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The European Food Safety Authority (EFSA) highlights the necessity of incorporating microbiome data into food
safety risk assessment to elucidate substance-microbiome interactions and their health implications. This integration
should extend to the microbiomes of animals, food, and the environment within the One Health framework. Achieving
this necessitates collaboration among specialized research groups and regulatory agencies, including EFSA and the
Food and Drug Administration (FDA), to embed microbiome science into risk assessment and One Health policy.
Italian experts, coordinated by the Istituto Superiore di Sanita (the National Institute of Health in Italy) and the Italian
Focal Point of EFSA, outline key microbiome components across human, animal, food, and environmental domains,
proposing methodologies for their systematic inclusion in risk assessment and regulatory processes.
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INTRODUCTION

Annalisa Silenzi, Luca Busani, Roberta Masella
Centro di riferimento Medicina di Genere, Istituto Superiore di Sanita, Rome, Italy

Many different microorganisms populate the human body, collectively called the human
microbiota. Because of the vast diversity and enormous amount of microbial life that colonizes
the human body, humans are now considered to be ecosystems consisting of distinct ecological
niches or habitats, each harbouring a discrete collection of coevolved microorganisms extensively
interacting with each other and the host. Coevolution has led to an interdependent relationship:
the human microbiome contributes to a wide range of essential functions for the host, influencing
physiological, immunological, and metabolic processes. In turn, the host’s lifestyle and
behaviours influence the composition and function of the microbiome (1). For example, age and
diet play a primary role in gut microbiota variation, while local ecological conditions, particularly
water and nutrient availability, determine the specific states of the skin microbiota community.
All these factors and others — such as genetics, gender, socioeconomic status, geography, physical
activity, pregnancy status, disease status, and environmental exposure —appear to play a role in
shaping the composition and function of microbial communities (2). Recent surveys and meta-
analyses that explored changes in the human gut microbiome in health and disease have revealed
that such changes are highly personalized and follow distinct temporal trajectories.

The role of the human microbiome in maintaining human health is not yet fully understood.
However, research is beginning to elucidate the associations between perturbations in the human
microbiome and human diseases, and the factors that might be responsible for those perturbations,
raising the question of the need to consider the microbiome when a specific Risk Assessment is
carried out (3). Until now, estimates of the risk to human health associated with exposure to
environmental, food chemical or biological factors have been performed without involving
microbiome communities (4).

Risk Assessment, as intended by the Codex Alimentarius and included in the European food
safety regulation, is a science-based process that consists of 4 steps:

1. Hazard identification
identifying a particular agent’s known or potential health effects.

2. Hazard characterization
qualitative and/or quantitative assessment of adverse effects associated with biological,
chemical, and physical agents that may be present in foods.

3. Hazard exposure assessment
a qualitative and/or quantitative assessment of the likely degree of intake.

4. Risk characterization
integration of hazard identification and characterization and exposure assessment data into
an estimate of adverse effects that may occur in each population, including concomitant
uncertainties.

Risk Assessment of foods and chemicals incorporating the gut microbiome aims to provide
answers about food- and chemical-induced changes to the human gut microbiome and, on the
other hand, the impact of the gut microbiome on nutrients and chemicals. The goal is to establish
a causal relationship between these interactions and adverse health effects in the host-induced
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changes to the human gut microbiome and, on the other hand, the impact of the gut microbiome
on nutrients and chemicals. The goal is to identify a causal relationship between these interactions
and adverse health effects in the host (5).

Many molecular mechanisms are likely to underlie microbiome interactions. Food is a major
source of precursors for the production of gut microbiota metabolites, and such metabolites can
interact with the host and the microbiota itself. For example, the idea that the gut microbiome
may contribute to host metabolism is deeply rooted in the field of drug metabolism, for which it
is critical to study how the activities encoded by the human microbiome influence the dose of
toxicologically active chemicals at the final target site (tissue, cell, or molecule).

How the human microbiome modulates the pharmacokinetics and metabolism of all
substances (dietary, chemical, and environmental) needs to be brought up to date with how the
microbiome modulates drugs and xenobiotics. The human microbiome might modulate the
exposure-response relationship through a few general mechanisms (2,6):

— Direct effect of a substance on the human microbiome
If exposure to a chemical, environmental, dietary or any other factor causes a perturbation
in the microbiome, that perturbation could have distinct effects on the host. It is also
conceivable that changes induced by chemical-environmental exposures could alter the
microbiome’s ability to metabolize chemicals.

— Altered epithelial barrier function
Epithelial barriers form the interface between many host tissues and the external
environment. For example, intimate bidirectional interactions between the gut microbiota
and epithelial cells are now well established: the gut microbiota composition and activity
modulate the intestinal epithelium structure and function and vice versa. The ability to
regulate epithelial permeability and integrity has important implications for environmental
chemical absorption, transport, and excretion.

— Direct chemical transformation
The gut microbiome has a remarkable ability to metabolize a wide variety of environmental
chemicals, showcasing its role as a significant player in the transformation of these
substances. This metabolic capability is facilitated by specific enzymatic families,
including azoreductases, nitroreductases, B-glucuronidases, sulphatases, and [-lyases,
which enable the gut bacteria to catalyse diverse chemical reactions such as reduction,
hydrolysis, and deacetylation.

— Transformation of host-generated metabolites
For example, deconjugation reactions by intestinal B-glucuronidases promote some drug
metabolites’ reabsorption, potentially altering their pharmacokinetic profiles, toxicity, or
efficacy. Since a wide range of environmental chemicals could be subject to elimination by
B-glucuronidation, this mechanism may be more common than we can now appreciate.

— Altered expression of metabolic enzymes and host tissue pathways
Recent studies have shown that the gut microbiota can regulate host genes involved in
chemical transport and metabolism. However, further research is needed to understand the
mechanisms by which the gut microbiome and its products interact with host nuclear
receptors and whether similar processes can alter the expression of other types of host gene
pathways involved in toxicity.

Interesting examples of research into the microbiome interaction with xenobiotics and the
consequences for metabolism and health are studies on dietary exposure to mycotoxins in animals,
where the effects of these substances on the composition and abundance of the microbiome and
on animal performance have been investigated (7,8).



Rapporti ISTISAN 25/1

Microbiological Risk Assessment (MRA) is important in ensuring food safety by identifying
and managing potential hazards associated with microbial contamination. The human gut
microbiome interacts with ingested foods and, similarly, foods possess their own unique
microbiota, influencing the overall microbial ecology. Recognizing this intricate interplay is
essential for a comprehensive MRA, as these microbial communities can impact the safety and
quality of food products. The interactions between the gut microbiome and microbiological food
contaminants are complex and include microbial interactions and competition, and fermentation
processes. The food microbiome can enhance the resilience of a food product against potential
contamination events. Consequently, MRA should consider the overall health of the microbiome
to predict and mitigate the risks associated with disruptions to these ecosystems. The microbiome
is becoming an important part of MRA for food safety. The complex interactions, competition,
and symbiotic relationships within microbial communities directly influence food products’
safety, quality, and resilience.

Microbial community interactions should be considered within and between humans, plants,
and animals from a One Health perspective, including microbiomes as elements of the so-called
next-generation Risk Assessment (9) (Figure 1).

food
m|crob|ome

en\{lronr!lental e WY animal
microbiome PrapTA ' — microbiome

Figure 1. Flow and integration of microbiome information from diverse sources (human gut, food,
animals, and the environment) into a central hub for food safety risk assessment
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Figure 1 illustrates the flow and integration of microbiome information from diverse sources
— human gut, foods, animals, and the environment — into a central hub for food safety risk
assessment, which represents the European Food Safety Authority (EFSA) or any other body in
charge of risk assessment. The interconnected sections highlight the multi-faceted nature of
microbiome analysis, with each sector contributing critical data. The central hub visualizes how
these inputs are converted into data (epidemiological, biological, genomic data) to feed into a
comprehensive model that aids in assessing and mitigating food safety risks.

This perspective defines an integrated, unifying approach to balancing and optimizing the
health of people, animals, and the environment through transdisciplinary cooperation (5, 10).

The main task of EFSA is to assess the risks to human and animal health and the environment
from food and feed production-related contaminants. The growing importance of the microbiome
and its interactions with metabolism and immunity poses serious questions on how this
information should be incorporated into formal RA activities (11,12).

In particular, two central questions were proposed by EFSA (11):

— How to assess the impact of the various substances evaluated by EFSA on microbiomes?
— How to evaluate the impact of microbiomes on human, animal, and environmental health?

In 2023, the Italian National Focal Point of EFSA — considering the EFSA activities on
microbiome capacity building started in 2020 and expected to continue in the next years —
promoted an initiative involving the national research institutes entitled of scientific cooperation
with EFSA (named “competent organizations”) according to the art. 36 of the Regulation (EU)
178/2002 in order to appraise the state of the art in the field and to provide recommendations on
the feasibility of taking microbiomes into account in human/domestic animal risk assessment.
Such feasibility is also related to the advanced data analysis techniques that are increasingly
implemented in food safety and Risk Assessment research (13). A list of the competent
organizations classified for competence and country is available from an ad hoc webpage of the
EFSA site.

The challenge for the risk assessors posed by the complexity of xenobiotic-microbiome
interactions and the multitude of potential health consequences for humans and animals directly
or indirectly associated with them requires the involvement of different competencies and
disciplines, including human and veterinary medicine, food production and environmental health.
Moreover, it implies implementing sophisticated methods and tools for analysing microbiome
composition and its variation, like Next-Generation Sequencing (NGS) methods and innovative
bioinformatic tools for data analysis, considering that such methods and tools are still at an early
stage of development (14).

During the preliminary meetings among the national experts, four sectors of interest for
exploring the relevance of the microbiome in Risk Assessment were identified: humans, animals,
food, and the environment. For each sector, an in-depth bibliographic search was proposed to
define the state of knowledge on the microbiome, the models and methods used for its study, and
its effects on the different fields of interest.

This work is divided into two main parts, each addressing critical aspects of the microbiome’s
impact on human health and risk assessment:

— Part A - Impact of the host microbiome on human health
This part aims to analyse the risks associated with the impact of the microbiome on human
health, with a particular focus on the implications arising from exposure to various
substances. In this section, the role of the microbiome in human health is examined,
highlighting how alterations in its composition can influence susceptibility to diseases and
metabolic disorders. The mechanisms through which intestinal microorganisms interact
with chemical substances, modifying their toxicity and bioavailability, are also considered.


https://efsa.my.site.com/competentorganisations/s/competentorganisation/CompetentOrganisation__c/00B1v000009LqfIEAS
https://efsa.my.site.com/competentorganisations/s/competentorganisation/CompetentOrganisation__c/00B1v000009LqfIEAS
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— Part B - Microbiomes in animals, food and environment: integrated vision and approach
In this part, the work provides an integrated view that explores the interactions between the
microbiome, nutrition, animal health, risk assessment methodologies, and the environment.
This section aims to evaluate how dietary practices, and environmental conditions can
influence microbiome health and, consequently, human health. Through a multidisciplinary
approach based on risk assessment, this work intends to offer useful insights for developing
management and intervention strategies that can mitigate the potential negative effects of
substances on the microbiome and public health.
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ROLE OF MICROBIAL METABOLITES

Teresa Zelante, Gianluca Vascelli
Department of Medicine and Surgery, University of Perugia, Perugia

The terrific expansion of therapeutic strategies based on the microbiome and more in detail on
prebiotics, probiotics, and postbiotics implies profound changes in clinical Risk Assessment
related to different microbiome translational aspects. It is estimated that microbes, directly or
indirectly, may profoundly affect health homeostasis. With the advancement of technology
toward NGS (Next Generation Sequencing), today we can understand in detail the composition
of the microbiome in tissues where the biomass is exceptionally low and, most importantly, the
functional aspects of the microbial components (1).

For several years, the functionality of the microbiome was neglected. Still, nowadays,
microbial-derived molecules and metabolites impacting human health have been identified, and
new studies are now focused on using small-molecule inhibitors that target specific gut microbial
activities (2). High-throughput association studies have been performed, increasing the power of
such analysis, and microbial/metabolite signatures are identified (3).

The introduction of the concept that microbiome components produce effects through
molecules on the host tissues, gives rise to functional studies and research for causality more than
studies based on adaptation of the host microbiome during host diseases (4). In this context, the
faecal microbiota transplantation represents a clinical practice that proved the causality between
‘healthy’ microbiota and gut homeostasis in the condition of Clostridiodes difficile infection (5).
Assessment of risks in this context has been performed, and patients are extensively informed
about risks related to transplant, which rarely lead to the transfer of resistant bacteria or other side
effects (5). Undoubtedly, it is still unobvious how the clinical practice of faecal transplantation is
defined. In various countries, faecal transplantation is approached as a ‘biological agent’ in USA,
‘human tissue’ in Italy, ‘medicinal product’ in UK, and ‘medical procedure’ in Austria (5). The
causality of the clinical effects due to faecal transplantation has been widely investigated and in
part efficiency is due to metabolic products of amino acids, secondary bile acids, Short-Chain
Fatty Acids (SCFAs). Xenobiotic Receptors (XR) represent only one class of many receptors able
to interact with microbial-derived molecules as indole-derivatives, producing effects on the host
immune system and, therefore, on the overall homeostasis. Other host receptors bind molecules
deriving from diet fibres such as acetate, propionate, and butyrate, which are known as SCFAs.
Receptors for bile acids include other XRs as G-protein coupled bile acid receptor 1, farnesoid X
receptor (FXR), pregnane X receptor (PXR), vitamin D receptor (VDR), androstane receptor
(CAR), liver X receptor (LXR). Those receptors also bind endogenous ligands, thus the
interaction is based on a mutualistic relationship between the host and the microbiome, where
metabolism at the interface leads to essential metabolic functions on both parties. The disruption
of the mutualism brings indeed to a slew of diseases based on malfunctional gut tissue, nervous
system, skin, cardiovascular system (6).

More recently, intratumor metabolic activity of the microbiome has been demonstrated in
human cancer (7, 8). The nature of bacteria is mostly intracellular, and lipopolysaccharide (LPS)
and lipoteichoic acid (LTA)-positive bacteria are present in both immune and cancer cells. The
microbiome of breast tumours is richer and more diverse compared to other tumours. Metabolites
produced by the intratumor microbiome are associated with specific tumours (9). Most
importantly, the cancer microbiome differs among patients who are responders or non-responders
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to immunotherapy. Using digital spatial profiling, other studies also showed that bacterial
communities populate microniches with less vascularization, with recruitment of suppressor cells,
promoting tumour progression (9).

In this regard, human melanoma has proved microbiome ‘translocation’ from the gut to the
cancer tissue (10). Bender et al. (10) and Zelante et al. (11), demonstrated that T-cell cytotoxic
activity is strongly enhanced by 3-IAld, a postbiotic produced by Lactobacillus reuteri which acts
as agonist of the nuclear receptor AhR. A remarkably interesting translational approach has been
considered because the combination of injection of L. reuteri and 3-IAld and anti-PD1 showed
an increased effectiveness of immunotherapeutic protocols in a mouse melanoma model (10).

Mycobiome and not only general bacteria out from the microbiome have been identified in the
cancer tissue. In particular, the enrichment of Aspergillus sydowii in lung adenocarcinoma
impacts the tumour microenvironment since the activation of Dectin-1 by the fungal profiles
shapes the immunity in the inner part of the tumour by promoting immune suppression. Thus, the
bacterial and fungal fractions of the microbiome may impact human health by inducing T-cell
exhaustion, which negatively affects tumour progression and patient outcome (12).

In conclusion:

1. High-throughput association studies now allow the identification of mechanistic effects in
microbiome research.

2. The use of postbiotics in association with prebiotics or probiotics will require the definition
of human clinical risk assessments.

3. Xenobiotic receptors represent an important novel target, being the most important system
able to recognize microbial metabolites.

4. The modulation of xenobiotic receptors by the intratumor microbiome may describe novel
mechanisms of cancer progression.
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GUT MICROBIOTA AND AGEING

Silvia Turroni (a), Simone Rampelli (a), Claudio Franceschi (b, c)

(a) Department of Pharmacy and Biotechnology, University of Bologna, Bologna

(b) Department of Medical and Surgical Sciences, University of Bologna, Bologna

(c) Institute of Information Technologies, Mathematics and Mechanics, and Institute of Biogerontology,
Lobachevsky State University, Nizhny Novgorod

Age, including changes in diet, lifestyle, geography and the exposome, has been identified as
a major driver of gut microbiome variation (1). Indeed, the compositional and functional profile
of the gut microbiome changes with age, following deterministic and predictable trajectories from
infancy to adulthood and beyond.

Immediately after birth, a complex and dynamic interplay with environmental microbes
begins, with maternal (and paternal) microbiomes and breast milk playing a major role in the
assembly process.

From weaning, with the immune system’s maturation and the gut mucosa’s development, the
microbiome begins to stabilize and converge towards the typical adult profile. Still, the exact
period of establishment remains difficult to estimate, as it is closely linked to personal history.

To complicate matters further, the few studies available on childhood suggest that the gut
microbiome may develop even more slowly than previously thought (2).

Another uncertain transition point is that from adulthood to old age, the gut microbiome begins
to lose healthy features — especially the diversity and relative abundance of health-associated
Short Chain Fatty Acids (SCFAs) producing taxa — while gaining detrimental traits, such as
increased proportions of potential pathogens (3, 4). Such a configuration is closely linked to the
physiological and lifestyle changes associated with the ageing process, such as tooth loss and
alteration of taste and smell with changes in dietary habits (namely, lower fibre intake with the
reduction in fibre-degrading bacteria), reduction in physical activity with a decrease in intestinal
motility and greater opportunities for proliferation of opportunistic bacteria, “inflammageing” and
“immunosenescence”. It is thought to further contribute to age-related functional decline,
including frailty syndrome (5).

However, the study of the gut microbiome of particularly long-lived individuals has
highlighted some favourable characteristics that may represent potential markers of healthy
ageing and longevity (6). Such characteristics include increased proportions of bifidobacteria
(well-known probiotics), Akkermansia (a mucus-degrading bacterium, used as a postbiotic to treat
obesity and related complications) and Christensenella (a potential heritable component of
longevity), as well as maintaining the uniqueness of one’s own microbiota profile.

In this regard, a study of over 9,000 individuals showed that the pattern of the gut microbiome,
and in particular the loss of the individual microbial fingerprint, could predict reduced survival
(7). Interestingly, geographically distant populations, such as Italians, Japanese, and Chinese,
share the above characteristics, reinforcing their relevance as potential longevity signatures (6).
On the other hand, as expected, there are some differences, probably related to differences in diet,
lifestyle, environmental exposure and, last but not least, genetics.

Although the underlying molecular mechanisms are not known, Akkermansia and
Christensenella possess genes capable of counteracting the formation of advanced glycation end
products, which are known to be involved in ageing (8). Furthermore, maintaining a certain level
of diversity and enrichment in microorganisms belonging to the Christensenellaceae,
Porphyromonadaceae and Rikenellaceae families appears protective against cardiovascular and
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metabolic disorders related to visceral fat in old age (9). Indeed, these characteristics have been
associated with low levels of visceral adipose tissue and cardiovascular and renal risk factors,
high levels of adiponectin (an anti-inflammatory cytokine), and low levels of potentially harmful
circulating metabolites, such as branched-chain amino acids, fatty acids and bile acids, as well as
healthy dietary habits (mainly higher fibre consumption), confirming the importance of diet as a
tool for modulating the gut microbiota and supporting healthy ageing (10). In particular, the
European NU-AGE (“New dietary strategies addressing the specific needs of the elderly
population for healthy aging in Europe”) project found that following a Mediterranean diet
tailored for older people for one year was associated with increased proportions of bacteria related
to reduced frailty, improved cognitive function and decreased levels of inflammatory markers
(11). In addition, this diet resulted in potentially increased production of SCFAs, and potentially
reduced levels of branched-chain fatty acids (generally associated with insulin resistance, diabetes
and inflammation), bile acids and p-cresol (a microbial metabolite resulting from the metabolism
of branched-chain amino acids, generally associated with adverse health outcomes).

From a functional point of view, an increase in microbial genes involved in the degradation of
xenobiotics, such as those derived from industrial production, urban waste and various consumer
products, has been observed with age (12). Similarly, ageing has been associated with an
increased burden of antimicrobial resistance genes, particularly proteobacterial genes encoding
multidrug efflux pumps (13). While this could be the result of an adaptive response of the gut
microbiome to ageing in modern Western societies (including exposure to xenobiotics and
antimicrobials), it also stresses the need to include the gut microbiome in risk prediction
algorithms to improve Risk Assessment and to develop more effective, early personalized
precision strategies to favour not only a eubiotic microbiome profile, but also an eubiotic
microbiome trajectory across the lifespan.

In conclusion:

— The human gut microbiome changes with age in relation to the personal exposome.

— The gut microbiome has the potential to promote healthy ageing and possibly longevity.

— RA should consider the gut microbiome profile and trajectory for improved

preventive/therapeutic strategies.
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During the developmental age, the gut microbiota evolves and is influenced by several
environmental factors (1, 2). Indeed, this period is essential for its appropriate maturation and for
the establishment of a multifarious relationship between the host and gut microbiota. On the
contrary, when alterations in the homeostasis of the gut microbiota occur, children experience
dysbiosis. This condition disrupts the dialogue between host and gut microbiota and has been
found in several paediatric metabolic diseases. Dysbiosis is of great concern due to the potential
immediate and long-term negative health consequences (3).

Among metabolic diseases, the role of the gut microbiota has been extensively studied in
children with obesity. Gut microbiota is considered to be an aetiological factor influencing the
risk of obesity, even in childhood, as it is actively involved in homeostasis and energy
metabolism. The obesity-related gut microbiota has been classified as a microbiota with a high
extractive capacity from human indigested substrates and typically characterised by an altered
ratio of Firmicutes to Bacteroidetes, with the formers being higher than the latter (4,5). The
increased extraction capacity from substrates, manifests itself thought higher levels of Short
Chain Fatty Acids (SCFAs), this has been observed in multiple cohorts of both children (6,7) and
adults with obesity (8, 9). Moreover, their gut microbiota is generally characterized by a low
degree of biodiversity and enrichment in pathobiont bacteria, such as members of the family
Enterobacteriaceae, as well as Erysipelotrichaceae and the sulphate reducer species Bilophila
wadsworthia (4, 10-12).

It has been suggested that early life gut microbial patterns may influence future risk of
overweight and obesity, as the abundance of the bifidobacteria population at 6 and 12 months is
inversely correlated with overweight in 7-year-old children (2). Overall, the microbiota of
children with obesity is characterised by lower alpha diversity (7), and current studies aim to
evaluate possible interactions resulting from the metabolic status of the obese individual. In
children the combination of unhealthy diets, low-grade inflammation and a dysbiotic, low-diverse
and pro-inflammatory microbial layout may favour the onset of obesity (11). An intestinal
microbial ecosystem high in proinflammatory Enterobacteriaceae and sulphate-reducing bacteria
may consolidate the obesity-associated inflammation and insulin resistance (13). Interestingly,
gut microbiota has been also characterized in children with obesity with the cooccurrence of
metabolic alteration, also known as Metabolic Unhealthy Obesity (MUO). Among metabolically
unhealthy children with obesity, the main complications are insulin resistance or impaired glucose
metabolism, arterial hypertension, and/or dyslipidaemia. This metabolic status was shown to be
characterized by a condition of dysbiosis, lower alpha diversity and lower richness when
compared to children with metabolically healthy obesity. Specifically, gut microbiota was
different at family and genus taxonomic levels, showing for example lower proportions of
Christensenellaceae, Lachnoclostridium and Akkermansia (14-16).
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It’s also worth to underline that recent evidence supports the relationship between gut
microbiota and Metabolic-Associated Fatty Liver Disease (MAFLD) (17). Although longitudinal
studies on the paediatric population have showed that diet is one of the main drivers towards the
development of an obesogenic microbiota, the extent of this impact and the mechanisms exerted
by diet and dietary patterns have been poorly studied yet (18).

Inborn Errors of Metabolism (IEMs) are a group of inherited genetic disorders characterized
by the alteration of metabolic pathways (19, 20). Thanks to Newborn Screening, many IEMs can
be detected from the first days of life, permitting the early treatment, included the long-life dietary
one. Nowadays, experts are evaluating IEMs’ dietary management as one of the potential drivers
in the reduction of gut microbial biodiversity and the promotion of gut dysbiosis (21, 22).

The strict control of Phenylalanine (Phe) intake and the replacement of natural protein foods
with Phe-free or low in Phe protein substitutes in Phenylketonuria (PKU) have been demonstrated
to be associated with lower microbial biodiversity and the depletion of some genera, i.c.
Firmicutes (23), thus leading to less bacterial functions, because of their involvement in starch
and sucrose metabolism, glycolysis and gluconeogenesis and amino acid biosynthesis.

Moreover, gut microbiota in PKU showed a decreased total content of SCFAs, and in
particular, butyrate, because of the reduction of Faecalibacterium spp. and Roseburia spp.,
butyrate-producers’ species (18). Recent studies concentrating on the consumption of
glycomacropeptide (GMP)-based protein substitutes found an increase in beneficial bacteria such
as Agathobacter and, in a subject-dependent manner, Subdoligranulum (24).

Further studies are required to evaluate the possible impact of Tryptophan metabolism,
through gut microbiota, on cognitive and behavioural functions in IEMs (25).

A study on Glycogen Storage Diseases (GSD) showed a significant biodiversity reduction, an
increase in the relative abundance of Enterobacteriaceae and Veillonellaceae families, a reduction
of beneficial genera Faecalibacterium and Oscillospira, and an increase in faecal acetate and
propionate (26).

Other studies highlighted the presence of intestinal dysbiosis, altered bile acids metabolism
and changes of faecal SCFAs concentrations in GSD patients; these might be due to the disease
itself or dietary management or medicines (27,28).

Few existing studies on Propionic Acidemia (PA) not only found a risk for gut dysbiosis but
also an increase in Proteobacteria levels, and a decrease in butyrate-producing genera, such as
Roseburia and Faecalibacterium (27).

In conclusion:

— In paediatric age, alterations in the composition of gut microbiota may contribute to the
pathogenesis of several diseases, such as obesity, type 2 diabetes, and liver diseases.
Moreover, the dietary treatment required for Inborn Errors of Metabolism (IEMs) has also
been associated with gut microbiota alterations.

— As a dysbiotic state may contribute to an increased risk for NCDs, new dietary strategies
to model the intestinal microbiota profile and offer an innovative approach to improve
health outcomes are needed from early life.
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Gut microbiota has been reported to be altered in metabolic diseases such as obesity and has a
role in increasing energy harvesting from diet (1). Thus, gut microbiota is involved in fat storage
through the formation of storable fat synthesis (2). In addition, compounds are produced at the
gut microbiota site that, once absorbed, contribute through systemic circulation to the onset of
obesity-related disease complications since they increase both tissue inflammatory damage and
insulin resistance and, thus, the risk of developing type 2 diabetes (3).

A change in gut microbiota composition has been detected in obesity, and it has been
associated with the ability to decrease metabolic energy consumption compared to the gut
microbiota composition of lean people. This effect is based on the property of obesity-related gut
microbiota to allow an efficient fermentation of indigestible carbohydrates into short-chain fatty
acids, thus supplying an excess energy substrate to the host, which creates a favourable milieu for
the onset of obesity (3). In addition, gut microbiota abnormalities may influence lipid metabolism,
thus favouring the development of atheromatous plaque thanks to several inflammatory-
dependent mechanisms (4). The main determinant seems to be Lipopolysaccharide (LPS), which
is a component of the outer membrane of Gram-negative bacteria that can go through the gut wall
in two ways, “passive” chylomicron-associated transport and “active” leakage through faulty tight
junctions (leaky gut) (5). The binding of LPS to Toll-Like Receptors (TLRs) has been associated
with an increase of macrophage infiltration in adipose tissue and the reduction of insulin
sensitivity (6). The consequent upregulation of inflammatory signalling pathways could influence
individuals’ predisposition to metabolic syndrome and cardiovascular diseases. Gut microbiota
composition, through its involvement in carbohydrates, amino acids, and fatty acid metabolism
and in the modulation and development of host immunity, could also affect the development/
progress of inflammation in the liver, thus contributing to the onset of Non-alcoholic Fatty Liver
Disease (NAFLD) (7). Based on this background, it can be assumed that acting on gut microbiota
composition could be considered among the promising treatments for metabolic diseases. In this
sense, following the Mediterranean diet for over 2 years has been reported to restore gut
microbiota equilibrium, contributing to improving insulin resistance in subjects with obesity and
coronary heart diseases (8,9).

Very Low-Calorie Ketogenic Diet (VLCKD)has been demonstrated to be another promising
approach to restore a physiological gut microbiota composition in obesity (10).

Bariatric surgery, an antiobesity treatment reserved for subjects with severe obesity, is
characterized by the removal of a portion of the stomach or decreasing food entry into the stomach
using a gastric band, or by re-routing the remaining stomach “pouch” into the small intestine, has
been reported to have an effect on gut microbiota composition. An increase in both
Gammaproteobacteria (including Enterobacteriaceae) and Fusobacteriaceae, along with a
proportional decrease in Clostridiathus content, has been detected in subjects with obesity
undergoing gastric bypass (11). It has been hypothesized that these changes could be mediated by
the reduced duration of gut wall exposure to food and the different pH distribution (11).
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In conclusion:

— Gut microbiota composition could predispose to the onset of obesity and obesity-related
metabolic disorders, including type 2 diabetes, NAFLD, metabolic syndrome, and
cardiovascular disease.

— Obesity treatments such as nutritional approach and/or bariatric surgery modify the gut
microbiota in ways that result in health benefits.

— Further studies are needed to better understand the reported associations between gut
microbiota and obesity and to establish whether manipulation of the gut microbiota could
provide potential therapeutic options for the prevention or treatment of human obesity.
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Animals

According to the One Health concept, human health and well-being are deeply associated with
the health of other ecosystem components such as soil, plants, and animals.

A microbial ecosystem with a vast diversity is necessary for human health as well as for animal
farms, in particular, gut microbiota is affected by many factors, including age, diet, and rearing
system (1). In both, animals and humans, several factors impact the microbiome such as new
diets, altered social structures, environmental exposure, different housing, and contact with wild
animals (2). Human and animal interactions vary between populations, reflect industrialization,
and involve not only direct contact but also the environment that they share and the consumption
of animal products (3). Interactions among humans, animals, and the environment are the cause
of microbes’ movement between different host species (4, 5). Interaction of farm workers with
livestock is associated with microbiome differences as well as work in industrial farms is well
known to be a risk for zoonotic transmission and antimicrobial resistance through the transmission
of pathogens (6).

In rural agricultural communities, animal faeces have been identified as a potential way for
microbial gene transfer to human-associated microbes (7). As demonstrated, the interactions with
livestock are also important sources of beneficial microbial exposure that may impact human
health, for example, it has been shown that the microbiome of pig farmers increased in microbial
diversity compared to that of urban people (8). Consuming animal meat and animal products may
be a potential way for commensal and pathogenic microbial exposure for humans, as shown that
the handling and consuming raw or undercooked meat is commonly associated with zoonotic
infection as well as workers that handle meat are more likely to make contact with microbes of
meat products and they may subject to a higher risk to pathogen exposure than others (4). Actual
production practices in livestock have the purpose of reducing animal exposition to pathogens to
avoid the reduction in productivity and animal and/or human health. However, all these practices,
may inhibit the exposure of animals to commensal microbes and reduce the colonization of the
gastrointestinal tract with healthy commensal microbes (9). Thus, considering the large
differences in the various species of farmed animals, it is necessary to develop and apply specific
strategies to consistently and efficiently manipulate the gut microbiota toward the establishment
of stable, host-adapted, and species-specific microbiota that can promote animal health and
performance of farmed animals. To this end, laboratory animal models can provide insight into
the effects of microbiota manipulation and its risk assessment on host health.
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Monogastric animals

Industrial production accounts for 55% and 71% of global pork and poultry production,
respectively. According to the Food and Agricultural Organization (FAO) (10), the global demand
for meat is projected to increase by 58% by 2050, with a significant portion of this demand coming
from developing countries. In this framework, ensuring the safety and quality of the food chain is
crucial to prevent the spread of foodborne pathogens during both the rearing and processing of
animal products. Common foodborne pathogens associated with chicken, pork, and egg
production and consumption include Campylobacter jejuni, Salmonella typhimurium,
Escherichia coli, Clostridioides perfringens and Staphylococcus aureus.

Microbiome technology can significantly improve the monitoring and prevention of spread of
these common foodborne pathogens both during the farming rearing system and during the animal
product processing system (11, 12). Indeed, during the rearing system, the microbiome analysis
of non-invasive matrix including faecal samples or environmental samples (litter, air, soils) can
lead to a continue control and monitoring of the spread of potential pathogenic and foodborne
pathogens both in poultry and pigs (13, 14).

The prompt detection of pathogens and knowledge of the microbial community in an animal’s
intestinal tract can aid in determining the most effective drug treatment and recovery strategy.
Additionally, administering certain additives such as pre and probiotics, essential oils, and
extracts, along with pharmacological treatment and an appropriate diet, can accelerate animal
recovery and maintain intestinal health (15).

In addition to improving health and robustness, knowledge of the gut microbiota and its
manipulation can enhance feed efficiency and conversions in pigs (16, 17), thereby increasing
productivity and promoting a more environmentally friendly food animal industry. In addition to
the sole culture-based methods, the use of metagenomics approach can lead to the detection of
new relevant species (opportunistic pathogens including Corynebacterium, Neisseria,
Helicobacter, Enterobacter, Klebsiella, and Pseudomonas) or group of taxa relevant for food
security as well as the detection of relevant virus and fungi (11, 18). Finally, the inclusion of this
technology can help in detecting and controlling the spread of new antimicrobial resistance
phenomena in the environment derived by monogastric livestock animals (11). Indeed, it is well
known that part of the antibiotic resistance is spread from livestock animal to human by meat but
the majority of it is due to the use of pigs’ manure in the environments.

Overall, the integration of metagenomics information on the microbiota with data on feeding,
nutritional management, health parameters derived from precision feeding, and other omics
information will benefit the development of a more ecological and secure monogastric rearing
system in the future.

Ruminants

Ruminants contribute to sustainable global food security, playing a major role in the
conversion of plants, some inedible for humans, into high-quality protein even from lands
unsuitable for cropping or other human activities, across all over the world, under very different
economic and social demographics. Thus, tools, methodologies, and systems to optimize protein
yield and quality from ruminants strongly impact on food security. Ruminants house a complex
rumen microbial community (that may equal or exceed host cell counts in number and is one of
the most diverse gut ecosystems yet described in the animal kingdom) essential to digest fibre
from the lignocellulosic part of plants, through microbial-mediated fermentation and to convert
non-protein nitrogen into protein and amino acids. The other side of the coin is that rumen
fermentations are responsible for environmental pollution (i.e., CH4 emission and N excretion).

24



Rapporti ISTISAN 25/1

In addition, microbiome in ruminant influences also reproductive efficiency and health, including
zoonosis (19) and rumen fermentation may adversely influence the nutritional value of ruminant
end-products (milk and meat) (20). So, thoroughly understanding of the rumen key
microorganisms and their activities is essential to manipulate rumen processes successfully, and
the introduction and integration of metagenomic, transcriptomic, proteomic and metabolomic
techniques is offering the greatest potential to do that. However, research effort on cultivation of
microorganisms for in-depth studies and characterization is still needed and broader approach
(beyond the prokaryotic population) should be considered to improve and optimize host-microbe-
symbioses and to produce production-specific phenotypes and outputs (19).

It is well known that differences in terms of abundance (21), diversity (between and within
taxa) and in particular functionality of rumen population are related to feed efficiency (22),
impacting feed utilization, fibre digestibility and in turn protein synthesis.

We have different methods available to drive rumen activity and metabolism and to improve
health, yield and quality: diet (forage and concentrates), feed additives (probiotics, prebiotics,
phytobiotics, enzymes, etc.), genetics and management (e.g., early life intervention such as
specific supplementation at weaning). Diet is one of the majors (23). The ban of antimicrobial
growth promoters in animal production systems has led to an increasing interest in the use of plant
extracts to manipulate the rumen (e.g., saponins, polyphenol compounds, essential oils, etc.);
however, there are also some limitations, such as inconsistency or transient and adverse effects.
Applying an integrative approach (i.e., systems biology) — encompassing nutritional management
effects on rumen microbiota, tissue responses and production outcomes — will provide added
value to nutritionists attempting to boost high quality animal production and to meet the global
growing demand (24).

Murine model for risk assessment

Murine models have been extensively characterized for the effects of dietary and/or
pharmacological interventions on the composition and function of the microbiota. The most
obvious intervention with direct effects on the microbiota is represented by antibiotic usage.
Whether broad- or narrow-spectrum, antibiotics unbalance the equilibrium among bacterial taxa
and the shifts in microbiome composition may have repercussions on the well-being of the animal.
An increased risk of infections is a common side effect of antibiotic usage, encompassing bacterial
(25, 26), viral (27-29), and fungal (30) infections, with mechanisms ranging from reduced
colonization resistance to impaired immunological pathways of tolerance. Deregulation of
immune response is not limited to microbial infection, but extends to other external cues, with
increased susceptibility to inhaled (31) and food (32) allergens. Finally, the effect of antibiotics
on the microbiota may have consequences that go beyond the immune system, to include, among
others, the cardiovascular (33) and the neurological (34) systems. Similar to antibiotics, different
dietary regimens may unbalance the equilibrium among bacterial taxa by promoting the expansion
of certain bacteria at the expense of others in a way that affect animal well-being. For instance,
the adoption of a high-fat diet alters the composition of the microbiome to sustain inflammation
and obesity (35,36) and unbalance the metabolism of the essential amino acid tryptophan at the
host-microbial interface (37). Besides fats, an important component of the diet able to influence
microbial composition and function is represented by fibres. Mammals are unable to digest dietary
fibres, which are instead fermented by commensal bacteria to produce Short Chain Fatty Acids
(SCFAs), such as acetate, propionate and butyrate, which play important physiological roles, such
as working as primary energy source for colonocytes and inducing immune tolerance at the
intestinal barrier (38).
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These examples illustrate how microbial metabolites, such as tryptophan metabolites and

SCFAs, play crucial physiological roles, and may be used as a proxy for animal well-being. As a
corollary, monitoring microbial metabolites may inform on animal health and disease, and
therapeutic targeting with pre-/ pro- and/or post-biotics may be envisioned to re-equilibrate
microbial metabolites in pathological conditions. Extrapolation to farm animals of the results
obtained in murine models may take the evaluation of microbial metabolites to the next step.
Indeed, they may be used as markers for both animal health and risk assessment for human health
in the ONE health perspective.
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Within the context of One Health approach, among the environmental microbial interactions
that carry the potential to affect the human gut microbiome, and human health in turn, via the
food chain, particular focus should be given to the food microbiome. This term refers to microbial
communities and their entire “theatre of activity” in a specific food environment (1).

Indeed, a large subset of foods, including traditional and fermented ones, can act as vehicles
of live environmental microbes between soil and human gut through plants and animals (soil-
food-gut microbial flow).

Within the “soil-food-gut microbial flow”, in addition to Fermented Foods (FFs), emphasis
should also be given to the role of foods that are ingested raw as a vehicle of microorganisms. In
this context, for instance, commercial ready-to-eat raw vegetables, which are increasingly
consumed globally, harbour abundant and taxonomically rich populations of live bacteria,
including Lactic Acid Bacteria (LAB), which can survive gastrointestinal transit, potentially
contributing to shaping of the human gut microbiome (2, 3).

Based on the above reported considerations, we underline the importance of including food/gut
microbiome interactions in risk assessment evaluation, given the ability/possibility of foodborne
microbes to shape the gut microbiome and to provide additional enzymatic activities which can
in turn affect host health.

Recently it has clearly emerged that the inclusion of the gut microbiome in food safety risk
assessment is of utmost importance, given its connection with human health. It is also worth
noting that the increasing understanding of the link between microbiomes and health requires a
future mapping of their roles in scientific evaluation regulatory processes in order to understand
their potential impact on health (4).

To date, there is no guidance or methodology arranged to define the structure and dynamics
of environmental microbiomes and how they can be included in risk evaluation.

In light of One Health approach, in addition to gut microbiome, we therefore should also
consider environmental microbiome interactions, that carry the potential to affect the human gut
microbiome, and human health in turn, via the food chain.

In particular, food microbiome can greatly impact on gut microbiome. The term food
microbiome refers to microbial communities and their entire “theatre of activity” in a specific
food environment 1).

A large subset of foods, including traditional and fermented ones, can act as vehicles of live
environmental microbes between soil and human gut through plants and animals (soil-food-gut
microbial flow), often contributing food quality assets (e.g., health-associated microbial
metabolites).

In the last decades, interest in FFs has risen, especially due to their contribution to a healthy
gut microbiome mediated by some of the microorganisms with potential health-promoting
features (5,6). The landscape of FFs is quite complex, comprising a wide array of foodstuffs
mostly from dairy, meat and vegetable sources, characterized by distinct production processes
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and consumption frequencies, often reflecting local resources and traditional dietary profiles (7).
Fermented products have been recently defined by an expert panel of the International Scientific
Association for Probiotics and Prebiotics (ISAPP) as “foods made through desired microbial
growth and enzymatic conversions of food components” (8). It should be noted that not all the
foods and beverages obtained through fermentation contain live microbes at the time of
consumption, due to various processing steps, such as pasteurization, baking, smoking or filtering.
Among fermented foods, dairy products, often untreated after fermentation, represent one of the
most important sources of foodborne microbes ingested upon consumption, due to the high levels
of live bacteria and yeasts. These microorganisms represent a complex consortium characterized
by a high biodiversity in terms of microbial strains of environmental origin (9). FF microbes may
overcome the barriers encountered during the gastrointestinal passage (low pH, bile salts, high
concentration of digestive enzymes) and reach the gut. Within this context, an important role is
played by the food matrix which could protect microorganisms during their journey from FFs to
the gut (10).

Genomic studies highlighted that several LAB species commonly found in FFs harbour genes
related to stress response in the gastrointestinal environment, as well as factors involved in the
engraftment to the gut epithelium, such as exopolysaccharide production, mucus-binding proteins
and pili, that may promote the persistence of these taxa in the gut (11). A recent clinical trial with
a diet rich in FFs highlighted that gut microbial diversity and the number of shared taxa between
FFs and gut microbiome increased during the intervention, and this was correlated with a decrease
in some inflammatory markers (12). In addition, comparative genomics of LAB species
reconstructed from gut and FF metagenomes demonstrated that LAB strains with high genomic
similarity occur in both FFs and gut (13). Although data on FF consumption were not available,
the authors speculated that FFs can be regarded as a possible source of LAB for the gut
microbiome (13).

Although a definitive response about the gut colonization ability of FF microbiome does not
exist, the consumption of FFs containing live microbes has been associated to several positive
health outcomes, such as weight maintenance, cardiovascular disease and metabolic syndrome
risk reduction, improvement of glucose and lipids levels, improvement of allergies, food
intolerance and gut inflammatory diseases (5). Indeed, Marco et al. (14) recently suggested a
classification of foods (including FFs) based on the content of live microbes and, based on this
classification, estimated the intake of live microbes in the American population, demonstrating
that higher intake is associated with lower levels of inflammatory markers, blood insulin, plasma
glucose and systolic pressure (15). Indeed, ISAPP suggested that dietary guidelines should be
revised to include a recommended daily dose of live microbes, since sufficient evidence exists on
the beneficial health effects (16). However, as ISAPP pointed out, FFs have to be carefully
differentiated from probiotics (17). The term probiotic can be used only when a strain-specific
health benefit has been proven by a well-designed intervention study, as well as the determination
of a dose-dependent effect to confer the claimed benefit (8), that does not apply to most of the
FFs available on the market, although some microorganisms from FFs are evolutionarily highly
related to probiotics, and can share the same molecular mechanisms responsible for health-
promoting properties.

Nevertheless, the health benefits of FFs may not always be related to the intake of live
microbes. Indeed, several FFs contain molecules arising from microbial metabolism that may
confer health benefits if ingested, even when the microorganisms are dead. For example, Taylor
et al. demonstrated that habitual consumers of FFs showed higher plasmatic levels of conjugated
linoleic acid, which is suggested to have an anti-obesity and anti-atherogenic effect (18).

Indeed, microorganisms can also be intentionally ingested in large quantities through probiotic
products, which contain well-defined and characterized “live microorganisms that, when
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administered in adequate amounts, confer a health benefit on the host” (17). Probiotics, including
both foods and supplements, fall within the scope of the general food law in the European Union
(EU) and are supervised by the European Food Safety Authority (EFSA). On the contrary,
products containing live microorganisms intended for preventing or curing specific diseases in
sick or vulnerable people are regulated as biological drugs defined live biotherapeutic products,
according to the European Pharmacopoeia (19).

EFSA is responsible for assessing potential safety issues related to the use of probiotics
through a generic safety pre-assessment based on the assignment of the Qualified Presumption of
Safety (QPS) status of specific microbial taxa (20), and through guidelines for the strain-specific
assessment of the potential risks of dissemination of antibiotic resistance genes (21,22).
Therefore, we suggest referring to specific documents published by EFSA and any corresponding
regulations regarding risk assessment for probiotics.

Based on the above reported considerations, we underline the importance of including food/gut
microbiome interactions in risk assessment evaluation, given the ability/possibility of foodborne
microbes to shape the gut microbiome and to provide additional enzymatic activities which can
in turn affect host health. Within the “soil-food-gut microbial flow”, in addition to FFs, emphasis
should also be given to the role of foods that are ingested raw as a vehicle of microorganisms. In
this context, for instance, commercial ready-to-eat raw vegetables, which are increasingly
consumed globally, harbour abundant and taxonomically rich populations of live bacteria,
including LAB which can survive gastrointestinal transit, potentially contributing to shaping of
the human gut microbiome (23,24).

Another aspect to consider in the risk assessment is the possibility that food associated
microbes could act as reservoir of antibiotic resistance transmissible to gut microbes through
Horizontal Gene Transfer (HGT). This issue is already being investigated by EFSA including the
role that microbiomes could play in the wider environment as reservoirs for antimicrobial genes
(4). However, the actual risk of transmission of antibiotic resistance genes from food to gut
microbiomes is to date not clearly proven and more evidence-based data are needed (24).

Useful criteria that can be proposed for evaluating the possible effects related to the ingested
foodborne microbes should be based on an in-depth analysis of the food microbiome, which is
characterised by high microbial diversity, both at species- and strain-level. The diversity and
function of food-associated microbes can now be examined in detail applying molecular and other
-omic approaches. In recent years, the advances in molecular techniques and the reduction in
High-Throughput Sequencing (HTS) costs boosted the application of metagenomics for studying
food microbiome 25,26).

An important parameter to evaluate is represented by the colonization potential of foodborne
microbes. Food microorganisms are temporary members of the gut microbiome and generally
persist in the gut a few days following ingestion, constituting the so-called “transient microbiome”
(27). Understanding the link between colonization ability of different food-related microbial
species/strains and the potential to influence gut microbiota diversity, structure, and function
requires the definition of standardized protocols to be applied. Since the food matrix can promote
the survival of microorganisms along the GI tract, this aspect should be considered.

Colonization ability could also be related to the minimum dose of live microorganisms
requested to positively impact on host health. The average viable microbial cell load in some of
the most common FFs ranges between 10° and 10° cells/g or ml (27). Live bacterial counts of over
107 CFU/g were also reported for commercial ready-to-eat raw vegetables (23,28). However, to
date there are few or no dietary guidelines recommending the optimal dose of live microorganisms
that should be ingested. A clear quantification of the microbial content of foods, especially those
obtained from spontaneous fermentation committed to autochthonous microbes present in the raw
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material should be provided and collected into dietary databases, in order to estimate the dietary
intake of live microbes better.

The evaluation of all these aspects will help to understand the role of food microbiome in risk

assessment and to integrate it into EFSA regulatory framework.
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Microorganisms in nature play a critical role in ensuring many ecosystems function that are
crucial for maintaining a healthy environment, such as nutrient cycling, organic matter
degradation, and pathogen control. Microbial communities respond strongly to environmental
changes resulting from human activities, making them a potential indicator of their environmental
impact. Therefore, microbiome analysis is a promising tool for environmental risk assessment.
Furthermore, the microbiome approach following the One Health concept provides a method for
addressing the interconnectedness of environmental health with animal and human health (1).
From an environmental standpoint, a risk assessment should consider the use of microbiome and
microbiota-based analysis to assess the potential adverse effects on ecological systems and human
health caused by the release into the environment of products such as chemicals or biological
entities. In this context, the term “biological entity” may include any living entities released into
the environment, such as genetically modified organisms or soil microbial inoculants, but also
pathogens spread by agricultural practices. Pathogens may be spread, for example, by organic soil
amendments such as manure and compost (2) or irrigation (3).

Agroecosystems represent 38% of global land use (4), and agricultural activities result in
several processes associated with different types of risks. The environmental impact of agriculture
involves the use of pesticides and phytosanitary products and the amplification of antibiotic
resistance. The increase in antimicrobial resistance of human pathogens related to the rising use
of antibiotics in the agricultural sector becomes a critical area of concern (5). Antibiotics
administered to farm animals are not fully metabolized and can be released into the environment
with raw animal manure used for fertilization, as well as by irrigation with wastewater generated
from farm activities (6). Furthermore, the increase in antibiotic resistance in microorganisms has
also been associated with the use of other anthropogenic substances such as pesticides or
herbicides (7).

The development of Next Generation Sequencing (NGS) has provided a culture-independent
tool to characterize the response of microbial communities to environmental stimuli sourced from
human activities. NGS technologies have been widely used in environmental analysis to
characterise patterns and drivers of microbial community composition. However, although it has
become very popular in ecological studies, investigating microbiomes based on NGS approaches
must face several challenges to be included in risk evaluation. The temporal and spatial variation
of microbiota is one of them. Environmental differences at local and regional spatial scales and
temporal differences result in a range of microbial taxonomic variations. In soil, microbes show
high fine-scale spatial heterogeneity with considerable variability in taxon abundance, even in
similar paedogenic conditions (8,9). Furthermore, a portion of the microbial diversity detected
can be in a dormant state or dead (10). In such a context, identifying a standard set of taxonomic
indicators of environmental health status might not be easy to obtain. Metabarcoding approaches
based on the sequencing of target genes, such as the bacterial ribosomal 16S gene, in this sense
may not be the best option because simple taxonomic descriptions may not provide sufficient
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information about the environmental health status of a site. It is also difficult to draw biological
conclusions regarding risk assessment using alpha diversity measures such as Shannon or
Simpson indexes obtained from metabarcoding data. Different pesticides, for example, can either
stimulate or inhibit the growth of microorganisms (11). In our opinion, these observations suggest
that alpha diversity indices should be used with caution for environmental risk assessment.

A possible approach to address this issue may be to consider functional biodiversity besides
taxonomic biodiversity. Some methods to infer the community functional profile starting from
the taxonomic composition have been developed. These approaches include tools such as
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUST)
or Taxonomy-based Functional Annotation (Tax4Fun). However, the performance of these tools
seems to be limited outside human samples (12), and their accuracy in environmental systems is
a matter of debate (13).

Shotgun metagenomic sequencing allows the exploration of microbial functional diversity by
identifying the entire set of functional genes displayed by microorganisms. Using this approach,
the yardstick for assessing risk is not the number and kind of taxa but the impact on the functions
shown by the microbial communities. The analysis can be done by estimating the abundance of
functional genes. Another proposed approach is based on the analysis of the diversity of functional
gene variants (13). With this approach, gene variants are considered a reflection of the diversity
of microbial species (13). This last approach is of particular interest, considering that ecosystems
are characterized by functional redundancy, which means that a function is carried out by multiple
species (14). Functional redundancy has been associated with ecological resilience and stability
(15). In this sense, functional redundancy could be a parameter to be considered for assessing the
state of health of an environment. However, a function-focused perspective requires the
identification of specific microbial functions that serve as proxy indicators of environmental
health status. The selection of appropriate functional trait-related genes is critical in risk
assessment and should be based on the sensitivity of genes and function to the environmental
changes brought about by the release of anthropogenic products.
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Over the past two decades, Next-Generation Sequencing (NGS) technologies have
significantly enhanced the ability to qualitatively and quantitatively characterize microbiomes in
foods and food chains, allowing their mapping to be incorporated into regulatory scientific
assessment processes (1-3). Many environmental and host-associated microbiomes are currently
being explored using NGS to uncover their roles in health and disease (2). As mentioned earlier,
due to their immense functional potential, microbiomes are strong candidates to play a central
role in the holistic One Health framework. This framework addresses human, animal, plant, and
environmental health from an integrated perspective.

The assessment of the compositional and functional profiles of microbial communities in
microbiome studies is now routinely conducted using sequencing-based methods, including
marker gene analysis (targeted amplicons), metagenomics (DNA), and metatranscriptomics
(RNA), as well as other omics approaches like metaproteomics (proteins) and metabolomics
(metabolites) (4, 5). Specifically, the gut microbiota (GM) has been shown to contribute
significantly to regulating host health, including modulating metabolism, immune function, and
influencing the activity and toxicity of xenobiotics (6, 7).

In the following sections, these methods will be briefly described, emphasizing their main
characteristics, along with their advantages and disadvantages when applied to microbial
communities in food and food chain Risk Assessment.

Sequencing-based methods

Marker gene analysis is a targeted technique based on PCR amplification of marker genes for
bacteria (e.g., hypervariable regions of the 16S rRNA gene) and fungi (e.g., internal transcribed
spacers) from mixed genomic DNA. It is the cheapest (and therefore the most widespread)
sequencing method that deserves particular attention, as it currently enables good resolution in
detecting Amplicon Sequence Variants (ASVs), even with short-read sequencing, thus managing
to reveal also rare features. Since amplicon data are compositional in nature, appropriate analysis
tools are claimed for managing biases (8). Unless the data are properly normalized, direct
comparison of feature abundance between samples will be heavily affected by differences in
sample library size, even when they have been sequenced using the same target gene. Moreover,
comparison between different microbial populations (e.g., Bacteria, Fungi and Archaea) is not
possible, as it is necessary to use different target genes, thus complicating the analysis of
interactions between microbial populations that is relevant for several environments. The high
microbial classification resolution provided by ASVs, together with high sequence quality, also
allows for effective analysis with machine and deep learning techniques belonging to the so-called
Predictive Metagenomic Profiling (PMP) (9,10). They make available information previews that
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were previously the prerogative of metagenomics and metatranscriptomics alone, and that
nowadays 16S rRNA amplicon sequencing can predict at a tenth of their cost.

Shotgun metagenomics is a quantitative technique based on the untargeted analysis of the
whole DNA extracted from a given sample. It reveals the presence of all types of microbes
present, such as eubacteria, archaebacteria, microeukaryotes like fungi, and viruses, and allows
high-resolution taxonomic and functional characterization (11,12). This provides a
comprehensive overview of the potential activities of the microbiome, for example identifying
genes related to flavour and sensorial properties, potential health-related activities (e.g.,
biosynthesis of vitamins or beneficial metabolites, engraftment factors) or pathogenic traits (e.g.,
production of toxins, biogenic amines or other harmful metabolites, antibiotic resistance genes).
Importantly, the absence of a Polymerase Chain Reaction (PCR) step also eliminates some of the
biases associated with marker gene analysis. In particular, the recovery of Metagenome-
Assembled Genomes (MAGs) of the most abundant species has become a common task in
metagenomics studies (13). However, the following main drawbacks should be listed:

i) the cost, which is still prohibitive for large-scale studies;

ii) the amount of sequencing data, which requires servers with high computing power and a

considerable amount of time;

iii)much more complex pipelines compared to marker gene analysis, to address the large

heterogeneity of the data (11).

Enrichment of microbial DNA could help, facilitating identification by bioinformatics tools
and the removal of reads from other sources (14).

Metatranscriptomics is an untargeted sequencing of mRNA isolated from a sample. It
identifies transcribed genes as well as transcriptionally active microbes, including RNA-based
viruses, thereby providing further insights into potential functional characteristics of the microbial
community and allowing a closer look at expressed transcripts and active community members
(discriminating them from dormant or dead ones). However, it requires relatively expensive,
complex, and labour-intensive methods for sample storage and preparation, as it is subject to RNA
instability and rapid degradation, and a great sequencing depth to avoid under-detection (15).
Despite these practical difficulties, it is currently the most frequently applied technique to obtain
quantitative information on the real activity of microorganisms in an ecosystem, although there
are also challenges associated with bioinformatic analysis (16). Moreover, since gene expression
is not causally related to a physiological response, mRNA analysis alone cannot be used as the
only type of input information for Microbiological Risk Assessment (MRA), but must necessarily
be integrated with marker gene analysis, metaproteomics and metabolomics. Therefore, the multi-
omics approach is highly recommended to manage the necessary information to be considered in
MRA.

Other omics (non-sequencing-based) methods

Metaproteomics evaluates the whole protein complement generated by microbes. By analysing
phenotypical variations in different states, it could corroborate links between both genomic and
transcriptomic data and biological functions (17).

Metabolomics detects and analyses small-weight metabolites by integrating chemistry,
biochemistry and bioinformatics techniques, and relates the data to microbial phenotypic
characteristics. Lipidomics (i.e., the study of lipid content) is probably the most common subfield.

For the pros and cons of metaproteomics and metabolomics, please see the relevant literature
in the field (18, 19). Certainly, the type and quality of the sample are of outmost importance, as
well as the technique used, for reliable and conclusive findings across studies. Standardization of
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the different phases of analysis is therefore a necessity shared by all omics methods (based or not
on sequencing). For the pros and cons of metaproteomics and metabolomics, please see the
relevant literature in the field (18, 19). Certainly, the type and quality of the sample are of the
outmost importance, as well as the technique used, for reliable and conclusive findings across
studies. The standardization of the different phases of analysis is therefore a necessity shared by
all omics methods (based or not on sequencing).

Microbiological risk assessment

The new analytical perspective offered by NGS methodologies outlines a profound change in
the methods already applied by microbiologists to analyse the ecology and diversity in food.
Linking properly the NGS results with metaproteomics and metabolomics could suggest new
associations between genomic data and phenotypes. In this context, Microbiological Risk
Assessment (MRA) can undoubtedly benefit from the revolution that NGS has brought to the
analysis of food microbial ecology. However, the biggest challenge remains the establishment of
widely accepted criteria and comparable methodologies for integrating omics data into MRA (9).
In order to prevent foodborne diseases and outbreaks and limit the spread of pathogens along the
food chain, food safety management systems are already in place that assess both hazard analysis
and problematic control points. However, their control and effectiveness require in-depth a priori
knowledge of the specific microorganisms present and their potential risks. It follows that the
integration of NGS techniques, which provide for rigorous statistical processing and data
interpretation (for a correct assessment of the biological significance of microbial communities
along the food chain), may be particularly relevant for MRA purposes.

Next-generation sequencing and other omics approaches have enabled a major leap forward
in the compositional and functional profiling of microbiomes.

MRA can significantly benefit from multi-omics, but the standardization of the various procedural
steps is essential.

In the first approach, known as the metataxonomic amplicon-targeted method, genes useful
for taxonomic identification are targeted through a PCR step, e.g.

The growing amount of information obtained by integrating multi-omics data to assess
microbial diversity, composition, and functionality in food matrices, can be used to improve the
reliability of mechanistic MRA models, not only in terms of monitoring abundance and virulence
of pathogens, but also to explore the relationship between microbiomes and food components or
other chemicals (7,20). It should be taken into account that each of techniques discussed above
generates a large amount of data in a short time. It follows that correct storage, processing and
interpretation of data governed by a transdisciplinary approach is necessary. Furthermore, since
this amount of data is not yet directly usable by risk managers, computing power and advanced
biostatistical skills are also needed for a correct administration of the information required to
manage food risk appropriately.

References
1. Cocolin L, Ercolini D. Zooming into food-associated microbial consortia: a ‘cultural’ evolution.
Current Opinion in Food Science. 2015; 2:43-50. https://doi.org/10.1016/j.cofs.2015.01.003.

2. Merten C, Schoonjans R, Di Gioia D, Peldez C, Sanz Y, Maurici D, et al. Editorial: Exploring the need
to include microbiomes into EFSA’s scientific assessments. EFSA Journal. 2020;18:¢18061.
https://doi.org/10.2903/j.efsa.2020.e18061.

39


https://doi.org/10.1016/j.cofs.2015.01.003
https://doi.org/10.2903/j.efsa.2020.e18061

Rapporti ISTISAN 25/1

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Rantsiou K, Kathariou S, Winkler A, Skandamis P, Saint-Cyr MJ, Rouzeau-Szynalski K, ef al. Next
generation microbiological risk assessment: opportunities of whole genome sequencing (WGS) for
foodborne pathogen surveillance, source tracking and risk assessment. Int J Food Microbiol.
2018;287:3-9. https://doi.org/10.1016/j.ijfoodmicro.2017.11.007.

. De Filippis F, Parente E, Ercolini D. Recent Past, Present, and Future of the Food Microbiome. Annu

Rev Food Sci Technol 2018; 9:589—608. https://doi.org/10.1146/annurev-food-030117-012312.

. Walsh AM, Leech J, Huttenhower C, Delhomme-Nguyen H, Crispie F, Chervaux C, ef al. Integrated

molecular approaches for fermented food microbiome research. FEMS Microbiol Rev. 2023;47.
https://doi.org/10.1093/femsre/fuad001

. de Vos WM, Tilg H, Van Hul M, Cani PD. Gut microbiome and health: mechanistic insights. Gut.

2022;71:1020-32. https://doi.org/10.1136/gutjnl-2021-326789.

. Lindell AE, Zimmermann-Kogadeeva M, Patil KR. Multimodal interactions of drugs, natural

compounds and pollutants with the gut microbiota. Nat Rev Microbiol. 2022;20:431-43.
https://doi.org/10.1038/s41579-022-00681-5.

. Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ. Microbiome datasets are compositional:

and this is not optional. Front Microbiol. 2017;8. https://doi.org/10.3389/fmicb.2017.02224.

. Cocolin L, Mataragas M, Bourdichon F, Doulgeraki A, Pilet M-F, Jagadeesan B, et al. Next generation

microbiological risk assessment meta-omics: The next need for integration. Int J Food Microbiol.
2018;287:10-7. https://doi.org/10.1016/j.ijfoodmicro.2017.11.008.

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et al. PICRUSt2 for prediction
of metagenome functions. Nat Biotechnol. 2020;38:685-8. https://doi.org/10.1038/s41587-020-0548-6.

Quince C, Walker AW, Simpson JT, Loman NJ, Segata N. Shotgun metagenomics, from sampling to
analysis. Nat Biotechnol. 2017;35:833-44. https://doi.org/10.1038/nbt.3935.

Bowers RM, Kyrpides NC, Stepanauskas R, Harmon-Smith M, Doud D, Reddy TBK, et al. Minimum
information about a single amplified genome (MISAG) and a metagenome-assembled genome
(MIMAG) of bacteria and archaea. Nat Biotechnol. 2017;35:725-31. https://doi.org/10.1038/nbt.3893.

Zhou Y, Liu M, Yang J. Recovering metagenome-assembled genomes from shotgun metagenomic
sequencing data: Methods, applications, challenges, and opportunities. Microbiol Res.
2022;260:127023. https://doi.org/10.1016/j.micres.2022.127023.

Abu-Ali GS, Mehta RS, Lloyd-Price J, Mallick H, Branck T, Ivey KL, et al. Metatranscriptome of
human faecal microbial communities in a cohort of adult men. Nat Microbiol. 2018;3:356-66.
https://doi.org/10.1038/s41564-017-0084-4.

Shakya M, Lo C-C, Chain PSG. Advances and challenges in metatranscriptomic analysis. Front Genet.
2019;10. https://doi.org/10.3389/fgene.2019.00904

Lehmann R. From bedside to bench-practical considerations to avoid pre-analytical pitfalls and assess
sample quality for high-resolution metabolomics and lipidomics analyses of body fluids. Anal Bioanal
Chem. 2021;413:5567-85. https://doi.org/10.1007/s00216-021-03450-0.

Armengaud J. Metaproteomics to understand how microbiota function: The crystal ball predicts a
promising future. Environ Microbiol. 2023;25:115-25. https://doi.org/10.1111/1462-2920.16238.

Walsh AM, Leech J, Huttenhower C, Delhomme-Nguyen H, Crispie F, Chervaux C, ef al. Integrated
molecular approaches for fermented food microbiome research. FEMS Microbiol Rev. 2023;47.
https://doi.org/10.1093/femsre/fuad001.

De Filippis F, Parente E, Ercolini D. Recent past, present, and future of the food microbiome. Annu
Rev Food Sci Technol. 2018;9:589—608. https://doi.org/10.1146/annurev-food-030117-012312.

den Besten HMW, Amézquita A, Bover-Cid S, Dagnas S, Ellouze M, Guillou S, ef al. Next generation
of microbiological risk assessment: Potential of omics data for exposure assessment. Int J Food
Microbiol. 2018;287:18-27. https://doi.org/10.1016/j.ijfoodmicro.2017.10.006.

40


https://doi.org/10.1016/j.ijfoodmicro.2017.11.007
https://doi.org/10.1146/annurev-food-030117-012312
https://doi.org/10.1093/femsre/fuad001
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1038/s41579-022-00681-5
https://doi.org/10.3389/fmicb.2017.02224
https://doi.org/10.1016/j.ijfoodmicro.2017.11.008
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/nbt.3935
https://doi.org/10.1038/nbt.3893
https://doi.org/10.1038/s41564-017-0084-4
https://doi.org/10.3389/fgene.2019.00904
https://doi.org/10.1007/s00216-021-03450-0
https://doi.org/10.1111/1462-2920.16238
https://doi.org/10.1093/femsre/fuad001
https://doi.org/10.1146/annurev-food-030117-012312

Rapporti ISTISAN 25/1

CONCLUSIONS

Annalisa Silenzi, Luca Busani, Roberta Masella
Centro di riferimento Medicina di Genere, Istituto Superiore di Sanita, Rome

Since microbial communities can act as sensitive indicators, offering insights into the impact
of products such as chemicals or biological entities on ecosystems and human health,
microbiome analysis represents a crucial tool for assessing environmental risks caused by
human activities.

The limitations of traditional taxonomic biodiversity metrics, especially in the context of
alpha diversity indices, suggest the need for a shift towards functional biodiversity in risk
assessment. Shotgun metagenomic sequencing, focusing on functional genes and their variants,
emerges as a promising method, considering functional redundancy as a potential parameter for
evaluating the health of an environment.

To conclude, the importance of having a network of scientific institutions with high technical
and analytical capacity to support risk assessment and making possible the inclusion of
microbiome from human, animals, food and the environment can be summarized in these
points:

— Enhanced analytical precision
Scientific institutions with advanced technological and analytical capabilities offer the
precision required to characterize microbiome diversity and functionality across complex
ecosystems. Their expertise ensures the accurate identification of microbial hazards and
beneficial organisms relevant to food safety.

— Comprehensive data integration
Leveraging institution networks allows for the aggregation and synthesis of data from
diverse microbiome sources — human, animal, food, and environmental — which is essential
for a holistic understanding of microbial interactions and their impact on food safety risks.

— Standardization and reproducibility
Institutions with high-capacity laboratories promote the standardization of microbiome
research methods, ensuring consistent and reproducible data critical for robust risk
assessment models and international food safety regulations.

— Advanced predictive modelling
These networks can employ cutting-edge bioinformatics and machine learning tools to
develop predictive models that assess microbiome-related risks, enabling proactive
identification and mitigation of food safety threats.

— Capacity for collaborative research
Scientific institution networks foster multidisciplinary collaboration, integrating
microbiology, bioinformatics, toxicology, and environmental science expertise. This
synergy strengthens the ability to address complex microbiome-mediated food safety
challenges comprehensively.
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