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ABSTRACT: The recycling of biowaste from municipal waste-
water treatment plants (WWTPs) in agriculture represents a
circular economy-driven source of water and nutrients to support
food system sustainability. However, biowaste may represent the
source of emerging hazards of anthropogenic and animal origin that
can transfer from agricultural soils to related food production,
posing a risk to consumers’ health, as in the case of outbreaks due to
the consumption of ready-to-eat leafy vegetables contaminated with
pathogenic E. coli. From this perspective, we propose a combined
strategy based on both classical methods and culture-independent
metagenomics approaches to identify microbial hazards relevant to
foodborne diseases in WWTP-related biowastes. The virulence
genes targeted by real-time PCR, performed before and after the
enrichment of the raw samples, may represent a proxy for the
viability of pathogens, the presence of which is then confirmed via classical microbiological methods. Bioinformatics analysis of
shotgun metagenomic sequences could assess the presence of genes associated with resistance to specific antimicrobials followed by
phenotypic confirmation via cultivation of the raw samples in the presence of the predicted molecules. Bacterial 16S rDNA analysis
supports biowaste traceability based on their taxonomic composition. This strategy would support a “One Health” Action based on a
cross-cutting assessment of emerging food-borne risks along the food chain.
KEYWORDS: Emerging hazards, Foodborne pathogens, Metagenomics, Circular economy, One Health, Cross-cutting approach

■ INTRODUCTION
The European Commission is proposing legally binding targets
for waste reduction by 2023 within its commitment to achieving
the global Sustainable Development Goals (SDGs). This action
recognizes the promotion of the Circular Economy Action Plan
within the framework of the Green Deal and the Next
Generation Programme. The final aim is to improve the well-
being and health of citizens and future generations by providing,
among other targets, healthy, sustainable, and affordable food
coupled with fresh air, clean water, healthy soil, biodiversity, and
climate neutrality, which is forecasted to be achieved by 2050.
Within this framework, to achieve sustainable food

production, the reuse of former waste from municipal
wastewater treatment plants (WWTP) in the primary
production of food and forage represents an effective tool to
recover energy and nutrients from waste through composting,1,2

and the use of reclaimed water for irrigation represents a tool to
abate the water footprint of the food chain.3−5

Nevertheless, sustainable food production should guarantee
compliance with food safety requirements as defined by The
General Food Law, Regulation (EC) 178/2002: safe food is

food that has been produced, stored, and processed such that it
does not contain chemicals or microorganisms in concentrations
that can be harmful to human health upon consumption. Thus,
unsafe food implies that it is contaminated with pharmaco-
logical, chemical, and microbial hazards that can pose a risk to
human health.

In addition, the health of soils intended for food production
should be preserved in terms of halting biodiversity loss, as
framed in the EU Soil Strategy for 2030.6

Thus, within the farm-to-fork strategy, the reuse of biowaste
and reclaimed water in food production chains represents a
priority issue for risk/benefit evaluation. A scientific opinion
fromEFSA7 identifies the agricultural use of biosolids among the
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practices of interest regarding emerging risks to plants, animals,
human health, and the environment. Among the benefits, the
prompts for the increased use of reclaimed water for irrigation
represent an opportunity to secure agricultural production from
climate changes/drought, and also to preserve groundwater as a
reservoir for drinking use1 (Figure 1).
Similarly, the use of biosolids in agricultural settings would

support soil fertility and product yields per hectare, also lowering
the water demand due to their organic matter and nutrient
content8 (Figure 2).
However, such benefits are strongly counterbalanced by

health risks and epidemiological evidence of large and severe
foodborne outbreaks caused by pathogenic E. coli and other
foodborne pathogens after the consumption of sprouts and

ready-to-eat leafy vegetables, which were likely contaminated by
biosolids and irrigation water.9−12

Persistent organic pollutants and antimicrobials from
biosolids and reused water can progressively reach predicted
environmental concentrations with potential eco-toxicological,
food safety, and food security adverse effects, as well as the onset
and spread of antimicrobial resistance (AMR) in the soil
microbial community.13−16 Interestingly, a recent study
reported that specific microbial taxa detected in sewage sludge
samples can utilize organic pollutants as a source of energy, thus
playing a crucial role in wastewater treatment.17 In addition, the
presence of mobile genetic elements, as well as heavy metals, was
positively correlated with the presence of several AMR genes in
sewage sludge, thus requiring a more in-depth characterization

Figure 1. Irrigation water abstraction intensity (m3/ha) in Northern, Eastern, Southern, and Western European Union Countries according to Zal et
al.53 Figure from EEA Report No. 17/2020, ISSN 1977-8449.1 Reproduction authorized by European Environmental Agency, provided the source is
acknowledged.

Figure 2. Sewage sludges management approaches of the estimated 11.09 million tons (dry weight) of sewage sludge produced in 32 European
Countries. Figure from EEA report No. 4/2020 on a Eurostat 2020 basis.1 Reproduction was authorized by the European Environmental Agency,
provided the source is acknowledged.
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of biosolid-associated hazards and risks prior to their possible
use as fertilizers.17

■ AIM OF THE STUDY AND EXPECTED RESULTS
In this paper , we propose a holistic approach within a One
Health perspective to characterize the wastewater-related
microbial and pharmacological hazards relevant for foodborne
diseases as a first step of the food safety risk assessment.18−21

The logical framework of the proposed activity is outlined in
Figure 3 and includes the following points.
(a) Identification of foodborne bacterial and parasitic

pathogens in environmental matrices, including biosolids,
irrigation waters, and reused waters; (b) assessment of the
presence of genomic traits associated with any pathogen; (c)
assessment of the antimicrobial resistance-associated gene
content; (d) detection of antimicrobial residues; (e) microbial
profiling for the traceability of matrices of different origins; (f)
support for innovative inactivation and risk control techniques
for pathogenic microorganisms in municipal sludge and reused
water treatment.22

■ METHODOLOGY

Sampling

The inventoried biowaste and irrigation samples are listed in
Table 1.
The timing of sampling is a risk factor to be considered for

water samples because floods are acknowledged as determinants
for the mobilization of pathogens from the soil and their
entrance into the food chain.11 In contrast, drought periods
could facilitate the acquisition of AMR determinants by
microbial communities as a matter of antimicrobials reducing
dilution from wastewater to surface water.23

Figure 3. Diagram of the proposed strategy: dotted lines indicate complementary analysis useful for a more comprehensive hazard assessment for
sustainable food production systems.

Table 1. Samples Considered According to Different Origina

category origin
metadata to
be collected

biowaste WWTPs sludges A
food industry sludges A
plasters from WWTP sludges as soil pH
improvers

A

bovine manure A
pig slurry A
chicken manure A
compost from sludge A
compost from green wastes A
compost from food wastes A
mixed compost from green and food wastes A
mixed compost from digestates A
digestate from animal manure and slurry from
intensive farms

A

digestate from green wastes A
digestate from food wastes A
mixed digestate A

irrigation
water

freshwaters from rivers B

freshwater from canals B
reused waters from WWTPs C

aA: Origin and provenience, intended use for forages, crops, and fruit
trees, amount, timing, and frequency. B: Anthropogenic and animal
pressures present in the basin; river flow; water temperature, rainfalls,
use, amount, timing, and frequency. C: District involved in terms of
population equivalents; Phase 3 treatments; average production (m3/
day), internal checks, use, amount, timing, and frequency.
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Classical Methods and Culture-Independent
Metagenomics Approaches to Detect Pathogens: A
Combined Strategy beyond the Legislative Framework
The proposed hazard characterization approaches rely on
scientific evidence regarding the spread of zoonotic and
human enteric pathogens in agricultural lands and pastures.24,25

Recently, virulence genes associated with important human
pathogens, such as Shiga toxin-producing E. coli (STEC) and
enteric viruses, were detected by real-time PCR and
metagenomic shotgun sequencing in biosolids of different
origins.26,27 Notably, long-term survival (more than 200 days)
has been observed for STEC O157 in manure-amended soils.28

Additionally, the transfer of E. coli from the amended soil to the
roots of growing plants has been demonstrated.29 E. coli and L.
innocua strains have been shown to persist on lettuce after a
single water irrigation contamination event until the plants reach
a harvestable state.30 Similarly, seedlings consumed as micro-
greens/microherbs present a favorable environment for the
extensive growth of STEC.31 Furthermore, nonbacterial micro-
biota in wastewater remains understudied and less understood
compared to their bacterial counterparts, despite their
importance in the wastewater treatment process.32 Indeed,
viruses, such as Noro- and Rota-viruses, are resistant to
wastewater treatment and can persist for several months in the
raw sewage and runoff waters fromWWTPs as well as in surface
waters used in agriculture.33,34 Similarly, parasites such as
Cryptosporidium parvum and Giardia lamblia have been shown
to persist in soil for long periods.35 In Table 2, we report the

main bacterial and protozoan pathogens linked to irrigation
water and biowastes relevant to food safety.22,36,37 In addition to
the transmission of microbial pathogens, the transfer of
antimicrobial resistance genes from manure to soil bacteria
has also been described.27,38−40 A recent study reported that the
expression of virulence genes by numerous pathogens and
antibiotic-resistant gene families was significantly higher in

biosolids and biosolid-amended soils than in unamended soils.41

Furthermore, antibiotic resistance genes can be enriched during
sludge treatment in WWTPs,23,42 representing a key aspect
within the One Health perspective.

In Europe, a harmonized legislative framework on this topic
has not yet been established. Legislation varies considerably
from state to state.1 The Sewage Sludge Directive 86/278/EEC
defines some chemical, physical, and biological parameters that
biowastes must comply with, such as the absence of Salmonella
as an indicator pathogen, and limits for generic E. coli as a proxy
for fecal contamination.43 The reclaimed water quality criteria
(EURegulation 2020/741) used for irrigation were based on the
detection of total coliforms and fecal coliforms.44 Usually, the
Most Probable Number (MPN) statistical method is used to
estimate the number of coliform group organisms per unit
volume of the sample water. The MPN value was expressed as
the density or population of organisms per 100 mL of sample
water. However, in recent decades, there has been increasing
evidence of limitations in the hazard assessment of the
microbiological quality of water using total coliforms, fecal
coliforms, and generic E. coli.45−47

As a matter of fact, the development of an integrative
approach to perform hazard characterization of biowastes and
water of different origins is needed. The considered strategy uses
classical methods along with metagenomics to provide the basis
for comprehensive risk assessment and management. Targeted
real-time PCR allows the assessment of the presence of virulence
genes associated with foodborne pathogens in the test portions
of different biowaste samples. Despite the high specificity and
sensitivity of real-time PCR analysis, an internal amplification
control is required to prevent ambiguous or wrongly interpreted
results from PCR inhibitors present in complex matrices.48 PCR
screening performed before and after the enrichment of the raw
samples represents a proxy for the viability of pathogens, whose
presence is eventually confirmed via classical microbiological
methods based on cultivation and isolation in selective and
differential media. Along with consolidated PCR-based
methods, the use of a metagenomic approach allows for more
comprehensive hazard characterization. Although real-time
PCR is more sensitive because of the exponential amplification
of the targets even at very low abundances, metagenomics allows
the simultaneous search for all of the determinants associated
with the same pathogen. We are confident that metagenomics is
a promising strategy for assessing the presence of genomic traits
associated with any pathogen in a complex matrix, although
some limitations must be considered, including cost, analytical
expertise, computing power, and the availability of compre-
hensive databases.

In this Perspective, a shotgun metagenomic approach is
proposed to screen for the presence of AMR genes. Functional
bioinformatic analysis of metagenomic sequences allows the
assessment of the presence of resistance genes associated with
antimicrobial classes to be phenotypically confirmed via MIC
tests on isolated bacteria. Shotgun metagenomics is a powerful
tool for characterizing the entire microbiome of any ecological
niche, including the considered samples (Table 1). This allows
the identification of specific pathogens, naturally harboring
microbial species and related biological networks.

On the other hand, the deep amplicon sequencing approach,
based on the analysis of the bacterial 16S rDNA gene, enables us
to determine the bacterial composition of the microbiota of
biowaste and irrigation water samples.24 As shown in a recent
study, clear clustering of biosolid samples based on theirWWTP

Table 2. Main Bacterial and Protozoan Pathogens Linked to
Irrigation Water and Bio-Wastes of Relevance for Food
Safety

pathogen disease
mode of

transmissions refs

bacteria
Vibrio cholera,
serovarieties O1
and O139

cholera, gastroenteritis fecal−oral route 37

Salmonella spp. salmonellosis,
gastroenteritis

fecal−oral route 37

Shigella spp. shigellosis fecal−oral route 37
pathogenic
Escherichia coli

diarrhea, hemorrhagic
colitis, hemolytic uremic
syndrome

fecal−oral route 37

Campylobacter spp. diarrhea, gastroenteritis consumption of
contaminated
food

36

Clostridium spp. diarrhea, gastroenteritis fecal−oral route 22
protozoa
Cryptosporidium
spp.

cryptosporidiosis fecal−oral route 36,
37

Giardia intestinalis giardiasis fecal−oral route 37
Entamoeba
histolytica

amebiasis fecal−oral
transmission

37

Toxoplasma gondii toxoplasmosis ingestion of water
contaminated
with oocysts

22
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of origin was observed by comparing different biosolid microbial
communities.49 Similarly, the analysis of 18S rDNA gene allows
to profile the protist communities and identify parasitic
pathogens eventually present in environmental matrices.50

Thus, 16S and 18S rDNA analysis coupled with the analytical
identification of human and veterinary antimicrobials and
related AMR profiles would support both biowaste traceability
and characterizing their different hazard/risk profiles.

■ RELEVANCE OF THE STUDY

Significance and Innovation
This Perspective aims to provide a flowchart for evaluating
emerging risks in food safety under the pressure of the Life Cycle
Assessment approach to reduce carbon and water footprints in
the food system. Within a One Health approach, it seems
mandatory to set up cross-cuttingmethodologies able to support
different vertical legislations on health determinants, food safety,
agriculture and food security, economics, and social policies. For
this purpose, the combined strategy we proposed would
definitively identify emerging hazards other than current and
legacy hazards. This represents an innovation with respect to
present legislative-framed methodologies based on target
approaches. In this context, the European Commission has
inserted the resistome among the hazards to be monitored in the
proposal of a new wastewater directive.37,51 The monitoring of
emerging hazards should be risk-oriented as proposed by the EU
Commission for the safe and sustainable reuse of waters in
agriculture, according to the EU Regulation 2020/741 (Table
3).
The profiling of microbial communities, antimicrobial

residues, and AMR genes allows the traceability of the
considered biowastes and supports the monitoring of AMR in
zoonotic and indicator bacteria from humans, animals, and
food.52 This could have implications in the discrimination
between sludges originating from municipal WWTPs and those
from the food industry, today framed within the same legislative
biowastes category, even with different risk profiles. Lastly, the
relevance of generating FAIR (Findability, Accessibility,
Interoperability, and Reuse of digital assets) data should be
not overlooked: the metagenomic sequences are stored in public
repositories, thus supporting the epidemiological investigation
of foodborne outbreaks or other adverse effects in the
environment and food production systems.

■ CONCLUSION
To conclude, looking at the transition toward more sustainable
food systems, food safety must be considered a priority because
it is critical to better health and food security, livehoods, social
and economic developments and related food trades, and
Country reputation. Owing to such an interconnected scenario,
where growing population and climate change represent the
main pressures on the food systems, the activities proposed in
this Perspective along with the expected results are of relevance
to support the achievement of the following SDGs: 2. zero
hunger; 3. good health and well-being; 6. clean water and
sanitation; 12. responsible consumption and production; 13.
climate action; 15. life on land; 17. partnerships for the goals.
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