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Abstract: Bioaerosol characterization represents a major challenge for the risk assessment and
management of exposed people. One of the most important bioaerosol sources is the organic waste
collection and treatment. This work analyzed and discussed the literature with the purpose of
investigating the main techniques used nowadays for bioaerosol monitoring during organic waste
treatment. The discussion includes an overview on the most efficient sampling, DNA extraction,
and analysis methods, including both the cultural and the bio-molecular approach. Generally,
an exhaustive biological risk assessment is not applied due to the organic waste heterogeneity,
treatment complexity, and unknown aerosolized emission rate. However, the application of
bio-molecular methods allows a better bioaerosol characterization, and it is desirable to be associated
with standardized cultural methods. Risk assessment for organic waste workers generally includes
the evaluation of the potential exposition to pathogens and opportunistic pathogens or to other
microorganisms as biomarkers. In most cases, Saccharopolyspora rectivirgula, Legionella spp., Aspergillus
spp., and Mycobacterium spp. are included. Future perspectives are focused on identifying common
composting biomarkers, on investigating the causality process between chronic bioaerosol exposure
and disease onset, and finally, on defining common exposure limits.

Keywords: bioaerosol; methodology review; sampling method; sample processing; Polymerase
Chain Reaction techniques

1. Introduction

The rapid growth of the world population has led to an impressive increase of waste destined
for landfill and to a resulting increase in greenhouse gas emissions. The European Union committed
to reducing the total quantity of waste destined for landfill [1,2]. Wide margins for the reduction of
such environmental impact can be identified, especially by the separation of the waste according to its
nature [3]. Organic waste (OW) can be treated through biological transformations, by aerobic process
alone, which produces an improver used as soil fertilizer, or by an anaerobic process that produces
also energy. Moreover, OW can be treated by aerobic and anaerobic processes in the same plant [4].
According to ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale) in 2018, the organic
waste treatment plants (OWTPs), that integrate anaerobic digestion to the aerobic phase, are more
than the sites that use only the biomethanization (35 plants against 23, respectively) [5]. Pearson et al.
estimated that each ton of food waste diverted from landfill to composting plants reduces greenhouse
gas emissions by the equivalent of 0.4 to 0.7 tons of carbon dioxide (CO2) [6]. For example, in 2018,
7,079,800 tons of organic waste were collected in the Italian territory, showing a 24% increase since 2014.
Moreover, wide improvements could still be implemented [5].
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The treatment of the OW presents though some disadvantages, among them, bioaerosol production.
This is a suspension of biological pollutants also defined as primary biological airborne particles (PBAPs)
with an equivalent aerodynamic diameter of 0.05–100 µm [7,8]. Bioaerosol exposure is associated
with the onset of respiratory diseases as well as enteric diseases and skin and eyes inflammation
processes. In 2018, the first case of hypersensitivity pneumonitis correlated with bioaerosol exposure in
a composting facility was identified [9]. However, bioaerosol composition and the actual risk for human
health are still unclear [10]. Nowadays, this emerging field of research is collecting interesting evidence
all over the world, and the literature reports numerous papers on the bioaerosol characterization in
composting facilities. Moreover, recent publications included reviews that aimed at defining the overall
dose–response correlation between bioaerosol exposure and the onset of health effects. Environments
such as intensive breeding plants [11] or waste water treatment plants [12,13] were especially examined.
However, it is not yet possible to define shared exposure limit values. One of the main reasons for
this is that nowadays results are still not comparable due to numerous factors such as the lack of data
that describe the background contamination, the heterogeneity of the experimental design, the poor
efficiency and the comparability of sampling methods, and above all, the lack of standardized analysis
protocols. For those purposes, this work analyzed the literature with the purpose of investigating and
discussing the main techniques used for the study of bioaerosol produced by OWTPs. The focus was
placed on the currently most common treatments of composting alone and composting integrated
with biomethanization.

2. State of the Art

The following analysis shows the background knowledge on bioaerosol contamination, composting
process, anaerobic digestion, and human health risk assessment.

2.1. Bioaerosol

Bioaerosols are small airborne particles (ranging from 0.001 to 100 µm) with a biological origin
and that can contain pathogenic and/or non-pathogenic microorganisms, dead or alive, as well as
parts of such living organisms [14]. Bioaerosols include microorganisms such as bacteria, fungi,
and viruses, as well as fragments and released molecules like endotoxin, 1-3 β-glucans, and spores [14].
Exposure to such biomolecules is a risk factor for respiratory system diseases, including aspergillosis,
asthma, rhinitis, and chronic obstructive pulmonary disease (COPD). Moreover, the exposure can
also cause gastrointestinal disorders and skin and eye inflammation. Human infections can be due to
pathogenic microorganisms such as adenovirus (AdV), Legionella spp., Bacillus spp., Aspergillus spp.,
and opportunistic microorganisms such as Pseudomonas aeruginosa and Aeromonas spp. [15]. Generally,
Firmicutes, Proteobacteria, and Bacteroidetes are the dominant microorganisms that can be found in
compost. Moreover, the selection of sporulating species during the aerosolization could explain the
dominance of Firmicutes and Actinobacteria. Finally, the most represented microorganisms in compost
bioaerosol are Aspergillus spp., Penicillium spp., Bacillus spp., Thermoactinomyces spp., Thermobifida spp.,
Saccharomonospora spp., and Saccharopolyspora spp. [9,15–19].

2.2. Composting

The composting is the transformation process conducted in an aerobic environment where OW
is converted into humus, an organic matter used as soil fertilizer. The compost quality strongly
influences the soil quality. The latter is an important issue included in the United Nations sustainability
goals [20,21]. Indeed, compost salinity prevents plants from growing in optimal conditions. To define
compost quality, two parameters are observed: maturity and stability [4]. Maturity is the suitability
of the compost for a specific use (e.g., ability of plants to grow) while stability is the degree of
decomposition of the organic matter. There are no standard methods to measure these two values.
Nowadays, the respirometric method is commonly used [22], even if it is suggested as not exhaustive
for the compost quality evaluation [23].



Atmosphere 2020, 11, 452 3 of 19

The major influencing factors on the compost quality are oxygen intake (0.2–0.6 L/(min × Kg ×
Organic Matter)), temperature (45–55 ◦C), humidity (55–65%), pH (7–8), C/N ratio (26–35), particles
magnitude, and matrix density [24–26]. Before the fermentation phase, a mixture preparation phase
occurs. It consists of organic waste mixture and aims at obtaining a homogenous biomass suitable
to air penetration, thus to the following aerobic step [27]. The degradation occurs primarily during
the fermentation phase, which is divided in three minor stages: mesophilic stage, thermophilic
stage, and then cooling. The microbial composition varies while the temperature is changing [28].
During the two mesophilic stages, the active microorganisms are bacteria such as Pseudomonaceae,
Erythrobacteraceae, Comamonadaceae, Enterobacteriaceae, Streptomycetaceae, and Caulobacteraceae.
During the thermophilic stage, the most represented microorganisms are bacteria such as
Firmicutes and Actinobacteria, in particular, Thermoactinomycetaceae, Thermomonosporaceae, and
Pseudonocardiaceae. During the maturation phase, bacteria concentration decreases and fungal
concentration increases [29,30]. Active bacterial communities are able to adapt in relation to nutriment
availability and altered environmental conditions. Moreover, their metabolic activity influences process
velocity and efficiency [28]. The complex microbiota of the composting process is one of the major
determinants of the compost quality.

The industrial full-scale process of composting could be mainly conducted with 3 different
techniques, windrow composting, aerated static piles, and in-vessel composting [31]. Both the plant
design and the variables for the compost quality also influence the generated bioaerosol composition.
Table 1 shows an overview of the main published results on bioaerosol emitted in OWTPs and their
involvement in risk assessment.
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Table 1. Bioaerosol studies in organic waste treatment plants (OWTPs) that presented total bacteria and/or fungi concentrations.

Author (Year) Country Number of Sites Sampling Method Total Bacteria and Fungi Data Used for Risk
Assessment Improvement

Betelli, 2013
[32] France

5 composting plants:
- green waste

- WWTP
- biowaste
- OFMSW

37 mm OFCs Thermophilic bacteria:
103–107 CFU/m3

Yes, qPCR count 100/1000 times more than
culture-dependent method or

epifluorescent microscopy

Chang, 2014
[33] Taiwan 1 food waste composting plant TI-10-890

Bacteria:
Mesophiles 4 × 104 CFU/m3

Thermophiles 1.7 × 104 CFU/m3

- Fungi:
Mesophiles 5.4 × 103 CFU/m3

Thermophiles 3.4 ×103 CFU/m3

Yes, correlate the bioaerosol components
with inflammatory cytokine secretion and
the increase expression of remodeling gene

in NCI-H292 cells

Gutarowska, 2014
[19] Poland

4 sites: 2 producing button
mushroom substrates

2 green waste
MAS-100 Eco Air Sampler

Composting plants producing button
mushroom substrates:

fungi: 4.6 × 102–8.6 × 103 CFU/m3

bacteria: 1.6 × 103–6.4 × 104 CFU/m3

Green waste composting plants:
fungi: 2.3 × 103–1.8 × 104 CFU/m3

bacteria: 1.8 × 103–1.6 × 104 CFU/m3

Yes, indicators of harmful biological agents
are proposed.

Le Goff, 2012
[18] France

11 open windrows:
- 4 green waste

- 4 WWTP
- 2 OFMSW

- 1 mixture of previous

Coriolis ® µ

-Background
total bacteria 2.5 × 106 cell/m3

viable bacteria 2.3 × 103 cells/m3

culturable bacteria and fungi 103 CFU/m3

-Turning process
total bacteria 108 cell/m3

viable bacteria 2.3 × 106 cells/m3

culturable bacteria and fungi 105 CFU/m3

Yes, the integration with other indicators
(Saccharopolyspora spp. and

Thermoactinomicetaceae) in monitoring
bioaerosols emission in composting plants

Schlosser, 2018
[34]

France (7)
Spain (1)

8 sludge composting plants:
1 enclosed

5 partially confined
2 open-air

CIP 10 Aerosol Sampler
Inhalable dust 6.5 (6.1) < 0.1–223.9 mg/m3

Mesophilic bacteria 4.9 × 106 (32.7) 1200–5.5 ×
109 CFU/m3

Yes, dust influence culturable bacteria
concentration. Measurement of dust can be

used for risk assessment

Note: OFC= open-face cassettes; CFU = Colony Forming Unit; qPCR = quantitative Polymerase Chain Reaction; MAS = Microbial Air Sampler; ALB = agricultural and livestock biomasses;
LCB = lignocellulosic biomasses; OFMSW = Organic Fraction of Municipal Solid Waste; WWTP = Wastewater Treatment Plant; NAGase = N-acetyl-β-D-glucosaminidase.
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2.3. Biomethanization

Anaerobic digestion represents an alternative or complementary biological method for OW
treatment. This technique is in expansion, as it entails many economic advantages due to the production
of energy obtained from a renewable source. One of the main differences from composting is that
the digestion process is conducted in a closed digester, hence reducing the bioaerosol dispersion [35].
The anaerobic process involves four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
The final product is an energetic vector called biogas, composed primarily of methane and carbon
dioxide. The purified biomethane can be used to produce energy for the partial autonomy of the
plant or house heating and fuel for vehicles. Since it is obtained from the biomass, the overall
balance of carbon dioxide production and greenhouse gas emissions is zero. During the four phases,
the microbial composition varies in relation to the substrate availability. The most represented phyla
are Firmicutes (among which the order of Clostridiales), Bacteroidetes, and Actinobacteria [36].
In addition, the methanogens belonging to the Archaea domain are active during the methanogenesis.
They are characterized by a longer period of replication, by the necessity of a strictly anaerobic
environment, and by the capacity of growing at high temperatures [37]. They do not include known
pathogens, but they can indirectly contribute to pathogenic pathways [38]. Table 2 shows an overview
of the main published results on bioaerosol emitted during biomethanization and their involvement in
risk assessment.
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Table 2. Bioaerosol studies in biomethanization facilities that presented total bacteria and/or fungi concentrations.

Author (Year) Country Number of Sites Sampling Method Total Bacteria and Fungi Data Used for Risk Assessment Improvement

Anedda, 2019
[39] Italy

6 bioenergy plants:
- ALB
- LCB

- OFMSW
- WWTP

DUO SAS Super 360
Sampler

- Biomolecular Total Count at 37 ◦C
Log10(CFU/m3)
ALB: 2.49 ± 0.44
LCB: 3.14 ± 0.97

OFMSW: 3.18 ± 0.97
WWTP: 2.36 ± 1.23

- LMA Bacterial Count Log10(CFU/m3):
ALB: 4.27± 0.35
LCB: 4.75 ± 0.20

OFMSW: 4.41 ± 0.31
WWTP: 3.76 ± 0.75

Yes, integration of culture-dependent and
-independent methods for a more efficient

characterization

Dubuis, 2017
[40] Canada 2 sites: - WWTS + ALB +

OFMWS - OFMWS

- AMS
- SASS ® 3100 Dry Air

Sampler

- Total bacteria
Cultural method: 102–104 CFU/m3

qPCR: 104–106 CFU/m3

Yes, qPCR count 100/1000 times more than
culture-dependent method.

qPCR detect non-viable and non-culturable
microorganisms

Madsen, 2004
[41] Denmark

-Cultivable bacteria:
briquette and pellet 20-60 CFU/mg straw and
wood chip 8 × 104–3.1 × 106 CFU/mg -Total

fungi: briquettes and pellet BD straw and wood
chip 4.5 × 106 CFU/mg

Yes, identification of new possible indicators of
the bioaerosol contamination

Timm, 2009
[42] Denmark 22 biofuel plants GSP Inhalable Sampler

Total bacteria: 1 × 104 –5.4 × 107/m3 Fungi:
fungal spores: 8.1 × 102– 1.3 × 107/m3 NAGase

5 × 10−2 – 2.5 pmol/s

Yes, identification TIP is a cheaper and faster
method for bioaerosol characterization

Traversi, 2018
[43] Italy

5 plants:
- OFMWS

- ALB
- WWTP

DUO SAS Super 360
Sampler

Environmental count at 22 ◦C 546 CFU/m3

Mesophilic count at 37 ◦C 1420 CFU/m3

Thermophilic count at 55 ◦C 934 CFU/m3

Yes, a semi-quantitative risk assessment method
for anaerobic digestion facilities

Note: CFU = Colony Forming Unit; ALB = agricultural and livestock biomasses; LCB = lignocellulosic biomasses; OFMSW = Organic Fraction of Municipal Solid Waste;
WWTP = Wastewater Treatment Plant; LMA = Low Melting Agar; qPCR = quantitative Polymerase Chain Reaction; AMS = Andersen Microbial Sampler; SASS = Smart Air
Sampler System; SAS = Surfaces Air System; BD = Below detection level; NAGase = N-acetyl-β-D-glucosaminidase; TIP = total inflammatory potential.
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2.4. Risk Assessment in OWTPs

The evaluation of the risk assessment is commonly divided into four stages: hazard identification,
exposure assessment, dose–response assessment, and risk assessment.

The first phase requires the identification and the quantification of viable microorganisms to which
humans can be exposed during the digestion process. The published studies were highly dependent on
the design of the experiment and on the focus of the study. One of the major limits is the air sampling
method heterogeneity and the lack of a standardized protocol analysis [44]. However, numerous
pathogens classified as class 2 were detected [15].

The exposure assessment defines the quality and the quantity of air which a worker is exposed
to during the shift, typically lasting 6 to 8 h. It is possible to investigate the exposure through
environmental and personal samplings [34,45]. Environmental data are the most frequent. It is also
possible to measure biological parameters to ideally identify exposure biomarkers [18,41,43,44,46,47].
This phase has the same limits introduced in the first phase such as lack of bioaerosol composition
knowledge and heterogeneity of sampling methods. Moreover, the working-time spent in the various
operating areas—also using PPE (personal protective equipment) and CPE (collective protective
equipment)—is very variable, and it affects the exposure assessment substantially. The CPE can include
environmental air aspiration systems and vehicle air filters.

The third phase of the evaluation requires the determination of a dose–response curve, strongly
influenced by a wide number of confounding factors due both to inter-individual variability (genetics,
lifestyle, habits, etc.) and bioaerosol composition. Dose–response studies are the result of two
approaches: first toxicological and then epidemiological. Regarding the toxicological studies, it is
still difficult to determine the effects of bioaerosol on human health in general due to the complexity
of such environmental mixture. It is also necessary to describe how the induction process works
(biological plausibility), and from this point of view, a large body of evidence is produced in both
in vivo and in vitro models [33,42,48–50]. Regarding the epidemiological studies, it was possible to
demonstrate a statistically significant correlation between bioaerosol exposure and the onset of health
effects on human cohorts [6,15]. Unique correlation is not sufficient to demonstrate a causal link though,
because there are numerous confounding factors to evaluate; therefore, the Hill’s criteria have to be
verified [51]. Moreover, establishing an adequate exposure association with bioaerosol is challenging.
Mbareche et al. highlighted that the majority of the studies focus their attention on the environmental
quantification of the bioaerosol, while only a few studies are focused on human biomarkers for the
intake evaluation [44].

The risk assessment is defined in the fourth phase, using the dose–response curve obtained in the
third phase. Nowadays, the characterization of the microbial composition of bioaerosol is a primary
indicator of the biological risk, as it allows to identify the airborne pathogens [6,15]. On the other hand,
for example, the Global Microbial Contamination Index (GMCI) is proposed to measure the overall
microbial pollution in order to define the biological risk [52]. Even if the knowledge has improved
in the last years, the absence of an exhaustive bioaerosol characterization, together with the lack of
experimental and epidemiological data, does not allow the determination of the effective biological
risk which both workers and surrounding communities are exposed to.

Therefore, it was not possible to establish exposure limits accepted worldwide but national
committees for occupational and environmental health protection, e.g., BAUA (Germany), DECOS
(Noordwijk, The Netherlands), and UK Environment Agency, have determined reference values which
workers and nearby residents can be exposed to. For example, in 2013, BAUA set the exposure
limits to 10,000 Colony Forming Unit per cubic meter (CFU/m3) for fungi [53]. For the endotoxins
exposure, the Health Council of the Netherlands defined that the maximal concentration inhaled from
an operator during the 8 h shift, must not exceed 90 Endotoxin Unit per cubic meter (EU/m3) [6,40,44],
while in France, the same limit is set at 200 EU/m3 [54]. Moreover, in 2018, the UK Environment
Agency proposed the first environmental limits of 1000 CFU/m3 for total bacteria and 500 CFU/m3 for
Aspergillus fumigatus [55].
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3. Methods and Qualitative Systematic Research

The study was conducted by comparing the methods applied and described by scientific papers in
the literature. A bibliographic research was conducted on 3 main different databases online: PubMed,
Scopus, and ISI Web of Science. The keywords used for the research were: “bioaerosol”, “organic
waste”, “composting plants”, “biomethanization”, “risk assessment”, and “human health”. Firstly,
the papers were selected on the basis of the year of publication, starting with papers published
from 2016 onwards. Thereafter, papers published before and available online were analyzed and
included only if the reported data were significant. The papers were selected because they contained
more relevant information on the state of the art for biological risk assessment, including bioaerosol
exposure evaluation.

4. Results and Discussion

Bioaerosol characterization in organic waste treatment facilities is still a controversial topic,
since the determination of the biological composition is strongly influenced by environmental factors,
such as temperature, humidity, season, and prevalent source contamination, as well as technical
factors like sampling and analysis methods. It is not yet possible to define a standardized method for
bioaerosol characterization, although some identified procedures can lead to a more homogeneous
research and could allow a more exhaustive bioaerosol description. The critical points of the pipeline
characterization are discussed here. In Figure 1, a summary of the main preliminary steps to conduct a
bioaerosol risk assessment is reported.

4.1. Sampling and Extraction Method

Results from exposure studies are extremely influenced by the sampling method. In the last decade,
the number of samplers for bioaerosol has increased. Sampling methods commonly used and
regulated by international standardized operative procedures are filtration, impaction, liquid impinger,
and cyclone [56–58].

Filtration consists of pumping air through a porous membrane filter that captures bioaerosol
particles. This method can be used both in culture-dependent and culture-independent studies.
This sampler is cheap, easy to use, efficient at trapping microorganisms larger than a pore size, and the
captured microorganisms remain viable [59]. Samples could be subjected to desiccation due to the
flow rate and time; therefore, the spore-forming microorganisms may be preferentially recovered [60].
Generally, a personal sampler runs at a low-flow sampling rate, and only a small volume of air can be
sampled on the filter. The sample of bioaerosol is not concentrated enough for an exhaustive evaluation;
therefore, the environmental sampling can supply another element for risk assessment [43,61].

Impaction consists in the use of an air pump that captures the air over the surface of a Petri dish
containing nutrient agar. Fungal and bacterial samples can be used for culture-dependent studies; it is
also easy to use and cheap. The disadvantages are loss of viability and loss of recovery efficiency due
to the lack of adherence to the surface by the microorganisms [59].

Liquid impinger captures bioaerosol in a liquid matrix. Samples can be analyzed with
culture-dependent and -independent methods. These samplers are made of glass, and they can
be easily broken, meaning that they are not easy to use, and they are expensive. Samples could be
subjected to evaporation and violent bubbling, which could lead to a loss of sample [60].



Atmosphere 2020, 11, 452 9 of 19
Atmosphere 2020, 11, x FOR PEER REVIEW 2 of 4 

 

 212 
Figure 1. Summary of the main bioaerosol risk assessment steps. The four pictures at the top 213 
represent common sampling sites in organic waste treatment plants. Note: PCR = Polymerase Chain 214 
Reaction; qPCR = quantitative Polymerase Chain Reaction; PCR DGGE = Polymerase Chain Reaction 215 

Figure 1. Summary of the main bioaerosol risk assessment steps. The four pictures at the top represent
common sampling sites in organic waste treatment plants. Note: PCR = Polymerase Chain Reaction;
qPCR = quantitative Polymerase Chain Reaction; PCR DGGE = Polymerase Chain Reaction Denaturing
Gradient Gel Electrophoresis; NGS = Next Generation Sequencing; 16 S = ribosomal region 16S of
bacteria; 18 S = ribosomal region 18S of fungi; ITS = Internal Transcribed Spacer.

Cyclone captures bioaerosol into a liquid matrix using centrifugal force. Samples can be analyzed
with culture-dependent and -independent techniques. As observed for the impinger method, one of
the main disadvantages is the possible evaporation of the liquid medium and the subsequent loss
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of sample. Another one is the low quantity of sample collected. Moreover, larger molecules are
preferentially collected. This sampler is easy to sterilize [62,63].

Nowadays, researchers are trying to improve the real-time bioaerosol monitoring. The currently
used devices only count particles but are not able to classify them. The last improvement of such
technique included biochemical determination to detect biological components even if there are a lot
of non-biological interferents [64]. The ideal real-time sampler should be portable, have continuous
sampling and high collection efficiency, and should continuously deliver samples to the detection
system. The slow development in this field is due to the difficulty in determining the concentration
and the type of bioaerosols in the air stream. One of the main disadvantages is the misinterpretation
due to the signal interference from non-biological particles [65].

The first phase of this study was focused on the comparison of the commonly used sampling
methods (Table 3, first section referring to sampling methods), tested both on samples generated in lab
and on samples from a composting site. Ferguson et al. observed that Filtration with polycarbonate
(PC) filters produces better results in terms of bacterial DNA recovery than Liquid impinger with a
difference of an order of magnitude [8]. This is probably due to the easier extraction of the sample
from the surface of the filter or to the recovery of particles with a diameter size of less than 0.5 µm,
which results extremely difficult with the impinger method. Furthermore, filters in PC are thin; hence,
they completely dissolve in phenol/chloroform solution making the extraction lysis process more
efficient [8]. Despite the higher DNA extraction, in filtration, the bacteria quantification was scarce and
the quality of the DNA was low compared to the Impaction method (Low Melting Agar) [8]. This
could be due to the not optimal extraction methods or to the strong dehydration during high flow
sampling rate. It is also important to define an ideal flow rate and sampling time in order to reduce
the sample loss due to the desiccation. On the other hand, too short sampling times and low flow
sampling rates produce an insufficient collection of bioaerosol for proper extraction and analysis. The
use of an optimized extraction kit could make this process easier, time-saving, and would also allow
the use of a standardized extraction method common for all laboratories [66–68].

Table 3. Sampling, extraction and analysis methods summary [8,10,60,68–81].

Methods Strength Weakness

Sampling

Filtration

High collection efficiency (for particles >0.4 µm);
Portability;

Viable microorganisms;
Cultural and biomolecular analysis

Variable flow rates, it depends on the employed
sampler (low 2 L/min; medium 10–30 L/min or

high 300–1000 L/min)
Also virus collection

Spore forming
microorganism’s selection;
Dehydrating problem at

high flow rate
The low and medium flow

produce a scarce quantity of
material for the

bioaerosol analysis

Impaction
Variable flow rate but generally <200 L/min;

Portability;
Generally, only cultural method

Difficult nucleic
acids extraction;

Viability reduction;
Recovery reduction

Impinger

Low flow rates (<100 L/min);
Shorter sampling period;

Cultural and biomolecular analysis;
Sample directly in liquid

Lower collection efficiency
than filters;

Low portability;
Difficult nucleic
acids extraction;
Evaporation bias

Less cheap

Extraction

Phenol-chloroform Better lysis
Cheap

Not standardized
Time-consuming

Commercial kits
(DNeasy PowerSoil Kit

Qiagen, PowerViral
DNA/RNA Kit Qiagen, etc.)

Standardized method
Time-saving Less cheap
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Table 3. Cont.

Methods Strength Weakness

Current Analysis

Cultural
Viable microorganisms;

Cheap;
Possible API® determination

Qualitative analysis;
Do not detect unculturable

microorganisms;
Detection of 1.5–15.3% of all

the species

Real time qPCR

Quantitative analysis;
High sensitivity and accuracy;

High reproducibility;
High number of samples;

Detect unculturable microorganisms

Detect also non-viable
microorganisms

PCR-DGGE Numerically dominant community members;
Community changes and differences

Weak reproducibility;
Low specificity;

Qualitative analysis;
Gradient production

MALDI-TOF
Rapid analysis after the growth on plate

Sensitive
Cheap if the equipment is already available

Previous cultural step or
bioaerosol sample

pre-treatment;
Identification limited to

known peptide mass
fingerprints

NGS Analysis

Targeted Amplicon
Sequencing rRNA

Bacterial and fungal sequencing;
Reduction of bias with degenerated

oligonucleotides;
Most used method

High sample quantity;
Previous PCR step;

Expensive;
Over-estimation;
Detect non-viable
microorganisms;

Relative abundance sloped;
No viral identification

Shotgun metagenomics

Whole genome
Viral detection

Taxonomic biodiversity and biological functions
Global biome characterization

Absolute abundance
No PCR biases

No previous knowledge of the sequences

High sample quantity;
Expensive;

Challenging bioinformatics
analyses;

Detect non-viable
microorganisms

Note: PCR = Polymerase Chain Reaction; qPCR = quantitative Polymerase Chain Reaction; DGGE = Denaturing
Gradient Gel Electrophoresis; NGS = Next Generation Sequencing; MALDI-TOF = Matrix-assisted laser
desorption/ionization time of flight.

4.2. Analytical Methods

The commonly used methods for bioaerosol characterization are culture-dependent and quantitative
Polymerase Chain Reaction (qPCR) techniques. Moreover, some studies included Next Generation
Sequencing (NGS) of the regions 16S and 18S of rRNA or rDNA (Table 3).

These three methods do not exclude each other; in fact, the use of all of them allows to increase the
comprehension of the bioaerosol composition. The cultural method only recognizes 1.5–15.3% of all the
species that are able to create a colony, and all the microorganisms that are not viable or unable to grow are
not identified [15]. In addition, a metagenomic approach could be theoretically applicable; nowadays,
there are no published papers where the metagenomic method was applied to bioaerosol composting
samples. Such approach could provide a more exhaustive microbiota characterization including also
fungi and viruses, but on the other hand, it is still expensive. Traditional culture-dependent studies
require selective culture media that allow the growth of target microorganisms limiting the undesired
ones, but in the practice, the biodiversity of the matrix highlights overlapping and unexpected growth.

Bacterial and fungal quantifications are a preliminary good contamination index [15].
As previously stated, various specific targets have been identified such as total bacteria,
Legionella pneumophila, Saccharopolyspora rectivirgula [40], and Thermoactinomyces vulgaris [33,80].
These targets were used to compare culture-dependent and quantitative PCR. Betelli et al. observed
that there is a linear correlation between the copy number of the region 16S calculated with the
qPCR and the number of CFU observed with the cultural method [32]. The culture-independent
methods allow to assess the concentration of microorganisms 2 or 3 orders of magnitude higher
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than the culture-dependent techniques. Indeed, the cultural method estimates only about 15% of
the bacteria quantification from Low Melting Agar (LMA) plates studied with qPCR [39]. Therefore,
biomolecular methods seem to be more efficient than culture-dependent ones. On the contrary,
Shade et al. determined the presence of a fraction of microorganisms and very low concentrations
only found with the culture-dependent method [82]. The culture-independent methods allow instead
to determine a concentration hundred or thousand times higher than the culture-dependent method.
It also allows the identification of a large part of the microorganisms present in the sample, but it
does not allow to discern the microorganism’s viability. With the Polymerase Chain Reaction (PCR),
a given microorganism is identified through the amplification of a specific region of its nucleic acid.
The qPCR technique, based on the measurement of the emitted fluorescence from a target during the
amplification process, could also be used for a quantitative result [77].

A major disadvantage of qPCR is that it does not determine cell viability. However, a viability
assay that combines qPCR with propidium monoazide (PMA-qPCR) can set alive and dead cells apart.
Propidium monoazide, as well as ethidium monoazide, is a DNA dye able to bind free DNA avoiding
the subsequent PCR reaction [83]. For this reason, PMA-qPCR was proposed to assess the feasibility
of detecting the viability in various samples. The application on bioaerosol is very limited, but the
preliminary results showed the general feasibility of PMA-qPCR in the aerobiology and the presence
of a high quantity of viable but not cultivable bacteria in the air [84].

The Polymerase Chain Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE) is not
commonly used, and it is typically replaced by Next Generation Sequencing (NGS) techniques.
However, it allows a primary investigation of the numerically dominant community members,
community changes, and differences. It has a scarce reproducibility and sensitivity though. NGS is one
of the latest technological innovations introduced in the biomolecular practice. The main techniques
used are 454 pyrosequencing and Illumina.

Pyrosequencing is based on an emulsion PCR on microbeads. Each bead covered with DNA
amplicons is contained in a plot slightly larger than the beads. On the bottom of the support there is a
light detector [26]. Illumina is based on bridge PCR on a glass surface, that increases both the density
and number of DNAs that can be monitored at the same time [60,85]. Typically, the sequencing for
bioaerosol characterization is based on the analysis of the region 16S or 18S of the rRNA for bacteria and
fungi, respectively. Moreover, the ribosomal ITS (Internal Transcribed Spacer) is used as a universal
marker for fungal characterization. Viruses do not share conserved genetic regions, and the virome
composition is still largely undefined [76,86]. In databases like SILVA—exclusively dedicated to the
collection of specific DNA regions—there are millions of full-length sequences of the genes that encode
for the region 16S of the 30S subunit of the rRNA. The sequencing of the 16S is based on the study
of highly variable regions (V1-V9) with particular attention to the V4-V5 regions, which encode for
bacteria [76]. Moreover, it is also possible to conduct whole genome sequencing, allowing a global
analysis of the genome sample. It requires high sample quantities, it is expensive, and the bioinformatic
analyses are still challenging. On the other hand, it allows a global microbiome characterization (e.g.,
virome), including taxonomic biodiversity and biological functions information.

Few metagenomic studies on bioaerosol were published. The collection of adequate biomass is
crucial for successful metagenomic analysis. Recently, metagenomic analysis of the airborne DNA
and RNA were performed in a daycare center, starting from the filters of the ventilation and the air
conditioning system [87]. Other studies on bioaerosol composition focused on influenza circulation,
they extracted RNA from samples collected with different methods, and then they evaluated the
samples with RT-PCR. The results showed viral RNA detection rates >70% but also heterogeneity
between the different methods used [88]. In the waste treatment, the sample size is a limiting factor,
and the published studies mainly showed only a greater complexity of the dispersed microbiota [40].

The cultural method, especially if preceded by an enrichment phase, is able to identify
microorganisms that are present in the environment at very low concentrations, thus allowing
the tracing of potentially pathogenic microorganisms. A culture-dependent confirmation and typing
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with culture-independent techniques are necessary to establish a causal link between the infectious
episode and the exposure. The analysis method is truly complete only when both the biomolecular
and cultural studies are combined [4].

Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry has
been proposed for microbial identification and diagnosis. This technology has some advantages because
it is rapid, sensitive, and relatively economical. Nevertheless, this method has also some limitations.
For example, the identification of new isolates is possible only if the spectral database contains peptide
mass fingerprints of specific genera/species/subspecies/strains [71]. This is limiting especially for the
bioaerosol characterization. In addition, a previous cultural phase on a plate or a pre-treatment phase
of the bioaerosol sample is needed [75]. However, MALDI-TOF mass spectrometry has been already
used to characterize waste workers’ exposure to bioaerosols during waste collection [74] and for the
evaluation of bacterial and fungal species to assess the biological risk which waste collection workers’
are exposed to [69]. MALDI-TOF was also employed to increase our knowledge of the physicochemical
and biological characteristics of bioaerosols from composting sites [70].

4.3. Risk Assessment

To perform risk assessments, some scientists decided to investigate the presence of harmful
microorganisms for human health using qPCR. Dubuis et al. selected four bacterial biomarkers that
have been shown in composting facilities in order to verify their presence also in biomethanization
areas: Saccharopolyspora rectivirgula, Legionella spp., Legionella pneumophila, and Mycobacterium spp. [40].

S. rectivirgula is correlated with the onset of the Farmer’s lung disease [15,18]; L. pneumophila
causes a serious disease, the Legionnaires’ disease [89]; Mycobacterium spp. can cause bone, skin, and
lung infections.

Mbareche et al. focused their attention on the study of fungal composition of bioaerosols
emitted from biomethanization sites and decided to use Aspergillus spp. and Aspergillus fumigatus
as bioindicators.

The investigation of A. fumigatus is important due to its correlation with pulmonary diseases such
as aspergillosis [90].

Moreover, Traversi et al. used specific bioindicators such as Pseudomonaceae to improve the
risk assessment in biomethanization plants [43]. Indeed, Pseudomonas is commonly associated with
pneumonia and osteoarticular infections [91,92], and it is a biofilm bioindicator, especially in water
systems [43]. Nowadays, an exhaustive biological risk assessment is weakly applied because it is
strongly influenced by parameters that are difficult to estimate and that are often arbitrarily defined,
such as the variability of microorganisms present in the bioaerosol, the rate of bioaerosol released
from the matrix, the inter-individual variability of the exposed subjects, etc. In addition, the lack of
validated methodology causes a deformity in the evaluation that makes the results incomparable.

Mbareche et al. suggested the creation of a worldwide database containing all the sequences
obtained from the sequencing analysis with the description of the sampling and analysis methods used.
This would allow a definition of the microbial composition of bioaerosol [44].

4.4. Limitations

The sampling method based on filters is currently the most satisfying, but it requires improvement
and standardization of the extraction methods. The biomolecular analysis allows a better bioaerosol
characterization, but this technique does not distinguish between viable or non-viable microorganisms,
potentially leading to an overestimation. Another important issue for qPCR application is that
microorganisms could have more than one copy of the region 16S, as previously demonstrated in the
literature [40]. Therefore, the data elaboration has to take into account such evidence whenever there
are quantitative purposes.
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5. Conclusions

OWTPs produce bioaerosol that represents a not negligible risk for human health. The management
systems have to reduce such risk through mitigation strategies. The first step is the monitoring and the
real and up-to-date knowledge of the plant contamination, especially for the areas at a high risk of
contamination and where the workers could be more exposed. An important issue is how to produce
reliable monitoring. The analysis suggests that there is a high heterogeneity among existing methods.
The filtration with supporting filters in polycarbonate and the addition of biomolecular methods allow
a better characterization of the bioaerosol from organic waste treatment facilities. On the other hand,
a culture-dependent confirmation is still essential for pathogens. The DNA extraction is desirably
conducted using commercial kits to standardize the method, even though a phenol/chloroform use
results in a better lysis process. The biomolecular method allows a better characterization of the
bioaerosol from organic waste treatment facilities.

The use of synthetic bioindicators—suggested to date by some European countries—such as fungi,
total bacteria, or endotoxins, as well as the evaluation of only organic dust, seems to be a risky choice.
A deeper evaluation on robust and reliable bioindicators has to be conducted. It is possible to determine
some microbiological targets identified during the composting stages, essentially including total
bacteria and total fungi. Moreover, specific targets seem to represent the OWTP bioaerosol risk, such as
Aspergillus fumigatus, Legionella pneumophila, and endotoxins [6]. In addition, valuable bioindicators in
such environments are Bacillus spp. Bacillus subtilis is one of the most common Bacillus in OWTPs,
but more listed microorganisms (at least biohazard 2) can also be identified [93]. Particular attention
has to be dedicated to the Enterobacteriaceae when the plant treats risky organic materials such as
slaughter wastes and to the Clostridiales when anaerobic digestion is conducted.

Considering the OWTP features, the thermophilic bacteria Thermoactinomycetaceae and
Saccharopolyspora rectivirgula can be included in the monitoring. These two bacteria targets grow fast
during the fermentation phase, and their concentration is estimated to be lower in the background.
Moreover, they are easily aerosolized from the organic biomasses [1].

A global study with a wide metacentric and international activity with the participation of several
research groups and organic waste treatment facilities would be desirable using shared techniques for
bioaerosol evaluation. The application of standardized protocols that use the most efficient sampling
and analysis methods would also be preferred, in order to produce comparable data. Such improvement
is necessary to identify a proper set of microorganisms present in all the organic waste treatment sites
and to set common exposure limits for the protection of human health, starting from the analysis of
the results of toxicological and epidemiological studies. The definition of those parameters would be
important for everyone working in organic waste treatment plants.

Nowadays, the actual risk for human health correlated with bioaerosol exposure is still
underestimated. In the near future, the use of the metagenomic approach on environmental samples will
increase our knowledge, especially on the virome component of the bioaerosol. The viral component is
still a black box, and this increases the prospect of comprehension on the disease causative process.

A more widespread monitoring with the collection and the elaboration of the data coming
from different OWTPs could enhance the knowledge and contribute to the elaboration of reliable
management guidelines as risk mitigation strategies.
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