening. Odorous molecule production, such as volatile
organic compounds (VOCs), including sulfur compounds, is the
most perceived impact by the population, but it is not the most
harmful for human health (Schlegelmilc et al., 2005).

Produced particles include particulates attributable to vehicle
movement but also particles with a biological nature due to
biomass treatment (bioaerosol) (Wery, 2014; Robertson et al.,
2019). It can contain pathogenic or nonpathogenic and dead or
alive microorganisms, including Bacteria and Archaea, fungal
spores and fragments, pollen, viruses, algae and cyanobacteria,
biological crusts and lichens, and others (such as plant or animal
fragments and detritus).

By virtue of their small size and lightweight, bioaerosols easily
drift from one place to another (Ferguson et al., 2021).
Consequently, bioaerosols may cause health hazards in
occupational environments and nearby residential
communities could be subjected to risk exposure (Kim et al.,
2018; Robertson et al., 2019). Human effects, with a public health
impact, include a wide range of acute and chronic adverse
diseases, in many occupational and residential environments
(Schlosser et al., 2009; Robertson et al., 2019). Depending on
the particle size and the components of nonbiological origin,
bioaerosols may penetrate deep into the lungs. Exposure may be
mainly from inhalation but can also occur through ingestion,
dermal and ocular contact (Kim et al., 2018). Additionally,
workers may be exposed to organic matter through mucous
membranes, cuts, and abrasions (Farling et al., 2019).

Bioaerosols emitted by composting plants contain mainly
Actinobacteria, Thermoactinomyces sp., and Bacillus sp.; at the
genus level, there are Thermobifida, Saccharomonospora, and
Saccharopolyspora (Le Goff et al., 2012). Among the fungi and
fungal spores, Aspergillus fumigatus is particularly relevant in
composting plants. It is a thermotolerant species and can cause
severe aspergillosis; moreover, Thermomyces lanuginosus and
Penicillium are also generally present (Le Goff et al., 2010).

Moreover, bioaerosols include viral components. They are not
well-described in the literature, and only metagenome
projects—including valid sampling and extraction
protocols—can define the aerodispersed virome in depth
(Prussin et al., 2018) and whether they are components of
bioaerosols from composting plants. However, knowledge of
the environmental viral component becomes crucial under
“one health” perspectives (Liang and Bushman, 2021).

Infectious diseases, such as aspergillosis, Legionnaires’ disease
(LD) and Pontiac fever (Wery, 2014), is possible via bioaerosol
exposure in composting plants (Douwes et al., 2003; Wery, 2014).
An increased risk of hepatitis A, B, or C has been observed in
waste collectors (Douwes et al., 2003), and generally, some
vaccinations, including antitetanus, anti-HBV, and anti-HAV
vaccines, should be recommended to organic waste treatment
plant workers. For such workers, nonspecific symptoms such as
gastrointestinal (GI) disturbance, fatigue, weakness, and
headache have also been described (Robertson et al., 2019).

The most frequent potential health effects of bioaerosols from
composting facilities are respiratory system problems (such as
rhinitis, asthma, bronchitis and sinusitis, and lung function
impairment) as well as chronic obstructive pulmonary disease
(COPD), organic dust toxic syndrome (ODTS), and
hypersensitivity pneumonitis (HP). Recently, an HP case was
found in a 52-year-old man that was attributed to routine
exposure to bioaerosols in a composting plant (Lal et al.,
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2018). Furthermore, exposure to bioaerosols has been associated
with an accelerated decline in forced vital capacity (FVC),
possibly due to high concentrations of thermotolerant
Actinomyces and filamentous fungi at composting plants
(Bünger et al., 2007). Several modes of action have been
proposed to explain the association between occupational
exposure to bioaerosols and health, such as airway
inflammation and oxidative stress promotion (Timm et al.,
2009; Samake et al., 2017). Exposure to bioaerosols has also
been associated with the risk of developing some specific
cancers, such as lung cancer, liver cancer, pancreatic cancer,
and brain cancer (Schlosser et al., 2009).

Endotoxin is a structural component of Gram-negative
bacteria released through cell damage, including
lipopolysaccharides (LPS) or lipooligosaccharides (LOS).
Airborne endotoxin constitutes an important biological
pollution parameter, and for example, the German BAuA
proposed an updated national guideline for bioaerosol
exposure control, suggesting such a biological indicator be
included in the risk assessment for composting plants
(Robertson et al., 2019).

Methods of Bioaerosol Characterization
Many bioaerosol sampling techniques are available, each
presenting both advantages and disadvantages (Franchitti
et al., 2020). For microbiological analysis, traditional culture-
based methods, which employ selective liquid or solid culture
media to grow target microorganisms, are mostly standardized
methods to analyze bioaerosol samples (for instance, ISO
methods). Nevertheless, these conventional techniques have
some relevant limitations. They are laborious and time-
consuming, and some microorganisms that are not cultivable
under specific growth conditions could remain undetected (Pan
et al., 2021). Moreover, the stress caused by aerosolization and the
sampling methods could also reduce the cultivability of such
microorganisms. To remedy such limitations, culture-
independent techniques have been introduced. A combination
of different methods could provide a better understanding of
microbial composition, survival, dispersal of airborne
microorganisms, and the biological effects of bioaerosols on
human health. On the other hand, a simple and inexpensive
evaluation for human risk assessment is still unavailable.

Aim
This work aimed to obtain data on bioaerosol contamination in
different composting plants through multiple analytic methods,
including new and innovative methods, and to identify indicators
useful for assessing the occupational risk associated with
bioaerosol exposure during the organic waste treatment process.

MATERIALS AND METHODS

Composting Plants and Sampling
Two composting facilities among the main composting plants in
Italy were chosen to carry out the sampling. An Italian
composting plant overview preceded the selection (Anedda

and Traversi, 2020). The included plants were technologically
different but quite advanced. Therefore, they allow a broad
representation of the residual risk still present despite optimal
or suboptimal planning and management. The two included
plants treated the same organic material (green waste, animal
waste, and OFMSW): Plant A by aerobic treatment in biocells and
Plant B by first anaerobic digestion and then aerobic treatment in
composting trenches.

Environmental monitoring was carried out in the following
areas during September and October 2019 in 8 sampling sessions:
Plant A (reception/selection area, composting area, refinement
area) and Plant B (selection area, methanization area, composting
area, refinement area) (Figure 1). The sampling was performed
during such a limited period for different reasons: 1) to limit the
seasonal variation considering that many differences can be
observed among the processes and the areas included; 2) the
meteorological and climate conditions are still favorable for
bioaerosol generation; and 3) the period is optimal for plant
availability; it is important to take into account voluntary
participation in the research project.

Sampling included subfractioned PM10, breathable personal
PM4.5, bioaerosols on culture plates for microbiological culture-
based analysis (Traversi et al., 2018), bioaerosols both on plates
(with low melting agar, LMA) (Ziros et al., 2011), and PM filters
for biomolecular analysis (Figure 1). The sampling duration is
variable in relation to the involved sampling methods and in
terms of the expected level of contamination. However, the
sampling was performed during working hours, in the
morning and/or in the afternoon.

PM and Endotoxin Determination
The PM10 sampler involved is a High Volume Sampler,
AIRFLOW PM10 Analitica Strumenti, provided with a flow
rate of 1.24 m3/min according to UNI-EN 12341 and Italian
DM 60/2002. Sampled PM10 was divided during sampling into 6
subfractions: 10–7.2 µm, 7.2–3.0 µm, 3.0–1.5 µm, 1.5–0.95 µm,
0.95–0.49 µm and <0.49 µm. Every sampling of the
environmental PM lasted at least 4 h. Two types of fiberglass
filters were used: type A/E fissured filters (8″x10″, Gelman
Sciences, MI, United States, named “A”) for the 10–0.49
fractions and A4 filters (203 × 254 mm, Pall Corporation, NY,
United States, named “B”) for the finest fraction.

Alongside environmental sampling, personal monitoring was
also performed. Fifteen persons (10 workers and five mechanical
maintenance workers, chosen according to their shifts and tasks)
were equipped with an AIRCHEK XR5000 portable sampler
(5–5,000 ml/min, SKC United States) and a cyclone selector
for PM4.5 with a fiberglass filter (25 mm diameter, Nupore
Filtration Systems Pvt. Ltd., India). Personal sampling, with a
settled flow rate of 2.2 L/min for at least 6 h (shift duration),
allowed for the measurement of PM4.5 concentrations. All filters
underwent a presampling and postsampling conditioning
procedure to reduce the moisture interference with the filter
weight by placing them in a dryer with silica gel for 48 h (Traversi
et al., 2018).

All filters (10–7.2, 7.2–3.0, 3.0–1.5, 1.5–0.95, 0.95–0.49 µm
subfractions, the <0.49 µm fraction and the personal filters) were
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weighed in triplicate before and after sampling by an analytical
balance Sartorius. The PM10 concentration was calculated as the
sum of the subfractions divided by m3 of sampled air.

Endotoxin Analysis
The method used for endotoxin extraction and determination
was as reported in a previous study (Traversi et al., 2011). Briefly,
a portion of each PM filter was extracted with RPMI 1640 and
0.025% Tween 20 in an ultrasonic water bath. The extract was
centrifuged, and the supernatant was used for endotoxin
determination using the endpoint chromogenic Limulus
amebocyte lysate (LAL) method (QLC-1000 n 50–648U,
Cambrex, Walkersville, MD, United States) at 37°C following
the manufacturer’s instructions. The results are expressed as EU/
mg of PM and EU per cubic meter of air collected. The detection
limit is 0.01 EU/mL. The endotoxin concentration is expressed
for each of the 6 PM subfractions.

Culture-based Analysis and LMA Plate
Sampling
Bioaerosol sampling was realized using a DUO SAS Super 360
(International PBI). The included parameters in this study are
displayed in Supplementary S1. In all of the culture media,
except for fungi, cycloheximide 0.2 g/L was added to avoid fungal
contamination. For each parameter, appropriate contact plates
(55 mm RodacTM Contact Plates, VWR, United States) were
prepared. The instrument was set on support approximately
1.5 m from the ground, to mimic the normal position of the
worker’s head. The sampled volumes ranged between 0.05–2m3.
For each sampling point, at least four doses with technical triplicates

were performed. The duration of the sampling varied in relation to
the sampled volume, and the flow rate was constant (180 L/min).
After sampling, the plates were placed in dedicated sterile bags and
transported to the laboratory at a temperature <10°C. The plates
were incubated at the appropriate temperature and then observed to
count the CFU. The results were expressed after applying a
correction factor, which takes into account the statistical
probability that more than one particle can cross the same slit of
the impactor. The probable count is expressed as Log(CFU) form3 of
sampled air.

DNA Extraction
Nucleic acid extraction was performed from filters collected from
PM10 environmental sampling and sampled plates containing low
melting agar (LMA, Ultra PureTM LMP Agarose 16520–050
Invitrogen, United States). The filter-sampling method favors
mixture concentration; however, the high flow rate and the forced
air impact on the filter may damage microorganisms and the
organic matrix. All filters were stored at −80°C after sampling.
LMA contained in the plates was defrosted and transferred to
50 ml centrifuge tubes for melting (microwave at 500W for 30 s)
and then the extraction was performed. The protocol provides for
nucleic acid extraction through the kits Power-Viral
Environmental RNA/DNA and Power Soil (Qiagen,
United States) for both PM and LMA samples.

A total of 1/16 of the filter, approximately corresponding to a
sampling of 14 m3 of air, was used for the extraction. The
sampling does not mimic the real inhalation flow of the
workers, but it allows for concentrating the sample, obtaining
an eluate that is fairly similar to a worker’s daily air intake, while
the LMA extract corresponds to 0.2 m3 of sampled air.

FIGURE 1 | Scheme of the composting plants and samplings. On the right, the legend of the images is included for the identification of each sampling.
The personal sampling involved two kinds of personnel: workers and mechanical maintenance. Their activities are not attributable to a specific plant area.
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Finally, three DNA extracts were obtained for each sampling
point: (a) DNA from filters on which PM < 0.49 µmwas collected;
(b) DNA from a pool of filters for the other subfractions (10–7.2,
7.2–3.0, 3.0–1.5, 1.5–0.95, and 0.95–0.49 µm); and (c) DNA
from LMA.

The extracted dsDNA was then quantified with a Tecan
Infinite® 200 PRO spectrophotometer and i-control software
(1.10 version) through a 260 nm spectrophotometric reading
using a Nano Quant Plate (Tecan Trading AG, Switzerland).
The quality of the extracted nucleic acids was evaluated by gel
electrophoresis.

Biomolecular Analysis
Several indicators of biological contamination were evaluated
starting from both filters (PM < 0.49 µm and other pooled
fractions) and LMA plates. Quantitative real-time PCR (qRT-
PCR) assays were then performed with a CFX Touch Real-Time
PCR Detection System (Bio–Rad-Hercules, CA, United States)
and CFX Manager (3.1 Software) to quantify the following
targets: Bacteroidetes, Firmicutes, Gammaproteobacteria,
Clostridia, Bacillus spp., Legionella pneumophila,
Saccharopolyspora, total fungi, Aspergillus spp., Aspergillus
fumigatus, Thermomyces spp. and Adenovirus 4.
Supplementary S2 shows the included genomic DNA and
primers for each target (De Souza et al., 2003; Sugita et al.,
2004; Guo et al., 2008; Dridi et al., 2009; Bacchetti De
Gregoris et al., 2011; Ziros et al., 2011; Le Goff et al., 2012;
Carducci et al., 2013; Madsen et al., 2015; Bibbò et al., 2017).
Standard curves were obtained through five or six serial dilutions
of the certified genomic DNA. The thermal protocol proposed in
the reference was applied for each target using Sso Advanced
SYBR Green Supermix (172–5,261, Bio-Rad) or IQ Multiplex
PowerMix (Bio-Rad-Hercules, CA) and iQ-Check Quanti L.
pneumophila kit (357–8,103, Bio-Rad). Starting from 2 µL of
the extracted DNA, the following microbial targets were
quantified by qRT-PCR. The primer efficiency ranged between
90 and 110%, as required for qPCR quality control.

Statistical Analysis
Statistical processing of the collected data was conducted using the
SPSS Package, ver. 27.0 (IBMCorp., United States). We applied (I) a
log 10 transformation to the non-normally distributed data, (II)
Spearman’s correlation to assess relationships between variables, N−
2 degrees of freedom, (III) Mann–Whitney U nonparametric tests
for independent samples to compare means and (IV) Kruskal-
Wallis H test for multivariate analysis. Methanization data are
included in selection data, resulting in three different comparable
sets of data for areas, The mean differences and correlations were
considered significant for p < 0.05 and highly significant for p < 0.01.

The Global Index of Microbial Contamination (GIMC),
proposed by Dacarro et al. (Dacarro et al., 2000) for an
assessment of environmental microbial contamination levels,
was also calculated in all sampled areas for both the culture-
based method (as Log CFU/m3) and the biomolecular method
(assuming Log gene-copies/m3 has a similar meaning to Log
CFU/m3, even if it does not have the same biological
significance).

RESULTS AND DISCUSSION

PM Results
The descriptive statistical analysis of the PM concentrations (6
subfractions, PM3, PM4.5, and PM10) is displayed in Table 1. The
aggregated results exclude refinement without the treatment
phase, which was considered separately in this analysis. It is
characterized by extremely high levels of dust, clearly
distinguishable from any other sampling. Such high levels are
explainable because, during this phase, weekly routine cleaning of
machinery occurs using air lances that remove the dust collected
in the machinery and on the ground. These circumstances differ
markedly from the usual exposure conditions. For this reason,
such sampling was considered separately in the particulate matter
evaluation.

An evident and statistically significant difference (several
orders of magnitude) between the PM levels of Plant A and
Plant B was observed (for PM10 Mann–Whitney test, statistic
5.333, degrees of freedom 1, p < 0.05) (Figure 2A). Although a
greater level of airborne particles was noticed in some sampling
areas in both plants, no statistically significant difference was
observed (for PM10 Kruskal–Wallis test, statistic 3.361, degrees of
freedom 2, p > 0.05). This is probably due to the marked variation
observed in both plants and the limited number of samplings
(Figure 3A).

The levels of environmental PM, both breathable (PM3) and
inhalable (PM10), were strictly and significantly correlated
with the microbial targets evaluated through biomolecular
methods. The same does not apply to culture-based
methods since the main parameters exceeded the limit of
quantification (LOQ). Spearman’s correlation coefficients
between PM10 and the microbial targets were >0.950 (p <
0.01), except for Aspergillus spp. (Spearman’s correlation
coefficient 0.738 and p > 0.05). These results indicate a
need for a more frequent, rapid, and indirect evaluation of
bioaerosol contamination levels through airborne PM
measurements during operational control. Such an approach
has also been previously proposed, which identified inhalable
dust as a marker of exposure to airborne biological agents in
composting facilities and stated that measurement of dust
could efficiently assist decision-making about preventive
measures against endotoxins and bacteria in composting
plants (Schlosser et al., 2018).

In addition, personal PM sampling demonstrated a greater
risk of exposure in Plant A (Figure 2D). Here, too, the
difference proved to be statistically significant
(Mann–Whitney test, standardized statistic—2.121, p =
0.036). Through personal PM sampling analysis, it was
observed that workers that divide their work time between
operating vehicles and performing duties on the ground seem
more likely to be exposed (Kruskal–Wallis, test statistic
−1.837, p = 0.075) (Figure 3D). Their more frequent
presence in the most contaminated areas of the plants,
namely, the treatment areas, could explain their greater
exposure level.

The results aggregated by the mainly frequented areas do not
show statistically significant differences. Finally, three workers
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were declared to be smokers and they displayed slightly higher
breathable PM levels, albeit a statistically significant difference
was not found compared to nonsmokers’ breathable PM levels.
This outcome is unexpected because generally, a pronounced
difference between smokers and nonsmokers can be detected;
however, the 3 workers did not smoke during the sampling times.

Endotoxin Results
The endotoxin level included in the PM10 fraction ranged
between 51 and 128 EU/m3. This overlapped with the last limit
value published in Germany (2018), which is equal to 100 EU/
m3 (ASGM-TRBA 400). Figure 2B shows the mean
contribution of each PM10 subfraction. The highest level of
contaminant was observed in the finest fraction from the

sampled PM. Higher concentrations were observed in Plant
A than in Plant B (5:1). The endotoxin level was particularly
high in the refinement area during machinery cleaning
operations (Figure 3B).

Culture-based Analysis Results
A descriptive analysis of the results obtained from the
bioaerosol environmental monitoring conducted with
culture-based methods is shown in Table 2. Culture-based
analysis for 22°C, 37°C, and 55°C counts and Bacillus spp.
showed values higher than the LOQ of the method, except for
the methanization area for 22°C total bacteria count. In the
majority of the sampling areas, microbial growth is confluent,
preventing a real count of the overlapping CFU. The GIMC

TABLE 1 | Descriptive analysis of PM sampling results. Bold means values >3 mg/m3 (according to the levels proposed by ACGIH for the respirable fraction). n.s. = not
sampled. 7 aggregated results +1 outliner in the refinement without treatment (see Section 3.3).

PM (µg/m3) N Max Min Mean Std Dev Refinement without
treatment

< 0.49 7 + 1 3,411 27 1,038 1,349 9,238
0.95–0.49 7 + 1 408 2 121 150 539
1.5–0.95 7 + 1 377 18 126 150 605
3.0–1.5 7 + 1 316 23 118 117 558
7.2–3.0 7 + 1 831 31 277 312 2,321
10–7.2 7 + 1 1,738 5 568 723 4,726
PM3 7 + 1 4,177 71 1,404 1,722 10,941
PM4.5 15 4,370 71 939 1,113 n.s
PM10 7 + 1 6,746 107 2,249 2,749 17,988

FIGURE 2 | Results obtained for each involved plant. (A) Mean PM10 concentration, detailing the subfraction contribution. (B) Mean endotoxin concentration
determined in PM10, detailing the subfraction contribution. (C) Microbial target Log(gene copies/m3), (D) personal PM4.5 levels.
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ranged between 15,450 CFU/m3 in the methanization area, and
a value >65,350 was observed in the reception area and
composting area (both plants). The overall contamination
was high and widespread in all sampling areas. Significant
differences were detected for (a) fungi, higher in the selection,
tunnel, and composting area; (b) Pseudomonadaceae, in the
selection area; (c) Clostridia and Gram-negative bacteria, in
the reception area. There was a statistically significant
correlation between Clostridia and Actinomycetes
(Spearman’s rho = 0.842; p = 0.009). They were both more
concentrated in Plant A, without an anaerobic step than in
Plant B.

Biomolecular Analysis Results
The extracted DNA ranged between 0.85 and 42.78 ng/μL with an
average of 8.01 ng/μL. The extraction from LMA displayed very
low DNA concentrations, in some cases even under the LOQ of
the instrument, and significantly lower than the one extracted
from PM < 0.49 and 0.49 < PM < 10 µm (Kruskal–Wallis, test
statistic 14.393, degrees of freedom 2, p = 0.001). The A260/A280
ratios varied from 0.5 (filter pool) to 1.1 (<0.49 filter), while the
A260/A230 ratios ranged from 0.2 (filter pool) to 0.4 (<0.49
filter).

The descriptive statistical biomolecular analysis is shown in
Table 3, divided concerning the typology of the starting extract.
Each target concentration was obtained starting from the
different extracts (PM < 0.49, 0.49 < PM < 10 or LMA) was
strongly correlated (Spearman’s correlation coefficient ranged
from 0.778 for Firmicutes to 0.998 for total bacteria). For all
microbial targets except for Aspergillus spp., Aspergillus
fumigatus, and Thermomyces, the highest concentrations were
observed from filters, indicating that this is probably the most
effective sampling method (for total bacteria, for example,
Kruskal–Wallis, test statistic 11.020, degrees of freedom 2,
p = 0.04).

The larger size of fungal cells, which can be found in coarse
particulate matter (PM > 10 µm), could explain the different
efficiency of the extraction methods. Only the LMA method
includes coarse particles since the SAS sampler does not
provide for a preselection according to particle size.

No statistically significant differences among the three
sampling methods were found for thermophilic species, such
as Saccharopolyspora and Themomyces. Such microorganisms are

FIGURE 3 | Results obtained for each sampling area. (A) Mean PM10 concentration, detailing the subfraction contribution. (B) Mean endotoxin concentration
determined in PM10, detailing the subfraction contribution. (C) Microbial target Log(gene copies/m3). (D) Personal PM4.5 for workers and mechanical maintenance.

TABLE 2 | Descriptive analysis of contamination levels evaluated at all the sites
with culture-based methods. Bold means GIMC >4 Log(CFU/m3) as a level of
concern.

Log (CFU/m3) Plate num Max Min Mean Std. Dev

Bacterial count 22°C 24 >4.42 2.96 4.21 0.55
Bacterial count 37°C 24 >4.12 >4.12 >4.12 −

Bacterial count 55°C 24 >4.12 >4.12 >4.12 −

Total bacteria 24 >4.72 4.43 4.68 0.11
Fungi 24 >4.42 2.81 3.58 0.79
Bacillus spp. 24 >4.12 >4.12 >4.12 −

Pseudomonaceae 24 3.42 0.60 1.45 0.93
Clostridium spp. 24 3.42 1.08 2.20 1.15
Gram–bacteria 24 3.42 0.90 1.66 0.82
Actinomycetes 24 1.82 0.78 1.41 0.39
Enterococcus spp. 24 1.53 0.30 1.15 0.46
GIMC 24 >4.82 4.18 4.68 4.28
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detectable and abundant (6-7 Log gene copies/m3) in the different
starting samples.

Contamination levels derived from bioaerosols are
significant, although GIMC, evaluated through
biomolecular methods, is not usually calculated and could
be overestimated both because nonviable cells are included
and because the same cell could be considered more than once
when there is more than one copy of the same gene in the
bacterial genome.

Two of the analyzed extracts, specifically the PM0.49 samples in
the receiving and handling areas in front of the biocells in Plant A
and PM0.49-10 in the refinement area in Plant B, were positive but
not quantifiable (<LOQ) for Legionella pneumophila. Legionella
spp. are ubiquitous in natural and artificial water environments
worldwide. The main Legionella reservoirs are ground-waters,

seawater, lakes, and rivers; however, they have also been isolated
from potting soils and compost. The Legionella pneumophila
growth-limiting temperature is approximately 50°C, and it is
destroyed almost instantly at temperatures above 70°C.
Consequently, it is not possible to exclude its presence in
composting material during treatment phases in composting
plants (Casati et al., 2010). However, its presence is influenced
by water quality and biofilm formation, which favors the growth
and persistence of Legionella (Principe et al., 2017).

HAdV-4 was always detected under the LOQ of the methods
in all of the collected samples. Few studies have reported
detectable levels of such microorganisms in air samples; when
sampling involves waste treatment plants, Adenovirus sample
positivity is observed during the winter season (Carducci et al.,
2013).

TABLE 3 | Descriptive analysis of biomolecular results for each type of sample, including all of the sites and plants. Gray means GIMC >4 Log(gene copies/m3) as a level of
concern, considering the same threshold limit proposed in the literature as CFU. The last lines report the parameters for all of the samples < at the LOQ.

Sample Log (gene
copies/m3)

Max Min Mean Std Dev

PM < 0.49 µm Total bacteria 7.30 3.21 5.52 1.60
Total fungi 5.93 2.40 4.38 1.25
Firmicutes 9.11 5.57 7.63 1.38
Bacteroidetes 4.51 3.45 3.96 0.38
Total Aspergillus spp. 4.41 1.74 3.06 1.03
Clostridium spp. 5.82 3.67 5.13 0.77
Gamma-proteobacteria 5.25 2.30 4.19 1.23
Bacillus spp. 4.57 2.11 3.77 1.00
A. fumigatus 3.95 2.03 2.65 0.83
Saccharopolyspora 6.94 3.65 5.41 1.28
Thermomyces 6.32 3.89 5.25 0.95
GIMC 7.32 3.27 6.74 6.87

0.49 < PM < 10 µm Total bacteria 6.74 3.33 5.70 1.39
Total fungi 5.66 3.19 4.70 0.81
Firmicutes 8.62 5.73 7.61 1.17
Bacteroidetes 4.67 2.78 3.87 0.67
Total Aspergillus spp. 4.39 1.74 3.40 0.81
Clostridium spp. 6.02 4.10 5.34 0.64
Gamma-proteobacteria 5.40 2.30 4.44 1.09
Bacillus spp. 4.86 2.11 3.87 1.02
A. fumigatus 3.92 2.03 2.60 0.67
Saccharopolyspora 7.30 3.65 5.32 1.43
Thermomyces 6.94 3.45 5.08 1.29
GIMC 6.76 3.57 6.45 6.40

LMA Total bacteria 3.99 1.48 2.80 0.96
Total fungi 6.36 4.11 5.60 0.72
Firmicutes 5.12 4.28 4.76 0.33
Bacteroidetes 2.53 1.73 2.37 0.30
Aspergillus spp. 4.83 3.81 4.13 0.44
Clostridium spp. 4.58 3.28 3.58 0.47
Gamma-proteobacteria 4.38 1.38 2.75 1.32
Bacillus spp. 4.76 4.19 4.38 0.27
A. fumigatus <4.11b <4.11b <4.11b −

Saccharopolyspora 6.89 4.78 5.59 0.91
Thermomyces 6.76 3.77 5.70 1.24
GIMC 6.36 4.11 5.94 5.96

All the samples L. pneumophilaa <4.17b <4.17b <4.17b −

HAdV-4 <1.56b <1.56b <1.56b −

a2 samples were positive, but the concentration was <LOQ.
bData expressed as gene copies/µl of extract (corresponding to 0.28 and 0.004 m3 of air, respectively, for PM filter and LMA).
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Statistically significant differences were also detected through
biomolecular methods between the two plants (Figure 2C) and
among the different areas (Figure 3C). In particular, Plant A
displayed higher bioaerosol levels for all microbial targets (for
total bacterial Mann–Whitney, statistic 5.333, degrees of freedom
1, test p = 0.021). For Bacteroidetes and Clostridium spp. such
difference is less marked.

Notably, as expected, fungi correlated withAspergillus spp. and
Aspergillus fumigatus (Spearman’s rho >0.702, p < 0.01), and
bacteria correlated with the main detected phyla.

Bacillus subtilis correlated with total bacteria, fungi,
Gammaproteobacteria, and Aspergillus fumigatus. This last is a
pathogenic thermophilic filamentous fungus, one of the most
commonly enumerated airborne microorganism species. It has
been frequently included in bioaerosol modeling and has also
been selected as an indicator of bioaerosol exposure. Indeed, it is
often found in elevated concentrations during specific activities in
composting facilities, in which it is widely monitored (Douglas
et al., 2017; Williams et al., 2019).

The potential of biomolecular methods lies in their greater
sensitivity and wider limits of quantification (LOQs) than
culture-based methods. On the other hand, biomolecular
techniques are not able to discern between genetic material
belonging to potentially viable microorganisms or nonviable
microorganisms. This limitation could be overcome using
some technical features, such as propidium monoazide and
ethidium monoazide, but their efficiency in inhibiting the
amplification of nucleic acids from nonviable microorganisms
has been discussed, but few data are present in the literature about
bioaerosols (Chang et al., 2017).

The included method in this study is a targeted approach and
thus may underestimate diversity with respect to other
biomolecular methods currently available, such as next-
generation sequencing techniques, especially with a meta-
genome approach; however, such techniques are still
expensive, and the sequence data repository is not complete
for environmental microorganisms.

Significant correlations between culture-based and
biomolecular methods were also observed (for example,
culture-based Clostridium and Actinomycetes vs. biomolecular
total bacteria and Firmicutes, Spearman’s rho >0.8; p < 0.01).
Even though culture-based techniques underestimate
contamination levels compared to biomolecular methods,
contamination levels tend to overestimate them. Hence, the
real and potentially harmful contamination levels can probably
be placed between culture-based and biomolecular results, being
higher than predicted by culture-based methods and lower than
displayed by biomolecular ones. For this reason, to date, the
assessment of bioaerosol contamination levels should include
both methods to guarantee the most accurate estimate.

Currently, there are neither quantitative dose-response
estimates nor occupational exposure limits (OELs) for
bioaerosols admitted at the international level to regulate
bioaerosol emissions from composting facilities (Schlosser
et al., 2018). Nonetheless, the United Kingdom, Germany,
France, and several other countries have developed
regulatory guidelines to evaluate risk and control exposures

to workers and nearby residents. In England, according to the
Environment Agency, acceptable levels of bioaerosols for
composting facilities with “sensitive receptors” were defined
(UK Environment Agency, 2018). Such regulation includes
mainly endotoxin, fungi, and total bacteria counts, without the
identification of microbial parameters for composting plants.
Such analysis revealed bioaerosol concentrations greater than
the occupational exposure limits (OELs) proposed by some
European interpretations. The lowest observed effect level
(LOEL) of 100,000 spores/m3 for nonpathogenic and non-
mycotoxin-producing fungal species has been recommended
in a criteria document based on inflammatory respiratory
effects (Eduard et al., 2012). In Germany, a regulatory
occupational limit of 50,000 CFU/m3 of mesophilic fungi is
set for breathable air in the workplace, according to BAUA
(Douglas et al., 2016). Such limits are not internationally
approved for bioaerosol risk assessment. This is probably
due to the bioaerosol complex composition (Duquenne,
2018). The parameters that seem to best describe
contamination levels are (a) a 22°C total bacterial count,
which can be analyzed to assess environmental
contamination levels; (b) Bacillus spp. and spore-forming
bacteria, which can be used as indicators of both Gram-
positive bacteria and biofilm presence; (c) Enterococcus spp.
and Escherichia coli, which are particularly useful to determine
contamination levels when animal waste is also treated; (d)
Clostridium spp., when anaerobic digestion is included; (e)
fungi and yeasts, in particular, Aspergillus spp. and Aspergillus
fumigatus, which have been selected as an indicator of
bioaerosol exposure and have been used to model
bioaerosol dispersion (Williams et al., 2019); (f)
thermophilic microorganisms such as Saccharopolyspora, as
a representative of Actinobacteria, and Thermomyces, as
representative of fungi, are suggested.

CONCLUSION

In this study, the heterogeneity of bioaerosol composition was
confirmed in both analyzed plants. Regarding sampling
methods, biomolecular methods are more sensitive and
provide much higher quantification capabilities than
culture-based methods. Nevertheless, biomolecular
techniques are not able to discern between genetic material
belonging to a viable and infective microorganism or a
nonviable microorganism, potentially leading to an
overestimation. Moreover, it is important to highlight those
different bioaerosol components, Not just those that are viable
and/or capable of colonizing or infecting the host, can induce
adverse effects on human health, such as inflammatory or
allergic responses. Therefore, it has been proposed that
combining both culture-based and biomolecular methods
can better represent bioaerosol contamination levels.

Of course, even though the sampling time duration is used as a
correction factor, the comparability between SAS and filter
sampling is limited for the very different applied methods. On
the other hand, quantitative evaluation comparison is necessary.
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This clearly showed a higher sensitivity estimation of the GIMC
of the biomolecular methods [(PM < 0.49 µm) > (0.49 < PM <
10 µm) > (LMA)].

In our opinion, Bacillus spp., Saccarospolispora, and
Themomyces seem to be the key indicators for such
bioaerosol contamination. Of course, thermophilic
microorganisms were previously discussed as potential
indicators of composting bioaerosols (Le Goff et al., 2012);
moreover, the proposed microorganisms were always
detectable in this work (>LOQ) for every site and plant.
The values detected are quite variable and are correlated
with pollution by observing the other microbial parameters
and PM subfractions.

Many aspects of bioaerosol exposure risk assessment remain
uncertain and not fully characterized. Significant concerns about
occupational health persist, and a reduction of bioaerosol
exposure levels in composting plants remains a primary goal.
More efforts are required both to validate new techniques for
assessment and to develop novel technologically advanced
protective equipment designing a consolidated scheme for
characterization of the complex bioaerosol composition, its
airborne dispersion, and its association with adverse health
outcomes in both composting plant workers and nearby
residents.
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