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Abstract: Antimicrobial resistance (AMR) is a global and increasing threat to human health. Several
genetic determinants of AMR are found in environmental reservoirs, including bacteria naturally
associated with widely consumed fermented foods. Through the food chain, these bacteria can reach
the gut, where horizontal gene transfer (HGT) can occur within the complex and populated microbial
environment. Numerous studies on this topic have been published over the past decades, but a
conclusive picture of the potential impact of the non-pathogenic foodborne microbial reservoir on
the spread of AMR to human pathogens has not yet emerged. This review critically evaluates a
comprehensive list of recent experimental studies reporting the isolation of AMR bacteria associated
with fermented foods, focusing on those reporting HGT events, which represent the main driver of
AMR spread within and between different bacterial communities. Overall, our analysis points to
the methodological heterogeneity as a major weakness impairing determination or a causal relation
between the presence of AMR determinants within the foodborne microbial reservoir and their
transmission to human pathogens. The aim is therefore to highlight the main gaps and needs to
better standardize future studies addressing the potential role of non-pathogenic bacteria in the
spread of AMR.

Keywords: antibiotic resistance; one health; lactic acid bacteria; conjugation; mobile elements

1. Antimicrobial Resistance (AMR) within Environmental Niches

A wealth of literature describing the spread of AMR in the environment has been
published in the past few decades, with an abrupt increase since the mid-nineties and
presently reaching the level of almost 15,000 papers/year. The keyword “antimicrobial
resistance” retrieves a total number of publications rising from 2534 in 1995 to 13,878 in 2022,
with very similar numbers when using the keyword “antibiotic resistance”. This publication
trend reflects not only the growing emergence of antibiotic-resistant bacterial pathogens
reported in clinical settings but also the increasing knowledge of the presence of genetic
determinants of AMR in microbial reservoirs related to different environmental niches,
which include a broad range of uncharacterized, non-pathogenic bacterial strains that
could potentially spread AMR determinants to pathogens [1,2]. Among the environmental
reservoirs of AMR, the foodborne niche raises special concern for human health, as a
significant number of bacteria can reach the human gut through the food chain, where
horizontal gene transfer (HGT) is more likely to occur within the crowded microbial
environment of the resident microbiota. Although the foodborne reservoir mostly consists
of naturally occurring, non-pathogenic strains that are commonly found in fermented
foods, such as lactic acid bacteria (LAB), the possible presence of foodborne pathogens
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such as Salmonella, Listeria, and Escherichia coli as incidental food contaminants cannot be
excluded [3,4]. Moreover, the resident gut microbiota is known to host a small fraction of
pathogenic species. Within this context, potential transmission of AMR determinants from
foodborne bacteria to human pathogens cannot be ruled out, although a causal relationship
has not yet been proven.

The issue of HGT to pathogens is prejudicial for proper assessment of the risk of
AMR spread from non-pathogenic environmental reservoirs, and an increasing number of
recent studies have been addressing the question experimentally. However, despite two
decades of research and the availability of increasingly complex molecular approaches, a
clear picture of the role of environmental reservoirs in AMR transmission to pathogenic
bacteria has not yet emerged (reviewed in [1]). In the present review, we will focus on
the foodborne microbial reservoir through the critical evaluation of a number of recent
publications reporting the isolation of AMR bacteria from foods, with the aim of showcasing
the major gaps and the needs that should be considered to better standardize future
studies addressing the potential role of non-pathogenic bacteria in AMR transmission to
human pathogens.

2. The Foodborne Reservoir of AMR

Among foodstuffs, fermented products represent a very important source of live
bacteria for humans. They are a complex category of foods, 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 com-
ponents”, including all foods and beverages obtained through fermentation, irrespective
of the presence of living microbes within the food matrix at the time of consumption [5].
The consumption frequency of fermented foods is difficult to estimate with accuracy, but
they are traditionally present in all countries worldwide as they represent an ancient and
effective way of preserving foods, the majority of which contain fermentable substrates.
The prevalence of different fermentable food matrices varies among countries, with dairy
products prevailing in Europe and South America, while plant-based foods are mostly
consumed in South Asia and Africa [6]. Among foods, dairy products represent one of
the principal sources of foodborne microbes ingested upon consumption due to their high
content of live bacteria and yeast. The autochthonous microbiota associated with traditional
fermented foods is a consortium of microbial strains of environmental origin character-
ized by high biodiversity [7], which reflects into a broad spectrum of metabolic pathways
leading to the production of mostly volatile compounds conferring unique sensorial and
organoleptic features to the final products [8,9]. Food fermentation can also be performed
using commercial starters containing a few selected and well-characterized collection
strains, but the great majority of food producers in all countries employ traditional produc-
tion protocols that exploit the distinctive features of uncharacterized microbial consortia
pre-existing in the raw materials and restricted to specific geographical environments to
confer uniqueness to their products. Although the fermented food microbiota is not highly
complex at the species level, its taxonomic biodiversity stems from the presence of this
broad panel of environmental strains, enriching the gene pool of the microbial community
(namely, the metagenome) with desirable traits of technological value. However, they
could also introduce undesirable and potentially transmissible determinants, such as those
responsible for AMR. Metagenomics, including metabarcoding and shotgun sequencing,
are therefore promising approaches to uncovering the functionality of food metagenomes,
helping to characterize the whole microbial community within a single food product, both
in terms of quality and safety [8,10,11].

3. Horizontal Gene Transfer (HGT)

AMR can be classified into intrinsic, acquired, and adaptive. The acquisition of
AMR determinants usually occurs through HGT, which represents the major mechanism
through which bacteria can acquire foreign genes from the environment or from other
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microorganisms. It is commonly mediated by mobile genetic elements such as transposons,
integrative-conjugative elements, integrons, or plasmids. In addition to these mobile ge-
netic elements, the presence of insertion sequences (IS) within bacterial genomes is also
predictive of HGT. IS are simple mobile elements capable of autonomous transposition
and are often identified in association with AMR genes. IS-encoded transposases promote
the formation of circular elements as transient replication intermediates, which can ei-
ther integrate at different chromosomal locations or be horizontally transferred to other
cells [12]. Transformation, transduction, and conjugation are the principal mechanisms
of HGT, and plasmid-mediated conjugation is considered one of the main pathways for
the dissemination of antibiotic resistance genes. During conjugation, the transfer of re-
sistance genes occurs laterally, by cell-to-cell contact via pili or adhesion molecules [13].
Extracellular vesicles (EVs) represent another effective player in the exchange of bacterial
AMR genes, both at the inter-species and intra-species levels [14,15]. Moreover, HGT is
responsible for spreading AMR within biofilm-forming bacterial communities [16]. The
most common AMR mechanisms include reduction in antibiotic intracellular accumula-
tion through regulation of efflux pumps and decreased membrane permeability, antibiotic
modification and/or inactivation within the cell, modification of the cellular targets lead-
ing to reduced sensitivity, and intracellular sequestration [17]. Within this context, and
despite the huge research efforts of the past few decades (reviewed by [1]), a few important
questions still remain unanswered, mainly concerning the effective transferability of AMR
determinants from non-pathogenic to pathogenic bacteria and the resulting assessment of
the actual risk posed by environmental bacterial reservoirs of AMR resistance for human
health. The reverse transfer of AMR from pathogens to commensal bacteria as well as
to the non-pathogenic components of the microflora during food fermentation has also
been hypothesized to occur through HGT events (conjugation and/or phage-mediated
transduction), thus enriching the AMR gene pool within environmental niches [18,19].
However, although horizontal transfer events are predicted to occur among all members of
any given microbial environment, the presence of pathogens within the fermenting micro-
biota is generally negligible as they only occur as unwanted contaminants, and this renders
the reverse flow of AMR very unlikely. To the best of our knowledge, no experimental
evidence has ever been reported of the acquisition of AMR determinants from pathogens
by food-fermenting bacteria. These open questions are especially relevant in the case of
live foodborne bacteria, which can act as a direct link between the environment and the
human body. We have recently performed a systematic review of the studies investigating
the connection between foodborne and gut microbiomes, highlighting a complex interplay
between the two microbial environments through the food chain. Our results confirm the
suggestion that a relevant fraction of foodborne microbes is indeed able to reach the lower
gut and can transiently merge with the resident microbiota [20].

4. AMR Detection within the Foodborne Bacterial Reservoir

As a follow-up of our previous studies and with the aim of highlighting the strengths
and weaknesses that should be taken into consideration in future studies addressing the
link between the two milieus, we sought to analyze in this review a comprehensive list of
experimental studies published in the past 5 years reporting the isolation of AMR bacteria
associated with fermented foods. The studies were retrieved by browsing the PubMed
database using the search string [((antibiotic resistance) AND (lactic acid bacteria)) AND
(fermented food)], and limiting the time span to articles published between 2018 and 2023.
This initial search retrieved 120 research articles, but we restricted the final list to 49 articles
following an accurate reading of the text, as they appeared to be the most relevant for
the aims of the present review. We then focused in particular on those reporting HGT
events, which represent the main driver of AMR spread within and between different
bacterial communities.

The fermented food matrices analyzed in the articles, along with their geographical
origin, are reported in Figure 1.
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Figure 1. Frequency of occurrence of fermented food matrices and their geographical origin in the
analyzed studies. (a) Distribution of the analyzed fermented foods within the three categories of food
matrices (dairy, plant, meat/fish); (b) Geographical origin of the fermented foods, analyzed in the
studies, expressed as their percentage originating from each continent. The food products originating
from Turkey, a trans-continental country belonging to both Europe and Asia, were assigned to the
Asian continent, which includes the vast majority of the Turkish territory; (c) World map showing the
distribution of fermented foods analyzed in each country. The number of food products/country
spans between 1 and 10 and is represented by a color gradient (the world map was created with
Microsoft Excel using Bing technology).

Overall, the great majority of studies reported the identification of AMR bacteria
in animal-based fermented food products, including both dairy and meat/fish sources
(Figure 1a). However, in line with the worldwide prevalence of fermented foods and
beverages of dairy origin, this latter category of foods represented the great majority
(76%) of the animal-based foods analyzed in the studies and collectively 56% of the total
fermented foods analyzed, while other animal food sources (meat and seafood) were the
least represented, accounting for 18% of the total. Vegetable, cereal, and legume-based
fermented products collectively accounted for 26% (Figure 1a).

Figure 1b reports the geographical origin of the fermented food products analyzed
in the present review. As shown in this panel, slightly more than half of the studies were
conducted on foods originating from Asian countries (mostly China and India), where
fermented foods are traditionally used to increase the nutritional value of the available raw
materials (Anal 2019), followed by European countries (Italy, Lithuania, Poland, Slovakia,
Spain, Sweden, and Switzerland), which contributed one fourth of the food products.
Foods derived from African or South American countries were also reported, but in a more
limited number of articles (8% and 12%, respectively). A detailed geographical origin of
the foods produced in each country is superimposed on the world map in Figure 1c.

When compared to the geographical distribution of the studies (Table 1), the prevalence
of dairy fermented foods applied to all continents with the exception of Asian and African
countries, where the number of studies on dairies was equivalent to those analyzing AMR
bacteria in plant-based foods. This pattern most likely reflects food habits, as plant-based
foods are more frequently consumed in Asia and Africa than on other continents [6].
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Table 1. List of experimental studies analyzed in the present review reporting the isolation or characterization of AMR bacteria associated with fermented foods.
The studies are listed according to the continent of origin.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

Asia

Lactococcus lactis, Lactobacillus
gallinarum, Lacticaseibacillus casei,

Lacticaseibacillus paracasei,
Lactiplantibacillus plantarum,

Streptococcus thermophilus

Fermented dairy
products (Mozzarella,
Traditional milk tofu,

Cheddar, Cream,
Mimolette Wedge,

Emmentaler,
Brie, Feta)

China

16S-DNA-based
metagenomics

(cheese metagenome);
16S rRNA gene

sequencing (isolates)

Streptomycin,
sulfamethoxazole,

clindamycin, tetracycline,
penicillin, norfloxacin,

ciprofloxacin

aadE, strA, strB,
sul1, sul2 qPCR [21]

Streptococcus thermophilus,
Lactobacillus bulgaricus,
Lactobacillus acidophilus,

Lactiplantibacillus plantarum

Fermented dairy
products (Yogurt) China 16S rRNA gene

sequencing
Streptomycin, tetracycline,

vancomycin not determined not determined [22]

Lactococcus, Leuconostoc
mesenteroides, Weissella

cibaria/soli/confusa, Enterococcus
gallinarum/durans/hirae, Pediococcus

pentosaceus, Bacillus coagulans,
Lactococcus garvieae/lactis

Fermented vegetable
products (Broccoli,

Cherry, Ginger,
White radish,
White-fleshed
pitaya juices)

China 16S rRNA gene
sequencing

Ampicillin, penicillin,
amoxycillin, orfloxacine,
levoflacin, gentamycin,
streptomycin, amikacin,

erythromycin

not determined not determined [23]

Lactobacillus delbrueckii
subsp. bulgaricus,

Lactiplantibacillus plantarum,
Streptococcus thermophilus

Fermented dairy
products (Yogurt) China 16S rRNA gene

sequencing; PFGE

Erythromycin, gentamycin,
streptomycin,

sulfamethoxazole,
tetracycline

ermB,
aac(6′)-aph(2′′),
ant(6), sulI and
sulII, tetM, tetS

PCR * [24]

Lactiplantibacillus plantarum,
Lactiplantibacillus fermentum

Fermented vegetable
products (Yucha) China

Shotgun
metagenomics; 16S

rRNA gene
sequencing of

isolates

not determined AMR genes
(not specified)

Shotgun
metagenomics,
Comprehensive

Antibiotic Resistance
Database (CARD)

[25]

Food metagenome Fermented
vegetable products China Shotgun

metagenomics not determined Multidrug
resistance genes

Shotgun
metagenomics,
SARG database

[26]
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Table 1. Cont.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

Asia

Staphylococcus carnosus,
Lactiplantibacillus plantarum,

Latilactobacillus sakei,
Weissella cibaria, Weissella confusa

Fermented
meat products China RAPD; 16S rRNA

gene sequencing

Streptomycin, vancomycin,
erythromycin, roxithromycin,

lincomycin, kanamycin

tetM, ereA,
strA, strB PCR [27]

Streptococcus thermophilus

Fermented dairy
products (Koumiss,
Kurut, Fermented

cow milk, Fermented
goat milk, Qula)

China,
Mongolia WGS Chloramphenicol vanH, vanU, catB8

WGS,
Comprehensive

Antibiotic Resistance
Database (CARD);

droplet digital PCR

[28]

Pediococcus pentosaceus Fermented
dairy products India 16S rRNA gene

sequencing

Kanamycin, streptomycin,
vancomycin, ciprofloxacin,

norfloxacin
(chromosomal);

trimethoprim (plasmid)

aph (3′′)-III, strA,
vanA, gyrA PCR * [29]

Enterococcus faecalis Fermented fish
products (Tungtap) India 16S rRNA gene

sequencing

Kanamycin, gentamycin,
streptomycin,

ciprofloxacin, vancomycin,
penicilin G, ampicillin,
tetracyclin, rifampycin,

chloraphenicol,
polymyxin b

vanA, vanB PCR [30]

Levilactobacillus brevis,
Enterococcus durans,
Enterococcus lactis,

Enterococcus faecium,
Leuconostoc lactis

Fermented vegetable
products (Coconut

palm nectar)
India 16S rRNA gene

sequencing

Ampicillin, vancomycin,
gentamicin, kanamycin,

chloramphenicol,
erythromycin, clindamycin

not determined not determined [31]

Pediococcus pentosaceus

Fermented foods
(Idli, Dosa batter,
Dahi, Fermented

dry sausage)

India not indicated

Azitromycin,
clarithromycin,

clyndamicin, lyncomincin,
piramicin, pristinamycin,

streptograminB

ermB, msrC PCR, Southern blot * [32]
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Table 1. Cont.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

Asia

Ligilactobacillus salivarius Fermented poultry
products India 16S rRNA gene

sequencing Erythromycin, tetraciclyne ermB, tetW, tetM,
tetL PCR, Southern blot * [33]

Pediococcus pentosaceus,
Pediococcus acidilactici

Fermented food
products India species-specific PCR Vancomycin, nalidixic acid not determined not determined [34]

Limosilactobacillus fermentum Fermented dairy
products India, China Phenotipic tests

Ampicillin, ciprofloxacin,
vancomycin, streptomycin,

trimethoprim
tetM, ermB PCR * [35]

Lactobacillus acidophilus,
Limosilactobacillus reuteri

Fermented vegetable
and dairy products Indonesia not indicated Streptomycin, kanamycin,

amikacin, meropenem not determined not determined [36]

Enterococcus faecalis,
Enterococcus faecium

Fermented dairy
products Iran species-specific PCR

(ddl gene)

Quinupristin/dalfopristin,
penicillin G, ampicillin,
rifampicin, doxycycline,

ciprofloxacin

not determined not determined [37]

Enterococcus faecalis,
Enterococcus faecium

Fermented dairy
products Iran 16S rRNA gene

sequencing
Rifampicin, quinupristin,

dalfopristin ace, gelE, asa1 PCR [38]

Lactobacillus harbinensis,
Lacticaseibacillus paracasei,

Lactiplantibacillus plantarum

Fermented dairy
products (Kefir) Malaysia 16S rRNA gene

sequencing
Ampicillin, penicillin,

tetracycline not determined not determined [39]

Lactiplantibacillus plantarum,
Lactobacillus helveticus

Fermented dairy
products (Yogurt) Pakistan 16S rRNA gene

sequencing

Ampicillin, trimethoprim,
vancomycin,

nitrofurantoin
not determined not determined [40]

Lactiplantibacillus plantarum Fermented vegetable
products

Republic of
Korea

16S rRNA
sequencing

Chloramphenicol,
tetracycline not determined not determined [41]

Lactiplantibacillus plantarum Fermented vegetable
products

Republic of
Korea WGS Ampicillin ermB

WGS,
Comprehensive

Antibiotic Resistance
Database (CARD)

[42]
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Table 1. Cont.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

Asia

Staphylococcus saprophyticus Fermented seafood
products (Jeotgal)

Republic of
Korea

16S rRNA gene
sequencing Penicillin G, tetracycline tetK PCR * [43]

Lactiplantibacillus plantarum Fermented meat
products (Nham) Thailand WGS Chloramphenicol,

kanamycin cat PCR [44]

Enterococcus faecium,
Enterococcus faecalis

Fermented meat
products Thailand not indicated Streptomycin aadE PCR * [45]

Levilactobacillus brevis,
Lactiplantibacillus plantarum,

Lacticaseibacillus paracasei,
Loigolactobacillus coryniformis,
Lacticaseibacillus rhamnosus,

Lactobacillus helveticus

Fermented dairy
products (Tulum) Turkey 16S rRNA gene

sequencing

Ampicillin, chloraphenicol,
erytromycin, gentamycin,

kanamycin, penicillin,
streptomycin, tetracycline,

vancomycin

not determined not determined [46]

Enterococcus faecalis,
Enterococcus faecium,
Enterococcus durans,

Enterococcus gallinarum

Fermented dairy
products Turkey species-specific PCR Streptomycin, gentamicin

aph(3′)-IIIa,
ant(4′)-Ia,
ant(6′)-Ia,
aph(2′′)-Ic

PCR [47]

Africa

Limosilactobacillus fermentum,
Weissella confusa,

Lactiplantibacillus plantarum,
Pediococcus pentosaceus,
Pediococcus acidilactici

Fermented cereal
products (Mawé) Benin 16S rRNA gene

sequencing

Chloramphenicol,
erythromycin, tetracycline,
ampicillin, streptomycin,

kanamicin

aph(3)I, aph(3)III,
tetS, tetM, tetL,

strA, strB, aadA,
aadE, strA, strB,

aadA, aadE

PCR [48]

Enterococcus faecium,
Enterococcus faecalis

Fermented dairy
products (Yogurt,

Cheese, Milk)
Ethiopia species-specific PCR

Erythromycin, tetracycline,
ampicillin, oxacillin,

ciprofloxacin,
azithromycin, vancomycin

vanC1, vanC2/C3,
ermB, ermC PCR [49]

Enterococcus fecalis

Fermented dairy
products

(Testouri cheese,
Rigouta, Yogurt,
Leben, Rayeb)

Tunisia
MALDI TOF,

species-specific
PCR, WGS

Gentamicin, erythromycin

Tetracycline
resistance

determinants
(not specified)

WGS [50]
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Table 1. Cont.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

Africa

Lactiplantibacillus plantarum,
Limosilactobacillus fermentum

Fermented cereal
products (Mahewu) Zimbawe WGS

Streptomycin, norfloxacin,
erythromycin,

chloramphenico,
tetracycline

tetB(48), tetA(48),
efrA, efrB, dfrE,
dfrF, dfrI, lmrB,

lmrD, mdtG,
vanRM, vanRF,

vanHF, patA, patB,
qacH, emeA, mprF,
bacA, taeA, fusF

WGS,
Comprehensive

Antibiotic Resistance
Database (CARD)

[51]

South America

Enterococcus faecium,
Lactococcus lactis,

Lacticaseibacillus rhamnosus,
Weissella cibaria

Fermented cereal
products

(Chia sourdough)
Argentina 16S rRNA gene

sequencing
Clindamycin, erythromycin,

gentamycin, vancomycin not determined not determined [52]

Levilactobacillus brevis,
Lacticaseibacillus paracasei,

Lactococcus lactis,
Lacticaseibacillus rhamnosus,

Lactobacillus pentosaceus,
Lactilactobacillus curvatus,

Lactiplantibacillus paraplantarum,
Pediococcus acidilactici

Fermented dairy
products Brasil MALDI-TOF Gentamycin, ciprofloxacin,

vancomycin, streptomycin not determined not determined [53]

Enterococcus hirae,
Pediococcus pentosaceus

Fermented dairy
products Brazil RAPD; 16S rRNA

gene sequencing

Ampicillin, penicillin G,
oxacillin, clindamycin,

erythromycin, imipenem,
rifampicin, chloramphenicol,
tetracycline, trimethoprim/
sulfamethoxazole vancomycin

ermA, ermB, ermC,
bcrB, tetO, vatE PCR [54]

Streptococcus thermophilus
Fermented dairy
products (Buffalo

mozzarella cheese)
Brazil 16S rRNA

gene sequencing Oxacillin not determined not determined [55]
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Table 1. Cont.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

South America

Food metagenome of different
cheese samples: Lactococcus lactis,
Streptococcus thermophilus-salivarius,

Streptococcus equinus-lutetiensis-
infantarius complex
(dominant species);

Lacticaseibacillus casei,
Lactobacillus delbrueckii,

Lactiplantibacillus plantarum,
Lactococcus piscium,

Leuconostoc mesenteroides,
Streptococcus spp., Lactococcus spp.

(less abundant species)

Fermented dairy
products Brazil

16S-DNA-based
metagenomics;

Shotgun
metagenomics

not determined

30 AMR genes
identified,

belonging to nine
different classes

of antibiotics
(tetK, tetS most

prevalent)

Shotgun
metagenomics,
Comprehensive

Antibiotic Resistance
Database (CARD)

[56]

Europe

Enterococcus faecalis, Enterococcus
durans, Enterococcus faecium

Fermented dairy
products (Ragusano,

Pecorino)
Italy

MALDI-TOF,
species-specific
multiplex PCR

Tetracycline, erythromycin,
streptomycin, gentamycin,

ampicillin, rifampicin,
penicillin G,

sulphametoxazol,
chloramphenicol,

vancomycin, kanamycin

not determined not determined [57]

Lactiplantibacillus plantarum

Fermented foods
(Table olives, Pickled
cabbage, Sourdough,

Raw milk cheese)

Italy multilocus sequence
typing (MLST)

Vancomycin, ciprofloxacin;
streptomycin, kanamycin;

gentamicin, penicillin
not determined not determined [58]

Streptococcus macedonicus Fermented dairy
products Italy WGS Kanamycin not determined not determined [59]

Enterococcus faecium Fermented dry
sausage Italy species-specific PCR

Ampicillin, streptomycin,
kanamycin, erythromycin,

clindamycin,
tylosin, tetracycline

ermB, tetM, tetL,
aph3-IIIa, satA,
ant(6)-Ia, aadE

PCR * [60]
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Table 1. Cont.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

Europe

Latilactobacillus sakei,
Lactiplantibacillus plantarum,

Staphylococcus xylosus,
Staphylococcus equorum,

Staphylococcus saprophyticus

Fermented meat
products (Italian

Piacentino Salami
DOP; Fermented
pork and llama
meat products)

Italy, **
Argentina

RAPD;
16S RNA gene

sequencing
Tetracycline, erythromycin

tetM, tetK, tetW,
tetS, tetL, ermA,

ermB, ermC
PCR [61]

Lactococcus lactis Raw milk Lithuania species-specific PCR

Clindamycin,
streptomycin, gentamycin,
tetracycline erytromycin,
ampicillin, vancomycin,

kanamycin

not determined not determined [62]

Enterococcus faecium, Enterococcus
faecalis

Fermented dairy
products Poland species-specific PCR

Streptomycin,
erythromycin, tetracycline,

rifampicin, tigecycline,
vancomycin, linezolid

ant(6′)-Ia, aac(6′)-
Ie-aph(2′′)-Ia,

aph(3′′)-IIIa; tetM,
tetL; ermA, ermB

PCR * [63]

Enterococcus faecium, Enterococcus
faecalis Ready-to-eat foods Poland RAPD

Erythromycin, gentamicin,
streptomycin, tetracycline,

tigecycline, fosfomycin,
ciprofloxacin, levofloxacin,

norfloxacin, rifampicin,
linezolid,

quinupristin/dalfopristin

aac(6′)-Ie-aph(2′′)-Ia,
aph(2′′)-Ib,
aph(2′′)-Ic,
aph(2′′)-Id,
ant(4′)-Ia,

ant(6′)-Ia; tetM,
tetL, tetK, tetO,

tetW, ermA, ermB,
ermC, msrC, mefAB

PCR [64]

Enterococcus faecium,
Levilactobacillus brevis,

Limosilactobacillus fermentum,
Lacticaseibacillus paracasei,

Lactiplactibacillus paraplantarum,
Lactococcus lactis, Leuconostoc

mesenteroides, Leuconostoc
pseudomesenteroides

Fermented dairy
products Slovakia WGS not determined aac(6′)-li, msrC,

efmA, lmrCD

WGS,
Comprehensive

Antibiotic Resistance
Database (CARD)

[65]
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Table 1. Cont.

AMR Species Identified Food Source Food Origin Characterization of
Bacterial Isolates Phenotypic Resistance Detected AMR

Genes
Detection Method
of AMR Gene(s) Reference

Europe

Tetragenococcus koreensis,
Tetragenococcus halophilus

Fermented dairy
products Spain 16S rRNA gene

sequencing Erythromycin, clindamycin not determined not determined [66]

Enterococcus faecium,
Enterococcus mundtii,

Enterococcus hirae
Fermented legumes Sweden MALDI-TOF Ampicillin, trimethoprim,

vancomycin, nitrofurantoin not determined not determined [67]

Pediococcus pentosaceus Fermented dairy and
meat products Switzerland WGS, MALDI-TOF

Ampicillin, gentamycin,
erytromycin, clindamycin,
tetracycline, chloramphenico,
streptomycin, vancomicin,

kanamycin

not determined

WGS
AMRFin-derPlus,

CARD,
ARG-ANNOT, and
Resfinder databases

[68]

Pediococcus acidilactici

Fermented dairy
products (Gruyere,
Emmental, Tete de

Moine, Sbrinz, Tilsit)

Switzerland MALDI-TOF

Clindamycin, tetracycline,
streptomycin, penicillin,

chloramphenicol,
kanamycin, vancomycin,

gentamycin, erythromycin

not determined not determined [69]

* Described in detail in Table 2; ** This work analyzed products from both Italy and Argentina but was included exclusively in the group of Europe as continent of origin to
avoid duplication.
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Table 1 summarizes the main features of the 49 articles included in the analysis, which
were listed according to the country of origin of the analyzed foods (Asia, Africa, South
America, and Europe).

As shown in the Table 1, we detected a broad heterogeneity among the retrieved
articles in terms of experimental approaches and taxonomical analysis, as well as in the
extent of molecular characterization of the AMR determinants. Such heterogeneity mostly
reflects the main objectives of each study, some of which were not specifically targeted at
the identification of AMR bacteria but rather pointed at a comprehensive description of
the microbiota associated with fermented foods, including but not necessarily focusing on
AMR. Screening of AMR strains/isolates was performed on antibiotic-containing media
in only two of the retrieved studies [47,60], while in most of the others the presence of
AMR determinants was identified using molecular tools (PCR, WGS, Southern blotting),
and in four studies it was not confirmed by testing phenotypic resistance as well (Table 1).
However, 19 studies analyzed AMR strains from existing collections that might have been
originally screened on antibiotics [32,33,36,40,42,43,45,48,51,53,54,58,59,61,62,64,65,68,69].
Moreover, some of the studies focused on only one or a few specific species of technological
relevance within the food microbiota without providing a comprehensive taxonomical
analysis of all AMR genera/species. The number of antibiotics analyzed in each article
was also very heterogeneous, spanning from one or a few to a complex panel representing
several pharmacological classes.

The power of molecular approaches is increasingly being exploited to investigate AMR
in foodborne bacteria, but the identification of AMR determinants by genome sequencing
alone is not sufficient to assign the AMR phenotype to a specific strain or isolate, as it does
not provide information on the actual expression of the detected gene(s). As mentioned
above, four of the analyzed articles did not test phenotypic resistance to the antibiotics
corresponding to the detected AMR determinants, whose presence was identified exclu-
sively by sequence comparison. On the other hand, 21 of the articles reporting phenotypic
resistance of the selected isolates to one or more antibiotics did not proceed to the molecular
identification and characterization of AMR genes. In both cases, the interpretation of the
data in terms of the potential effects of gene transfer to other bacteria is impaired. Overall,
simultaneous detection of phenotypic and genotypic AMR, which represents the most
informative approach, should be considered a standard procedure. However, as shown in
Table 1, it was reported in slightly less than half (n = 22) of the analyzed articles.

As for the molecular identity of the detected AMR determinants, there was a clear
prevalence of tetracycline (tetA, B, K, L, M, O, S, W) and erythromycin (ermA, B, C) resis-
tance genes, confirming the results reported in previous studies in foodborne LABs [70–72].
The AMR genes were most frequently detected by PCR using known primers (n = 20),
while a smaller number of articles (n = 8) retrieved the information by interrogating
specific databases (db) with the results of whole genome sequencing (WGS) or shotgun
metagenomics. Advanced-omics techniques such as WGS and metagenomics provide
more extensive coverage of the bacterial genomes than targeted PCR, but the identifi-
cation of single genes is strictly dependent on their representation within the available
AMR databases. Several different databases collecting AMR gene sequences are presently
available (e.g., ARGminer, CARD, MEGARes, NDARO, ResFinder, and SARG), and their
updated description was recently reported by [73]. They all represent precious tools for
monitoring and tracking AMR spread in bacterial communities, but they differ in the
number and type of genes and resistance determinants included. For this reason, it is
extremely important to understand the differences among distinct databases to select the
best option for a specific purpose. According to [73], CARD and NDARO represent the
most suitable tools for AMR annotation, with the NDARO db mostly including acquired
resistance genes, while the CARD db comprises a similar number of genes but deriving
from a higher number of microbial genera. These features made it especially suitable for
AMR mutation screening in a broad range of study settings [73]. However, it should be con-
sidered that the CARD and ResFinder dbs which are frequently employed in AMR studies,
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are mostly based on data from pathogenic bacteria, and the genes from non-pathogenic
species are often not included or under-represented [44]. It is therefore advisable to search
for AMR genes in more than one database ([44] recommends the KEGG db), especially
when retrieving no hits. This aspect points out the crucial importance of creating specific
databases to collect sequence data from non-pathogenic AMR bacterial strains. Overall,
there is an urgent need for standardization of pipelines and databases as well as phenotypic
predictions based on genomic data [74].

As for the taxonomical identification, about one-third of the studies limited their
analysis to the original number of isolates without proceeding with strain typing. This
limitation did not allow us to perform a numerical comparison of their results with those
reported in the other studies describing AMR strains. Different isolates could in fact
belong to a single strain, therefore hindering the estimation of the actual frequency of
AMR strain distribution within a specific product. On the contrary, most of the analyzed
studies (n = 36) focused on a single (or very few) specific AMR species/strains that were
pre-selected for further characterization among the foodborne isolates, thus impairing full
comprehension of the biodiversity associated with AMR within the food matrix. Finally,
two of the studies employed metagenomic analysis of the whole microbial community
within the food samples, which was not accompanied by the isolation of AMR bacteria.
In these latter studies, the identification of the dominant species in each food sample and
the corresponding presence of AMR genes were thus performed independently based
on sequence analysis. Although highly informative of the fine structure of the microbial
community, this approach does not allow for the precise assignment of AMR determinants
to specific taxonomical entities. Figure 2 illustrates the most frequent genera that were
identified in the studies reporting taxonomical identification of the AMR isolates.
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Figure 2. Taxonomical identity of AMR bacteria and their distribution in the different food matrices.
(a) Number of studies identifying each of the indicated genera among AMR bacteria. Two of the
analyzed studies are not represented ([26,56]), as they analyzed the food metagenome and did not
report the isolation of specific AMR species/strains; (b) Percent occurrence of the AMR genera shown
in panel (a) within the three fermented food categories. Dairy matrices are represented by the black
portion of the bars, plant-derived matrices are shown in dark gray; meat or fish matrices are shown
in light gray. The graph shows only the genera that were reported in at least 4 studies in panel (a).

As shown in panel a, Lactiplantibacillus was the most represented genus hosting AMR
determinants, closely followed by Enterococcus. Pediococcus, Lactobacillus, Streptococcus,
Lactococcus, and Lacticaseibacillus, which are commonly found within the fermented food
microbiota, were also frequently isolated. Accordingly, Staphylococcus and Latilactobacillus,
which are mostly represented in meat-based foods that were a small minority of the prod-
ucts analyzed in all countries, were identified in only three studies. Further analysis of the
occurrence of each AMR genus within the three major food matrices (dairy, meat/seafood,
and vegetable sources) confirmed this observation (Figure 2b). Moreover, Lactobacillus and
Streptococcus were almost exclusively isolated from dairy matrices, while Weissella was
mostly associated with vegetable sources (Figure 2b).
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Along with the identification of AMR genes, the characterization of their genetic
context is of utmost importance to evaluate the actual risk of horizontal transfer to other
bacteria. Identification of mobile elements in the genomic context of AMR genes is indeed
a key factor for evaluating the corresponding risk of HGT. Most of the analyzed articles
(n = 40) did not verify the transferability of AMR genes, although two of them [21,28]
mentioned the presence of transposon sequences or transposases in the genomic context
surrounding the detected AMR genes (Table 1). On the contrary, HGT experiments were
performed in nine articles, which are described in more detail in Table 2.

Horizontal Gene Transfer among Foodborne Bacteria

Since HGT represents a key element in the spread of AMR genes among bacteria,
we analyzed in depth the nine articles reported in Table 2, which also includes their
methodological details.

All nine articles summarized in Table 2 employed in vitro approaches to test conjugal
transfer of AMR genes. Among them, filter mating resulted in the predominant conjugal
method, followed by food mating, but also broth mating and solid agar mating were
employed. Even though mating assays within a food matrix can better mimic the natural
environment, all in vitro approaches can often be misleading as they do not reflect a real-life
condition, while conjugal transfer through in vivo mating is more reliable [75], especially
when aiming to evaluate the risk of AMR transmission to human pathogens. However, this
latter technique is less frequently adopted, and it was reported in only one of the works
analyzed in the present review [33]. In particular, the cited article reports both in vivo
(rodents) and in vitro (food mating) approaches using the same recipient strain (E. faecalis
JH2-2). However, the results of in vivo mating were described only in terms of the positive
recovery of transconjugants without providing the corresponding transfer frequencies,
while in vitro conjugation resulted in a transfer frequency of 10−6. We cannot therefore
compare the results obtained with the two experimental approaches. As for the transfer
frequencies reported in the nine articles, they were highly variable among the different
studies, spanning from 10−1 to 10−9. Overall, low frequencies were observed in most
cases, ranging from 10−6 to 10−7, but some articles reported higher transfer frequencies
(10−1–10−2), especially in food mating systems [35]. Such an ample range of transfer
frequencies cannot be attributed only to differences in the recipient strains and/or to
the association of the AMR gene(s) with mobile genomic elements but also appears to
involve other methodological aspects that were not standardized in the studies, such as
the donor/recipient ratios. Although 1:1 was the most frequent ratio employed, some
articles reported using ten times the amount of recipient (1:10 ratio), while in some others a
much higher proportion of donor was employed with respect to the recipient (e.g., 10:1,
50:1, 25:1 reported by [32,33]). Overall, the crucial factors affecting transfer frequencies
appear to reside in the employed methodologies as well as in the taxonomical identity of
the recipient strains, which were mainly represented by the commonly used E. faecalis strain
JH2-2. However, several other different pathogens were used as recipients, for example,
S. aureus, K. pneumoniae, E. coli, and L. monocytogenes. In one case, a LAB strain was used as a
recipient (Lacticaseibacillus rhamnosus strain UC8647, in [60]), but all other studies employed
Gram-positive (Bacillus, Enterococcus, Listeria, Micrococcus, Staphylococcus) or Gram-negative
(Escherichia, Klebsiella, Yersinia), human pathogens, or opportunistic pathogens. In all cases,
the donor strains were represented by foodborne LAB, whose isolation from the different
food matrices is described in Table 1.
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Table 2. Overview of studies analyzing horizontal gene transfer of antibiotic resistance genes.

Donor Source AMR Gene(s)

Genomic Context
(Chromosome/

Mobile Element/
Plasmid)

Recipient
Donor:

Recipient
Ratio

Conjugation
Method Frequency Confirmation of

Transconjugants
Other AMR Genes

Not Transferred Reference

Pediococcus pentosaceus
OBK05 Buttermilk

Trimethoprim (gene
not identified) Plasmid

Enterococcus faecalis
Staphylococcus aureus
Klebsiella pneumoniae

Escherichia coli

1:1 Filter mating

2 × 10−4

1 × 10−6

2 × 10−5

3 × 10−4 Phenotypic (Kirby-Bauer
disc diffusion method)

aph(3′′)-III, strA,
vanA, norfloxacin

[29]
Enterococcus faecalis

Staphylococcus aureus
Klebsiella pneumoniae

Escherichia coli

1:1 Food mating
(cheese)

2.5 × 10−4

2 × 10−6

3 × 10−5

3.4 × 10−4

Enterococcus faecalis f1 Fermented
pork aadE (Streptomycin) not indicated Enterococcus faecalis f8 1:9 Solid agar

mating 1.32 × 10−7
Molecular (RAPD,

Rep-PCR; PCR detection of
AMR genes)

None [45]

Lactobacillus delbrueckii
subsp. bulgaricus R6

Yogurt
tetM (Tetracycline) not indicated Listeria monocytogenes L82 1:1 Filter mating 7.3 × 10−7 Phenotypic (Listeria

monocytogenes biochemical
identification kit);

Molecular (PCR detection
of AMR genes)

ermB, aac(6′)-aph(2′′),
ant(6), sulI, sulII, tetM,

tetS from 18 strains
[24]

Lactiplantibacillus
plantarum R41 tetS (Tetracycline) not indicated Listeria monocytogenes L82 1:1 Filter mating 2.9 × 10−6

Enterococcus faecalis
(14 strains)

Enterococcus faecium
(5 strains)

Ready-to-
eat dishes

tetM (Tetracycline) Tn916/Tn1545

Enterococcus faecalis JH2-2
(LMG 19456)

not
indicated

Filter mating

1.3 × 10−6 to
8.7 × 10−7

Molecular (genotyping by
PCR melting profile; PCR
detection of AMR genes)

aph(2′′)-Ib, aph(2′′)-Ic,
aph(2′′)-Id, ant(4′)-Ia,

tetK, tetW, ermC
[64]

ermB (Erithromycin) not indicated 3.2 × 10−6 to
2.4 × 10−8

aac(6′)-Ie-aph(2′′)
(Aminoglycosides) not indicated 1.7 × 10−6 to

3.2 × 10−8

ant(6′)-Ia, tetL, tetO,
ermA, ermB,

msrC, mef AB
not indicated

Various ranges/
different

combinations

Enterococcus faecium
UC7251

(multi-resistant
strain)

Fermented
dry

sausage
tetM (Tetracycline) Tn916/Tn1545

Enterococcus faecalis
OG1RF

Listeria innocua L7
Listeria monocytogenes

DSM 15675
Staphylococcus aureus

UC7180
Lacticaseibacillus

rhamnosus UC8647

1:1 Filter mating

6 × 10−3

5.7 × 10−6

8.4 × 10−4

3.8 × 10−2

6.8 × 10−5

Molecular (PCR detection
of AMR genes

TetL and unknown
gene conferring
erythromycin
resistance on a
mobilizable but
non-conjugative

plasmid lacking the
complete conjugation
apparatus. No gene
transfer observed

toward Gram-negative
recipient species

[60]
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Table 2. Cont.

Donor Source AMR Gene(s)

Genomic Context
(Chromosome/

Mobile Element/
Plasmid)

Recipient
Donor:

Recipient
Ratio

Conjugation
Method Frequency Confirmation of

Transconjugants
Other AMR Genes

Not Transferred Reference

Limosilactobacillus
fermentum DVM 95.7
and Limosilactobacillus

fermentum
NIFTEM 95.8

Fermented
milk

tetM, ermB Chromosomal (tetM);
plasmid (ermB)

Enterococcus faecalis ATCC
14506, Escherichia coli

ATCC 11229,
Staphylococcus aureus

NCDC 109

1:10 Filter mating

6.0–6.4 × 10−6

with E. coli; no
transconjugants

with other
recipients

none none [35]

1:1

Food mating
(fermented milk,

idli batter,
fermented

minced chicken,
plant model)

2.0 × 10−1–3 × 10−2

with E. coli and E.
faecalis in minced

chicken and in
plant model; no
transconjugants
with S. aureus

Pediococcus
pentosaceus
(15 isolates)

Fermented
dairy and

meat
ermB, msrC Plasmid Enterococcus faecalis JH2-2 50:1 Filter mating

1.0 × 10−6 (only
for 1 strain, only

ermB transferred)

Molecular (genotyping by
RAPD-PCR; detection of
AMR genes by PCR and
Southern hybridization)

none [32]

Ligilactobacillus
salivarius (CHS-1E

and CH7-1E strains)
and Limosilactobacillus
reuteri (CH2-2 strain)

Fermented
chicken
sausage

ermB, tetW, tetM, tetL Plasmid

Enterococcus faecalis JH2-2 10:1, 25:1
and 50:1 Filter mating 2 × 10−3–1 × 10−4

(only 50:1 ratio)
Molecular (genotyping by

RAPD-PCR;

none [33]

Enterococcus faecalis JH2-2 1:10
In vivo
mating

(Wistar rats)

not indicated
(although

transconjugants
were recovered)

detection of AMR genes by
Southern hybridization

and/or PCR)

Enterococcus faecalis JH2-2,
Listeria monocytogenes

Scott A, Micrococcus luteus,
Yersinia enterocolitica,
Bacillus cereus F4453,
Staphylococcus aureus,

pathogenic E. coli
MTCC118

1:10

Food mating
(chicken sausage,
fermented milk,

idli batter)

1.9 × 10−6–2.9 × 10−7

(Listeria),
0.8 × 10−6–0.8 × 10−9

(Yersinia)

Staphylococcus
saprophyticus

KM1053

Jeotgal
(High-salt
fermented
seafood)

tetK Plasmid

Enterococcus faecalis
OG1RF

1:10 Broth mating

5.8 × 10−3

Molecular (16S rRNA gene
sequence analysis; PCR

detection of AMR genes)
none [43]

Staphylococcus equorum
KM1031 9.5 × 102

Staphylococcus equorum
KS1039 not transferred

Staphylococcus aureus
USA300 LAC not transferred
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As shown in Table 2, meat and dairy were the most common sources of donor
AMR strains, mainly represented by species belonging to the former Lactobacillus genus
and by Enterococcus faecalis and faecium species, followed by Pediococcus pentosaceus and
Staphylococcus saprophyticus. Concerning the choice of specific resistance determinants,
transfer of tet and erm genes was prevalent, in particular tetM and ermB, respectively. This
could be related to the frequent association of such genes with the conjugative transposon
Tn916, conferring high transmission capacity [72,76]. Indeed, when tested in filter mat-
ing experiments, other tet and erm genes carried by the same isolates but not associated
with transposons or other conjugative elements did not show any transfer to the recipient
strains [60,64].

Aminoglycoside and streptomycin resistance genes were shown to be capable of HGT
in E. faecalis strains in two articles performing in vitro mating on filter or solid agar [45,64].
Horizontal transfer of trimethoprim resistance from the P. pentosaceus strain OBK05 to
four different Gram-positive pathogens was also shown by mating assays within a cheese
matrix and was hypothesized to be mediated by a plasmid. However, the correspond-
ing resistance gene was not identified but was only supposed to be plasmid-encoded
since plasmid curing impaired the acquisition of the resistant phenotype by the recipient
strains [29]. Noteworthy, conflicting results concerning transferability were obtained for
some of the tet and erm genes: for example, the ermB, tetM and tetS genes were successfully
transferred from L. delbrueckii ssp. bulgaricus strain R6 and Lactiplantibacillus plantarum
strain R41 to Listeria monocytogenes, but when using 18 other donor strains no transfer
of the same genes was observed toward the same recipient [24]; tetK was successfully
transferred from the Staphylococcus saprophyticus strain KM1053 to two out of four Enterococ-
cus/Staphylococcus recipients [43], while it was not mobilizable from E. faecalis and E. faecium
donors to the recipient E. faecalis strain JH2-2 [64]; finally, the macrolide/streptogramin B
resistance gene msrC was reported to be mobilized from E. faecalis and E. faecium donors
to the E. faecalis strain JH2-2 recipient by filter mating [64], but transfer experiments from
P. pentosaceus isolates to the same E. faecalis JH2-2 recipient within food matrices were un-
successful [32]. Aside from the experimental details, such discrepancies could also derive
from the specific genomic context of the AMR genes, which is a crucial determinant of the
transmission capacity. Among the papers analyzed and collected in Table 2, information
regarding the genomic context of the identified AMR genes was not available in three
articles [24,45,64], while in most articles it was indicated, especially for tet and erm genes
that were shown to be associated with plasmids or transposons (Tn916) and to be capable of
horizontal transfer [32,33,35,43,60,64]. One exception was represented by a plasmid borne
tetL, harbored by the E. faecium strain UC7251, which was not transferred to Gram-negative
recipients, probably due to the non-conjugative nature of the plasmid, which was lacking a
complete conjugation apparatus [60].

Another methodological aspect that should be better standardized concerns the tech-
niques used to confirm the transconjugants. Indeed, phenotypic AMR as the only confir-
mation method is often unreliable, and, as suggested by other authors, the combination
of molecular analysis with phenotypic tests is recommended [71]. Among the molecular
approaches, detection of AMR genes by means of PCR or Southern hybridization proves
the effective transfer of such genes to the recipient strains, and these methods were adopted
in most articles reported in Table 2, while two of them applied only phenotypic tests [29] or
no confirmation [35]. Moreover, in addition to the molecular detection of the transferred
AMR genes, the genotyping of the transconjugants provides complete proof of a successful
HGT event. Four of the analyzed studies performed genotyping of transconjugants coupled
to the molecular detection of AMR genes [32,33,43,64].

In conclusion, our attempt to perform a comparison of the relevant literature pub-
lished in the past five years and reporting the isolation and molecular characterization of
foodborne AMR bacteria points to the methodological heterogeneity as a major weakness
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preventing a causal relationship between the presence of AMR determinants within the
microbial reservoir associated with fermented foods and their transmission to human
pathogens. This important limitation affects, in turn, the possibility of assessing the actual
risk posed by the foodborne environmental reservoir for human health, which represents
the basis for developing policies aimed at preventing the uncontrolled spread of AMR.

5. Global/Regional Policies to Tackle AMR Spread

Effective action to tackle the spread of AMR requires constant monitoring. Within
the EU, the European Food Safety Authority (EFSA) coordinates annual monitoring of
AMR in pathogenic bacteria from food and livestock and provides scientific advice on risk
assessment models and possible strategies to counteract the environmental increase of AMR
bacteria [77]. The use of antibiotics as feed additives in animal farming has been banned in
all EU countries since January 2006, and guidelines for the proper use of antibiotics were
more recently published by EU authorities [78]. Similarly, the World Health Organization
(WHO) imposed a total restriction on the use of antibiotics as growth promoters in 2017 [79].
Among the extra-EU countries, China, where a large amount of antibiotics in livestock
husbandry has traditionally been employed, recently adopted a national plan for their
reduction in animal feed [80].

At a global level, the AMR Inter-Departmental Working Group established by the
Food and Agricultural Organization (FAO) in 2015 has recently delivered an updated action
plan for the years 2021–2025 with several important objectives, including strengthening
surveillance and research on AMR spread, promoting responsible use of antimicrobials,
and enabling good practices. The document highlights the utmost importance of closing the
gaps in current knowledge on the mechanisms of AMR spread and the urgency of address-
ing this growing global threat in all countries through a coordinated, multisectoral, One
Health approach in the context of the UN 2030 Agenda for Sustainable Development [81].

Within this context, the International Union of Microbiological Societies (IUMS) re-
cently launched a call to action directed to all microbiological societies worldwide, high-
lighting the need to develop science-based policies aimed at preventing the spread of
AMR while also preserving the microbial ecosystem and its biodiversity by developing
sustainable solutions to control infectious agents [82]. The overuse and misuse of antibi-
otics is indeed one of the human actions that had a strong impact on microorganisms, but
it should not be forgotten that microbial biodiversity within environmental niches also
contributes essential functions that support life on Earth, falling within the domain of One
Health issues.

From a policy viewpoint, tackling AMR as a One Health issue represents an extremely
important step to raise stakeholders’ awareness and elicit a global response from the food
and agricultural sectors in the fight against AMR. Moreover, the active involvement of
inter-governmental organizations such as FAO, WHO, and OIE, which are supported
worldwide, ensures the alignment of strategic and financial efforts to sustain science-based
and international guidance in the fight against AMR spread.

From the scientific viewpoint, further investigations are needed to close the knowl-
edge gaps, but their usefulness relies on the possibility to compare the results of studies
performed in different settings on different foods and microbial environments, which
requires a high degree of methodological standardization, pointing to the urgent need
for aligning standard operating procedures (SOPs) and pipelines. Efforts in this direction
have been in place at the European and international levels since the first decade of this
millennium, resulting in the development of analytical protocols for the quantification of
AMR in food-grade bacteria. Factors affecting the results of phenotypic AMR assays, such
as the composition of the growth medium, the inoculum size, and the time and temperature
of incubation, have been identified, and the experimental protocols for determining the
minimum inhibitory concentration (MIC) for antibiotics are presently applied with fully
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standardized procedures. Reference cut-off values to discriminate resistant and suscep-
tible strains have also been uniquely defined in a document published and periodically
updated by EFSA [83]. Highlighting the importance of monitoring the presence of AMR
in strains deliberately used as feed additives or as production organisms, the EFSA also
recommended determining the whole genome sequence of AMR strains in addition to the
phenotypic resistant profile for reliable identification of AMR genes [84]. These standard-
ized, shared, and internationally accepted SOPs to assess the phenotypic AMR profile of
non-pathogenic foodborne bacteria, coupled with the application of WGS to detect the
presence of the corresponding AMR genes, should therefore be more generally applied
to achieve comparable results. To date, genomic data of food-associated bacteria is still
scarce, hindering the possibility of performing in silico analysis that would be extremely
helpful to achieve a more accurate identification of AMR traits, including their genomic
context (chromosomal, plasmid-encoded, or associated with mobile elements), which is
strongly predictive of their potential horizontal transferability. In line with the increasing
importance of delivering high-quality scientific results that could be shared through open-
access databases and analyzed by advanced computation, the last two European research
frameworks (Horizon 2020 and Horizon Europe) supported the development and shared
use of research infrastructures (RIs) with dedicated funding. RIs are facilities, resources,
and services used by the research communities to conduct research and foster innovation
in their fields. The definition of RIs in Article 2 (6) of the EU Regulation No. 1291/2013
(Establishing Horizon 2020—the Framework Programme for Research and Innovation
2014–2020) also includes knowledge-based resources such as collections, archives, and
scientific data among the tools that are essential to achieving excellence in research and
innovation (https://www.esfri.eu/glossary). The initial and crucial efforts addressed by
the scientific community toward infrastructural development were therefore aimed at stan-
dardizing SOPs and pipelines to produce datasets that could meet the FAIR (i.e., Findable,
Accessible, Interoperable, and Reusable) principles. These standardization efforts have
impacted microbiological research as well [1,85,86]. Future investigations monitoring AMR
spread within environmental reservoirs and its potential transmission to human pathogens
should therefore align with these efforts by including a minimum set of standardized
procedures in their study design so that the results of individual studies can be compared
and a more accurate picture of the actual frequencies of horizontal transfer can emerge.

Author Contributions: Conceptualization, C.D. and G.P.; methodology, C.D.; investigation, C.D.,
G.P. and P.Z.; writing—original draft preparation, C.D., G.P. and P.Z.; writing—review and edit-
ing, C.D. and G.P.; supervision, G.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Meier, H.; Spinner, K.; Crump, L.; Kuenzli, E.; Schuepbach, G.; Zinsstag, J. State of Knowledge on the Acquisition, Diversity,

Interspecies Attribution and Spread of Antimicrobial Resistance between Humans, Animals and the Environment: A Systematic
Review. Antibiotics 2022, 12, 73. [CrossRef]

2. Despotovic, M.; de Nies, L.; Busi, S.B.; Wilmes, P. Reservoirs of antimicrobial resistance in the context of One Health. Curr. Opin.
Microbiol. 2023, 73, 102291. [CrossRef]

3. Huddleston, J.R. Horizontal gene transfer in the human gastrointestinal tract: Potential spread of antibiotic resistance genes.
Infect. Drug. Resist. 2014, 7, 167–176. [CrossRef]

4. Selvarajan, R.; Obize, C.; Sibanda, T.; Abia, A.L.K.; Long, H. Evolution and Emergence of Antibiotic Resistance in Given
Ecosystems: Possible Strategies for Addressing the Challenge of Antibiotic Resistance. Antibiotics 2022, 12, 28. [CrossRef]

5. Marco, M.L.; Sanders, M.E.; Ganzle, M.; Arrieta, M.C.; Cotter, P.D.; De Vuyst, L.; Hill, C.; Holzapfel, W.; Lebeer, S.; Merenstein, D.;
et al. The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on fermented foods. Nat.
Rev. Gastroenterol. Hepatol. 2021, 18, 196–208. [CrossRef]

https://www.esfri.eu/glossary
https://doi.org/10.3390/antibiotics12010073
https://doi.org/10.1016/j.mib.2023.102291
https://doi.org/10.2147/IDR.S48820
https://doi.org/10.3390/antibiotics12010028
https://doi.org/10.1038/s41575-020-00390-5


Microorganisms 2023, 11, 1696 21 of 24

6. Li, K.J.; Brouwer-Brolsma, E.M.; Burton-Pimentel, K.J.; Vergeres, G.; Feskens, E.J.M. A systematic review to identify biomarkers of
intake for fermented food products. Genes Nutr. 2021, 16, 5. [CrossRef]

7. Zinno, P.; Calabrese, F.M.; Schifano, E.; Sorino, P.; Di Cagno, R.; Gobbetti, M.; Parente, E.; De Angelis, M.; Devirgiliis, C. FDF-DB:
A Database of Traditional Fermented Dairy Foods and Their Associated Microbiota. Nutrients 2022, 14, 4581. [CrossRef]

8. Walsh, A.M.; Macori, G.; Kilcawley, K.N.; Cotter, P.D. Meta-analysis of cheese microbiomes highlights contributions to multiple
aspects of quality. Nat. Food 2020, 1, 500–510. [CrossRef]

9. Rajendran, S.; Silcock, P.; Bremer, P. Flavour Volatiles of Fermented Vegetable and Fruit Substrates: A Review. Molecules 2023,
28, 3236. [CrossRef]

10. De Filippis, F.; Parente, E.; Ercolini, D. Metagenomics insights into food fermentations. Microb. Biotechnol. 2017, 10, 91–102.
[CrossRef]

11. Billington, C.; Kingsbury, J.M.; Rivas, L. Metagenomics Approaches for Improving Food Safety: A Review. J. Food Prot. 2022, 85,
448–464. [CrossRef]

12. Partridge, S.R.; Kwong, S.M.; Firth, N.; Jensen, S.O. Mobile Genetic Elements Associated with Antimicrobial Resistance. Clin.
Microbiol. Rev. 2018, 31. [CrossRef]

13. Emamalipour, M.; Seidi, K.; Zununi Vahed, S.; Jahanban-Esfahlan, A.; Jaymand, M.; Majdi, H.; Amoozgar, Z.; Chitkushev, L.T.;
Javaheri, T.; Jahanban-Esfahlan, R.; et al. Horizontal Gene Transfer: From Evolutionary Flexibility to Disease Progression. Front.
Cell Dev. Biol. 2020, 8, 229. [CrossRef]

14. Barteneva, N.S.; Baiken, Y.; Fasler-Kan, E.; Alibek, K.; Wang, S.; Maltsev, N.; Ponomarev, E.D.; Sautbayeva, Z.; Kauanova, S.;
Moore, A.; et al. Extracellular vesicles in gastrointestinal cancer in conjunction with microbiota: On the border of Kingdoms.
Biochim. Biophys. Acta Rev. Cancer 2017, 1868, 372–393. [CrossRef]

15. Lai, F.W.; Lichty, B.D.; Bowdish, D.M. Microvesicles: Ubiquitous contributors to infection and immunity. J. Leukoc. Biol. 2015,
97, 237–245. [CrossRef]

16. de Brito, F.A.E.; de Freitas, A.P.P.; Nascimento, M.S. Multidrug-Resistant Biofilms (MDR): Main Mechanisms of Tolerance and
Resistance in the Food Supply Chain. Pathogens 2022, 11, 1416. [CrossRef]

17. Munita, J.M.; Arias, C.A. Mechanisms of Antibiotic Resistance. Microbiol. Spectr. 2016, 4. [CrossRef]
18. Muniesa, M.; Colomer-Lluch, M.; Jofre, J. Could bacteriophages transfer antibiotic resistance genes from environmental bacteria

to human-body associated bacterial populations? Mob. Genet. Elements 2013, 3, e25847. [CrossRef]
19. Colavecchio, A.; Cadieux, B.; Lo, A.; Goodridge, L.D. Bacteriophages Contribute to the Spread of Antibiotic Resistance Genes

among Foodborne Pathogens of the Enterobacteriaceae Family—A Review. Front. Microbiol. 2017, 8, 1108. [CrossRef]
20. Roselli, M.; Natella, F.; Zinno, P.; Guantario, B.; Canali, R.; Schifano, E.; De Angelis, M.; Nikoloudaki, O.; Gobbetti, M.; Perozzi, G.;

et al. Colonization Ability and Impact on Human Gut Microbiota of Foodborne Microbes from Traditional or Probiotic-Added
Fermented Foods: A Systematic Review. Front. Nutr. 2021, 8, 689084. [CrossRef]

21. Yao, J.; Gao, J.; Guo, J.; Wang, H.; Zhang, E.N.; Lin, Y.; Chen, Z.; Li, S.; Tao, S. Characterization of Bacteria and Antibiotic
Resistance in Commercially Produced Cheeses Sold in China. J. Food Prot. 2022, 85, 484–493. [CrossRef]

22. Jin, Z.; Ding, G.; Yang, G.; Li, G.; Zhang, W.; Yang, L.; Li, W. Rapid detection of antibiotic resistance genes in lactic acid bacteria
using PMMA-based microreactor arrays. Appl. Microbiol. Biotechnol. 2020, 104, 6375–6383. [CrossRef]

23. Xu, X.; Luo, D.; Bao, Y.; Liao, X.; Wu, J. Characterization of Diversity and Probiotic Efficiency of the Autochthonous Lactic Acid
Bacteria in the Fermentation of Selected Raw Fruit and Vegetable Juices. Front. Microbiol. 2018, 9, 2539. [CrossRef]

24. Yang, C.; Yu, T. Characterization and transfer of antimicrobial resistance in lactic acid bacteria from fermented dairy products in
China. J. Infect. Dev. Ctries. 2019, 13, 137–148. [CrossRef]

25. Zhang, Z.; Han, Z.; Wu, Y.; Jiang, S.; Ma, C.; Zhang, Y.; Zhang, J. Metagenomics assembled genome scale analysis revealed the
microbial diversity and genetic polymorphism of Lactiplantibacillus plantarum in traditional fermented foods of Hainan, China.
Food Res. Int. 2021, 150, 110785. [CrossRef]

26. Li, Z.; Dong, L.; Zhao, C.; Zhu, Y. Metagenomic insights into the changes in microbial community and antimicrobial resistance
genes associated with different salt content of red pepper (Capsicum annuum L.) sauce. Food Microbiol. 2020, 85, 103295. [CrossRef]

27. Wang, J.; Li, M.; Wang, J.; Liu, M.; Yang, K.; Zhang, J.; Fan, M.; Wei, X. Antibiotic Resistance of Coagulase-Negative Staphylococci
and Lactic Acid Bacteria Isolated from Naturally Fermented Chinese Cured Beef. J. Food Prot. 2018, 81, 2054–2063. [CrossRef]

28. Zhao, J.; Wu, L.; Li, W.; Wang, Y.; Zheng, H.; Sun, T.; Zhang, H.; Xi, R.; Liu, W.; Sun, Z. Genomics landscape of 185 Streptococcus
thermophilus and identification of fermentation biomarkers. Food Res. Int. 2021, 150, 110711. [CrossRef]

29. Bhukya, K.K.; Bhukya, B. Unraveling the probiotic efficiency of bacterium Pediococcus pentosaceus OBK05 isolated from buttermilk:
An in vitro study for cholesterol assimilation potential and antibiotic resistance status. PLoS ONE 2021, 16, e0259702. [CrossRef]

30. Biswas, K.; Sharma, P.; Joshi, S.R. Co-occurrence of antimicrobial resistance and virulence determinants in enterococci isolated
from traditionally fermented fish products. J. Glob. Antimicrob. Resist. 2019, 17, 79–83. [CrossRef]

31. Somashekaraiah, R.; Shruthi, B.; Deepthi, B.V.; Sreenivasa, M.Y. Probiotic Properties of Lactic Acid Bacteria Isolated from Neera:
A Naturally Fermenting Coconut Palm Nectar. Front. Microbiol. 2019, 10, 1382. [CrossRef]

32. Thumu, S.C.R.; Halami, P.M. Heterogeneity of macrolide-lincosamide-streptogramin phenotype & conjugal transfer of erm(B) in
Pediococcus pentosaceus. Indian J. Med. Res. 2019, 149, 270–275. [CrossRef]

33. Thumu, S.C.R.; Halami, P.M. Conjugal transfer of erm(B) and multiple tet genes from Lactobacillus spp. to bacterial pathogens in
animal gut, in vitro and during food fermentation. Food Res. Int. 2019, 116, 1066–1075. [CrossRef]

https://doi.org/10.1186/s12263-021-00686-4
https://doi.org/10.3390/nu14214581
https://doi.org/10.1038/s43016-020-0129-3
https://doi.org/10.3390/molecules28073236
https://doi.org/10.1111/1751-7915.12421
https://doi.org/10.4315/JFP-21-301
https://doi.org/10.1128/CMR.00088-17
https://doi.org/10.3389/fcell.2020.00229
https://doi.org/10.1016/j.bbcan.2017.06.005
https://doi.org/10.1189/jlb.3RU0513-292RR
https://doi.org/10.3390/pathogens11121416
https://doi.org/10.1128/microbiolspec.VMBF-0016-2015
https://doi.org/10.4161/mge.25847
https://doi.org/10.3389/fmicb.2017.01108
https://doi.org/10.3389/fnut.2021.689084
https://doi.org/10.4315/JFP-21-198
https://doi.org/10.1007/s00253-020-10699-5
https://doi.org/10.3389/fmicb.2018.02539
https://doi.org/10.3855/jidc.10765
https://doi.org/10.1016/j.foodres.2021.110785
https://doi.org/10.1016/j.fm.2019.103295
https://doi.org/10.4315/0362-028X.JFP-18-195
https://doi.org/10.1016/j.foodres.2021.110711
https://doi.org/10.1371/journal.pone.0259702
https://doi.org/10.1016/j.jgar.2018.11.012
https://doi.org/10.3389/fmicb.2019.01382
https://doi.org/10.4103/ijmr.IJMR_2055_17
https://doi.org/10.1016/j.foodres.2018.09.046


Microorganisms 2023, 11, 1696 22 of 24

34. Singla, V.; Mandal, S.; Sharma, P.; Anand, S.; Tomar, S.K. Antibiotic susceptibility profile of Pediococcus spp. from diverse sources.
3 Biotech 2018, 8, 489. [CrossRef]

35. Ojha, A.K.; Shah, N.P.; Mishra, V. Characterization and Transferability of erm and tet Antibiotic Resistance Genes in Lactobacillus
spp. Isolated from Traditional Fermented Milk. Curr. Microbiol. 2022, 79, 339. [CrossRef]

36. Fitriani, V.Y.; Suprapti, B.; Amin, M. The characteristics of lactic acid bacteria isolated from fermented food as potential probiotics.
J. Basic Clin. Physiol. Pharmacol. 2021, 32, 743–749. [CrossRef]

37. Jahansepas, A.; Sharifi, Y.; Aghazadeh, M.; Ahangarzadeh Rezaee, M. Comparative analysis of Enterococcus faecalis and
Enterococcus faecium strains isolated from clinical samples and traditional cheese types in the Northwest of Iran: Antimicrobial
susceptibility and virulence traits. Arch. Microbiol. 2020, 202, 765–772. [CrossRef]

38. Jahansepas, A.; Aghazadeh, M.; Rezaee, M.A.; Heidarzadeh, S.; Mardaneh, J.; Mohammadzadeh, A.; Pouresmaeil, O. Prevalence,
Antibiotic Resistance and Virulence of Enterococcus spp. Isolated from Traditional Cheese Types. Ethiop. J. Health Sci. 2022, 32,
799–808. [CrossRef]

39. Talib, N.; Mohamad, N.E.; Yeap, S.K.; Hussin, Y.; Aziz, M.N.M.; Masarudin, M.J.; Sharifuddin, S.A.; Hui, Y.W.; Ho, C.L.;
Alitheen, N.B. Isolation and Characterization of Lactobacillus spp. from Kefir Samples in Malaysia. Molecules 2019, 24, 2606.
[CrossRef]

40. Hassan, M.U.; Nayab, H.; Shafique, F.; Williamson, M.P.; Almansouri, T.S.; Asim, N.; Shafi, N.; Attacha, S.; Khalid, M.; Ali, N.;
et al. Probiotic Properties of Lactobacillus helveticus and Lactobacillus plantarum Isolated from Traditional Pakistani Yoghurt. Biomed.
Res. Int. 2020, 2020, 8889198. [CrossRef]

41. Arellano, K.; Vazquez, J.; Park, H.; Lim, J.; Ji, Y.; Kang, H.J.; Cho, D.; Jeong, H.W.; Holzapfel, W.H. Safety Evaluation and
Whole-Genome Annotation of Lactobacillus plantarum Strains from Different Sources with Special Focus on Isolates from Green
Tea. Probiotics Antimicrob. Proteins 2020, 12, 1057–1070. [CrossRef]

42. Oh, Y.J.; Kim, S.A.; Yang, S.H.; Kim, D.H.; Cheng, Y.Y.; Kang, J.I.; Lee, S.Y.; Han, N.S. Integrated genome-based assessment of
safety and probiotic characteristics of Lactiplantibacillus plantarum PMO 08 isolated from kimchi. PLoS ONE 2022, 17, e0273986.
[CrossRef]

43. Lee, J.H.; Heo, S.; Jeong, M.; Jeong, D.W. Transfer of a mobile Staphylococcus saprophyticus plasmid isolated from fermented
seafood that confers tetracycline resistance. PLoS ONE 2019, 14, e0213289. [CrossRef]

44. Chokesajjawatee, N.; Santiyanont, P.; Chantarasakha, K.; Kocharin, K.; Thammarongtham, C.; Lertampaiporn, S.; Vorapreeda, T.;
Srisuk, T.; Wongsurawat, T.; Jenjaroenpun, P.; et al. Safety Assessment of a Nham Starter Culture Lactobacillus plantarum BCC9546
via Whole-genome Analysis. Sci. Rep. 2020, 10, 10241. [CrossRef]

45. Chotinantakul, K.; Chansiw, N.; Okada, S. Biofilm formation and transfer of a streptomycin resistance gene in enterococci from
fermented pork. J. Glob. Antimicrob. Resist. 2020, 22, 434–440. [CrossRef]

46. Ozkan, E.R.; Demirci, T.; Ozturk, H.I.; Akin, N. Screening Lactobacillus strains from artisanal Turkish goatskin casing Tulum
cheeses produced by nomads via molecular and in vitro probiotic characteristics. J. Sci. Food Agric. 2021, 101, 2799–2808.
[CrossRef]

47. Ozdemir, R.; Tuncer, Y. Detection of antibiotic resistance profiles and aminoglycoside-modifying enzyme (AME) genes in high-
level aminoglycoside-resistant (HLAR) enterococci isolated from raw milk and traditional cheeses in Turkey. Mol. Biol. Rep. 2020,
47, 1703–1712. [CrossRef]

48. Houngbedji, M.; Padonou, S.W.; Parkouda, C.; Johansen, P.G.; Hounsou, M.; Agbobatinkpo, B.P.; Sawadogo-Lingani, H.;
Jespersen, L.; Hounhouigan, D.J. Multifunctional properties and safety evaluation of lactic acid bacteria and yeasts associated
with fermented cereal doughs. World J. Microbiol. Biotechnol. 2021, 37, 34. [CrossRef]

49. Mariam, S.H. A sampling survey of enterococci within pasteurized, fermented dairy products and their virulence and antibiotic
resistance properties. PLoS ONE 2021, 16, e0254390. [CrossRef]

50. Baccouri, O.; Boukerb, A.M.; Farhat, L.B.; Zebre, A.; Zimmermann, K.; Domann, E.; Cambronel, M.; Barreau, M.; Maillot, O.;
Rince, I.; et al. Probiotic Potential and Safety Evaluation of Enterococcus faecalis OB14 and OB15, Isolated from Traditional
Tunisian Testouri Cheese and Rigouta, Using Physiological and Genomic Analysis. Front. Microbiol. 2019, 10, 881. [CrossRef]

51. Pswarayi, F.; Qiao, N.; Gaur, G.; Ganzle, M. Antimicrobial plant secondary metabolites, MDR transporters and antimicrobial
resistance in cereal-associated lactobacilli: Is there a connection? Food Microbiol. 2022, 102, 103917. [CrossRef] [PubMed]

52. Dentice Maidana, S.; Aristimuno Ficoseco, C.; Bassi, D.; Cocconcelli, P.S.; Puglisi, E.; Savoy, G.; Vignolo, G.; Fontana, C.
Biodiversity and technological-functional potential of lactic acid bacteria isolated from spontaneously fermented chia sourdough.
Int. J. Food Microbiol. 2020, 316, 108425. [CrossRef] [PubMed]

53. Margalho, L.P.; Feliciano, M.D.; Silva, C.E.; Abreu, J.S.; Piran, M.V.F.; Sant’Ana, A.S. Brazilian artisanal cheeses are rich and
diverse sources of nonstarter lactic acid bacteria regarding technological, biopreservative, and safety properties-Insights through
multivariate analysis. J. Dairy Sci. 2020, 103, 7908–7926. [CrossRef]

54. Cavicchioli, V.Q.; Camargo, A.C.; Todorov, S.D.; Nero, L.A. Potential Control of Listeria monocytogenes by Bacteriocinogenic
Enterococcus hirae ST57ACC and Pediococcus pentosaceus ST65ACC Strains Isolated from Artisanal Cheese. Probiotics Antimicrob.
Proteins 2019, 11, 696–704. [CrossRef]

55. Silva, L.F.; Sunakozawa, T.N.; Amaral, D.M.F.; Casella, T.; Nogueira, M.C.L.; De Dea Lindner, J.; Bottari, B.; Gatti, M.; Penna, A.L.B.
Safety and technological application of autochthonous Streptococcus thermophilus cultures in the buffalo Mozzarella cheese. Food
Microbiol. 2020, 87, 103383. [CrossRef]

https://doi.org/10.1007/s13205-018-1514-6
https://doi.org/10.1007/s00284-022-02980-9
https://doi.org/10.1515/jbcpp-2020-0482
https://doi.org/10.1007/s00203-019-01792-z
https://doi.org/10.4314/ejhs.v32i4.17
https://doi.org/10.3390/molecules24142606
https://doi.org/10.1155/2020/8889198
https://doi.org/10.1007/s12602-019-09620-y
https://doi.org/10.1371/journal.pone.0273986
https://doi.org/10.1371/journal.pone.0213289
https://doi.org/10.1038/s41598-020-66857-2
https://doi.org/10.1016/j.jgar.2020.04.016
https://doi.org/10.1002/jsfa.10909
https://doi.org/10.1007/s11033-020-05262-4
https://doi.org/10.1007/s11274-021-02994-8
https://doi.org/10.1371/journal.pone.0254390
https://doi.org/10.3389/fmicb.2019.00881
https://doi.org/10.1016/j.fm.2021.103917
https://www.ncbi.nlm.nih.gov/pubmed/34809942
https://doi.org/10.1016/j.ijfoodmicro.2019.108425
https://www.ncbi.nlm.nih.gov/pubmed/31715547
https://doi.org/10.3168/jds.2020-18194
https://doi.org/10.1007/s12602-018-9449-0
https://doi.org/10.1016/j.fm.2019.103383


Microorganisms 2023, 11, 1696 23 of 24

56. Kothe, C.I.; Mohellibi, N.; Renault, P. Revealing the microbial heritage of traditional Brazilian cheeses through metagenomics.
Food Res. Int. 2022, 157, 111265. [CrossRef]

57. Russo, N.; Caggia, C.; Pino, A.; Coque, T.M.; Arioli, S.; Randazzo, C.L. Enterococcus spp. in Ragusano PDO and Pecorino Siciliano
cheese types: A snapshot of their antibiotic resistance distribution. Food Chem. Toxicol. 2018, 120, 277–286. [CrossRef]

58. Prete, R.; Long, S.L.; Joyce, S.A.; Corsetti, A. Genotypic and phenotypic characterization of food-associated Lactobacillus plantarum
isolates for potential probiotic activities. FEMS Microbiol. Lett. 2020, 367, fnaa076. [CrossRef]

59. Tarrah, A.; da Silva Duarte, V.; Pakroo, S.; Corich, V.; Giacomini, A. Genomic and phenotypic assessments of safety and probiotic
properties of Streptococcus macedonicus strains of dairy origin. Food Res. Int. 2020, 130, 108931. [CrossRef]

60. Belloso Daza, M.V.; Milani, G.; Cortimiglia, C.; Pietta, E.; Bassi, D.; Cocconcelli, P.S. Genomic Insights of Enterococcus faecium
UC7251, a Multi-Drug Resistant Strain from Ready-to-Eat Food, Highlight the Risk of Antimicrobial Resistance in the Food Chain.
Front. Microbiol. 2022, 13, 894241. [CrossRef]

61. Fontana, C.; Patrone, V.; Lopez, C.M.; Morelli, L.; Rebecchi, A. Incidence of Tetracycline and Erythromycin Resistance in
Meat-Associated Bacteria: Impact of Different Livestock Management Strategies. Microorganisms 2021, 9, 2111. [CrossRef]

62. Kondrotiene, K.; Lauciene, L.; Andruleviciute, V.; Kasetiene, N.; Serniene, L.; Sekmokiene, D.; Malakauskas, M. Safety Assessment
and Preliminary In Vitro Evaluation of Probiotic Potential of Lactococcus lactis Strains Naturally Present in Raw and Fermented
Milk. Curr. Microbiol. 2020, 77, 3013–3023. [CrossRef]

63. Chajecka-Wierzchowska, W.; Zadernowska, A.; Garcia-Solache, M. Ready-to-eat dairy products as a source of multidrug-resistant
Enterococcus strains: Phenotypic and genotypic characteristics. J. Dairy Sci. 2020, 103, 4068–4077. [CrossRef]

64. Chajecka-Wierzchowska, W.; Zadernowska, A.; Zarzecka, U.; Zakrzewski, A.; Gajewska, J. Enterococci from ready-to-eat
food—Horizontal gene transfer of antibiotic resistance genes and genotypic characterization by PCR melting profile. J. Sci. Food
Agric. 2019, 99, 1172–1179. [CrossRef]

65. Markuskova, B.; Lichvarikova, A.; Szemes, T.; Korenova, J.; Kuchta, T.; Drahovska, H. Genome analysis of lactic acid bacterial
strains selected as potential starters for traditional Slovakian bryndza cheese. FEMS Microbiol. Lett. 2018, 365, fny257. [CrossRef]

66. Rodriguez, J.; Gonzalez-Guerra, A.; Vazquez, L.; Fernandez-Lopez, R.; Florez, A.B.; de la Cruz, F.; Mayo, B. Isolation and
phenotypic and genomic characterization of Tetragenococcus spp. from two Spanish traditional blue-veined cheeses made of raw
milk. Int. J. Food Microbiol. 2022, 371, 109670. [CrossRef]

67. Labba, I.M.; Andlid, T.; Lindgren, A.; Sandberg, A.S.; Sjoberg, F. Isolation, identification, and selection of strains as candidate
probiotics and starters for fermentation of Swedish legumes. Food Nutr. Res. 2020, 64. [CrossRef]

68. Shani, N.; Oberhaensli, S.; Arias-Roth, E. Antibiotic Susceptibility Profiles of Pediococcus pentosaceus from Various Origins and
Their Implications for the Safety Assessment of Strains with Food-Technology Applications. J. Food Prot. 2021, 84, 1160–1168.
[CrossRef]

69. Ludin, P.; Roetschi, A.; Wuthrich, D.; Bruggmann, R.; Berthoud, H.; Shani, N. Update on Tetracycline Susceptibility of
Pediococcus acidilactici Based on Strains Isolated from Swiss Cheese and Whey. J. Food Prot. 2018, 81, 1582–1589. [CrossRef]

70. Devirgiliis, C.; Zinno, P.; Perozzi, G. Update on antibiotic resistance in foodborne Lactobacillus and Lactococcus species. Front.
Microbiol. 2013, 4, 301. [CrossRef]

71. Colautti, A.; Arnoldi, M.; Comi, G.; Iacumin, L. Antibiotic resistance and virulence factors in lactobacilli: Something to carefully
consider. Food Microbiol. 2022, 103, 103934. [CrossRef] [PubMed]

72. Nunziata, L.; Brasca, M.; Morandi, S.; Silvetti, T. Antibiotic resistance in wild and commercial non-enterococcal Lactic Acid
Bacteria and Bifidobacteria strains of dairy origin: An update. Food Microbiol. 2022, 104, 103999. [CrossRef] [PubMed]

73. Papp, M.; Solymosi, N. Review and Comparison of Antimicrobial Resistance Gene Databases. Antibiotics 2022, 11, 339. [CrossRef]
74. Hendriksen, R.S.; Bortolaia, V.; Tate, H.; Tyson, G.H.; Aarestrup, F.M.; McDermott, P.F. Using Genomics to Track Global

Antimicrobial Resistance. Front. Public. Health 2019, 7, 242. [CrossRef]
75. Tao, S.; Chen, H.; Li, N.; Wang, T.; Liang, W. The Spread of Antibiotic Resistance Genes In Vivo Model. Can. J. Infect. Dis. Med.

Microbiol. 2022, 2022, 3348695. [CrossRef]
76. Roberts, A.P.; Mullany, P. Tn916-like genetic elements: A diverse group of modular mobile elements conferring antibiotic

resistance. FEMS Microbiol. Rev. 2011, 35, 856–871. [CrossRef]
77. Niegowska, M.; Wogerbauer, M. Improving the risk assessment of antimicrobial resistance (AMR) along the food/feed chain and

from environmental reservoirs using qMRA and probabilistic modelling. EFSA J. 2022, 20, e200407. [CrossRef]
78. EMA Committee for Medicinal Products for Veterinary Use (CVMP) and EFSA Panel on Biological Hazards (BIOHAZ); Murphy,

D.; Ricci, A.; Auce, Z.; Beechinor, J.G.; Bergendahl, H.; Breathnach, R.; Bures, J.; Duarte Da Silva, J.P.; Hederová, J.; et al. EMA and
EFSA Joint Scientific Opinion on measures to reduce the need to use antimicrobial agents in animal husbandry in the European
Union, and the resulting impacts on food safety (RONAFA). EFSA J. 2017, 15, e04666. [CrossRef]

79. WHO. WHO Guidelines on Use of Medically Important Antimicrobials in Food-Producing Animals. In WHO Guidelines on Use of
Medically Important Antimicrobials in Food-Producing Animals: Policy Brief ; WHO: Geneva, Switzerland, 2017.

80. Xiao, Y.; Li, L. China’s national plan to combat antimicrobial resistance. Lancet Infect. Dis. 2016, 16, 1216–1218. [CrossRef]
81. FAO. The FAO Action Plan on Antimicrobial Resistance 2021–2025; FAO: Rome, Italy, 2021. [CrossRef]
82. Rappuoli, R.; Young, P.; Ron, E.; Pecetta, S.; Pizza, M. Save the microbes to save the planet. A call to action of the International

Union of the Microbiological Societies (IUMS). One Health Outlook 2023, 5, 5. [CrossRef]

https://doi.org/10.1016/j.foodres.2022.111265
https://doi.org/10.1016/j.fct.2018.07.023
https://doi.org/10.1093/femsle/fnaa076
https://doi.org/10.1016/j.foodres.2019.108931
https://doi.org/10.3389/fmicb.2022.894241
https://doi.org/10.3390/microorganisms9102111
https://doi.org/10.1007/s00284-020-02119-8
https://doi.org/10.3168/jds.2019-17395
https://doi.org/10.1002/jsfa.9285
https://doi.org/10.1093/femsle/fny257
https://doi.org/10.1016/j.ijfoodmicro.2022.109670
https://doi.org/10.29219/fnr.v64.4410
https://doi.org/10.4315/JFP-20-363
https://doi.org/10.4315/0362-028X.JFP-18-160
https://doi.org/10.3389/fmicb.2013.00301
https://doi.org/10.1016/j.fm.2021.103934
https://www.ncbi.nlm.nih.gov/pubmed/35082060
https://doi.org/10.1016/j.fm.2022.103999
https://www.ncbi.nlm.nih.gov/pubmed/35287818
https://doi.org/10.3390/antibiotics11030339
https://doi.org/10.3389/fpubh.2019.00242
https://doi.org/10.1155/2022/3348695
https://doi.org/10.1111/j.1574-6976.2011.00283.x
https://doi.org/10.2903/j.efsa.2022.e200407
https://doi.org/10.2903/j.efsa.2017.4666
https://doi.org/10.1016/S1473-3099(16)30388-7
https://doi.org/10.4060/cb5545en
https://doi.org/10.1186/s42522-023-00077-2


Microorganisms 2023, 11, 1696 24 of 24

83. Additives, E.P.o.; Products or Substances used in Animal, F.; Rychen, G.; Aquilina, G.; Azimonti, G.; Bampidis, V.; Bastos, M.L.;
Bories, G.; Chesson, A.; Cocconcelli, P.S.; et al. Guidance on the characterisation of microorganisms used as feed additives or as
production organisms. EFSA J. 2018, 16, e05206. [CrossRef]

84. European Food Safety, A. EFSA statement on the requirements for whole genome sequence analysis of microorganisms intention-
ally used in the food chain. EFSA J. 2021, 19, e06506. [CrossRef] [PubMed]

85. Agamennone, V.; Abuja, P.M.; Basic, M.; De Angelis, M.; Gessner, A.; Keijser, B.; Larsen, M.; Pinart, M.; Nimptsch, K.;
Pujos-Guillot, E.; et al. HDHL-INTIMIC: A European Knowledge Platform on Food, Diet, Intestinal Microbiomics, and Human
Health. Nutrients 2022, 14, 1881. [CrossRef] [PubMed]

86. Cernava, T.; Rybakova, D.; Buscot, F.; Clavel, T.; McHardy, A.C.; Meyer, F.; Meyer, F.; Overmann, J.; Stecher, B.; Sessitsch, A.; et al.
Metadata harmonization-Standards are the key for a better usage of omics data for integrative microbiome analysis. Environ.
Microbiome 2022, 17, 33. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2903/j.efsa.2018.5206
https://doi.org/10.2903/j.efsa.2021.6506
https://www.ncbi.nlm.nih.gov/pubmed/34335919
https://doi.org/10.3390/nu14091881
https://www.ncbi.nlm.nih.gov/pubmed/35565847
https://doi.org/10.1186/s40793-022-00425-1
https://www.ncbi.nlm.nih.gov/pubmed/35751093

	Antimicrobial Resistance (AMR) within Environmental Niches 
	The Foodborne Reservoir of AMR 
	Horizontal Gene Transfer (HGT) 
	AMR Detection within the Foodborne Bacterial Reservoir 
	Global/Regional Policies to Tackle AMR Spread 
	References

