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Abstract

Biosolids and reclaimed waters are valuable resources for reintroducing organic matter into agricultural soils and reducing
the water footprint of intensive agricultural food system. While the circular economy is a sustainable practice, it may intro-
duce vulnerabilities in the food chain, by exposing crops to zoonotic agents and antimicrobial resistance determinants. This
option is far from being a speculation and evidence start to accumulate indicating that the risk is tangible. This study provides
further evidence that the circular economy practices of reusing biomass and reclaimed waters in agricultural setting may be
vectors for the spreading of antibiotic resistance genes (ARGs) targeting molecules used to treat human bacterial infections.
We screened biosolid and water samples for ARGs presence using shotgun metagenomic sequencing. We demonstrated that
the identified ARGs are present in live bacterial organisms, harbouring multidrug-resistant gene clusters, confirmed through
phenotypic testing and whole-genome sequencing of isolated bacteria. Additionally, we observed that most of the antibiotic-
resistant bacteria identified belonged to environmentally widespread species, which were not expected to be exposed to the
antimicrobials, suggesting that inter-species transfer of resistance genes.

Keywords AMR - Irrigation - Reclaimed water - Top soil improvers - Agriculture - Circular economy - Food safety -
Resistome - Metagenomics

Introduction the agrifood chain (James et al. 2022). At the same time

WWTP sludges and animal manure are recognized as rel-

The recycling of waste through composting, includ-
ing those from municipal wastewater treatment plants
(WWTPs) animal farming and from the food industry,
in the primary production of vegetable-based feed and
food is a valuable resource of energy and nutrients. The
use of reclaimed water for irrigation represents a tool to
abate the water footprint of the food chain (Barbieri et al.
2023). The use of such organic waste streams is considered
as key circular economy practice by the stakeholders in
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evant sources of antibiotic-resistant bacteria (ARBs) and
antibiotic resistance genes (ARGs), playing a role in the
dissemination of antimicrobial resistance (AMR) in the
environment (Tyrrell et al. 2023). While manure matu-
ration and wastewater treatments can reduce the level of
microbial contaminants, they do not remove them entirely
(European Environment Agency 2020). Moreover, ARGs
and ARBs can be enriched during sludge treatment in
WWTPs (Ju et al. 2019). As a matter of fact, antibiotic-
resistant strains of Enterococcus spp. have been dem-
onstrated not to be eliminated in wastewater originating
from a treatment plant receiving domestic and industrial
effluents (Ferreira da Silva et al. 2006). Similarly, a signifi-
cant increase in the prevalence of ciprofloxacin-resistant
enterococci, an antibiotic commonly used to treat urinary
tract infections in humans, has been observed in treated
wastewater compared to the raw wastewater sampled in the
same plant before treatment (Ferreira da Silva et al. 2006).
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An additional report showed that increased resistance to
the ampicillin, ciprofloxacin, cefoperazone, sulfamethoxa-
zole, and tetracycline was observed in samples drawn in
sites downstream the WWTPs receiving the wastewater
effluents compared to sites located upstream the WWTPs
(Mukherjee et al. 2021). To counteract the challenge from
ARGs presence in wastewater streams, innovative treat-
ment technologies are under development (Zhou et al.
2024; Guo et al. 2025).

In addition to ARGs conveyed by treated sludges from
WWTPs, the land application of animal manure has
been linked to the spread of resistance genes for clini-
cally important antibiotics, such as the sull and sul2 (sul-
phonamide resistance), tetM, tetW and tetG (tetracycline
resistance), and the ermB and ermC (macrolide resistance)
(Lopatto et al. 2019; Macedo et al. 2021; Ruuskanen et al.
2016; Wang et al. 2020). As a matter of fact, the wide-
spread use of antibiotics in cattle and poultry breeding
leads to notable concentration of antibiotic residues in ani-
mal manure (Zhang et al. 2022), whose prolonged agricul-
tural use may seriously contaminate the soil with antibiot-
ics, exerting a selective pressure acting on the maintenance
of the of ARGs in the soil environment (Li et al. 2018).

The World Health Organization (WHO) has declared
AMR one of the greatest global public health threats,
requiring a One Health approach (World Health Organi-
zation 2023; 2024). Infections caused by multidrug-
resistant (MDR) organisms result in significant increase
in patients’ mortality (Serra-Burriel et al. 2020), and it has
been estimated that at least 700,000 people die each year
from drug-resistant infections, a number could rise to 10
million by 2050 (Ragheb et al. 2019). AMR is a critical
issue requesting urgent multisectoral actions to achieve
the Sustainable Development Goals (SDGs) (World Health
Organization 2023).

In a previous work, we demonstrated high loads for
sulphonamides, tetracyclines, fluoroquinolones, and mac-
rolides in biowastes from municipal WWTPs, animal
manure, and slurry litter and high level of contamination
with sulphonamides, tetracyclines, and fluoroquinolones
in reclaimed waters and from river and channels used for
irrigation in open field lettuce production in Italy (Barola
et al. 2024).

Given the importance of recycling organic waste
streams (James et al. 2022), this case study investigates
the resistome in biosolids ready for land application and
irrigation water sampled in an Italian region with a strong
agricultural vocation. We used metagenomics to define
the resistome and show that the signals identified with the
genomic approach had correspondence with the presence
of living bacteria isolated from the same samples express-
ing antimicrobial resistance.
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Materials and methods
Sampling

In this study, we conducted an observational study based
on convenient sampling, as previously described by this
research group (Barbieri et al. 2025).

A total of 25 biosolid and 14 irrigation water samples
were collected between 2021 and 2022 in the Emilia-
Romagna region of Italy (Tables 1 and 2).

The biosolids belonged to the following categories:

Sludges from wastewater treatment plants with com-
bined inputs from urban and intensive animal farming
settlements (n = 6) (SL-WWTP) and from a dairy food
plant (n= 1) (SL-FP);

Mixed compost from urban organic and green wastes,
accounting for declared contributions from household
and green wastes (n=5) (MCO);

Animal waste, including bovine manure, pig and bovine
slurry, and poultry litter) (n=7) (AW);

Digestates, accounting for potential different contribu-
tions from household, green, and animal wastes, as well
as WWTP sludges (n= 6) (DIG).

All biosolids were collected at the end of their pro-
duction cycle, ready for land application, and sampled in
accordance with the UNI 10802/2004 international stand-
ard. Animal wastes were collected at farms, while sludges
and composts were collected at production or retailer facil-
ities. Biosolids with more than 16% moisture were stored
in plastic bins at 4 °C, while pellet samples were stored in
the dark at room temperature.

Reclaimed water samples were collected in 2022 from
a WWTP authorized to produce reclaimed water for agri-
cultural use under EU Regulation 2020/741. This WWTP
recovers 5.5 million cubic metres annually after combined
UV and H,0, treatment, which is allocated for agricultural
use during the summer when irrigation demand is highest.
Surface water samples were collected from the Po River
basin drainage area in the Emilia-Romagna region, char-
acterized by a network of rivers and canals (approximately
3500 km) serving an area of 120,000 ha. These water bodies
are surrounded by farming and slaughterhouse activities and
are routinely monitored for microbiological quality param-
eters (e.g., Escherichia coli expressed as MPN/100 ml) in
compliance with regional legislation (Galli et al. 2022).

The origin of the water samples were the following:

Reclaimed water from a municipal WWTP with tertiary
treatment (n = 6), including inlet (reused IN, n= 3) and
outlet (reused OUT, n= 3) samples;
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Table 1 List of the biosolid

” . Sample code Type Origin

samples collected in Italy in the

period 2021-2022 and .subjected ISS2 Manure and animal meal Animal

Z(;;llllé)rtl%;l;gmetagenomlc ISS3 Bovine manure Animal
223 Bovine manure Animal
2752 Bovine manure Animal
2749 Pig slurry Animal
227 Poultry litter Animal
2747 Poultry litter Animal
2751 Sludge from food plant Food industry
ISS5 Mixed compost Household wastes, green wastes, and digestates
ISS5.2 Mixed compost Household wastes, green wastes, and digestates
ISS6 Mixed compost Household wastes, green wastes, and digestates
187 Mixed compost Household wastes, green wastes, and digestates
2746 Mixed compost Household wastes, green wastes, and digestates
220 Digestate Household, green, WWTP sludges, and animal wastes
222 Digestate Household, green and animal wastes, urban sludges
225 Digestate Household, green and animal wastes, urban sludges
226 Digestate Household, green and animal wastes, urban sludges
2753 Digestate Household, green and animal wastes, urban sludges
2754 Digestate Household, green and animal wastes, urban sludges
ISS18 Sludge from WWTPs Inputs from urban and intensive animal farming settlements
188 Sludge from WWTPs Inputs from urban and intensive animal farming settlements
189 Sludge from WWTPs Inputs from urban and intensive animal farming settlements
190_22 Sludge from WWTPs Inputs from urban and intensive animal farming settlements
191 Sludge from WWTPs Inputs from urban and intensive animal farming settlements
2755 Sludge from WWTPs Inputs from urban and intensive animal farming settlements

Table 2 List of the irrigation water samples collected in Italy in 2022
and subjected to shotgun metagenomic sequencing

Sample Type of water

1296 Inlet water to municipal WWTP (IN)

1550 Inlet water to municipal WWTP (IN)

2210 Inlet water to municipal WWTP (IN)

1297 Outlet water from municipal WWTP (OUT)
1551 Outlet water from municipal WWTP (OUT)
2211 Outlet water from municipal WWTP (OUT)
1299 Surface water from irrigation canals

1301 Surface water from irrigation canals

1552 Surface water from irrigation canals

1554 Surface water from irrigation canals

2212 Surface water from irrigation canals

2213 Surface water from irrigation canals

1298 Surface water from rivers

1553 Surface water from rivers

Surface water from irrigation canals (n= 6) connected
to plain surface water bodies that also receive urban and
livestock discharges, with withdrawals near irrigation
intake points;

Surface water from rivers (n= 2) collected for irrigation
purposes, upstream of significant livestock and/or urban
settlements.

Further details are provided in the supplementary mate-
rial (Table S2).

DNA extraction and shotgun metagenomic
sequencing

DNA was extracted from 0.25 g of each untreated biosolid
sample using the DNeasy PowerSoil Pro kit (QIAGEN, CA,
USA) following the manufacturer's instructions (https://
www.qiagen.com/us/resources/resourcedetail 7id=9bb59
b74-e493-4aeb-b6c1-f660852e8d97 &lang=en).

For water samples, five aliquots of 200 ml each were
vacuum-filtered using 0.45 um filters. DNA was extracted
from the filters using the DNeasy PowerWater Kit (QIA-
GEN, CA, USA) following the manufacturer's instructions
(https://www.qiagen.com/us/resources/resourcedetail ?id=
75765ef9-2a6f-4f5d-a36b-dbd9beb43079&lang=en).

Sequencing libraries of 400 bp were prepared from 100
ng of extracted DNA through enzymatic fragmentation by
using the NEBNext® Fast DNA Fragmentation & Library
Prep Set for Ion Torrent™ Kit (New England BioLabs, MA,
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USA) according to the manufacturer’s instructions. Libraries
were quantitated with the Tape Station System 4200 and the
High Sensitivity D1000 Reagents kit (Agilent Technologies,
CA, USA), diluted to a concentration of 100 pM in DNAase/
RNAase-free water, and pooled in groups of three samples.
Each pool was further diluted to a final concentration of 50 pM,
enriched using the IonChef System and Ion 510™ and 520™
and Ion 530™ Kit (Thermo Fisher Scientific, MA, USA),
loaded onto an Ion 530™ Chip, and sequenced using the Ion
Torrent S5 sequencer (Thermo Fisher Scientific, MA, USA).

Metagenomic analysis

Metagenomic sequences were analyzed using tools available
on the ARIES public bioinformatics webserver (https://aries.
iss.it/platform/) (Knijn et al. 2020), and results were visual-
ized using MEGAN V6 Community Edition software (http://
www-ab.informatik.uni-tuebingen.de/software/megan6/)
(Huson et al. 2007). In detail, sequencing reads in FASTQ
format were assembled into scaffolds by using the SPAdes
v3.14.1 tool (Bankevich et al. 2012) with default parameters.
Scaffolds were aligned against the NCBI-NR (non-redun-
dant) protein database (ftp://ftp.ncbi.nlm.nih.gov/) using

DIAMOND v2.0.8.1 tool and the DIAMOND-BLASTX
algorithm (Buchfink et al. 2015). Parameters for database
interrogation included the use of the standard genetic code
for translation of the scaffolds before alignment. The result-
ing translated protein sequences were aligned to the tar-
get sequences in the NCBI-NR proteins database without
reporting alignments with frameshifts mutations and with
the algorithm filtering false positive results based on the
composition-based statistics used by BLAST (—comp-based-
stats). The BLOSUM 62 scoring matrix was used, and the
maximum expected e-value for reporting alignments was
set to 0.001. Alignments in DAA format were analyzed and
visualized using MEGANG6 (Huson et al. 2007). Functional
metagenomic analysis of the resistome was performed using
SEED subsystems (Overbeek et al. 2005) and MEGAN’s
internal reference sequence maps.

Phenotypic testing of antibiotic resistance
in biosolid samples

To confirm metagenomic results, a microbiological strat-
egy was employed to determine whether the observed sig-
nals originated from functional genes in live bacterial

AMR protein classes identified in biosolids metagenomes

Number of contigs

SEED

Fig.1 AMR determinants identified in biosolid samples through functional metagenomics. Numbers in grey indicate the number of scaffolds
aligning the hits corresponding to each specific AMR in the NCBI-NR proteins database
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strains. This approach was applied only to biosolid sam-
ples; water samples were entirely used for DNA extrac-
tion to maximize the signal-to-noise ratio. On the basis
of the metagenomic results, seven biosolid samples
were selected from the 25 analyzed, chosen to cover the
spectrum of matrices studied. Five antibiotics were cho-
sen based on the number of scaffolds aligning to their
respective hits in the NCBI-NR database: mupirocin,
daptomycin (higher hits), and bacitracin, tetracyclines,
and fosfomycin (lower hits) (Figs. 1 and 2). Antibiotic
concentrations for phenotypic assays were decided based
on the published clinical data (Table 3) (Antonello et al.
2021; Jiang et al. 2022; Manson et al. 2004; Patel et al.
2009; Peng et al. 2005; Tran et al. 2015).

One gram of each biosolid sample was enriched in 100
ml of buffered peptone water (BPW) and incubated over-
night at 37 °C. Bacterial cultures were diluted 1:100 in
fresh BPW, grown to ODyy, 0.5, and aliquots were added to
antibiotic dilutions in BPW based on their MICs (Table 3).
Cultures were incubated overnight at 37 °C, and resist-
ant bacteria were isolated by plating on blood-azide and
LB agar plates supplemented with the double of the initial
concentration of each antibiotic used in each liquid culture
reported in Table 3.

Whole genome sequencing and genomic analysis
of resistant bacterial isolates

Genomic DNA was extracted from resistant bacterial
strains using the GRS Genomic DNA Kit Bacteria (GRISP
Research Solutions, Porto, Portugal) from 2 mL of TSB cul-
tures grown overnight at 37 °C in presence of antibiotics.

Library preparation and genomic sequencing was per-
formed as described above for metagenomic sequencing.

Genomic analyses were conducted using tools on the ARIES
webserver (https://aries.iss.it/platform/) (Knijn et al. 2020).
Raw sequencing reads were quality-checked, and adapters were
removed using Trimmomatic tool (Bolger et al. 2014), with a
minimum Phred score of 20. Trimmed reads were assembled in
contigs using SPAdes v3.14.1 software (Bankevich et al. 2012)
with default parameters. Bacterial species were identified using
MLST v2.16.1 and the rMLST tools available on ARIES (Knijn
et al. 2020) (https://w3.iss.it/site/aries/) and PubMLST (Jolley
and Maiden 2010) (https://pubmlst.org), respectively. AMR
genes content of each genome was assessed using ABRicate
v1 software (https://github.com/tseemann/abricate) with the
Resfinder database (Zankari et al. 2012).

The serotype of the isolated E. coli strain was determined
by aligning contigs to reference sequences for O and H

AMR protein classes identified in the waters metagenomes

Number of contigs

SEED

Fig.2 AMR determinants identified in water samples through functional metagenomics. Numbers in grey indicate the number of scaffolds align-
ing the hits corresponding to each specific AMR in the NCBI-NR proteins database
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Table 3 Biosolid samples and antibiotics couples included in the phenotypic assay for antibiotics resistance. The MIC used for each of the con-

sidered antibiotics were derived from the scientific literature

Sample code Antibiotics' No. scaffolds? MICs (ug/ml) References

2746 DPT 226 4 (Jiang et al. 2022; Peng et al. 2005; Tran et al. 2015)
TET 66 200

2747 DPT 187 4 (Jiang et al. 2022; Peng et al. 2005; Tran et al. 2015)
TET 31 200

2751 MUP 109 64;512 (Patel et al. 2009)

2755 TET 27 200
MUP 146 64; 512 (Antonello et al. 2021; Patel et al. 2009; Peng et al. 2005)
FO 1 64; 256

ISS2 DPT 85 4 (Jiang et al. 2022; Peng et al. 2005; Tran et al. 2015)
TET 14 200

1SS3 DPT 116 4 (Jiang et al. 2022; Tran et al. 2015)
BA 51 256 (Manson et al. 2004)

1SS6 BA 137 256

'DPT Daptomycin, TET tetracycline, MUP mupirocin, FO fosfomycin, BA bacitracin

2Number of contigs aligning on the hit corresponding to this antibiotic in the NCBI-NR database

antigen genes (Katrine G. Joensen et al. 2015) using BLAST
software and the blastn algorithm v2.11.0 (Camacho et al.
2009). Virulence genes were identified using the Patho_typ-
ing tool (https://github.com/B-UMMI/patho_typing) devel-
oped by the INNUENDO project (Llarena et al. 2018) and
the E. coli virulence genes database (Katrine Grimstrup
Joensen et al. 2014).

All metagenomic and genomic sequences are available
at European Nucleotide Archive at EMBL-EBI under the
accession number PRJEB80097.

Results

Antibiotic resistance determinants in biosolid
and water samples

Functional shotgun metagenomics analysis: The sequences
of the 25 biosolid and 14 water samples ranged in size
between eight and 10 million reads each (400 bp in length).
The metagenomic assembly yielded between 200,000 and
500,000 scaffolds. The number of scaffolds aligning to hits
belonging to the “Resistance to antibiotics and toxic com-
pounds” of the SEED classification in the NCBI-NR data-
base varied among the different samples, ranging from 84
to 6508 for the biosolids (2,584 on average) and from 1274
to 9363 for the water samples (2406 on average) (Tables 4
and 5).

It is interesting to observe that two out of the three
water samples collected at a WWTPs at the inlet and out-
let stage of the tertiary treatment process, displayed an
increase in the number of scaffolds mapping to the “Resist-
ance to antibiotics and toxic compounds” of the SEED
classification in the outlet samples. This suggests that in
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Table4 Number of scaffolds from the assembly of the different
metagenomics sequencing of biosolids samples aligning to hits of the
“Resistance to antibiotics and toxic compounds” of the SEED class in
the NCBI-NR database

Sample code Type of matrix No. of contigs

ISS_2 Animal waste 856
ISS_3 Animal waste 1515
223 Bovine manure 2395
2752 Bovine manure 2521
222 Digestate 1831
226 Digestate 2032
220 Digestate 2336
2753 Digestate 3026
225 Digestate 6288
2754 Digestate 6508
187_19 Mixed compost 1963
ISS_6 Mixed compost 2105
ISS_5.2 Mixed compost 2148
2746 Mixed compost 3344
ISS_5 Mixed compost 3661
2749 Pig slurry 4894
2747 Poultry litter 1590
227 Poultry litter 1853
2751 Sludge from food plant 2148
190 Sludge from WWTPs 84
191 Sludge from WWTPs 186
189 Sludge from WWTPs 1953
ISS_18 Sludge from WWTPs 2573
2755 Sludge from WWTPs 4220

those samples, the treatment may have caused the enrich-
ment of ARGs (samples 1296 vs. 1297 and sample 1550
vs. 1551 in Table 5).
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Table5 Number of scaffolds from the assembly of the different
metagenomics sequencing of water samples aligning to hits of the
“Resistance to antibiotics and toxic compounds” of the SEED class in
the NCBI-NR database

Sample  Type of water No. of contigs

1296 Inlet water for reuse at municipal WWTP 1274
2210 Inlet water for reuse at municipal WWTP 2719
1550 Inlet water for reuse at municipal WWTP 2730

2211 Reused water from municipal WWTP 1460
1297 Reused water from municipal WWTP 1484
1551 Reused water from municipal WWTP 9363
1299 Surface water from irrigation canal 1404
1554 Surface water from irrigation canal 1438
2212_B  Surface water from irrigation canal 1464
2213_B  Surface water from irrigation canal 1511
1301 Surface water from irrigation canal 1982
1552 Surface water from irrigation canal 2460
1298 Surface water from river 1892
1553 Surface water from river 2503

The investigation of the aligned scaffolds revealed the
presence of several genetic traits encoding resistance to
antimicrobials (Figs. 1 and 2). The most represented resist-
ance determinants in biosolid samples were those conferring
resistance to daptomycin, with an average of 135 scaffolds
(ranging from 11 to 375 across different biosolid samples)
aligning to hits identifying this antibiotic in the “Resistance
to antibiotics and toxic compounds” category of the SEED
classification in the NCBI-NR database. These were fol-
lowed by mupirocin (85 scaffolds on average; ranging from
0 to 274), fusidic acid (80 scaffolds on average; ranging from
0 to 293), and bacitracin (13 scaffolds on average; ranging
from 0 to 166). Determinants conferring resistance to tetra-
cyclines captured a number of scaffolds ranging between 0
and 90 across different biosolid samples, while those con-
ferring resistance to beta-lactamases of all amber classes
displayed a number of aligned scaffolds between 0 and 19.
Other determinants included those conferring resistance to
macrolides, fosfomycin, vancomycin, and others (Fig. 1).

Regarding water samples, the panel of AMR determi-
nants identified was similar to that displayed by the bio-
solid samples. The major difference resided in the bacitracin
resistance determinants which showed a much lower num-
ber of aligning scaffolds, in favour of polymyxin resistance
determinants, which were not identified in the biosolids and
ranked among the highest in the water samples. Interestingly,
beta-lactamases of all amber classes were more represented
in water samples than in biosolids (Fig. 2).

It is noteworthy that determinants conferring resistance
to ethionamide and isoniazid, which are administered to
treat human tuberculosis, were identified in both types of

samples, with a significant number of scaffolds mapping
(0-70 in the biosolid samples and 18-139 in water sam-
ples). It should be underlined that the use of isoniazid for
the therapy and prophylaxis of bovine tuberculosis is for-
bidden in Italy. Apart from those determinants linked to
daptomycin, mupirocin, and ethionamide, the other seem to
reflect the inventoried use of the main antimicrobial classes
administered to food-producing animals in Italy (European
Medicines Agency 2023).

Identification of antibiotic-resistant
phenotypes of cultured biosolids and isolation
of antibiotic-resistant bacterial strains

All the cultures tested appeared to contain bacteria resistant
to all the selected antibiotics, showing turbidity when incu-
bated with all the antibiotic concentrations used, indicating
bacterial growth. After plating onto solid media, we ran-
domly selected one well-isolated colony per plate as repre-
sentative of the few (<10) well-isolated colonies sharing the
same morphology for further characterization of the ARG
repertoire. Three bacterial isolates were obtained from the
samples incubated with daptomycin (2746_D1; 2747_D1;
ISS2_D1), four from the samples treated with tetracycline
(2746_T1; 2747_T1; 2755_T1; ISS2_T1), two from mupi-
rocin-treated samples (2751_M1; 2751_M2), two from the
samples treated with bacitracin (ISS3_B1; ISS6_B1), and
four from samples with fosfomycin (2755_F1_G +; 2755_
F2_G +; 2755_F3_G-; 2755_F4_G-) (Tables 6 and 7). Since
the isolated strains resulted from random picking of colonies
from the solid media, these should be considered as repre-
senting only a partial picture of the entire ARBs population
present in the original samples. Interestingly, the cultures
growing in the presence of fosfomycin yielded more abun-
dant bacterial growth on plates containing a higher concen-
tration of the antibiotic (256 ng/ul) compared to plates with
the lower concentration (64 ng/ul), with both solid media
used. No isolation was achieved by plating the ISS3 and
2755 samples onto solid medium supplemented with dapto-
mycin and mupirocin, respectively.

Characterization of the antibiotic-resistant bacterial
isolates

The WGS of the isolated colonies showed that all the strains
belonged to Gram-positive bacterial species, except for
the 2747_T1 strain, which belonged to the E. coli species
(Table 6).

All the isolates possessed genes conferring resistance to
multiple antibiotics. The most represented AMR determi-
nants identified in the isolated strains were those confer-
ring resistance to macrolides; indeed, most of the strains
had at least one gene conferring resistance to this class of
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Table 6 Bacterial species
isolated from the biosolid
samples

Bacterial isolate ~ Sample of isolation Bacterial Species Antibiotic concentration

used on solid medium (pg/

ml)
2746_D1 MCO Clostridium sartagoforme 4
2747_D1 Poultry Litter Enterococcus faecium 2
1SS2_D1 Manure +animal meal  Bacillus licheniformis 8
2746_T1 MCO Bacillus cereus 12.5
2747_T1 Poultry Litter Escherichia coli 12.5
2755_T1 WWTP sludge Bacillus cereus 100
ISS2_T1 Manure +animal meal  Paenibacillus odorifer 50
2751_M1 WWTP sludge Bacillus cereus 64
2751_M2 WWTP sludge Clostridium amylolyticum 512
ISS3_B1 Bovine and Equine Brevibacillus laterosporus 256
manure + green wastes
ISS6_B1 MCO Niallia circulans 256

2755_F1_G + WWTP sludge
2755_F2_G + WWTP sludge
2755_F3_G- WWTP sludge
2755_F4_G- WWTP sludge

Lysinibacillus boronitolerans 128
Lysinibacillus capsici 16
Lysinibacillus boronitolerans 128

Paenibacillus azoreducens 16

MCO Mixed compost, WWTP wastewater treatment plant

antibiotics (Table 7). This evidence is in line with the load
of macrolide residues previously observed in the biosolid
samples (Barola et al. 2024) and with the results of the
metagenomic screening of the same samples in this study,
where macrolides resistance determinants where, as a whole,
well represented (Fig. 1).

Similarly, genes associated to fluoroquinolone resistance
were found only in the 2747 _T1 strain (Table 7), in accord-
ance with the very low signal observed in the metagenomic
screening (0-2 scaffolds aligning to this specific class of
antibiotics in the NCBI-NR database) (Fig. 1). This isolate
was the only one belonging to an overt bacterial E. coli
pathotype causing human disease. In fact, the genomic char-
acterization of 2747_T1 revealed that this strain was a Shiga
toxin—producing E. coli (STEC), positive for the stx2 gene.
This isolate, an E. coli strain of O174:H21 serotype, also
possessed other virulence-associated genes of STEC such
as tha, Ipfa, terC, and ompA (encoding for the Z1307 outer
membrane protein; Sharma et al. 2017), ompT, ycb locus,
ent locus, fep locus, factors associated with adherence and
adhesion, including the AidA-I adhesin, factors associated to
the flagellar system and genes encoding for fimbrial proteins
(fim genes) (Naseer et al. 2017).

Interestingly, the four strains grown and isolated in the
presence of different concentrations of fosfomycin did not
show the presence of any of the fosfomycin resistance—asso-
ciated genes present in the database used (Zankari et al.
2012). An explanation for this result may be the presence
in these isolates of genes not included in the database or of
point mutations conferring inherent resistance to fosfomy-
cin, such as those in the murA gene (Falagas et al. 2019).
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On the other hand, genes conferring resistance to this anti-
biotic were found in the genome of five other strains isolated
after selection with daptomycin, mupirocin and tetracycline
(Table 7).

Discussion

This manuscript aimed to contribute to efforts to combat
antimicrobial resistance (AMR), which is ranked as a top
priority within the integrated and unifying One Health
approach (World Health Organization 2024). Within this
framework, the following key points have been considered
for discussion:

a) The opportunity to trace AMR sources and pressures
from human and farmed animal settings in agriculture.

b) The priority to prevent agriculture soil could becoming
a significant reservoir of AMR determinants.

¢) The proposal of a strategy for AMR assessment based
on an integrated approach.

AMR sources and pressures from human and farmed
animal settings in agriculture

The Food and Agriculture Organization (FAO) defined
agricultural intensification in relation to inputs such as
land, time, fertilizer, seed, feed, or capital (Kenmore et al.
2004). This has paved the way for developing strategies
to increase agricultural production, which has, more than
tripled between 1960 and 2015 (Food and Agriculture
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Organization of the United Nations 2017). This increase
has led to a higher demand for water in the agri-food sec-
tor and the need to restore carbon, nitrogen, and phospho-
rous sources to sustain soil productivity. On the other hand,
organic matter from multiple waste streams and reclaimed
water from WWTPs may represent a viable solution to meet
this demand. Wastewater treatment is designed to reduce
contamination from human and animal origin organic mat-
ter and minimize downstream environmental pollution.
However, it has been reported that such treatments may not
completely eliminate ARGs (Lee et al. 2022) and WWTPs
are significant contributors to environmental pollution with
antibiotic-resistant bacteria (Bouki et al. 2013; Rizzo et al.
2013). The environment and the associated bacteria are natu-
ral reservoirs of AMR genes and mobile genetic elements
(MGEs), continuously fed by AMR genes from animal and
human waste (Graham et al. 2019; He et al. 2020). There-
fore, agricultural practices such as biowaste land application
and the use of reclaimed water for irrigation may represent
effective hotspots for the accumulation and spread of ARBs
and ARGs, which can eventually reach humans through the
food chain (Gigliucci et al. 2017). On the other hand, the use
of such organic waste streams is considered a key circular
economy practice, highly valued by stakeholders across the
food/feed chains in Europe (James et al. 2022). However, the
recognition of the risks associated lags behind the current
state of knowledge (James et al. 2022).

In the present study, we investigated several circular econ-
omy products used on agricultural soils, sampled at the end
of their production cycle, to determine whether the processes
adopted to prepare waters and biomass for spreading on land
were effective in eliminating ARBs and ARGs. The samples
included sludges from WWTPs and the food industry, com-
posts, digestates, animal wastes, and irrigation water (both
reclaimed water from WWTPs and water from rivers and
canals). The results show that these products are indeed a
source of ARBs. To the best of our knowledge, this is one
of the few studies to detect ARGs and ARBs in biosolids at
the end of their production cycle (ready for land application)
and the first to demonstrate the presence of ARBs in ready-
to-use biosolids derived from WWTP sludges. While there
is extensive scientific evidence on the presence of ARGs
and ARBs in WWTPs, most studies focus on raw biomass,
which is used as a proxy for determining what circulates in
the population served by the treatment plants in wastewater-
based surveillance programs (Bijlsma et al. 2024; Knight
et al. 2024).

AMR assessment based on an integrated approach
We characterized the resistome in a range of water and

biosolid products using a mixed strategy, combining shot-
gun metagenomics with phenotypic AMR testing and
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microbiological confirmation of bacteria carrying ARGs.
This analytical strategy aimed to characterise antibiotic
resistance-related hazards in the studied matrices as the first
step in assessing the risks associated with the use of organic
waste streams from the circular economy in the agri-food
sector.

In our study, all samples displayed signals indicative
of resistance to multiple antibiotics and showed turbidity
when incubated in the presence of antibiotics. One of the
most abundant AMR determinants identified in biosolids
was associated with resistance to daptomycin (Fig. 1). Dap-
tomycin is a lipopeptide antibiotic effective against Gram-
positive pathogens, including methicillin-resistant Staphy-
lococcus aureus (MRSA), and is considered a critical option
for managing multidrug-resistant (MDR) infections caused
by Gram-positive organisms (Tran et al. 2015). Notably, this
antibiotic is used exclusively under prescription in Italy and
is restricted to clinical treatment of human infections in hos-
pitals via intravenous administration. Random selection of
bacterial colonies on solid media supplemented with dapto-
mycin yielded the isolation of an ARB belonging to the spe-
cies Clostridium sartagoforme (2746_D1), a bacterium iden-
tified in the intestinal content of herbivorous animals such
as horses and rabbits (Gong et al. 2021) and in cow dung
compost (Zhang et al. 2015). This strain was isolated from
a mixed compost sample (2746_D1, Table 6) not expected
to contain inputs from urban sewage. From the same sample,
we also isolated a strain of Bacillus cereus resistant to tet-
racyclines (2746_T1, Table 6). Other daptomycin-resistant
bacteria identified included a strain of Enterococcus faecium
from poultry litter and Bacillus licheniformis from animal
waste (ISS2, Table 1).

The spectrum of ARGs identified in the samples included
many clinically relevant antibiotics, such as tetracyclines,
mupirocin, bacitracin, and fosfomycin. Tetracyclines are
broad-spectrum antibiotics widely used to treat human infec-
tions, although the use of some first-generations molecules
(e.g., doxycyclin) is being phased out due to increasing
bacterial resistance (Rox et al. 2024). In intensive farming
systems, tetracyclines are regularly administered via medi-
cated feeds to treat enteric diseases. We identified tetracy-
cline-resistant bacteria belonging to Bacillus cereus and E.
coli species in many biosolid samples (Table 6). Among the
other antibiotics identified in the resistome (Figs. 1 and 2),
mupirocin is active against Gram-positive bacteria and is
being proposed for decolonization strategies to reduce sur-
gical site infections in orthopaedic surgery patients (Portais
et al. 2024). Bacitracin is included in the WHO list of medi-
cally important drugs (World Health Organization 2019) and
is permitted in rabbit farming to combat Clostridial enteritis.
Fosfomycin is often prescribed in combination therapy to
limit resistance emergence but is also used as a single drug
to treat complicated urinary tract infections caused by E.
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coli. Intravenous fosfomycin is gaining interest for treating
severe infections caused by multidrug-resistant organisms
(Vardakas et al. 2016). We isolated mupirocin-resistant
bacteria from multiple species, including Brevibacillus
laterosporus and Niallia circulans (resistant to bacitracin)
from WWTP sludges. The latter is a soil bacterium used for
enzyme production (Danilova and Sharipova 2020) but has
also been implicated in human disease (Berry et al. 2004;
Boyett and Rights 1952; Castagnola et al. 1997; Gatermann
et al. 1991; Krause et al. 1999; Logan et al. 1985; Tandon
et al. 2001; Wilde and Ruth 1988). Fosfomycin-resistant iso-
lates included Lysinibacillus boronitolerans, Lysinibacillus
capsici, and Paenibacillus azoreducens, all from WWTP
sludge—derived biosolids. Lysinibacillum species are soil
bacteria (Ahmed et al. 2007) used in plant disease treat-
ment (Melnick et al. 2011) and as probiotics (Zeng et al.
2022), while Paenibacillus azoreducens has been isolated
from textile industry wastewater, possibly due to its use in
azo dye decolorization (Meehan et al. 2001).

In this study, we identified AMR determinants associated
with resistance to all classes of beta-lactamases, including
extended-spectrum beta-lactamases (ESBLs) and carbapen-
ems (Figs. 1 and 2). ESBL-producing E. coli are significant
cause of extraintestinal human infections, typically treated
with carbapenems. Carbapenem-resistant Enterobacte-
riaceae are listed by the WHO as critical priority pathogens
for which new antibiotics are urgently needed (World Health
Organization 2017).

All isolated ARB strains harboured multiple ARGs,
further supporting the potential for ARB spread through
organic waste streams (Table 7). Antibiotic-resistant bacteria
with multiple resistance genes have been isolated from cattle
manure intended for land application (Abbas et al. 2023) and
from mixed compost derived from domestic wastes (Furu-
kawa et al. 2018). ARGs have also been detected in various
biosolids, including digestates from green wastes, manure,
and sludges, as well as in manure from different animal spe-
cies (Abbas et al. 2023; Burch et al. 2022; Neher et al. 2023;
Tripathi et al. 2023; Wolak et al. 2022). One study inves-
tigated the transmission dynamics of ARGs from poultry
litter to soil and plants, demonstrating the effective transfer
of ARGs to crops (Tripathi et al. 2023).

Agriculture soil as a relevant AMR determinant
reservoir

Many of the strains isolated in this study belonged to soil
bacteria species not known to cause human or animal
infections and thus are not targets for antibiotic treatment.
The release of ARGs from human and farmed animal bac-
teria, along with antimicrobial residues, creates an envi-
ronmental pool of ARGs that can be acquired and trans-
ferred by soil bacteria. This ARG pool is environmentally

persistent due to continuous amplification by bacterial
growth. Previous observations of antibiotic residues in
the samples investigated in this study (Barola et al. 2024)
may explain the selective pressure maintaining ARGs in
bacterial populations. Our data also support the observa-
tion that reclaimed water and downstream water bodies are
recipients of ARGs (Donchev et al. 2024). Conventional
treatments such as UV irradiation and H,0, addition dur-
ing reclaimed water production, as well as aerobic and
anaerobic fermentation processes for biosolid stabiliza-
tion, do not eliminate ARBs, which can then be transferred
to amended or irrigated soils. In two of the three pairs
of reclaimed water samples from a WWTP, the number
of scaffolds matching AMR hits in the NCBI-NR protein
database was higher in the outlet than in the inlet water
samples (Table 5), suggesting that ARGs may have been
concentrated by the treatment process.

The observed bacterial growth in the presence of all
tested antibiotics and the isolation of multiple ARB colonies
confirm that the functional metagenomics approach used is
robust and provides a credible picture of ARB presence in
the tested samples.

Conclusion

This case study demonstrates that antimicrobial use in
human and animal health exerts pressure on food safety by
introducing ARGs and ARBs into biowastes and reclaimed
water used in agricultural practices.

These findings highlight the following considerations:
While the reuse of biowastes is essential for sustainable
food production systems driven by the circular economy,
the use of antimicrobials in human therapeutics cannot be
reduced or replaced, unlike in veterinary medicine, where
a 50% reduction target in food production animals by 2030
has been proposed under the European Commission’s Green
Deal and Next Generation goals.

Given this, the potential risk of ARG transmission via
forages and vegetable foods to humans and animals, due to
the presence of an environmental reservoir, warrants greater
attention in terms of.

a) The origin of biowastes and their associated hazard pro-
files;

b) Adequate treatments to eliminate ARGs and ARBs with
significant impacts on human and animal health;

¢) Implementing monitoring plans to track time trends of
ARGs and ARBs in feed and food commodities and their
transfer to humans and animals, as already done for con-
taminants and veterinary drug residues, in line with the
proposed One Health action plan against AMR.

@ Springer
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