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Abstract. Microbial diversity and function are central
components of soil quality and overall soil health. When eco-
logical conditions shift-whether because of farming practices or
contamination-soil microbial communities can undergo structur-
al and functional changes that ultimately alter soil fertility and
ecosystem performance. To effectively assess how anthropogen-
ic agricultural stressors affect soil functions, we need tools that
provide valuable information to various soil stakeholders (farm-
ers, industry, authorities, and citizens) to address these stressors
through environmental risk assessment. Some measures should
also be implemented to reduce the risk of ongoing contamina-
tion from common agricultural practices, such as the distribution
of fertiliser products, particularly those of livestock origin. This
review presents potential methods for assessing soil contamina-
tion using soil microbiome analysis, highlighting their challenges.
Moreover, methods to reduce the load of emerging soil contami-
nants (antibiotics, microplastics) and organic fertilising products
based on microbial processes are also described.
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1. INTRODUCTION

Soils have long been considered capable of absorbing
and degrading organic pollutants without incurring major
adverse effects; however, this view is overly simplistic.
Many contaminants can persist and accumulate in soils,
and their retention and degradation are finite processes
controlled by soil properties, pollutant chemistry, bioavail-
ability, and microbial activity (Correia et al., 2025). In
recent decades, this perception has been further revised in
light of well-documented cases of soil contamination from
industrial activities, intensive agriculture, and waste mis-
management, leading to the recognition that soil is a fragile,
non-renewable resource whose formation occurs over geo-
logical timescales and whose functions are increasingly
compromised by anthropogenic pressures and climate-driv-
en changes (FAO and ITPS, 2015; Telo da Gama, 2023;
FAO, UNEP, 2021; Chen et al., 2025).

Intensive agriculture and the diffuse presence of organic
pollutants from diverse sources (industrial, urban, agricul-
tural) are among the main drivers disrupting large-scale
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soil biodiversity and complex food webs (EEA, 2017).
Environmental pollution from substances such as organic
compounds, agricultural chemicals, pharmaceuticals, and
hazardous chemicals present in urban and industrial waste,
including litter and plastics, is a major source of soil con-
tamination and a global issue (Shetty et al., 2023). Because
of their negative impacts, several ecosystem services pro-
vided or regulated by soil are being compromised (Pereira
et al., 2018), thereby affecting animals, the environment,
and human health (Jones ef al., 2013). The ecosystem ser-
vices provided by soil are closely linked to the multitude of
organisms (bacteria, fungi, archaea, protists, algae, nema-
todes, and meso- and macrofauna) that inhabit it. Among
these, microorganisms are collectively referred to as the
microbiome, which includes their genes and genomes as
well as their functional potential (Giovannetti ef al., 2022;
Berg et al., 2020). The soil microbiome drives key pro-
cesses (e.g. nutrient cycling, organic matter degradation,
bioremediation) that are essential for soil ecosystem func-
tioning (Hartman and Six, 2023). Microbial diversity and
activity therefore represent an important component of soil
quality and contribute significantly to soil health. However,
changing ecological conditions-for example, alterations in
the physical or chemical characteristics of soil resulting
from agricultural practices or pollution events-can modi-
fy microbial community structure and function (Meena,
2023), thereby affecting soil health, fertility, and quality.

To properly evaluate the impact of anthropogenic
stressors, particularly those of agricultural origin, on soil
functions, it is necessary to develop appropriate indicators
and tools that provide useful information to diverse soil
stakeholders (farmers, industry, authorities, and citizens)
and support environmental risk assessment. In addition,
measures should be considered to mitigate the risk of
chronic contamination arising from common agricultural
practices. This review presents possible approaches for soil
microbiome-based assessments, highlighting their chal-
lenges and outlining potential methods to reduce the risk
of soil contamination associated with the application of
organic fertilising products.

2. SOURCES OF CONTAMINATION
AND THE REGULATORY FRAMEWORK

Organic pollutants, such as synthetic chemicals,
pharmaceuticals, and microplastics, are entering the envi-
ronment with increasing frequency, typically at trace levels.
Although the presence of these contaminants in aquatic
systems is well documented, their long-term effects on soil
biodiversity and ecosystem services remain poorly under-
stood (Osman et al., 2023; Tariq et al., 2024; Pérez-Méndez
et al.,2025; Meng et al., 2025). While substantial informa-
tion exists on the threats they pose to humans and aquatic
ecosystems, their impacts on soils (e.g., biodiversity, eco-
system services, and indirect effects on humans) and on
aboveground organisms remain insufficiently understood
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and evaluated. Moreover, although many of these substanc-
es are monitored in surface waters, this is not yet the case
for soils, as there is currently no EU-wide legal framework
for soil monitoring.

Soil pesticide loads have been steadily declining
since 2016 (Silva et al., 2019), partly due to the imple-
mentation of Directive 2009/128 on the sustainable use
of pesticides, the review of authorised active substances,
and Regulation (EC) No 1107/2009 governing their mar-
keting. Nevertheless, between 2011 and 2022, the EU still
used more than 350,000 tonnes of pesticides (Schneider
et al., 2023; https://ec.europa.eu/eurostat/statistics), some
of which are known to exert pronounced effects on soil
microbiomes (Walder et al., 2022; Ni et al., 2025). Per- and
polyfluoroalkyl substances (PFAS) have raised particular
concern for their risks to human health. This large group of
thousands of highly stable and persistent synthetic organ-
ic compounds is widely used across society and in many
industrial sectors (Walder et al., 2022). Ongoing produc-
tion and use have led to PFAS contamination of drinking
water, rivers, and wastewater, and to their accumulation
in soils and living organisms, with serious consequences
for human health, including reduced antibody responses to
vaccines (Schneider et al., 2023; Walder et al., 2022). In the
EU, around 100000 sites are believed to be potential PFAS
emitters, and the annual health-related costs associated
with PFAS exposure are estimated at €52-84 billion, due
to the high proportion of citizens expected to exceed the
tolerable weekly intake (Walder et al., 2022). To limit these
impacts, after a protracted period of voluntary and manda-
tory restrictions (Reinikainen et al., 2024), two legal acts
entered into force in early 2023 to reduce PFAS exposure
through food and drinking water (Commission Regulation
(EU) 2022/2388 and Directive (EU) 2020/2184, respec-
tively). Furthermore, in January 2023, several EU Member
State authorities submitted a proposal to ECHA to reduce
PFAS emissions into the environment.

According to Eurostat’s Environmental Data Centre on
Waste, the EU generated 2.23 billion tonnes of solid waste in
2022, 5.3% of which was classified as hazardous, including
plastics (https://ec.europa.eu/eurostat/statistics-explained/
index.php?title=Waste_statistics). Plastics are extensively
used in agricultural production (e.g., mulching films and
protective covers) and represent an important source of
plastic inputs to soils. In the European Union, agricultur-
al plastics are estimated to generate 0.4-0.6 million tonnes
of non-packaging plastic waste annually, according to
Eurostat assessments and sector analyses. This widespread
use is consistent with global estimates indicating that agri-
cultural value chains consume millions of tonnes of plastic
each year, with a large fraction remaining poorly collected
and often accumulating in soils or being improperly dis-
posed of (FAO, 2021). However, plastics and microplastics
can also enter soils through multiple pathways, including
sewage sludge, compost and other organic amendments,
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irrigation with reclaimed water or wastewater, atmospheric
deposition, and urban and industrial sources. The break-
down of plastic residues generates microplastics (particles
< 5 mm) and nanoplastics (1-100 nm), which pose increas-
ing risks to ecosystem integrity and food safety (Blasing
and Amelung, 2018).

Growing evidence indicates that microplastics alter soil
microbial communities and foster the persistence of anti-
biotic resistance genes (ARGs) (Li et al., 2024a, b). For
example, microplastics have been shown to inhibit the
dissipation of ARGs in soil (Sun et al., 2018), and ARG
abundance has been linked to microplastic size and weath-
ering state (Lu ef al., 2020; Li et al., 2025). Microplastics
can also act as carriers for other pollutants (He et al., 2022;
Athulya et al., 2024), such as persistent organic contam-
inants (Rodrigues et al., 2019), heavy metals (Gao et al.,
2021), and antibiotics (Li et al., 2018; 2025).

Several countries have introduced threshold values for
microplastic content in organic fertilisers, but these dif-
fer between jurisdictions and rarely target the same size
fractions. As a result, animal-derived fertilisers can be a sig-
nificant source of microplastic contamination in soils.
Reported microplastic concentrations in farmyard manure
and similar amendments range from 0 to 3780 particles
kg™ soil (Wu et al., 2021), reflecting variation in livestock
diets and on-farm plastic use. Microplastic abundance in
soils also increases with long-term application of mineral
fertilisers (Cusworth et al., 2024) and from tyre wear from
agricultural machinery, wind transport, runoff, and atmos-
pheric deposition (Allen et al., 2002).

The effects of microplastic pollution on agricultural
productivity remain poorly understood, largely due to the
scarcity of long-term field trials and the use of unrealistical-
ly high microplastic concentrations in many experimental
studies. Since microplastic levels in agricultural soils are
expected to keep rising due to both agricultural and non-ag-
ricultural inputs, it is crucial to clarify their impacts on
agroecosystems. The long-term consequences of plastic use
in agricultural soils are difficult to reverse (Santas-Miguel,
2025). Most documented interactions between microplas-
tics and soil fauna, vegetation, microbes, and crop yields
are negative, indicating a growing threat to agricultural
productivity and food security as microplastics accumulate
over time. With no rapid, large-scale solutions currently
available to address microplastic pollution, it is increas-
ingly important to reassess our dependence on plastics in
agriculture and other sectors (Cusworth ef al., 2024).

Antibiotics have long been widely used in the livestock
sector as growth promoters, therapeutics, and prophylactics.
They have also been applied as plant protection products:
a recent study showed that antibiotics such as gentamicin,
kasugamycin, oxolinic acid, oxytetracycline, streptomycin,
validamycin, and zhongshengmycin have been used in 39
countries, mostly outside the EU (Verhaegen ef al., 2024).
Streptomycin, in particular, has been used since the 1950s
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to control various bacterial plant diseases, notably fire
blight caused by Erwinia amylovora, and its widespread
use has been associated with the selection and dissemina-
tion of resistance determinants. Notably, similar strep-
tomycin resistance genes and mobile genetic elements
have been identified in both plant-associated bacteria and
human pathogens. However, direct transfer between
these groups has not been unequivocally demonstrated
(Verhaegen et al., 2023).

There is growing concern that vectors carrying strep-
tomycin resistance genes may spread beyond plant-
pathogenic bacteria to other species, including import-
ant human pathogens such as Salmonella enterica and
Klebsiella pneumoniae, with potential implications for
soil microbial communities as well (Miller et al., 2022;
Verhaegen et al., 2023).

High levels of several classes of antibiotics have been
detected in various animal manures (e.g., Martinez-Carballo
et al., 2007; Rasschaert et al., 2020), and their application
to fields has been linked to changes in soil microbiomes
and enhanced dissemination of ARGs (Gillings, 2013).
Despite a marked decline in the use and sales of veteri-
nary antibiotics across the EU, total sales in 2022 in the
EU and associated countries (31 in total) still amounted to
around 4500 t (EMA, 2023). In addition to antibiotic-re-
sistant bacteria and ARGs, organic fertilisers may contain
antibiotic residues and other co-selecting agents, such as
copper, zinc, and veterinary pharmaceuticals, which together
may facilitate ARG selection and transfer in soils (Fang et
al.,2014).

This is critical because antibiotic residues in soil typi-
cally show highly variable persistence and bioavailability
rather than consistent accumulation to toxic concentrations,
as their fate is strongly influenced by antibiotic properties,
soil characteristics, sorption processes, and microbial acti-
vity (Brandt et al., 2015; Cycon et al., 2019). In contrast,
heavy metals impose a long-term selective pressure on soil
microbiomes, driving co-selection for antibiotic resistance
(Murray et al., 2024; Song et al., 2020). Furthermore,
mobile genetic elements, which have also been detected in
animal manure, have emerged as major contributors to the
environmental spread of clinically important ARGs (Li et
al., 2024a, b).

Taken together, this overview underlines the need for
standardised tools for environmental risk assessment that
can significantly improve toxicity evaluations of these
contaminants for terrestrial biodiversity and related soil
ecosystem services, thereby helping to close current gaps
in environmental regulation. Likewise, identifying and
implementing effective options to remove or reduce these
contaminants from agricultural inputs could help minimise
contamination risks.
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3. METHODS TO EVALUATE THE IMPACT
OF CONTAMINANTS ON THE SOIL MICROBIOME

Determining contaminant concentrations in soils
remains challenging because of soil heterogeneity and the
complex physical and chemical interactions between con-
taminants and soil components. Approaches based on soil
microbial communities provide complementary insights
into the biological effects and ecological impacts of con-
taminant exposure, complementing chemical analyses. In
this context, the soil microbiome has emerged as a highly
sensitive and early indicator of environmental stress, often
responding more rapidly than the soil’s physicochemi-
cal properties (Ma et al., 2022). Consequently, advances
in omics technologies have led to the increasing use of
microbiome-based approaches for environmental health
assessment (Debode et al., 2024). Chemical determinations
and omics-based analyses should therefore be regarded
as complementary tools for evaluating both the presence
of contaminants and their functional consequences in soil
systems.

Advances in next-generation sequencing (NGS) tech-
nologies have transformed environmental microbiology
by enabling high-resolution analysis of microbial commu-
nities and their temporal dynamics (Satam et al., 2023).
Metabarcoding and shotgun metagenomics are the two
main methodological approaches used in environmental
microbiology studies. Metabarcoding uses the sequenc-
ing of taxonomically informative genetic fragments to
identify the taxa present within a sample. Typically, to
characterise bacterial taxa, the 16S rRNA gene is amplified
by PCR and sequenced. In contrast, in fungi, the internal
transcribed spacers (ITS) of the 18S-26S ribosomal DNA
region are used as targets. Thus, the obtained sequences
are aligned with those in curated reference databases to
determine taxonomic classification. Three databases for
bacterial sequence annotation are commonly used for this
purpose: Greengenes, SILVA, and the Ribosomal Database
Project (RDP). For fungi, the Unite database is the most
commonly used.

When using shotgun metagenomics, all DNA present in
the sample is extracted, fragmented, and sequenced, thus
allowing the microbial biodiversity in soil (archaea, bac-
teria, eukaryotes, and viruses) to be characterised. Unlike
metabarcoding methods, metagenomic shotgun sequencing
allows the characterisation of the taxonomic and functional
diversity of the soil sample microbiome. Although consoli-
dated methodologies are available, the different steps from
sampling to sample conservation to bioinformatic analysis
are subject to biases that can lead to incorrect observations
(Nearing et al., 2021). For this reason, the standardisation
of methodologies is necessary to implement risk analysis
procedures with these technologies effectively (Debode et
al., 2024; Nearing et al., 2021).
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4. CHALLENGES IN THE MICROBIOME-BASED
ASSESSMENT OF SOIL QUALITY

Characterising microbial community composition,
diversity, and functional roles requires a series of methodo-
logical steps (Stefani ez al., 2015). Early culturedependent
approaches provided initial insights, but cultureindepend-
ent methods, including plate profiling, now offer a far more
comprehensive view of microbial assemblages and their
ecological interactions (Davis et al., 2005; Eichorst et al.,
2007; Cerqueira et al., 2008; Schmidt and Eickhorst, 2014).
These techniques have enabled the detailed characterisa-
tion of soil microbial communities in space and time and
the assessment of their functional and trophic interactions
(Philippot et al., 2012; Cristescu, 2014). Numerous meth-
ods have been developed to inventory microbial species
composition and to elucidate the dynamics and processes
underlying biodiversity in bulk and rhizospheric soils
(Philippot et al., 2012; Cristescu, 2014), but their applica-
tion in broad monitoring programmes remains challenging.

Despite rapid advances in NGS technologies, the
integration of environmental microbiome data into risk
assessment protocols remains limited by substantial knowl-
edge gaps. Environmental microbiomes are highly dynamic
and respond to perturbations, including contamination,
over time. At the same time, soil microbial communities
show heterogencous distributions and complex spatial
structure (Maron, 2011). In this context, identifying taxo-
nomic markers that reliably reflect soil health is far from
straightforward.

One increasingly popular approach in microbial ecol-
ogy is to identify a core microbiome, defined as “any set
of microbial taxa, as well as the associated genomic or
functional attributes characteristic of a specific host or
environment” (Neu et al., 2021). Conceptually, the core
microbiome represents the stable fraction of the community
across niches, geographical locations, and time. Deviations
from this baseline are expected to signal risk conditions
associated with environmental stressors. However, there is
still no consensus on how to designate a core microbiome
in practice. Two main strategies are used: one based on
taxonomic community composition and another based on
functional profiles (Sharon et al., 2022).

Taxonomybased approaches rely on taxa detected by
16S rRNA gene sequencing and metagenomics. Methods
based on taxon occurrence, abundance, or combined occur-
rence-abundance criteria have been proposed (Neu et al.,
2021), but they often identify different sets of core taxa
(Custer et al., 2023). In contrast, function-based approach-
es define the core microbiome as a stable functional core
represented by functional-genetic categories. Here, varia-
tion in taxonomic composition is treated as secondary,
under the assumption that multiple species can occupy the
same niche and perform equivalent functions (Sharon et al.,
2022).
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Computational tools such as PICRUST, PICRUST2, and
Tax4Fun have been developed to infer functional profiles
from metabarcoding data. Their usefulness in environmen-
tal applications, however, remains debated (Escalas, 2019).
Their predictive power is constrained by reference genome
databases that poorly represent soil microbiomes (Choi et
al., 2017) and are biased toward microorganisms relevant
to human health (Sun ef al., 2020).

Shotgun metagenomics offers a more robust alterna-
tive, enabling simultaneous reconstruction of both the
taxonomic composition and the functional contributions of
individual taxa (Durazzi et al., 2021). Detection of allelic
variants of functional genes can indicate functional redun-
dancy, a feature linked to ecological resilience and stability
(Biggs et al., 2020). Establishing standardised methods
for defining the core microbiome is therefore essential for
the development of microbiomebased environmental risk
assessment protocols.

4.1. Biodiversity indices

Biodiversity indices derived from NGS data are widely
used to characterise ecosystem status and to evaluate con-
taminant impacts on soil quality. Three main categories of
indices, operating at different spatial scales, are commonly
distinguished (Debode et al., 2024; Lo, 2010):

* Alpha diversity indices, which measure species diver-
sity within a local community.

» Betadiversity indices, which quantify differences in spe-
cies composition between communities or ecosystems.

* Gamma diversity indices, which estimate overall diver-
sity at broader scales, such as landscapes or biomes.

Environmental microbiology studies primarily employ
alpha and beta diversity metrics. In the context of risk
assessment, beta diversity measures effectively capture vari-
ation in species composition across samples. Conversely,
applying alpha diversity metrics poses greater challenges.
For instance, while dysbiosis in the human microbiota is
typically associated with reduced alpha diversity (Debode
et al., 2024), the relationship between alpha diversity and
ecosystem health is more complex in environmental con-
texts. Pesticides, for instance, can either stimulate or inhibit
microbial growth (Lo, 2010). Thus, within environmental
risk assessment, the assumption that higher biodiversity
always signals better environmental health is not neces-
sarily valid. However, alpha diversity metrics are relative
values that depend strictly on the underlying methodology;
consequently, they do not represent absolute biological
truths, preventing direct comparisons across methods or
scales (Shade, 2017). These indices are useful tools with-
in a single comparative experimental design. However,
they do not allow establishing an absolute threshold value
(a normative cutoff) to be included in an assay. Different
alpha diversity indices weight components of biodiversi-
ty-such as species richness, the relative abundance of rare
versus dominant taxa, evenness, and phylogenetic related-
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ness-differently. Consequently, the choice of index requires
careful and explicit justification (Roswell er al., 2021).
Moreover, in our view, the inherently relative nature of
alpha diversity makes it unsuitable for defining quantitative
risk thresholds for environmental harm, which restricts its
usefulness in environmental risk assessment (ERA).

5. A CASE STUDY OF TERRITORIAL ASSESSMENT
OF ENVIRONMENTAL CONTAMINANTS

This case study presents a territorial monitoring approach
to assess the occurrence of environmental contaminants in
agricultural soils and organic amendments and their poten-
tial implications for soil quality. The assessment focuses
on selected chemical contaminants, including heavy metals
and polycyclic aromatic hydrocarbons (PAHs), analysed in
soil and digestate matrices through standard physicochemi-
cal methods, and interpreted in relation to agricultural
management practices and potential impacts on soil bio-
logical components.

The study is framed within intensively managed agro-
ecosystems, where high external inputs and livestock-
derived fertilisers may increase the risk of contaminant
accumulation. This pressure has progressively degraded
agroecosystems, with a severe acceleration in the last cen-
tury, leading to reductions in soil fertility and in agricultural
and natural biodiversity (Tilman et al., 2002).

In this context, adopting sustainable soil management
practices can help protect and restore ecosystem services
generated by the rural system. Among these practices, the
following can be considered particularly effective:

* The use of organic matrices (such as livestock efflu-
ents, digestates, efc.) to supply crops and soil biological
components with nutritional elements and improve the
physical characteristics of the soil.

» The application of conservative soil management prac-
tices to minimise disturbance to the soil ecosystem.

* The maintenance of a permanent vegetal cover on the
soil through cover crops and crop residues.

This approach is even more crucial in areas charac-
terised by a high livestock density, where integrated man-
agement strategies use all available organic matrices, in
particular livestock effluents, which require efficient use
in terms of quantity, timing, and distribution methods to
limit environmental risks due to contamination (e.g., with
nitrate, phosphorus, heavy metals, and antibiotics). This is
the case in the Lombardy Region in Italy, where agriculture
plays a key role in the regional and national economy and
is primarily characterised by heavy use of external inputs,
modest crop diversification, and a high animal-based fer-
tiliser load, resulting in a high risk of soil contamination.

In response to these challenges, regional authorities
have since 2011 established a network of farms for envi-
ronmental monitoring, focusing on assessing soil quality
using selected physicochemical parameters. Continuous
and structured monitoring within this network has been
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Fig. 1. Location of the study area.
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Table 1. Physical-chemical characterisation of the farm soil: average values in the upper horizons

Year Texture (%) pH TOC CEC TKN N-NO;, P,0;s
Sand Silt Clay (H,0) (gkg")  (meq100g’) (gkg" (mg kg kg™
2011 63 30 7 ND 8.67 ND ND ND ND
2019 - - - 6.1 8.13 17.6 ND ND ND
2020 - - - 5.8 11.57 31.2 ND ND ND
2022 - - - ND 11.72 ND 1.19 3.0 715
2023 67 21 12 6.9 11.60 20.0 1.42 12.5 86.0

ND — not determined.

conducted since 2019. Here, we present a representa-
tive case study of a farm located in the province of Pavia
(southern Lombardy), illustrating typical agricultural man-
agement of the Lombard Plain, including cereal-based
cropping systems (maize, barley, and rice), minimum till-
age, and flood irrigation (Fig. 1).

Land use and agricultural management practices are
the main factors that determine the monitoring strategy for
evaluating the potential risk associated with anthropogenic
activities. The monitoring plan defined the environmental
matrices to be monitored (soil and digestates), the related
physical-chemical parameters to be analysed (texture, pH,
electrical conductivity (EC), total organic carbon (TOC),
cation exchange capacity (CEC), CaCQ;, total Kjeldahl

Nitrogen (TKN), N-NOs, and P,0s), and the content of
major contaminants (heavy metals and polycyclic aromatic
hydrocarbons (PAHs).

The soil was a sandy-sandy loam with a high skeleton
content, subacid pH, a high CEC (>20), and a medium-low
organic matter content (Table 1).

Organic fertilisation was performed using a zootechni-
cal biodigestate (a mix of vegetable biomass and poultry
manure processed by anaerobic digestion) characterised by
high nutrient content (Table 2), distributed at pre-sowing
(a solid fraction applied with a manure spreader) and during
crop growth (a liquid fraction applied with low-pressure
tankers).
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Table 2. Chemical analyses of biodigestate samples
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Dicestate cod Year Residue - Total N Total P N-NH, N-NO,
gestate code ea at 105°C P %) (e ke’)

PAPSR-PEDR DL 2 2022 8.44 7.70 0.63 13200 2960 <1

PAPSR-PEDR DL 1 2023 13.41 7.92 0.62 16100 3410 <1

11.7

11.6 11.6

10.0

9.0 87

2011

8.0

Total organic carbon (mg kg')

8.1

2019

7.0

6.0

2020 2022 2023

Fig. 2. Average total organic carbon (TOC) content in the upper
soil horizon of the farm soils.

The distribution of the biodigestate (first applied in
2018) contributed to an increase in the organic matter con-
tent observed in subsequent years (Fig. 2). The analysis
of contaminant content in the same soil consistently yielded
values below the limits set by the relevant Italian legislation
(Legislative Decree 152/2006) (Tables 3 and 4). Specific
PAH content was detected in only a few samples.

The results of this case study, which align with data
collected from similar contexts in the region, indicate that
the use of the biodigestate had a low impact on the risk of
soil contamination with organic compounds. Such results
suggest that the distribution of microbially processed ani-
mal-derived fertilisers can serve as a useful indicator for
reducing the risk of soil contamination (see also below).

6. MEASURES TO REDUCE THE CONTAMINATION
RISK AND LOAD IN SOIL

Microorganisms are critical to the breakdown of environ-
mental contaminants (Sharma, 2021). To develop effective
bioremediation strategies to degrade specific pollutants
(Domeignoz-Horta et al., 2021) and potentially create new
bioremediation technologies, it is vital to isolate and cha-

racterise the mechanisms and metabolic pathways of fungi
and bacteria that degrade these pollutants in soil (Barone et
al., 2024). While various studies have shown the potential
of microorganisms for bioremediation purposes (Table 5),
the factors that influence the effectiveness of bioremedia-
tion or contaminant degradation remain to be understood.
The chemical composition of pollutants, the environmental
conditions conducive to their degradation, the accessibi-
lity of microorganisms, and the microbial adaptability to
varying conditions and metabolic versatility all affect bio-
degradation efficiency (Negri et al., 2004). Furthermore,
analysing the genetic potential of microbial communi-
ties in polluted environments helps reveal their metabolic
capabilities. This information can subsequently inform the
design of tailored bioremediation strategies (Bala et al.,
2022). Therefore, genomic and proteomic investigations
can explore the genetic and enzymatic mechanisms under-
lying biodegradation, thereby promoting the development
and implementation of bioremediation approaches across
diverse environmental settings. These advanced techniques
have already provided valuable insights into the genetic
and enzymatic mechanisms associated with biodegradation
(Chakraborty and Das, 2016), offering a holistic view of
microbial communities and allowing researchers to unravel
the complex metabolic pathways and enzymatic processes
involved in the breakdown of contaminants (Zhang and
Bennett, 2005; Sakshi and Haritash, 2020; Narayanan et al.,
2023). In addition, the ability of microorganisms to degrade
specific pollutants, as well as their ecological roles and
interactions within microbial consortia, shall be assessed.
By elucidating the intricate web of microbial interactions,
researchers can better understand how different microor-
ganisms collaborate to enhance biodegradation processes.

Table 3. Average content of heavy metals in the farm soils after the biodigestate application

As Cd Cr_tot Hg Ni Pb Cu Zn
Year
(mg kg d.w.)
2019 5.28 0.160 19.21 0.148 13.64 26.1 13.09 41.6
2020 5.49 0.145 19.43 0.139 13.59 28.4 13.81 41.7
2023 5.50 0.095 18.55 N.D. 14.35 22.5 16.55 46.0
Legal limits 20 2 150 1 120 100 120 150
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Table 4. Content of specific PAHs in the farm soils after the biodigestate application

Benzo(a) anthracene Benzo(a) pyrene Benzo(b) fluoranthene Chrysene Pyrene
Field n.  Year
(mg kg") d.w.

1 <0.01 <0.01 <0.01 <0.01 <0.01

A 2 <0.01 <0.01 <0.01 <0.01 <0.01
3 <0.01 <0.01 <0.01 <0.01 <0.01

1 <0.01 <0.01 <0.01 <0.01 <0.01

B 2 2019 <0.01 <0.01 <0.01 <0.01 <0.01
3 <0.01 <0.01 <0.01 <0.01 <0.01

1 <0.01 <0.01 <0.01 <0.01 <0.01

C 2 <0.01 <0.01 <0.01 <0.01 <0.01
3 <0.01 <0.01 <0.01 <0.01 <0.01

1 <0.01 <0.01 <0.01 <0.01 <0.01

A 2 <0.01 <0.01 <0.01 <0.01 <0.01
3 <0.01 <0.01 <0.01 <0.01 <0.01

1 0.021 0.011 0.014 0.021 0.021

B 2 2020 <0.01 <0.01 <0.01 <0.01 <0.01
3 0.014 <0.01 0.011 0.012 0.012

1 <0.01 <0.01 <0.01 <0.01 <0.01

C 2 <0.01 <0.01 <0.01 <0.01 <0.01
3 <0.01 <0.01 <0.01 <0.01 <0.01

Legal limits 0.5 0.1 0.5 5 5

However, reducing the risk of introducing contaminants
into agricultural soils can also be pursued by microbi-
al-based processes applied to inputs that are potential
contributors to soil contamination, i.e., organic fertilising
products, as described hereafter.

6.1. Antibiotics

Antibiotic concentrations can be reduced through
processes such as biodegradation, transformation, and
sorption. They can be pursued by exploiting fungal capaci-
ties to metabolise various compounds as carbon sources,
and by exploiting non-specific enzymatic systems, includ-
ing extracellular lignin-modifying enzymes (particularly
laccase and various peroxidases) and intracellular enzymes
(e.g., the cytochrome P450 system) (Ghariani et al., 2024).
This oxidative potential could degrade micropollutants,
which are typically resistant to natural breakdown process-
es, particularly in soil contamination (Table 6). However,
the structure and physicochemical properties of antibiotics
are key factors that determine the possible metabolic path-
ways for their degradation during biological treatment. For
example, the tendency to adsorb onto particles can reduce
their bioavailability (Wu et al., 2009; Ingerslev et al., 2001)
and biodegradation rate, which can range from near-com-
plete biodegradation (e.g., macrolides) to very limited
apparent removal (e.g., fluoroquinolones), where sorption

to solid matrices plays a major role, reflecting differences
in sorption behaviour and environmental conditions. In this
regard, the characteristics of the specific animal manure (i.e.,
C/N, total organic carbon content, moisture) or the modifi-
cation of the physico-chemical conditions of the manure
through the incorporation of bulking agents, to increase
air circulation, modify pH, etc., which promote the micro-
bial activity, can modify the biodegradation rate, playing
a significant role in the removal of antibiotics (Storteboom
et al., 2007). For example, the addition of sawdust, rice
husk or spent mushroom growing substrate promoted the
reduction in extractable antibiotic concentrations (by 14.9-
33.4% in the case of swine manure, lower with chicken
manure, where fluoroquinolones, a highly refractory group
of antibiotics, are dominant), and decreased ARGs during
the manure composting process (Zhang et al, 2019a).
Similarly, bamboo charcoal added during pig manure
composting favoured a strong reduction in ciprofloxacin
concentrations (up to 99%), likely reflecting a combina-
tion of biodegradation and sorption processes, and allowed
decreases in the concentrations of norfloxacin and chloro-
tetracycline to levels below instrumental detection limits.
Composting chicken manure with the addition of various
inorganic compounds (zeolite, superphosphate, and fer-
rous sulphate together) altered the bacterial community and
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fungi showing bioremediation capacity

Genus Reference

Bacteria

Alcaligenes Duran et al. (2019)
Bacillus Wang et al. (2020)
Enterobacter Ramasamy et al. (2017)
Flavobacterium Chaudhary et al. (2019)
Pseudomonas Pacwa-Plociniczak et al. (2014)
Alcanivorax Yakimov et al. (2007)
Thallassolituus Mabhjoubi et al. (2017)
Cycloclasticus Kasai et al. (2002)
Oleispira Yakimov et al. (2003)
Marinobacter Chernikova et al. (2020)

Microalgae/Cyanobacteria

Spirulina El-Sheekh and Hamouda (2014)
Chlorella Kalhor et al. (2017)
Spirogyra Nweze et al. (2009)
Scenedesmus El-Sheekh et al. (2013)
Oscillatoria Chavan et al. (2008)
Chlorococcum Semple et al. (1999)
Synechocystis Patel et al. (2015)
Nannochloropsis Chernikova et al. (2020)
Selenastrum Chan et al. (2006)

Fungi

Aspergillus Al-Hawash et al. (2019)
Curvularia Balaji et al. (2014)
Drechslera Obuekwe et al. (2005)
Lasiodiplodia Wang et al. (2014)
Mucor Su et al. (2006)
Penicillium Govarthanan et al. (2017)
Rhizopus Hasan (2014)
Trichoderma Zafra et al. (2015)
Cryptococcus Krallish et al. (2006)

ARGs: Firmicutes, the most important potential host bacte-
ria for ARGs, were strongly reduced in the community after
the addition of zeolite (Peng et al., 2018).

In this context, it is important to distinguish between
different processes contributing to the observed decrease in
antibiotic concentrations (Fig. 3). Reported reductions may
reflect true biodegradation or transformation. However,
they may also result from other mechanisms, such as irre-
versible sorption to organic matter, reduced extractability,
dilution during treatment, or partitioning between solid and
liquid phases. For this reason, the term “removal” is used
here to indicate the overall decrease in the extractable frac-
tion, unless otherwise specified.

The method for processing the manure can also affect
the efficacy of antibiotic degradation, as temperature and
oxygen availability vary, thereby influencing microbial

activity. Generally, the biodegradation capacity of the
manure management process is high during composting,
lower during anaerobic digestion, and the lowest during
manure storage and after application to the soil (Massé
et al., 2014). An optimised composting process (30 days
for composting, reaching at least a temperature of 50°C,
with the matrix water content of 50% and pH 9.0) reduced
the level of antibiotics by about 30-78%, depending on
the compound, and decreased the presence of ARGs and
mobile genetic elements in the compost by 45 and 27%,
respectively, and their relative abundance by about 35%
(Lu and Lu, 2019).

Composting reduced antibiotic degradation from 47.3
to 98.8%, depending on the type of manure (i.e., cat-
tle, swine, poultry, and mixed manures) (Gaballah et al.,
2021). Biodegradation occurs mainly during the thermo-
philic phase, even at high initial concentrations (Zhang
et al., 2019b; Selvam et al., 2013; Wang et al., 2016).
However, the intensity of the process can affect its out-
come. Manures subjected to high-intensity processing (i.e.,
with the addition of bulking agents, watering, and turning)
promoted and sped up the biodegradation of antibiotic
compounds belonging to various classes (chlortetracycline,
tylosin, and monensin) more than low-intensity manage-
ment (Storteboom e? al., 2007). Considering also that the
persistence of several compounds (i.e., erythromycin,
roxithromycin, salinomycin, tetracycline, doxycycline,
clindamycin, and clarithromycin) under anaerobic condi-
tions was longer than under aerobic conditions (Schliisener
et al., 2000), the degradation by aerobic microorganisms,
fostered by aeration of the matrix obtained with turning,
can be the major pathway to eliminate these compounds.
This is supported by data about the metabolisation of oxy-
tetracycline, which varied from 55-75% after anaerobic
digestion to 85-99% after composting (Mass¢ et al., 2014),
or of enrofloxacin (up to 74 %), ciprofloxacin, and doxy-
cycline (90%) after composting poultry manure (Esperon
et al., 2020), chicken and broiler manures (Yang et al.,
2018; Slana et al., 2017). These high removal rates after
composting likely result from a combination of biodegra-
dation, increased aerobic microbial activity, and sorption
processes, which together decrease extractable antibiotic
concentrations. Indeed, the half-life of chlortetracycline
increased in the order composting > manure storage > soil
(Masse¢ et al., 2014), while manure storage did not affect
the biodegradation of tetracyclines and sulfadiazine (Chen
etal.,2012).

Although the effect of temperature on antibiotic
removal is variable, it can be an important factor in their
degradation. The observed seasonal variation in the deg-
radation rates of tetracyclines and sulphonamides, higher
in summer than in winter, aligns with the common increa-
se in microbial activity during warm seasons (Liu et al.,
2018). Compounds of the tetracycline group (except do-
xycycline) and the sulphonamide group degrade easily at
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Table 6. List of fungal species able to degrade antibiotics
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Species name Antibiotic contamination Mechanism Reference

Aspergillus flavus Amoxicillin Biodegradation Mohammadi et al. (2021a, b)

Aspergillus terreus FZC3 Gentamicin Biosorption and Liu et al. (2016)
biodegradation

Cunninghamella elegans Flumequine Biotransformation WHO (2019)

Ganoderma lucidum 20 different antibiotics Biodegradation Salandez et al. (2022)

Gloeophyllum striatum Ciprofloxacin, Enrofloxacin Biodegradation and WHO (2019)

Irpex lacteusb, Trametes Ciprofloxacin, Norfloxacin,

versicolor Ofloxacin

Mucor ramannianus Enrofloxacin
Penicillium commune Oxytetracycline
Epicoccum nigrum

Trichoderma harzianum

Aspergillus terreus

Beauveria bassiana

Penicillium oxalicum RJJ-2 Erythromycin
Penicillium restrictum Sulfamethoxazole,

Erythromycin, Tetracycline
Pestalotiopsis guepini Ciprofloxacin Norfloxacin

Pleurotus ostreatus Sulfonamides Tetracyclines

Pleurotus ostreatus Ciprofloxacin
Pycnoporus sanguineus, Ciprofloxacin
Phanerochaete chrysosporium

Trametes polyzona Amoxicillin
Trametes versicolor Azithromycin
Trametes versicolor Azithromycin

Trametes versicolor Cefalexin, Ciprofloxacin,

Etracycline

Ofloxacin

Erythromycin, Ciprofloxacine,
Azithromycin, Cefalexine

Trametes versicolor

Trametes versicolor

Trametes versicolor Norfloxacin Ciprofloxacin

Trichoderma harzianum Clarithromycin

Trichoderma viride Ciprofloxacin Norfloxacin

metabolite identification

Biodegradation Cvandarova et al. (2015)
Biotransformation Picariello et al. (2022)
Biodegradation Ahumada-Rudolph et al. (2021)
Biodegradation Ren et al. (2021)
Biodegradation Fakhri ef al. (2021)
Biotransformation Pan and Chu (2017)
Biodegradation Camacho-Arévalo et al. (2021)
Biodegradation Sidhu et al. (2019)
Biodegradation Gao et al. (2018)
Biodegradation Lueangjaroenkit et al. (2019)

Bio-oxidation Del Alamo et al. (2022)

Biodegradation Tormo-Budowski et al. (2021)
Biodegradation Badia-Fabregat et al. (2016)
Biodegradation Gao et al. (2018)
Biodegradation Cruz-Morat6 et al. (2013)
Biodegradation Patel et al. (2020)
Biodegradation Buchicchio et al.(2016)

Identification of
degraded products

Picariello et al. (2022)

high temperatures. At the same time, fluoroquinolones have
variable behaviour, and macrolides generally degrade at
normal temperatures (Gaballah et al., 2021).

The concentration and class of the antibiotic, as well as
the bioreactor operating conditions, including the feedstock
and inoculum type, affect the potential rate of antibiotic
degradation, also in anaerobic digestion. Antibiotics found
in pig and cattle farm manure were still detected in derived
digestates, though at lower levels (Widyasari-Mehta ef al.,
2016; Spielmeyer et al., 2014, 2015). However, no biodeg-
radation was observed for sulfadiazine and sulfamethizole
after anaerobic digestion of pig manure, while erythromy-
cin was clearly removed (up to 99% under thermophilic
conditions) (Feng et al., 2017). This could be accounted

for by anaerobic biotransformation and by irreversible
sorption to the biodigestate. Sorption was considered the
major removal pathway, indicating that apparent remov-
al did not necessarily correspond to actual degradation
(Wallace et al., 2018).

Nevertheless, the mesophilic phase may be the best
temperature regime for antibiotic biodegradation during
anaerobic digestion. Mesophilic and thermophilic anaer-
obic digestion achieved higher chlortetracycline removal
than psychrophilic operations, whereas only the thermo-
philic process enabled effective degradation of monensin
(Mass¢ et al., 2014). However, the dilution factor must be
taken into account when estimating the degradation poten-
tial, as biogas plants are also fed with other matrices that
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Fig. 3. Impact of various sources of contaminants on agriculture and the environment: a) distribution and occurrence of antibiotics in
agricultural soils (source: Fang et al. 2023); b) effect of different types of contaminant accumulation on the soil microbiome; ¢) com-
posting and biodigestion as possible methods to reduce the risk of contaminant accumulation in soil and factors affecting their efficacy.

do not contain antibiotics (e.g., maize silage) and because
of the mass balance between the time the manure enters the
digesters and the time of transfer of the biodigestate out.

As in the composting process, the origin of the matrix
can affect residue detection: antibiotic residues were absent
or present at lower levels when cattle manure was digest-
ed than when pig slurry was digested (Spielmeyer ef al.,
2014). The removal efficiency of antibiotics during anaer-
obic digestion ranged from 17.8 to 100% for cattle manure
and from 0 to 98% for swine manure, with an average of
about 73% in both cases (Gaballah et al., 2021). Integrating
anaerobic digestion with proper manure handling and stor-
age could improve antibiotic reduction (Gurmessa et al.,
2020). Introducing a sedimentation post-treatment of bio-
gas slurry enabled separation of the solid fraction, which
was composted and stored more effectively. It increased
the removal of various antibiotics, particularly in summer
(Jin et al., 2016).

Promising methods tested for the degradation of anti-
biotics in animal-derived fertilising products include
phytoremediation via artificially constructed wetlands,
chemical oxidation, and electrochemical enhancement of
microbial activity. Constructed wetlands are artificial sys-
tems that simulate natural wetlands and employ microbial
biodegradation, rhizoremediation, and chemical degrada-
tion to remove antibiotics from wastewater (Nguyen et al.,
2019; McCorquodale-Bauer et al., 2023). The various

constructed wetland systems can exhibit diverse efficiency
in antibiotic removal: on average, the integrated wetland
system has a removal capacity of about 72%, while surface-
flow, vertical-flow, and horizontal-flow systems can achieve
about 85, 95-98, and 95-98%, respectively (Gaballah et al.,
2021). Nevertheless, their removal capacity also varies
by antibiotic group, generally in the following order: sul-
phonamides < fluoroquinolones < tetracyclines and macro-
lides, with average removal rates ranging from 77 to 92%,
respectively. The differences in performance among these
systems are due to the plant species used, the substrate and
its aeration, and the wastewater characteristics. Canna indi-
ca, Juncus effusus, Phragmites australis, and Thypa sp. are
the most frequent species utilised for phytoremediation,
which are characterised by a long root system, suitable
to promote rhizobacterial development (Gaballah et al.,
2020) and antibiotic accumulation in their tissues (Rosa et
al., 2019; Chung et al., 2017). Substrates with small pore
sizes (e.g., made of clay-rich or zeolite) performed better
than other substrates (Liu et al., 2019; Chen ef al., 2016).
Chemical oxidation is another pathway that can reduce
antibiotic contamination, eventually exploiting substances
(e.g., polyphenols) obtained from the recycling of agri-food
waste as catalysts. Ozonation or application of hydrogen
peroxide, alone or in combination with a salt to increase
desorption, allowed the removal of more than 90% of oxy-
tetracyclines from cow manure (Uslu and Balcioglu, 2009).
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Enhanced degradation of sulfamethazine within a short
time was achieved in microbial electrochemical reactors,
a system that improves microbial metabolism (Quejigo et
al., 2019). However, optimisation of these techniques is
necessary before they can be adopted in practice.

6.2. Microplastics

Organic fertilisers may contribute to microplastic con-
tamination in ecosystems (Nizzetto et al., 2016; Athulya
et al., 2024). Even though the source and accumulation
pathways of microplastics in agricultural soils due to fer-
tilising practices are still limited (Corradini et al., 2019;
El Hayany et al., 2022; Weithmann et al., 2018; Yang et
al., 2021), no major impacts on the soil bio-physico-chem-
ical properties were observed after long-term (22-year)
application of a high amount of compost (Colombini et al.,
2022). The composting phases can significantly reduce, but
never fully eliminate, microplastics from agri-food waste.
Fertiliser samples from composting and anaerobic diges-
tion plants contained different amounts of plastic particles,
depending on substrate pretreatment (particularly sieving
and sifting), waste type (e.g., household versus commercial
waste), or processing method (Weithmann et al., 2018).

In this context, it is important to distinguish among
the processes that affect the observed changes in micro
plastic abundance. Reductions may reflect physical remo-
val, fragmentation into smaller particles, or changes in detec-
tability, rather than true biodegradation of the polymer
matrix. Changes in microplastic abundance and charac-
teristics have been reported to be influenced by compost-
ing conditions (e.g., temperature, enzymatic activity, and
microbial communities) (Ali et al., 2021; Gui et al., 2021),
although these effects do not necessarily indicate complete
polymer degradation. Hyperthermophilic composting tech-
nology has been reported to enhance the reduction and
transformation of microplastics in sewage sludge (Chen
et al., 2020), although some of this effect may be attri-
butable to fragmentation and particle-size redistribution.
The addition of biochar in the composting matrix sig-
nificantly promoted the enrichment of microbial genera
(e.g., Bacillus, Thermobacillus, Luteimonas, Chryseolinea,
and fungal genera such as Aspergillus and Mycothermus)
that may be involved in microplastic transformation or deg-
radation processes; however, their specific role in polymer
breakdown requires further confirmation (Sun et al., 2022).

Nevertheless, the knowledge gap regarding the contri-
bution of organic fertilising products to soil contamination
by microplastics and the efficacy of different processing
methods requires further investigation, particularly to dis-
tinguish between physical removal, fragmentation, and true
biodegradation of polymeric materials.

L. CANFORA et al.

7. CONCLUSIONS

Maintaining and restoring soil health is a major, long-
term endeavour that requires efforts from all sectors of
society. The EU has embarked on a mission for soil (A Soil
Deal for Europe), which is in line with several EU strategic
documents and considered critical also for the successful
implementation of all other missions launched in recent
years: Climate adaptation mission, Cancer mission, Ocean
mission, and Cities mission (EU Com, 2020). The link
between soil and these other missions may not be obvious.
Yet soils are not only the foundation of food systems, con-
tributing to several ecosystem services, but also represent
cultural heritage and support economic activity. Analysis of
the soil microbiome can provide valuable insights into soil
quality and its response to contamination. When integrat-
ed with chemical and physical assessments, it can support
the evaluation of soil health and guide the development of
strategies to reduce contamination risks associated with
agricultural practices, thereby promoting more sustainable
agriculture.
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