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Background: Antimicrobial resistance (AMR) is caused
by AMR determinants, mainly genes (ARGs) in the
bacterial genome. Bacteriophages, integrative mobile
genetic elements (iMGEs) or plasmids can allow ARGs
to be exchanged among bacteria by horizontal gene
transfer (HGT). Bacteria, including bacteria with ARGs,
can be found in food. Thus, it is conceivable that in
the gastrointestinal tract, bacteria from the gut flora
could take up ARGs from food. Aim: The study objec-
tive was to gain insight into the ARG set carried by
commonly used probiotic bacteria that may enter the
human body with non-fermented foods, fermented
foods, or probiotic dietary supplements (FFPs) and
to assess ARG mobility. Methods: Next generation
sequencing whole genome data from 579 isolates
of 12 commonly employed probiotic bacterial spe-
cies were collected from a public repository. Using
bioinformatical tools, ARGs were analysed and link-
age with mobile genetic elements assessed. Results:
Resistance genes were found in eight bacterial spe-
cies. The ratios of ARG positive/negative samples
per species were: Bifidobacterium animalis (65/0),
Lactiplantibacillus plantarum (18/194), Lactobacillus
delbrueckii (1/40), Lactobacillus helveti-
cus (2/64), Lactococcus lactis (74/5), Leucoconstoc
mesenteroides (4/8), Levilactobacillus bre-
vis (1/46), Streptococcus thermophilus (4/19). In 66%
(112/169) of the ARG-positive samples, at least one
ARG could be linked to plasmids or iMGEs. No bacteri-
ophage-linked ARGs were found. Conclusion: The find-
ing of potentially mobile ARGs in probiotic strains for
human consumption raises awareness of a possibility
of ARG HGT in the gastrointestinal tract. In addition
to existing recommendations, screening FFP bacterial
strains for ARG content and mobility characteristics
might be considered.
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Introduction

Antimicrobial resistance (AMR) is one of the foremost
threats hindering the treatment of infectious diseases
worldwide, both in human and animal medicine. Due
to the clear relatedness of excess antimicrobial use
(AMU) and elevated AMR rates, measures are required
on a permanent basis. Despite the interventions to
reduce AMU, high levels of antibiotic consumption
in both animals and humans are still being reported
in several countries [1]. It is currently estimated that
700,000 people are dying per annum from AMR-related
issues worldwide, with projections forecasting this
number to rise to 1omillion by 2050 [2]. Identifying
potential sources of AMR is thus of utmost importance.
AMR can be acquired by bacteria via gene mutations
or horizontal gene transfer (HGT) [3]. HGT occurs pri-
marily by transformation, conjugation, or transduction
and involves small fragments of DNA being transferred
between bacteria [4]. The transfer of AMR genes (ARGs)
is enhanced through bacteriophages, integrative
mobile genetic elements (iMGEs) and plasmids [5,6].

In our previous work based on metagenomics, and in
agreement with the results of other research groups
[7-11], we found that non-fermented [12] and fermented
[13] foods or probiotic dietary supplements [14] con-
tain a considerable number of ARGs, some of which are
mobile. When bacteria with mobile ARGs are consumed
through these foods, the ARGs can enter the digestive
tract, where it is conceivable that they may be trans-
ferred to non-pathogenic bacteria and facultative path-
ogenic bacteria. This process might even be facilitated
if the ingested bacteria are prone/able to colonise the
intestinal tract. Since probiotic bacteria are expected
to colonise the gut, their AMR determinants can con-
tribute to the gut resistome [15-17].

The aim of our study was to gain insights into the set
of ARGs and their mobility potential in prominent pro-
biotic bacterial strains (from the Bifidobacteriales and

1

M) Check for updates


https://crossmark.crossref.org/dialog/?doi=10.2807/1560-7917.ES.2023.28.14.2200272&domain=pdf&date_stamp=2023-04-06

KEY PUBLIC HEALTH MESSAGE

What did you want to address in this study?

Antimicrobial resistance (AMR) challenges treating infections. In bacteria, AMR relies on antibiotic resistance
genes (ARGs), some of which can be mobile. In certain conditions, bacteria with mobile ARGs may transfer
their ARGs to other bacteria. If bacteria with mobile ARGs are in food, they may upon ingestion pass on
these ARGs to the bacteria that are present in the digestive tract of humans. We wished to shed light on
ARGs in probiotic bacterial species, particularly their mobility characteristics.

What have we learnt from this study?

Among 12 probiotic species of interest, we analysed in detail 10 species commonly used in non-fermented/
fermented foods or probiotic dietary supplements (FFPs). Using bioinformatics, we screened their genetic
data for ARGs and then assessed if the ARGs were mobile. Overall, several types of ARGs were found. Their
occurrence varied between species, with no ARGs detected in two species. Among samples of bacteria with
ARGs, a considerable proportion had ARGs that were likely mobile.

What are the implications of your findings for public health?

Eating foods that contain bacteria with mobile ARGs may allow such bacteria to come near other bacteria
found in the human body. This proximity could facilitate mobile ARGs’ transfer from the food bacteria to
other bacteria in the gut, even pathogenic ones. While acquiring mobile ARGs does not always confer AMR,
extending current recommendations to detect potential functional traits of concern in bacteria used for food

might be considered, with screening for mobile ARGs in probiotic bacteria.
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Lactobacillales order) isolated from food (fermented
and non-fermented) and probiotics using a unified bio-
informatic pipeline.

Methods

Our work is based on next generation sequencing
(NGS) data from isolates of 12 commonly used probi-
otic bacterial species that have been isolated in other
studies. The bacterial species were selected based on
a non-systematic review. This involved a search of the
PubMed database (https://pubmed.ncbi.nlm.nih.gov/)
using the keywords ’kefir’, ’yogurt’, ’probiotic’, and
’bacteria’, for papers published in English after 2000.
From the hits, we selected reports with relevant data
(see below) on probiotic bacterial species [18-23].

Data used

Data that met the following criteria: having genomic
library source, being whole genome sequenced and
being Illumina platform based were downloaded from
the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) repository.

The selected species (and sample download dates
in day/month/year) were: Bifidobacterium anima-
lis (4/12/2022), Lacticaseibacillus casei (4/12/2022), Lac
ticaseibacillus paracasei(4/12/2022), Lactiplantibacillus

plantarum (3/12/2022), Lactobacillus del-
brueckii (25/12/2022), Lactobacillus
helveticus  (4/12/2022), Lactobacillus  kefiranofa-

ciens (25/12/2022), Lactobacillus kefiri (25/12/20
22), Lactococcus lactis (6/12/2022), Leucoconstoc

mesenteroides (25/12/2022) Levilactobacillus bre-
vis (2/12/2022), Streptococcus termophilus (3/12/2022).
The source data collected on samples were grouped
into three categories: non-fermented food or fermented
food or probiotic (FFP) bacteria, intestinal bacteria, and
others. The FFP group included samples with the fol-
lowing origins: fermented beverage (n=12), fermented
food (n=69), fermented food of dairy nature (n=124),
fermented food of non-dairy nature (n=141), milk with
source non-specified (n=10), milk from farm animal
(n=14), milk of human origin (n=34), milk/dairy prod-
uct (n=26), probiotic dietary product (n=1), probiotic
dietary supplement (n=146), starter culture (n=2).
The detailed metadata for each sample are available
at: https://doi.org/10.6084/mg.figshare.21877134.v2.

Bioinformatic and statistical analysis

Quality based filtering and trimming of the raw short
reads was performed with TrimGalore (v.0.6.6, https://
github.com/FelixKrueger/TrimGalore), setting 20 as a
quality threshold. Only reads longer than sobp were
retained.

Cleaned reads from each bacterial species were
aligned to the representative reference genome for
the corresponding bacterium species (B. animalis:
NC_o17216.2; L. casei: NZ_APo12544.1; L. paraca-
sei: NC_o22112.1; L. plantarum: NZ_CP028221.1; L.
delbrueckii: NZ_CP018218.1; L. helveticus:
ASM2283254v1; L. kefiranofaciens: NZ_CPo61341.1; L.
kefiri: NZ_CPo29971.1; L. lactis: NZ_CP059048.1; L.
mesenteroides: NZ_CPo28251.1; L. brevis: NZ_
CP015398.1; S. thermophilus: NZ_LR822015.1) for each
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FIGURE 1

Geographical origin of bacterial samples from food or fermented food or probiotics analysed the study, 1901-2022 (n=561
samples)®
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2 For 18 samples, the country of origin was not available.

TABLE 1

Proportions of ARG-positive bacterial samples® found in the study, stratified by country, 1901-2022 (n=561 isolates)®

Number of samples with ARGs Number of samples with ARGs
Country Country
/total number of samples /total number of samples

Argentina 6/10 Iran 0/3

Australia 1/20 Italy 6/8

Brazil o/1 Japan 0/3

Bulgaria 0/3 Korea 0/2

Canada 0/2 Nigeria o/3

Chile 0/2 Pakistan o/1

China 60/198 Peru 3/3

Croatia 2/10 Poland 2/2

Denmark 3/4 Portugal 0/2

Finland 1/1 Slovakia 0/14

France 1/2 South Africa o/1

Greece o/7 Spain 4/5

Hungary o/1 Switzerland 4/6

India 4/10 Thailand o/1

Indonesia 0/3 United States 67/232

ARG: antimicrobial resistance gene.
2 Samples were from food or fermented food or probiotics.
® For 18 samples, the country of origin was not available, five of which were ARG-positive. In one sample from Taiwan, no ARG was detected.
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TABLE 2

Description per species, of identified ARGs with the antibiotics they potentially confer resistance to, and resistance
mechanisms, 1901-2022 (n =579 isolates)

Bacterial species

Mechanisms of resistance potentially
involved (proportion of ARG-

ARG Antibiotics the ARGs
may confer resistance

(number of samples with ARG (number of samples bearing the ARG) to?

(n); total number of samples (N))

containing-samples with a given
mechanism)?

B. adolescentis rpoB mutations PP, - .
(n=65) Phenicols, Antibiotic inactivation (1/65);
Bifidobacterium (n=65; conferring rifampicin resistance rifamvcins antibiotic target alteration and target
animalis N=65) Limosilactobacillus reuteri (h=1) y ’ replacement (65/65);
cat-TC - .
tet l P .
tet(W) (n=65) etracyclines antibiotic target protection (65/65)
AAC(6)-1i (n=2) Aminoglycosides,
ANT(3”)-lla (n=6) .
cephalosporins,
ANT(6)-la (n=1)
catA8 (n=1) lincosamides,
eatAv (n=2) macrolides, Antibiotic efflux (1/18);
ErmB (n=1) I S .
Lactiplantibacillus (n=18; InuA (n=2) monobactams, antibiotic inactivation (14/18);
plantarum N=212) antibiotic target alteration (1/18);
msrC (n=2) penams, penems, g ’
TEM-1 (n=1) phenicols, antibiotic target protection (10/18)
TEM-181 (n=1) pleuromutilins,
tet(C) (n=1) trent )
et () (n=5) streptogramins,
tet(S) (n=1) tetracyclines
Cephalosporins,
Lactobacillus (n=1; _ L L
delbrueckii N=41) TEM-116 (n=1) monobactams, Antibiotic inactivation (1/1)
penams, penems
Lactobacillus helveticus E\?:Zé’) [nuA (n=2) Lincosamides Antibiotic inactivation (2/2)
ErmB (h=1) Lincosamides e
. ’ Antibiotic efflux (71/74);
=7 ImrD (n=71) macrolides,
Lactococcus lactis N=79) tet(M) (n=1) streptogramins, antibiotic target alteration (1/74);
tet(S) (n=4) tetracyclines antibiotic target protection (5/74)
Leucoconstoc (h=4; ANT(3”)-lla (n=3) Aminoglycosides, Antibiotic efflux (1/4);
mesenteroides N=12) [mrD (n=1) lincosamides antibiotic inactivation (3/4)
Levilactobacillus brevis E\?::;) [nuA (n=1) Lincosamides Antibiotic inactivation (1/1)
ErmB (n=2) Lincosamides,
macrolides, e . .
Streptococcus (h=us; Antibiotic target alteration (2/4);
thermophilus N=23) tet(S) (n=2) streptogramins, antibiotic target protection (2/4)
tetracyclines

ARG: antimicrobial resistance gene.

2 Information on the antimicrobial resistances that the genes may contribute to, and the mechanisms of action originates from the
Comprehensive Antibiotic Resistance Database (CARD) database [27,28].

For Lactiplantibacillus plantarum, one sample had two ARGs, two had three ARGs and one had four ARGs. For Lactococcus lactis three samples
had two ARGs. For Leucoconstoc mesenteroides, four samples had one ARG. For Streptococcus thermophilus, four samples had one ARG.
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FIGURE 2

Proportion of ARG positive samples, stratified by species, 1901-2022 (n =579 isolates)
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Lactobacillus delbrueckii | +— 1 40
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Lactococcus lactis —— 74 5
Leucoconstoc mesenteroides $ 4 8
Levilactobacillus brevis — 1 46
Streptococcus thermophilus $ 4 19
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Proportion of samples positive for ARGs (95% Cl)

ARG: antimicrobial resistance gene; Cl: confidence interval.

The numbers of ARG positive and negative samples for each species are listed beside the prevalence (diamond) and its 95%Cl (horizontal

line).

sample by Bowtie2 [24]. Reads from samples that cov-
ered at least 80% of the respective reference genome
were de novo assembled with MEGAHIT (v1.2.9) [25]
using default settings.

From the contigs all possible open reading frames
(ORFs) were gathered with Prodigal (v2.6.3) [26].
The protein translated ORFs were aligned to the ARG
sequences of the Comprehensive Antibiotic Resistance
Database (CARD, v.3.2.5) [27,28] by Resistance Gene
Identifier (RGI, v6.0.0) with Diamond [29]. The ORFs
classified as perfect or strict were further filtered with
90% identity and 90% coverage. Moreover, it was
taken into account that when the bit-score of a hit is
below the gene-specific predetermined cut-off value
while the identity exceeds the 95% threshold, the RGI
for ARG annotation classifies the hit as strict and uses
the nudged notation. As a resistance gene prediction,
which is a nudged, is more prone to be a false positive
result, all nudged hits were excluded.

The iMGE content of contigs harbouring ARGs was
analysed with MobileElementFinder (v1.0.3) and its
database (MGEdb v1.0.2) [6]. Following the distance
concept of Johansson et al. [6], an ARG was consid-
ered to be associated with an iMGE if it was within a
given distance of this iMGE. In the MGEdb we found
data only for L. lactis, the longest composite transpo-
son (cTn) for that species was the Tnsz21, its length
(11,256 bp) was taken as the cut-off value. For the rest
of the species, a general threshold value was declared
as the median of the longest cTns per species in the
database (10,098 bp). The plasmid origin probability of
the contigs was estimated by PlasFlow (v.1.1) [30]. The
phage content of the assembled contigs was predicted
by VirSorter2 (v2.2.1) [31]. The findings were filtered for
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dsDNAphages and ssDNAs. For MobileElementFinder,
PlasFlow and VirSorter2 the default settings were used.

The 95% confidence intervals (Cl) were estimated using
the exact method for prevalence [32]. All data manage-
ment procedures, analyses and plots were performed
in R environment (v4.2.1) [33].

Results

Sample characteristics

Forthe 12 species, a total of 2,244 samples were down-
loaded. After fitting to the reference genomes, 1,452 of
these samples were retained, as the obtained sequence
covered at least 80% of the reference genome. Of
these, 579 samples were from FFP isolates, 559 had
intestinal origin and 314 originated from other sources.
The data by sample is presented separately (https://
doi.org/10.6084/mg.figshare.21877134.v2).

In non-FFP samples, L. kefiranofaciens (n=5 samples)
and L. kefiri (n=2 samples) species were present.
In contrast, no L. kefiranofaciens or L. kefiri species
could be observed in the FFP samples. The 579 FFP
samples comprised the following species: B. anima-
lis (n=65 samples), L. casei (h=1 samples), L. paraca-
sei (=33 samples), L. plantarum (n=212 samples), L.
delbrueckii (n=41 samples), L. helveticus (n=66
samples), L. lactis (n=79 samples), L. mesenter-
oides (n=12 samples), L. brevis (n=47 samples) and S.
thermophilus (n=23 samples).

All FFP samples with available collection date had been
obtained between 1901 and 2022. Eight of the 579 sam-
ples had no year recorded for the time of their collec-
tion. In contrast, none of the samples had the release
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TABLE 3

ARGs linked to an integrative mobile genetic element or plasmid, according to ARG-positive bacteria species (n=169

samples)

Species (number of

ARG (number of samples with ARG on mobile element)

samples with ARG)
iMGE?

Bifidobacterium
animalis (n=65)

tet(W) (n=62)

Lactiplantibacillus
plantarum (n=18)

tet(M) (n=1), tet(S) (n=1)"

Plasmid¢

Bifidobacterium
animalis (n=65)

Bifidobacterium adolescentis rpoB mutants conferring resistance to rifampicin (n=30), Limosilactobacillus
reuteri cat-TC (n=1), tet(W) (n=40)

Lactiplantibacillus
plantarum (n=18)

ANT(3”)-lla (n=2), ANT(6)-la (n=1), catA8 (n=1), ErmB (n=1), InuA (n=2), msrC (n=1), TEM-1 (n=1), TEM-
181 (n=1), tet(C) (n=1), tet(M) (n=5), tet(S) (h=1)

Lactobacillus
delbrueckii (n=1)

TEM-116 (n=1)

Lactobacillus
helveticus (n=2)

InuA (n=2)

Lactococcus lactis (n=74)

ErmB (n=1), ImrD (n=20), tet(M) (n=1), tet(S) (n=4)

Levilactobacillus
brevis (n=1)

InuA (n=1)

Streptococcus
thermophilus (n=4)

ErmB (n=2), tet(S) (n=2)

ARG: antimicrobial resistance gene; iMGE: integrated mobile genetic element.

2 iMGE-associated ARGs can be on a plasmid or not.
® The tet(M) and tet(S) ARGs were present in one sample each.
¢ ARGs borne by a plasmid can be associated to an iMGE or not.

date missing. The release dates of the whole genome
sequenced data were between 10 February 2014 and 15
November 2022. For 561 of the FFP samples, the coun-
try of origin was described. The countries from which
samples originated are shown in Figure 1 and Table 1.

Resistome

Of 579 FFP samples, 169 were ARG-positive (29%;
95%Cl: 26—33). The proportions of ARG-positive sam-
ples stratified by their country of origin are presented
in Table 1 and by species in Figure 2. The names of
the ARGs identified and their number per species are
summarised in Table 2. Among the samples analysed,
ARGs were neither identified in the single sample of L.
casei nor in the 33 samples of L. paracasei species
(Figure 2).

Table 2 also lists the antibiotics that the ARGs may
contribute resistance to. All 65 samples of B. anima-
lis had 15 (V516E, E525V, D532E, A533V, E543K, K552E,
Qs554E, Ass7V, V559D, G560A, E561A, E562G, V565E,
S570E, S571M) of the 16 B. adolescentis rpoB mutations
in the rifampicin pocket, which confer resistance to
rifampicin, the only absent mutation being A443V [34].
The resistance mechanisms, that the identified ARGs
have previously been shown to be involved in, included
antibiotic efflux, antibiotic inactivation, antibiotic tar-
get alteration and/or antibiotic target replacement and
antibiotic target protection (Table 2).

Mobilome

No ARGs that could be linked to bacteriophages were
found in any sample. On the other hand, in 66%
(112/169) of the ARG-containing samples, at least
one gene could be linked to a plasmid or iMGE. The
ARGs determined to be on a mobile element (whether
plasmid or iMGE) are presented according to species
in Table 3. For each bacterial species, and for each
ARG, the proportion of samples with the mobile ARG in
question, among all positive samples for this ARG are
shown in Figure 3.

Discussion

Our study confirms that numerous ARGs are present in
probiotic bacterial species constituting the bacteriome
of edible products and that many of them are mobile.
Thus, the application and intake of certain probiotic
bacterial strains could have the potential to contribute
to the appearance and spread of AMR.

The proportions of samples containing ARGs among
those that we examined varied across bacterial spe-
cies. Samples of B. animalis and L. lactis appeared
to be relatively richer in ARGs. Nevertheless, in the
case of B. animalis the high proportion of samples
with ARG was underlain by the constant detection
rate of two genes, namely tet(W) and B. adolescen-
tis rpoB mutants conferring resistance to rifampicin.
Tetracycline-resistance-encoding tet(W) is regularly
associated with probiotic B. animalis strains [35-
37]. Moreover, in certain subspecies, this ARG is
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FIGURE 3

Proportion of samples found with potentially mobile ARGs among ARG-positive samples, 1901-2022 (n= 169 samples)

Proportion of samples with potentially mobile ARGs among ARG-positive samples (%) _
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Bado_rpoB_RIF: Bifidobacterium adolescentis rpoB mutants conferring resistance to rifampicin gene; Lreu_cat-TC: Limosilactobacillus reuteri

cat-TC gene.

The proportion is the number of samples containing potentially mobile (linked to iMGE or plasmid) ARGs divided by the total number of

samples containing ARGs.

considered to be innate, phylogenetically distinct from
that of other bacterial species and as having a negli-
gible risk of transfer [35]. At the same time, tet(W) is
commonly flanked by transposase genes [37].
Interestingly, among our 65 ARG-positive B. anima-
lis samples, the majority of tet(W)-containing sam-
ples (n=62) had this gene associated with iMGEs that
were cTns. The interpretation of the mobility potential
of the cTn-associated genes is, however, unsure and
would require further investigation. Consequently,
the public health implications of these findings are
not clear. On the other hand, there were 40 samples
with tet(W) on plasmids in B. animalis. For L. lactis,
lincosamide-resistance encoded ImrD showed the
highest rate within the examined samples. This gene,
in interaction with ImrC, is considered to have notable
importance in phenotypically multidrug-resistant
(MDR) L. lactis strains [38]. Just as in most (51/71) of
our ImrD-positive samples, ImrD has been described
as chromosomally encoded [39]. Nevertheless, 20 of
our samples were associated with plasmid-borne ImrD.
The plasmidome of L. lactis is highly dynamic and of
high economic value [40]. Our findings may have public
health relevance and may raise awareness of the poten-
tial need for more advanced surveillance measures.

In contrast, no L. casei or L. paracasei strains contained

any ARGs, and in L. delbrueckii, L. helveticus and L. bre-
vis, ARGs were relatively less frequent. As the presence

www.eurosurveillance.org

of AMR markers is an undesired trait for any microbe
introduced in humans as a potential probiotic [41],
these species might be favoured in alimentary prod-
ucts. On the other hand, despite the low ARG numbers
and diversity, each ARG detected in the above-men-
tioned species appears to be plasmid-associated, and
as such, potentially transferable.

Compared to species where ARGs seemed more preva-
lent, and species with little occurrence of ARGs in our
analyses, the proportions of ARG-positive samples
among L. plantarum, L. mesenteroides and S. thermo-
philus were intermediary in our study, but for these
species, the ARGs appeared more diverse. Whereas
genomes from L. mesenteroides contained no ARGs
associated with mobile-genetic-element (plasmid or
iMGE), the resistome of S. thermophilus was predicted
to be highly mobile. The uptake of plasmids carrying
ARGs, including ErmB, encoding the macrolide-lincosa-
mide-streptogramin B (MLSB) phenotype is not without
precedent for streptococci [42]. The samples with L.
plantarum were more numerous, which may have led
to the highest ARG diversity among the species we
examined. All but two L. plantarum ARGs (AAC(6’)
li and eatAv) were located on mobile genetic ele-
ments. Among the 18 ARG-positive samples, bacteria
in 17 had ARGs on plasmids and in two samples the
ARGs were flanked by iMGEs. Consequently, potential
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implications for public health associated with the L.
plantarum strains appears non-negligible.

The ARGs identified overall in the current study may
affect the activity of several classes of antibiotics, such
as aminoglycosides, cephalosporins, lincosamides,
macrolides, monobactams, penams, penems, pheni-
cols, pleuromutilins, rifamycins, streptogramins and
tetracyclines. They may be involved in resistance mech-
anisms against many antibiotics used in human and
animal medicine. The World Health Organization (WHO)
regularly publishes an updated list of human antimi-
crobials according to their importance, with in 2019,
three categories: (i) Critically Important Antimicrobial
(CIA) that are the last resort in the treatment of human
disease, (ii) Highly Important Antimicrobial (HIA) and
(i) Important Antimicrobial (IA). The CIAs are further
subdivided into high priority CIAs and highest pri-
ority ClAs. The latter group, abbreviated as HPCIA,
includes cephalosporins (3rd, 4th and sth generation),
glycopeptides, ketolides and macrolides, polymyxins
and quinolones [43]. Of the five HPCIA drug groups,
we found ARGs that potentially could compromise
the effectiveness of two (cephalosporins, ketolides
and macrolides). We also found ARGs that have the
potential to interfere with the activity of five high pri-
ority CIAs (aminoglycosides, monobactams, penams,
penems, rifamycins), six HIAs (cephalosporins, lin-
cosamides, penams, phenicols, streptogramins, tet-
racyclines) and one IA (pleuromutilins). The European
Medicines Agency (EMA) also produced a list in 2019
aimed at restricting the veterinary use of antimicrobi-
als that are important for human medicine [44]. The
antimicrobials are listed under the categories: Avoid,
Restrict, Caution and Prudence. We found ARGs that
may confer resistance to three drug groups listed
as Avoid (cephalosporins, monobactams, strepto-
gramins), one listed as Restrict (cephalosporins), seven
as Caution (rifamycins, aminoglycosides, phenicols,
lincosamides, macrolides, pleuromutilins, cephalo-
sporins) and two as Prudence (tetracyclines, penams).
In addition, the World Organisation for Animal Health
(OIE) has a list of critical antimicrobial agents used in
veterinary medicine. The OIE uses three categories;
Veterinary Critically Important Antimicrobial Agents
(VCIA), Veterinary Highly Important Antimicrobial
Agents (VHIA) and Veterinary Important Antimicrobial
Agents (VIA) [45]. The ARGs we found can have an
effect on six VCIAs (tetracyclines, aminogylocosides,
phenicols, macrolides, cephalosporins, penams), four
VHIAs (rifamycins, lincosamides, pleuromutilins, ceph-
alosporins) and one VIA (streptogramins). Thus, many
important human and animal medicine antibiotics
could be affected by the ARGs we detected in probiotic
bacterial strains from products for human consump-
tion. Nevertheless, it is important to highlight that the
presence of ARGs does not necessarily result in the
phenotypical appearance of AMR. Further gene expres-
sion studies or phenotypical probes (e.g. the assess-
ment of minimal inhibitory concentration values) would

be required to evaluate the expressed AMR traits of the
examined probiotic bacteria.

Although we consider our results important in the
absence of a similar survey study with such a large
sample size and a uniform methodology, we must
mention their shortcomings and limitations. Our study
relies on retrospective data collection. The samples
from which data were retrieved had been initially col-
lected over a large period of time and were not obtained
from different areas in a systematic way. Therefore,
the results are not representative of any particular
geographical location at a given time. Moreover, data
obtained were based on the NCBI SRA system, which
is quite permissive regarding the completeness of the
uploaded metadata of samples. Hence, some detailed
information can be missing in the metadata, hinder-
ing a more thorough presentation and interpretation of
the results. We believe that one of the main problems
with the extendibility of our results is that the exact
types of isolation sources were not available for all
samples. Furthermore, it would be very important to
know under which conditions (e.g. medium, tempera-
ture) each strain was isolated and cultured. It is also
unknown whether any antimicrobial agents were used
in the cultures to control competing species. If any
antimicrobials were used during the culturing process,
subpopulations with ARGs could be propagated. The
generalisability of our result would also increase if the
age of the cultures from which the sequenced strains
were isolated was known. Optimally, in a prospective
study, these factors could be controlled. Thus, the
noise in the variation between species and isolation
sources could be reduced. Nonetheless, our work could
raise awareness of the need for controlled prospective
studies.

Conclusions

Our results suggest that some probiotic bacterial spe-
cies may contain a higher proportion of ARGs, while
others may represent a lower proportion. We also
observe that a considerable proportion of the ARGs
that we identified were mobile. In the European Union
[46], there are recommendations with methodological
suggestions for the whole genome sequencing analysis
of microorganisms in the food chain. However, these
recommendations do not provide detailed guidelines
for the analysis of the mobilome. Since our results sug-
gest that the prevalence of mobile ARGs might not be
negligible, it might be worthy to consider the develop-
ment of guidelines to monitor these mobile ARGs.
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