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Abstract: Bacteria quickly acquire the ability to survive or grow in the presence of an antibacterial
agent that should be able to inhibit or kill them, leading to increased mortality caused by infective
diseases. The digestate from the anaerobic digestion (AD) of the organic fraction of municipal solid
waste (OFMSW) is spread on soil, but the knowledge on the presence and persistence of the antibiotic
resistance genes (ARGs) is limited. Thus, this study aims to evaluate the presence of seven ARGs
(blaTEM, blaOXA, ermB, qnrB, sulI, sulII, tetA, and tetW) in the OFMSW and their persistence after the
AD, using the innovative droplet digital Polymerase Chain Reaction (ddPCR), not yet used on this
matrix. A total of 31 samples were collected from the influent and effluent of the AD in two plants
located in Northern Italy. ARG concentration ranged between 4 and 9 Log gene copies/kg of sludge.
A limited reduction in the concentration of antibiotic resistance targets given by AD was observed in
the study (<1 Log). The persistence of ARGs after mesophilic digestion of the OFMSW suggests a
risk of horizontal transmission when directly spread on soil. Further evaluations are needed for safe
and sustainable reuse of such sludges.

Keywords: antimicrobial resistance; antibiotic resistance genes; ddPCR; anaerobic digestion; organic
fraction of municipal solid waste; waste management; circular economy

1. Introduction

Nowadays, antibiotic resistance is an increasingly alarming problem for human health.
Antibiotic resistance consists of the adaptation of certain microorganisms that become able
to survive or grow in the presence of a specific concentration of an antibacterial agent,
usually sufficient to inhibit microorganisms of the same species. This phenomenon is a
consequence of the misuse of antibiotics not only in human health care, but also in vet-
erinary and agricultural practices, also producing an environmental accumulation [1,2].
Infections of resistant microorganisms cannot be treated with standard therapies (as they
are ineffective). As a consequence, the following may occur: prolongation of disease, occur-
rence of complications, increased risk of death, and increased risk of epidemic outbreaks.
In addition, health care costs also increase [3]. Antibiotic resistance also develops because
some bacterial genes can shift between chromosomal and extra-chromosomal DNA, even
between bacteria of different species and genera. Gene transfer can occur through several
mechanisms: transformation, transduction, and conjugation [4].

Antibiotics can persist for a long time in the environment. They are excreted from the
human body, the most important reservoir, with resistant bacteria or with biological samples
such as food waste and fomites [2]. Recently, antibiotic compounds have been included in
the watch list of the emerging compounds for environmental pollution mitigation [5]. The
EU commission highlighted the necessity of better addressing the role of the environment in
the “One Health Action Plan against AMR”, with a focus on environmental monitoring [6].
Municipal solid waste dumps can also be considered as reservoirs of antibiotics and a
vehicle for the spread of antibiotic resistance genes as they contain a great amount of food
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waste from both animal and vegetal origins [1]. The amount of the organic fraction of the
municipal solid waste (OFMSW) has increased over time due to the improvement of waste
sorting, reaching an annual production of 71 million of tons in the EU, with 35% of such
organic materials treated in plants by anerobic digestion (AD). Anaerobic digestion is a
green biotechnology carried out in extreme conditions, such as absence of oxygen and high
temperatures, in which a microbial community decomposes the organic matter present in
the sludge to produce biogas. The biogas is mainly composed of methane (CH4) and carbon
dioxide (CO2), commonly used to produce heat and electricity. New or updated treatment
plants with higher capacities were installed during recent decades all over the world, and
their number could be above 11,600 plants by 2035, two times the number of plants already
present [7]. However, the occurrence and the removal efficiency of AMR in OFMSW is
not well known. Various articles showed an effective reduction of the resistant bacteria
and a reduction of some AMR genes (ARGs) and an increment of others [8]. Despite these
findings, an exhaustive risk assessment is missing. Antibiotics have also been included
in various research studies to increase the biogas yield of anaerobic digestion through
bacterial selection [9,10], but the use of such compounds must be carefully evaluated when
not aimed at sanitary purposes. Therefore, proper organic waste management is crucial
to avoid environmental spread of resistant microbes but also of AMR genetic elements
that can potentially be transferred to other microbes. However, the health risk related to
the presence of ARGs in the effluent of the OFMSW treatment is not yet fully known and,
generally, culture methods are used to gather information on the potential pathogenicity
and infectivity. Non-cultural methods based on the detection of AMR genes are now also
applied to the sludge coming from the AD process. Among these, generally, real-time
quantitative Polymerase Chain Reaction (qPCR) has been used, although its application is
hindered by technical disadvantages, such as the presence of inhibitors, including metals
and humic acids, of the reaction [11]. New quantification methods based on PCR, which
are rarely used on this kind of matrices, can help to overcome some limits. The technical
development of biomolecular methods is very fast and laboratory evidence has also been
produced starting from digestate samples [12].

This study aims to screen the occurrence and persistence, after AD, of the most prevalent
ARGs in organic waste sludges, in full-scale settings, using innovative biomolecular methods.

2. Materials and Methods
2.1. OFMSW Plants and Samplings

Two of the main OFMSW treatment plants of Northern Italy were involved in this
study. The OFMSW-A receives 60,000 tons/year, OFMSW-F 45,000 tons/year. In such
technologically advanced plants, an AD phase is included. The sampling activities covered
a 6-month period from November 2021 to April 2022, in which both implants provided
their samples consecutively each week. From the OFMSW plants, 16 samples from the
influent of the digester and 16 digestate samples were collected by the plants’ workers.
Chemical and physical data on the samples, including T (temperature), pH, percentage
of Total Suspended Solids (%TSS), and percentage of Volatile Suspended Solids (%VSS),
were provided by the involved plant with standard internally validated methods and are
reported in Tables 1 and S1.

Table 1. OFMSW plant. Physical and chemical characteristics of the sludge and the concentration of
DNA extracted from the samples.

OFMSW-A OFMSW-F
Medio Dev. St. Medio Dev. St.

pH 6.83 1.55 6.93 1.21

Temperature 42.34 3.78 40.90 0.24

%TSS 5.86 2.98 4.61 1.18

%VSS 4.54 2.98 3.20 1.19

DNA ng/µL 55.97 47.54 66.61 43.51
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Once collected, samples were delivered to the Environmental Hygiene Section of the
Department of Public Health and Pediatrics of the University of Turin in one-liter containers.

2.2. DNA Extraction and ARGs Quantification

The extraction of nucleic acids from the samples took place within 24 h of sampling.
Nucleic acid extraction from samples was conducted in duplicate using a DNeasy Powersoil
Pro Kit (QIAGEN, Venlo, The Netherlands) following the manufacturer’s instructions. The
chosen extraction methodology was based on column filtration. The samples’ cells were
lysed through chemical and mechanical homogenization, the lysis buffer was added to a
mixed zirconium bead tube containing the 250 µL of sample and vortexed. The supernatant
was then subjected to inhibitor removal for clean-up. Then, purified lysate was mixed with
an equal volume of DNA binding solution and passed through a silica spin filter membrane.
That membrane was washed with a two-step washing regime. The DNA bound to the
silica was then eluted using a 10 mM Tris elution buffer. DNA was eluted in 100 µL of
elution solution and quantified using a TECAN Infinite M200 Pro spectrophotometer, a
NanoQuant Plate (Tecan Group Ltd., Männedorf, Swizerland), and i-Control™ software
(version 1.11.10). Extracts were stored at −80 ◦C for subsequent biomolecular analysis.
The heterogeneity of the matrix was high so the extraction was not always optimal for
biomolecular analysis, even though the sample was homogenized. To select extracts on
which to conduct further studies, excluding very poor extractions, a cut-off value for DNA
of 5 ng µL−1 was set [13], finally obtaining 22 samples.

In this paper, a target-specific analysis was chosen to select the genes of interest, and
two criteria were followed: (i) it should be one of the ARGs that induce a resistance ability
against the most prescribed groups of antibiotics in Italy according to the European Centre
for Disease Control (ECDC) [14] (Table 2), and (ii) the literature should include a solid
PCR protocol with primers published in more papers. Consequently, seven ARGs were
selected: blaOXA, blaTEM, ermB, qnrB, sulI, sulII, tetA, and tetW. BlaOXA, which encodes for
carbapenemases, results in resistance to carbapenems and penicillins, both subclasses of
β-lactam antibiotics. The carbapenemases, which are members of the β-lactamases, destroy
the β-lactam ring. BlaTEM, which gives resistance to ampicillin and penicillin G through
β-lactamase production, acts similarly to BlaOXA. ErmB and qnrB confer resistance toward
macrolides and fluoroquinolones through a ribosomal protection mechanism. SulI and
sulII both carry resistance to sulfonamides through a process of enzymatic inactivation that
alters the chemical structure of the antibiotic molecules. Finally, tetA and tetW both bring
resistance toward tetracyclines, but by two different mechanisms: tetA through increased ex-
pression of efflux pumps that expel the antibiotic from the bacterial cell, while tetW through
a ribosomal protection mechanism. According to the most recent data from the European
Surveillance of Antimicrobial Consumption Network, the most consumed antimicrobials
in Italy in 2023 were penicillins and β-lactam antibiotics (399.03 tonnes per year), followed
by macrolides, lincosamides, and streptogramins (40.49 tonnes per year), and, finally, other
β-lactam antibiotics (58.20 tonnes per year) and quinolones (30.04 tonnes per year), sul-
fonamides (50.05 tonnes per year), and tetracyclines (3.31 tonnes per year) [14]. The gene
encoding the 16S rRNA V3-V4 region was added to evaluate the bacterial presence. Primers
were selected by comparing more than three papers and after Primer BLAST alignment.
After a screening phase of the positivity with traditional PCR, conducted by amplifying
the ARGs with a T100 thermal cycler (Bio-Rad, Hercules, CA, USA) and evaluated by the
presence of bands in gel electrophoresis, antimicrobial resistance was measured using the
biomolecular method of the droplet digital PCR (ddPCR, Bio-Rad, Hercules, CA, USA) on
the DNA extracts.
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Table 2. List of antibiotic resistance genes. The primers and the thermal protocols are listed.

Antibiotic
Resistance Gene Primers Annealing Temperature Amplicon Size

(bp) Reference

16S rRNA F:5′-ACTCCTACGGGAGGCAGCAG-3′

R:5′-ATTACCGCGGCTGCTGG-3′ 61 ◦C 2736 [15]

blaOXA F: 3′-TATCTACAGCAGCGCCAGTG-5′

R: 3′-CGCATCAAATGCCATAAGTG-5′ 61 ◦C 199 [16]

blaTEM
F: 3′-CATTTTCGTGTCGCCCTTAT-5′

R: 3′-GGGCGAAAACTCTCAAGGAT-5′ 61 ◦C 167 [16,17]

ermB F: 3′-AAAACTTACCCGCCATACCA-5′

R: 3′-TTTGGCGTGTTTCATTGCTT-5′ 61 ◦C 139 [18]

qnrB F:3′-GCGACGTTCAGTGGTTCAG-5′

R: 3′-TGTCCAACTTAACGCCTTGTAA-5′ 61 ◦C 148 [19]

sulI F: 3′-CGGCGTGGGCTACCTGAACG-5′

R: 3′-GCCGATCGCGTGAAGTTCCG-5′ 60 ◦C 433 [20]

sulII F: 3′-GCGCTCAAGGCAGATGGCATT-5′

R: 3′-GCGTTTGATACCGGCACCCGT-5′ 61 ◦C 293 [20]

tetA F: 3′-GCGCGATCTGGTTCACTCG-5′

R: 3′-AGTCGACAGYRGCGCCGGC-5′ 62.5 ◦C 164 [21]

tetW F: 3′-GAGAGCCTGCTATATGCCAGC-5′

R: 3′-GGGCGTATCCACAATGTTAAC-5′ 61 ◦C 168 [22]

The thermal protocol used was 95 ◦C for 5 min, 94 ◦C for 1 min, annealing temperature
for 1 min, and 72 ◦C for 3 min, for 35 cycles, followed by a post-cycling step at 4 ◦C for
5 min. The detailed annealing temperatures are listed in Table 2. The LOQ for each target is
included in Table 3.

Table 3. LOQ calculated for each target. The percentage of the samples in which the level was above
the LOQ before and after the AD for total bacteria (16S rRNA), for each target, and samples positive
for at least 6 and for all the included targets. The difference between influent and effluent, as well as
its statistical significance, is shown in the last two columns.

% Samples > LOQ

LOQ (Log Gene
Copies/mg Sludge) Influent Effluent ∆(in-ef) χ2

p-Value

16S rRNA 6.60 100% 100% 0% -

blaOXA 4.54 63.6% 90.9% −27% 0.127

blaTEM 5.74 100% 100% 0% -

ermB 5.28 100% 100% 0% -

qnrB 3.92 100% 90.9% 9.1% 0.306

sulI 6.12 100% 100% 0% -

sulII 4.74 100% 81.8% 18.2% 0.138

tetA 5.45 100% 100% 0% -

tetW 5.43 72.7% 81.8% −9.07% 0.611

Positivity to at
least 6 ARGs 100% 90.9% −9.1% 0.306

Positivity to all
the ARGs 45.5% 63.6% −18.1% 0.392
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2.3. Statistical Analyses

Statistical analysis was performed using IBM SPSS Statistics (version 29.0). ARG
concentrations were expressed as Log of gene copies per kg of sludge and as ratios of
the Log of AMR gene copies on the 16S rRNA copies. The data, adjusted considering the
bacterial presence, were then used in all statistical analyses. A descriptive analysis of all
the variables was performed. We reported categorical variables as absolute numbers and
percentages and as mean and standard deviations for continuous variables. Statistical
analyses for categorical variables were conducted using the χ2. Differences between gene
concentrations and chemical and physical parameters were analyzed using nonparametric tests
(Mann–Whitney U test and Kruskal–Wallis) for independent samples by ranks, comparing the
plant type and the type of sludge. Statistical significance was evaluated with an ANOVA test.
The Spearman rank-order correlation coefficient was determined. A p-value of p < 0.05 was
considered significant, a value <0.01 was considered highly significant.

3. Results and Discussion

The OFMSW plants involved in the study provided the physical–chemical analyses,
including pH (6.1 ± 1.4), temperature (41.9 ± 3.2 ◦C), TSS (5.5 ± 2.6%), and VSS (4.1 ± 2.6%).
Overall, no significant differences were observed between the two plants. However, the
main difference was the temperature of the anaerobic digestion, whereby the OFMSW-A
plant produces a digestion oriented towards thermophilicity. As can be observed in Table 1,
the temperature was, on average, 2 degrees higher but variable (Mann–Whitney U test,
p > 0.05).

Higher concentration of solids (>8%) was inversely proportional to the hydrolysis
velocity. This presents benefits such as lower water and working volume requirements,
however, it can only be achieved under constant thermophilic conditions. High solids
anaerobic digestion can also produce a higher amount of biogas, but often fails due to
the rapid buildup of volatile fatty acids (VFAs) and the associated drop in pH, producing
a severe acidosis (pH < 4) of the digester and the necessity to stop the plant working to
remove the materials from the digester. As a consequence, the OFMSW plants generally
choose a lower but more easily manageable organic load for the digester.

In the Table 3, the percentage of positive samples for each included gene (>LOQ) is
shown, including both in influents and effluents from the AD. Moreover, the percentage
of samples positive for more than one ARG are included. Several studies indicate that
multidrug resistance is ubiquitous in environmental matrices [23], with a relatively high
abundance, increasing the risk of multi antimicrobial resistance transmission.

The average concentration observed in the organic fraction prior to the anaerobic
digestion was estimated at 9.45 ± 0.78 Log ermB copies/kg of sludge, 8.01 ± 0.49 for
sulII, 7.66 ± 0.53 for sulI, 7.62 ± 0.57 for tetA, 7.23 ± 0.37 for blaTEM, 7.11 ± 0.53 for qnrB,
6.03 ± 4.01 for tetW, and 4.11 ± 3.30 for blaOXA. Significant differences were observed for
ermB, sulI, sulII, tetA, qnrB, and blaTEM (Mann–Whitney U test, p = 0.04, p = 0.01, p = 0.007,
p = 0.004, p < 0.001, and p < 0.001, respectively), but the reduction caused by the AD
observed was limited (<1 Log unit) (Figure 1). On the other hand, blaOXA and tetW seemed
not to be affected by the process (Figure 1). In line with the literature, at higher temperatures
(40–50 ◦C) tetW—which encodes for an efflux pump—increased [24–26].

In order to evaluate the viability of the bacteria present in the sludge, 16S rRNA was
also measured at a concentration of 10.41 ± 0.56. The AD seemed to have no impact on
the concentration of the total bacteria, as in the digestate, the concentration of 16S rRNA
was 10.57 ± 0.22. The 16S rRNA gene was also included as internal control of the analytic
process, the concentrations of the ARGs were normalized to the internal control dividing
the Log ARGs copies/kg of sludge by Log 16S rRNA copies/kg of sludge. Statistical
analyses on normalized data (with respect to 16s rRNA) produced quite similar results to
those for sludge mass unit (Table 4).
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Table 4. Effect of the AD on the ARG reduction. The concentration is reported as the ratio between
the Log ARG copies/kg of sludge and the Log 16S rRNA copies/kg of sludge. The effect of the
AD is quantified as the difference between the influent and the effluent of the digester. Significant
differences (*) were evaluated using the Mann–Whitney U test, p < 0.05.

Influent Effluent

Medium Dev. St. Medium Dev. St. ∆(in-ef) p-Value

blaOXA 0.40 0.32 0.57 0.21 −0.17 0.27

blaTEM 0.69 0.06 0.62 0.04 0.07 <0.001 *

ermB 0.91 0.08 0.81 0.13 0.10 0.04 *

qnrB 0.68 0.06 0.54 0.19 0.14 <0.001 *

sulI 0.73 0.06 0.67 0.07 0.06 0.01 *

sulII 0.77 0.06 0.58 0.30 0.19 0.007 *

tetA 0.73 0.61 0.66 0.05 0.07 0.004 *

tetW 0.58 0.40 0.63 0.32 −0.05 0.898

As already mentioned, the main difference between the plants is the temperature in the
digester. Analyzing the data divided by plant, the significant differences between influent
and effluent were observed just for the OFMSW-A: ermB, sulI, tetA, qnrB, sulII, and blaTEM
(Mann–Whitney U test, p = 0.07, p = 0.002, p = 0.001, p < 0.001, p < 0.001, and p = 0.002,
respectively) (Figure 2). Thermophilic conditions have higher hygienic potential, reducing
the presence of pathogens and ARGs [27,28]. According to the literature, temperature is a
key factor in the reduction of potential biological health threats. Pathogenic spore-forming
bacteria, such as Clostridium perfringens or Bacillus cereus, seem less affected by the
extreme conditions of the digester and they could be found at high concentrations also
in the digestate [29,30]. Flores-Orozco et al. suggested that the temperature induces a
selection of the ARGs based on their mechanisms of action; indeed, genes encoding for
antibiotic inactivators are reduced in mesophilic conditions. The thermophilic conditions
reduce the ARGs concentration but the level of total ARGs remaining are similar [29].
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The %VSS is a driven parameter for the amount of biological molecules in the sludge.
According to the literature, the solid component of the wastewater, due to its physical–
chemical composition, shows a higher affinity for the biological compound [31,32]. In this
study, a positive correlation among ARGs like ermB, tetA, qnrB, sulI, sulII, blaTEM, and
%VSS is reported (Spearman’s Rho, ermB: 0.582, p = 0.007, tetA: 0.731, p < 0.001, qnrB: 0.743,
p < 0.001, sulI: 0.622, p = 0.003, sulII: 0.699, p < 0.001, blaTEM: 0.753, p < 0.001).

The persistence of the ARGs in the digestate implies a potential risk of horizontal trans-
mission to the bacteria present in the soil. Although the decision making has admitted the
relevance of the pollution linked to the presence of pharmaceuticals in the environmental
matrix, only few references are present for water and referring to the watch list compounds,
in which three antibiotics are listed [6]. A lack of regulation for limiting antibiotics and
the presence of ARGs in the digestate destined for agricultural use has been reported in
the European Union and other developed countries. According to the latest regulation on
organic fertilizers [33], even though references to biological targets are present (for example
Salmonella spp.), no specific statements are reported for antibiotics or ARGs.

The OFMSW is mainly composed of fruit and vegetable leftovers, as well as animal
waste from meat and fish products. The main antibiotics used on crops are streptomycin
and oxytetracycline [34]. According to the European Medicine Agency, in 2022 in the food-
producing animals, the most administered antibiotics were penicillin and tetracyclines [35].
Due to the broad-spectrum properties of the above-mentioned antibiotics and their use in
the agricultural setting, it is worth noticing that in this paper, ARGs against the most-used
antibiotics in agriculture were the three most present antibiotics (5.74, 5.45, 5.43 Log gene
copies/Kg of sludge for blaTEM, tetA and tetW respectively) (Table 3).

Biochar, eggshell, and biochar-based composites as other porous materials are able
to reduce ARG transfer, decreasing mobility of heavy metals and antibiotics through
adsorption and lowering the selection pressure. Moreover, bacteriophage therapy improve-
ment and diffusion can also be an alternative to inhibit the proliferation and diffusion of
ARGs [36]. However, more effort is needed to investigate the AMR removal mechanisms,
and the interactions between both environmental matrices, to inhibit the proliferation and
diffusion of ARGs.

According to the literature, the use of organic fertilizers (compost or digestate) favors
vegetable growth [37]. Spreading contaminated digestate, on agricultural soil, due to the



Sustainability 2024, 16, 10922 8 of 11

limited effect of the AD, could increase the pollution in soil, water, and food destined for hu-
man consumption. The soil microbial community, especially the rhizosphere environment,
can mitigate the dissemination of ARGs [37,38]; on the other hand, the bacteria present in
the soil can acquire the ARGs from the digestate, developing multi-drug resistance [38]. The
limited reduction of the ARGs in the digestate can be partially overcome by the subsequent
destination of the effluent. Frequently, the final product has two potential destinations:
(i) dehydration for storing and spreading on the soil or (ii) dehydration followed by the
aerobic composting plant for further treatment. The OFMSW plants tested in the experi-
ment send the dehydrated digestate to the aerobic composting plants. This additional step,
due to the prolonged high temperature reached in the process, inactivates more ARGs and
pathogens, boosting its reuse in agriculture [39,40].

Both biomolecular and culture methods have been previously generally employed in
AMR detection. However, the cultural methods require a lot of time, and they are able to
detect only a fraction of the potential antibiotic resistance risk. In this study, biomolecular
analyses have been conducted using the ddPCR to screen for the presence of AMR genes.
This method accounts for several advantages, including higher sensitivity and sensibility,
reduced effect of the chemical inhibitors presents in the environmental matrix, and high
throughput without requiring standard curves. This last point is crucial for ARG research.
Moreover, the use of the ddPCR allows a quantitative assessment of the occurrence and
potential horizontal transfer of ARGs.

4. Conclusions

The detection and quantification of the antibiotics and the characterization of their
behavior in the environment are limited and mainly refer to water. On the other hand,
ARGs can cross environmental and species boundaries. An effective one health approach is
crucial for health management in landfill systems. The one health pillars are the monitoring
of human, veterinary, and environmental dissemination of ARGs. Surveillance of the first
two is already ongoing, but few matrices are tested for the third one, with wastewater
being the most well-known. This paper focused on the sludge as an environmental matrix
with a high potential biological risk. Although the misuse of antibiotics in human and
animal health is widely recognized in the literature that, it is only in recent documents
from European institutions, such as WHO Europe, the Council of the European Union
(EU), the European Commission, and the European Environment Agency (EEA), that
the agricultural dimension of the problem has been addressed. In the “A European One
Health Action Plan against Antimicrobial Resistance (COM/2017/0339)”, references to the
agricultural sector were limited to livestock and aquaculture [6]. However, the “Council
Recommendation on stepping up EU actions to combat antimicrobial resistance in a One
Health approach (2023/C 220/01)” indicated a notable advancement in 2023 by recognizing
the importance of monitoring agricultural residues to better understand the role of microbial
contaminants in the environment [41]. While the recommendation emphasizes the prudent
management of manure and sewage sludge, it does not provide detailed guidelines and
instead highlights the need for further data to fully assess the issue. Similar considerations
are also reflected in national plans, such as the Italian National Action Plan on Antimicrobial
Resistance (PNCAR) 2022–2025, which highlights the importance of fostering cooperation
between the veterinary and agricultural sectors to develop effective strategies for reducing
antimicrobial consumption [42]. Further general indications are provided in the “Roadmap
on Antimicrobial Resistance for the WHO European Region (2023–2030)”, which focuses
on the risks of antifungal use in agriculture, particularly those similar to compounds
critical for human health. The roadmap also identifies agricultural workers, including
those in food animal production and meat-processing sectors, as a high-risk group for
AMR exposure [43]. The availability of validated monitoring data could support future
regulatory decisions.

The ddPCR presents several advantages, including the possibility to not include
standards for the quantification of the target of interest, but also the lower sensitivity to
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inhibitors present in complex matrices like sludge. These biomolecular methods produce
reliable datasets for further analyses.

From a sustainability perspective, this study provides new knowledge on the presence
and persistence of the ARGs in the digestate for safe reuse of the organic wastes. The
extreme conditions of the anaerobic process led to a significant reduction of the ARGs,
observable only in thermophilic conditions. The reuse of the digestate in agriculture shows
promising advantages as a soil amendment or fertilizer [44]. This practice mitigates the
impact of the OFMSW on the environment following a circular economy approach. In
this study, when the AD was conducted under thermophilic conditions, it seemed to be
responsible for ARG spread, even if a significant reduction was observed. Further studies
are required for an exhaustive risk assessment for human health linked to the residual
presence of the antibiotics and AMR microbials in the digestate, as well as the potential
horizontal transmission of the ARGs from OFMSW to the environment.
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