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The presence of multi-drug resistant (MDR) bacteria in ready-to-eat foods comprises

a threat for public health due to their ability to acquire and transfer antibiotic-resistant

determinants that could settle in the microbiome of the human digestive tract. In

this study, Enterococcus faecium UC7251 isolated from a fermented dry sausage

was characterized phenotypically and genotypically to hold resistance to multiple

antibiotics including aminoglycosides, macrolides, β-lactams, and tetracyclines. We

further investigated this strain following a hybrid sequencing and assembly approach

(short and long reads) and determined the presence of various mobile genetic elements

(MGEs) responsible of horizontal gene transfer (HGT). On the chromosome of UC7251,

we found one integrative and conjugative element (ICE) and a conjugative transposon

Tn916-carrying tetracycline resistance. UC7251 carries two plasmids: one small plasmid

harboring a rolling circle replication and one MDR megaplasmid. The latter was identified

as mobilizable and containing a putative integrative and conjugative element-like

region, prophage sequences, insertion sequences, heavy-metal resistance genes, and

several antimicrobial resistance (AMR) genes, confirming the phenotypic resistance

characteristics. The transmissibility potential of AMR markers was observed through

mating experiments, where Tn916-carried tetracycline resistance was transferred at

intra- and inter-species levels. This work highlights the significance of constant monitoring

of products of animal origin, especially RTE foodstuffs, to stimulate the development of

novel strategies in the race for constraining the spread of antibiotic resistance.
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INTRODUCTION

Enterococcus faecium is an ubiquitous species found in a large
number of foods, mainly fermented products of animal origin
like cheeses and fermented sausages (Braïek et al., 2018). Some
strains of this species have been also recognized as probiotics
conferring benefits to their hosts (Ghattargi et al., 2018).
Nevertheless, in the past three decades, E. faecium emerged as
an important nosocomial multi-drug resistant (MDR) pathogen
responsible for hospital-acquired infections (Gao et al., 2018).
The duality of this species has led the European Food Safety
Authority (EFSA) to state a safety assessment scheme based on
the absence of genetic markers generally present in the hospital-
associated (HA) biotypes for those E. faecium strains that are
intentionally introduced into the food chain (EFSA et al., 2018).
Although E. faecium is extensively used as a probiotic and as
part of the fermentation processes, it does not actually hold the
qualified presumption of safety (QPS) status due to its potential
pathogenicity (EFSA BIOHAZ Panel et al., 2021).

Previous studies indicated that the population structure of E.
faecium is divided into three distinct clades: clade A1 bearing
clinical isolates; clade A2 mainly represented by strains from
animal and human commensals that might cause sporadic
human infections, both carrying determinants for virulence and
antimicrobial resistance (AMR); and clade B characterized by
community-associated (CA) isolates lacking HA traits (Lebreton
et al., 2013). Recently, clade B isolates were proposed to
be reclassified as Enterococcus lactis because of their closer
genomic proximity to this new species and lack of HA markers
(Belloso Daza et al., 2021). The genetic transmission of HA
markers among isolates, for instance, between farm animals
and humans in the agricultural setting, revealed consequently
the contamination of products of animal origin that affect the
entire production and supply chain (Manyi-Loh et al., 2018). The
rise of MDR enterococci in the food chain represents a major
public health concern as they are easily disseminated through
the environment (Serwecińska, 2020). Livestock animals and the
farm environment exemplify an important reservoir of AMR
bacteria due to the widely use of antibiotics (Koutsoumanis
et al., 2021), particularly in swine for prophylactic reasons
(Pholwat et al., 2020). Also, resistance to heavy metals is a
matter of concern because of possible co-selection of antibiotic
resistance. Specifically, resistance toward copper is common
in swine-derived isolates due to the use of copper sulfate as
a growth promoter in the feed for pigs (Yu et al., 2017).
Enterococci-harboring MDR genes have been frequently isolated
from the swine samples (Tan et al., 2018), and their diffusion
arises concerns about the potential transmission to meat-based
ready-to-eat (RTE) foods, which proposes a risk because of the
lack of microbial inactivation prior consumption (Chajecka-
Wierzchowska et al., 2019). Considering the emergence of
MDR enterococci and HA isolates, the current criteria for
safety assessment are represented by an MIC of ampicillin
of ≤ 2 mg/L and lack of IS16/esp/hyl genes, associated with
plasticity, adhesion, and carbohydrate metabolism, respectively
(EFSA et al., 2018). Further information on epidemiology and
the population structure can be analyzed by applying the

multilocus sequence typing (MLST) scheme. Following this,
E. faecium can be classified in different sequence types (STs),
where ST17 was identified as the ancestral clone of HA isolates,
forming the clonal complex 17 (CC17) (Lee et al., 2019).
Nonetheless, it is crucial to understand the distribution of
other putative virulence markers (PVM) involved in colonization
and resistance recognized in other studies (Freitas et al., 2018;
Gao et al., 2018). Horizontal gene transfer (HGT) is one of
the mechanisms at the base of AMR and virulence marker
dissemination among bacteria that facilitates their survival and
adaptation in stressful conditions. The HGT of AMR genes
between E. faecium and other species has been investigated
mostly in clinical settings; furthermore, gene exchange in food
was also demonstrated (Chajecka-Wierzchowska et al., 2019).
Additionally, the transfer of resistance toward linezolid (Tyson
et al., 2018), oxazolidinone (Kang et al., 2019), aminoglycosides
(Kim et al., 2019), glycopeptides, erythromycin, and tetracycline
(Conwell et al., 2017) has been demonstrated between food-
isolated strains. The detection of AMR has also reached the retail
level with the presence of AMR dissemination in RTE foods such
as dairy products (Chajecka-Wierzchowska et al., 2020), salads
(Zhou et al., 2020), seafood (Igbinosa and Beshiru, 2019), meat
products (Chajecka-Wierzchowska et al., 2016), and pork-origin
products (Kim and Koo, 2020).

Whole-genome sequencing (WGS) has facilitated the
understanding of the mechanisms that support the dissemination
of mobile genetic elements (MGEs) in bacteria. The aim of
this study is to investigate the genomic characteristics of a
vancomycin-susceptible MDR (VSE-MDR) E. faecium strain
isolated from ready-to-eat fermented sausage and to evaluate the
potential transmissibility of AMR markers through MGEs.

MATERIALS AND METHODS

Bacterial Strain, Cultivation, and Antibiotic
Susceptibility Testing
The strain UC7251 was isolated from a dry fermented
Italian salami on Slanetz and Bartley Medium (Oxoid)
containing 4µg/ml ampicillin (Sigma). The strain was sub-
cultivated in brain heart infusion (Oxoid) overnight at 37◦C,
and species-specific PCR using primers for the ddl gene
(Supplementary Table 1S) was performed to confirm its
taxonomical classification. Susceptibility to different antibiotics
was determined by using the broth microdilution method
according to EUCAST (EUCAST, 2022). The antimicrobial
agents used were ampicillin, vancomycin, gentamycin,
kanamycin, streptomycin, erythromycin, clindamycin, tylosin,
tetracycline, and chloramphenicol. The antibiotics were obtained
from Sigma (St. Louis, Missouri, USA). The minimum inhibitory
concentrations (MICs) were compared to the breakpoints
recommended by (EUCAST, 2022) (http://www.eucast.org/) and
EFSA (EFSA et al., 2018).

Heavy Metal Susceptibility Testing
Susceptibility toward copper (Cu), zinc (Zn), cadmium (Cd), and
mercury (Hg) was tested, as previously described (Sharifi et al.,
2015; Capps et al., 2020). Briefly, overnight cultures were spotted
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onto Mueller–Hinton agar (Oxoid) supplemented with different
concentrations (0.05 to 40mM) of ZnCl2 (Carlo Erba), HgCl2
(Sigma Aldrich), and CdSO4 (Sigma Aldrich) resuspended in
distilled water, and CuSO4 (Merck Millipore) adjusted to pH 7.2
with 1MNaOH. After 24 to 48 h of incubation at 37◦C, the plates
were visually inspected for bacterial growth on the spots.

Conjugal Transfer
In vitro conjugation experiments were performed as described
before (Cocconcelli et al., 2003). UC7251 was used as a
donor strain and 29 bacterial strains as recipients (see
Supplementary Table 3S). Briefly, 1ml of a culture (OD600 =

0.8) of donor and recipient strains was passed through a 0.45-
µm filter (MF-Millipore Membrane Filters, Merck). After that,
the filter was placed onto non-selective agar plates favoring
the growth of recipient strains and incubated at 37◦C for 24 h.
Conjugation with Bacillus, Enterococcus, Listeria, Pseudomonas,
and Staphylococcus as recipient strains was carried out onto
BHI (Oxoid), Clostridium on RCM (Oxoid), for lactobacilli,
Pediococcus and Weisella onto MRS (Difco). After the respective
incubation period, the cells were resuspended from the filter
using a saline solution and were diluted in a 10-fold dilution
series and enumerated by spread plating onto appropriate
agar mediums. Transconjugant selection was performed using
the selective conditions reported in Supplementary Table 3S.
Transconjugant colonies were randomly selected and analyzed to
check the presence or absence of the antibiotic resistance genes,
by extracting the DNA using a microLYSIS kit (Microzone) and
performing PCR with primers for tetracycline and erythromycin
resistance genes (Supplementary Table 1S). The passage of
potential plasmid-borne antibiotic resistance genes coding for
aminoglycosides(aad6, aph3-IIIa, aadE, satA, ant(6)-Ia), and
lincosamides (IsaE, LnuB) resistance was also tested by PCR
using the primers listed in Supplementary Table 1S.

Multilocus Sequence Typing (MLST)
Analysis
Allelic profiles and sequence types were derived by PubMLST
(Jolley et al., 2018). The obtained ST was analyzed using Phyloviz
and the goeBURST algorithm to compute a spanning forest graph
to build the relatedness between isolates based on single locus
variants (SLV) to identify clonal complexes (Francisco et al.,
2012). Furthermore, given that the resolution of MLST is limited,
core genome MLST (cgMLST) was also determined using the
cgmlst.org website. This method uses an allele numbering system
for a scheme of 1423 cgMLST target genes, which confers a higher
level of discrimination (De Been et al., 2015).

Detection of Markers Relevant for the
Assessment of Safety and Antibiotic
Resistance Determinants
The strain UC7251 was screened for the hospital-associated
genetic markers IS16, hylEfm, and esp by PCR, using primers
previously listed. Strains U0317 and E980 were used, respectively,
as positive and negative controls. The presence of the antibiotic
resistance determinants coding for the phenotypical resistances

observed in UC7251 was investigated by PCR using the primers
reported in Supplementary Table 1S. The complete pbp5 gene
was amplified, sequenced, and analyzed, as described before
(Pietta et al., 2014), while the amplification of ermB, tetM, tetL,
aph3-IIIa, satA, ant(6)-Ia, and aadE was performed, as described
elsewhere (Jacob et al., 1994; Olsvik et al., 1995; Swenson et al.,
1995; Sutcliffe et al., 1996; Trzcinski et al., 2000; Ouoba et al.,
2008). Here, new primers aad6_F and aad6_R for aad6 screening,
Lnu-B_F and Lnu-B_R for Lnu(B) screening, and IsaE_F and
lsaE_R for Isa(E) screening were designed de novo using Primer3
(Untergasser et al., 2012), and the amplification reaction was run
with the following conditions: initial denaturation at 95◦C for
2min; 35 cycles at 94◦C for 40 s, 53◦C for 45 s, and 72◦C for 50 s;
and extension at 72◦C for 5 min.

Genome Sequencing and Database
Submission
A hybrid sequencing approach (short and long reads) was
followed to complete the assembly of UC7251. Genomic DNA
was extracted from the cultured bacterium with NucleoSpin
Tissue (Macherey-Nagel, Germany). Short-read resequencing
was performed with Illumina MiSeq, 250 paired-end after
Nextera XT paired-end library preparation. Long read
sequencing was performed with PacBio Sequel II SMRT
sequencing. After trimming the sequences using trimgalore!
(GitHub - FelixKrueger/TrimGalore), hybrid assembly was
carried out using Unicycler (Wick et al., 2017). The finished
genome was deposited on the NCBI under assembly accession
No. ASM41165v2.

Bioinformatics Analyses
A total of 74 E. faecium complete genomes, including reference
strains, were selected to carry out phylogenetic and taxonomic
analyses in comparison with UC7251 (Supplementary Table 2S).
Assembled genomes were downloaded from the NCBI in
September 2021 and were subsequently annotated using Prokka
(Seemann, 2014). Annotation results were then submitted to
pangenome and core genome analyses using Roary (Page et al.,
2015). The phylogenetic tree was constructed using RAxML-NG,
V1.0.0 (Kozlov et al., 2019), and iTOL was used to visualize
and organize the tree (Letunic and Bork, 2019). The genomes
were also submitted to digital DNA–DNA hybridization (dDDH)
using the genome-to-genome distance calculator (GGDC)
(Meier-Kolthoff et al., 2013). Average nucleotide identity (ANI)
analysis was performed using fastANI (Jain et al., 2018).

In silico investigation of UC7251 was performed using the
bioinformatics software platform Geneious Prime v. 10.1. The
Basic Local Alignment Tool (BLAST) from the NCBI was used to
investigate the presence and identity of different genetic markers
contributing AMR, VF, and MGE. The genome was interrogated
for the presence of AMR genes using the Comprehensive
Antibiotic Resistance Database (CARD) (Alcock et al., 2020)
and ResFinder (Bortolaia et al., 2020). Ampicillin resistance
was studied by evaluating the allelic variation in the strain of
interest, against the reference sequence for PBP5-S/R profiles.
Virulence markers were investigated according to the latest
guidelines of EFSA (EFSA et al., 2018) using manual annotation,
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TABLE 1 | Antimicrobial resistance genes and MIC values of strain UC7251, following the guidelines and cutoff values established by EFSA/EUCAST for the safety

assessment of E. faecium.

Antibiotic resistance UC7251 (µg/ml) EFSA Cut-off value (µg/ml) EUCAST (µg/ml) AMR gene

Ampicillin 64 2 4 pbp5-S1/R20

Vancomycin 1 4 4 -

Gentamycin 32 32 32 aac(6’)-Ii

Kanamycin >4,096 1,024 - aph(3’)-III

Streptomycin >1,024 128 128 aad6, aadE

Erythromycin >512 4 4 ermB, mrsC, sat4

Clindamycin >512 4 - ermB, InuB, IsaE

Tylosine >512 4 - ermB

Tetracycline 128 4 4 tetL, tetM

Chloramphenicol 8 16 32 -

VirulenceFinder (Joensen et al., 2014), and VFAnalyzer (Liu et al.,
2018).

HGT determinants were analyzed through
MobileElementFinder (Johansson et al., 2021) and IslandViewer
4 (Bertelli et al., 2017). In addition, integrative and conjugative
elements were predicted using ICEberg 2.0 (Liu et al., 2019),
which detects the signature sequences of the integrative modules
and conjugation modules based on the profile hidden Markov
models (profile HMMs). The origin of transfer site (oriT) was
determined with OriTFinder (Li et al., 2018). Last, the genome
was screened for the presence of sequences of phage origin with
Prophage Hunter (Song et al., 2019) and CRISPR-Cas sites using
CRISPR-CasFinder (Couvin et al., 2018).

RESULTS AND DISCUSSION

Isolation and Characterization of MDR E.

faecium UC7251 From RTE Food
In the framework of risk assessment of MDR in ready-to-eat
foods, UC7251 was isolated from a dry fermented sausage at a
count of 3 x 105 CFU g-1 and identified as Enterococcus faecium
by species-specific amplification of the ddl gene. This strain was
resistant to ampicillin, streptomycin, kanamycin, erythromycin,
clindamycin, tylosin, and tetracycline and presented an MIC
higher than the cutoff values defined by EUCAST and EFSA
(Table 1). PCR analyses, using a pool of primer pairs targeted
to the most common AMR genes found in enterococci
(Supplementary Table 1S), identified the genetic determinants
for these resistances. E. faeciumUC7251 was identified as a MDR
strain and harbored genes coding for aminoglycoside-modifying
enzymes, three genes for macrolide resistance and two genes
responsible for tetracycline resistance. Moreover, the sequence
of the amplicon targeted to penicillin-binding protein 5 (PBP5),
involved in β-lactams resistance, demonstrated that this strain
showed the pbp5-S1/R20 allelic profile, conferring resistance to
ampicillin (Galloway-Peña et al., 2011). E. faecium showed to
be intrinsically resistant to low levels of ampicillin through cell
wall synthesis protein complex PBP; pbp5 is part of this operon,
and sequence variations allow to differentiate the two groups of
E. faecium according to the allelic profile and expression levels

(Pietta et al., 2014). Within the context of a study focusing
on the detection of ampicillin-resistant E. faecium in ready-to-
eat fermented foods, a strain that presented resistance toward
ampicillin with a MIC value of 64µg/ml and carried the hybrid
allelic profile PBP5-S1/R20 is of concern for the consumers’
safety. It has been demonstrated that pbp5 may spread through
horizontal gene transfer and specifically that pbp5 of resistant
isolates was located on transferable chromosomal regions, which
suggested its dissemination to the environment (Morroni et al.,
2019).

Whole-Genome Sequence Analyses
UC7251 was submitted to genome sequencing following a hybrid
approach using long- and short-read sequencing technology
(GenBank assembly accession numbers for chromosome
CP084886.1, plasmid pUC7251_1 CP084887.1, plasmid
pUC7251_2 CP084888.1). The assembly of the genome of
UC7251 built a total of 3 contigs, predicted as a 2.6Mb
chromosome and two plasmids, pUC7251_1 and UC7251_2
(192 kb and 1.9 kb, respectively). The presence of the two
plasmids was also distinguished by total DNA extraction and
pulsed-field gel electrophoresis (PFGE) (data not shown). The
annotation of UC7251 resulted in 2662 coding sequences (CDS),
of which 27% are hypothetical proteins and 73% have known
functional assignments. It also contained genes coding for 18
rRNAs (six copies each of 23S rRNA, 16S rRNA, and 5s rRNA),
69 tRNAs, and 1 tmRNA. Compositional analysis resulted in
17 genomic islands (GIs), three active prophage sequences,
and several VF and AMR genes distributed throughout
the chromosome and plasmidome. Regarding mobile genetic
elements, twomobile regions were predicted on the chromosome
and one on pUC7251_1 (Supplementary Table 4S).

pUC7251_1 is a mobilizable megaplasmid as predicted by
Plascad. According to OriTfinder, the origin of replication is
39 bp long and showed homology with oriT_pUB110. There
are no predicted T4SS proteins and only one T4CP protein on
locus tag UC7251_02595. The relaxase MobM is found on locus
tag UC7251_02679. Mobilizable plasmids carry their own oriT
and relaxase gene but lack genes required for T4SS formation
and can therefore be transferred to cells that carry elements
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encoding a compatible T4SS (Guédon et al., 2017). This plasmid
showed homology with plasmids pF88_1 (identity 83%), p17-
318_1 (identity 83%), pE843-TC-299 (identity 82%), and pE843-
171 (identity 80%). The first three are VSE-MDRplasmids carried
by E. faecium strains of clade A2. These strains were isolated
from environmental (pF88_1) and human samples (p17-318_1
and pE843-TC-299). The fourth plasmid, pE843-171, is carried
by Enterococcus lactis E843, and it is characterized as VSE-MDR
(Shan et al., 2022). According to these results, pUC7251_1 holds
unique traits, and although the prevalence of VSE-MDR is high,
none of the results on BLAST showed VSE-MDR from food
origin. UC7251_2 harbors a single open reading frame that codes
for a rolling circle REP (rep14a). Small plasmids of such size
were also found in other E. faecium isolates, making it a common
genomic feature.

Phylogenomics and Population Structure
Show That Foodborne UC7251 Is
Neighboring HA Isolates
For phylogenomic evaluation, UC7251 was compared with
the other selected 74 E. faecium genomes (Figure 1). The
interrogation of the pangenome has been recently regarded as
a useful tool for species delimitation based on the identification
of lineage-specific gene sets (Moldovan and Gelfand, 2018).
Observing the distribution of core and accessory genomes of
our analysis, isolates of clade A1 and, to a smaller extent,
clade A2 have a high variability in their accessory genes. A
highly variable accessory genome is conferred by the fact that E.
faecium has an open pangenome and therefore a higher genomic
diversity (Lebreton et al., 2013). The adaptation of E. faecium
to specific environmental factors, such as antimicrobial pressure,
has increased the genomic diversity through horizontal gene
transfer, genome rearrangement, and gene loss (Bonacina et al.,
2017). Pangenome and core genome analyses uncovered an open
pangenome, with a core genome consisting of 9.5% and an
accessory genome of 90.5%. In this context, UC7251 contains
33 unique genes, mainly insertion sequences and hypothetical
proteins located on the chromosome and on pUC7251_1.
Transposases belonging to IS3, IS30, and IS256 families were
detected as unique on both pUC7251_1 and chromosome. On
the chromosome, we found unique gene arnB, which catalyzes
the conversion of UDP-4-keto-arabinose to UDP-4-amino-4-
deoxy-L-arabinose. The modified arabinose is attached to lipid
A and is required for resistance to polymyxin in Gram-negative
bacteria (Lee and Sousa, 2014).Moreover, unique genes epsM and
epsL coding for putative acetyltransferase and sugar transferase,
respectively, were detected. They are involved in the production
of the exopolysaccharide (EPS) component of the extracellular
matrix during biofilm formation (Agius et al., 2021). Gene cbh_2,
choloylglycine hydrolyse, catalyzes the de-conjugation of bile
acids (Chand et al., 2018). In Enterococcus, bile salt hydrolase
activity has a hypo-cholesterolemic effects on animal and human
hosts, conferring probiotic properties (Singhal et al., 2019).

Furthermore, all 75 genomes were subjected to dDDH and
ANI for genomic distance calculations. Although dDDH and
ANI have different computational methods and species threshold

values (70% for dDDH and 96% for ANI), they showed consistent
results, confirming the taxonomical identification of UC7251.
Digital DDH showed that values amongUC7251-clade A1 strains
varied from 82 to 91%, among UC7251-clade A2 strains 87-
100% and among UC7251-clade B/E. lactis strains 64-70%.
Similarly, ANI computation showed that UC7251 is closest to
clade A2 strains with values between 98 and 100%, whereas
comparison with genomes from the remaining two clades was
lower (UC7251-clade A1: 98% and UC7251-clade B/E. lactis:
94%) (Supplementary Table 2S).

The population structure and location of UC7251 were also
evaluated using MLST. The genome was submitted to PubMLST,
and it was assigned to ST673. The latter clusters together with
the clonal group of ST117, which is known to be a part of CC17
meroclone (Figure 1). Published data on PubMLST showed a
unique isolate harboring ST673, which contains a strain from a
non-hospitalized person collected in Spain in 2010. The MLST
global scheme shows that UC7251, as other isolates from animal
origin, belonged to hospital-associated clades (Gouliouris et al.,
2018). Thus, E. faecium from CC17 have been also previously
recovered from swine, poultry, and cow samples (Freitas et al.,
2011; Werner et al., 2012; Getachew et al., 2013). The use of
cgMLST, a clustering based on 1423 target genes of the core
genome, indicated that UC7251 belonged to the unique cluster
type CT745.

Subspeciation of E. faecium has been also studied considering
the defense mechanisms against HGT, such as CRISPR-Cas
systems and R-M systems (Koonin et al., 2017). CRISPR-
Cas systems constitute endogenous barriers to HGT, and as
a consequence, the presence of increased MGEs is associated
with the complete absence or partial sequences of CRISPR-Cas
systems (dos Santos et al., 2020). This has been observed in
UC7251, where no complete CRISPR-Cas systems were detected.
Differently, UC7251 carries, a type I R-M system with the allelic
variations typical of clade A1 isolates, polymorphisms that are
used for clade classification of E. faecium (Huo et al., 2019).

Antimicrobial Resistance Profile and
Mobilome
Several AMR genes were detected on both the chromosome
and pUC7251_1 (Table 2). The intrinsic determinant coding
for aminoglycoside 6

′

-acetyltransferase enzyme (aac(6
′

)-II),
typical of E. faecium species (Chow, 2000), was found on
the chromosome, together with the liaFSR operon, implicated
in cell membrane-targeting lipopeptide antibiotic daptomycin
(DAP) resistance. In previous studies, E. faecium isolates showed
susceptibility and resistant allelic profiles of DAP (DAP-S and
DAP-R, respectively) (Panesso et al., 2015); UC7251 harbors
the complete liaFSR system with the DAP-S allelic variation.
Interestingly, the occurrence of DAP resistance is inversely
related to increased susceptibility to β-lactams, consistent with
the ampicillin resistance in UC7251 (Diaz et al., 2014).

Genome sequencing and assembly following a hybrid
approach elucidated various details about UC7251 mobilome,
crucial to understand the AMR mechanisms in this food isolated
strain. A total of two mobile regions were predicted on the
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FIGURE 1 | Maximum likelihood phylogenetic tree constructed using the core genome alignment of the selected 75 genomes and respective MLST and clonal

complexes. E. faecium clade A1 strains are marked with red branches, clade A2 strains marked with blue, and clade B strains with green. Strain UC7251 (pointing

arrow and text in red) is grouped among clade A2 isolates and belongs to ST673 part of CC117.
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TABLE 2 | Conjugation of tetracycline resistance between E. faecium UC7251

and strains from other genera.

Donor Recipient strain Conjugation

frequency (T/D)

PCR confirmation

tetM tetL

E. faecium E. faecalis OG1rf 6.01E-03 + -

UC7251 L. innocua L7 5.68E-06 + -

L. monocytogenes

DSM 15675

8.38E-04 + -

S. aureus UC7180 3.78E-02 + -

L. rhamnosus UC8647 6.84E-05 + -

chromosome. Region 1 is classified as a putative integrative and
mobilizable element (IME) with an insertion site and attachment
sites and no detected origin of transfer (oriT). Proteins T2SSE,
T4CP, and VirB3 are also present within this region. T4CPs
are phylogenetically and structurally associated with FtsK and
SpoIIIE ATPases and the ability of translocating single-stranded
DNA. Furthermore, type IV secretion protein VirB3 is an inner
membrane protein and requires VirB4, VirB7, and VirB8 for
stabilization (Álvarez-Rodríguez et al., 2020). The IME contains
several carbohydrate metabolism genes, suggesting acquired
mechanisms for survival in environmental conditions. Region
2 is classified as an integrative and conjugative element (ICE),
including oriT, insertion, and attachments sites. Additionally,
it harbors T4SS machinery, integrase, relaxase, and putative
transposon Tn916. Tn916 is a well-described conjugative element
that mediates tetracycline resistance (tetM) gene exchange
principally among Gram-positive bacteria (Devirgiliis et al.,
2009). In the same molecule, we found several inactive (score
< 0.50), 2 ambiguous (score 0.5–0.79), and one putatively
active (score >0.80) prophage sequences, according to the
scores attributed by Prophage Hunter software. The active
prophage candidate showed the closest homology toHalocynthia
phage JM-2012 (identity of 78%). This phage is classified as
a “jumbo” bacteriophage from the Myoviridae family, initially
identified within marine Vibrio cyclitrophicus (Lavysh et al.,
2016). Limitations of the database of the phage prediction tool
may interfere with the estimation of the closest related phage.
Phages from the Myoviridae family have been already identified
in Enterococcus spp., making it a common feature within
enterococci (Duerkop et al., 2014). Furthermore, pUC7251_1
harbors a large ICE-like gene (91 kb), with a total of four
genomic islands (GIs) within (Figure 2). In detail, multiple
AMR genes are found within GI2, GI3, and GI4 converting
them in antibiotic resistance islands (ARI). ARI1 harbors against
aminoglycoside coded by genes aph(3’)-IIIa, satA, and ant(6’)-
Ia, found from UC7251_02667 to UC7251_02669. Interestingly,
the insertion sequence IS1216E is found flanking this region.
IS1216 is an enterococcal IS associated with resistance toward
aminoglycosides, tetracyclines, macrolides, and glycopeptides
in Gram-positive bacteria (Partridge et al., 2018). IS1216 has
been identified as a vector for inter-plasmid recombination and
dissemination of multi-drug elements in enterococci. Moreover,
it has been found that IS1216 is responsible for passing

vancomycin resistance with the help of transposon Tn1546 (Lin
et al., 2020). Erythromycin resistance coded by ermB is found
next to this region, and adjacently, the gene tetL is found next
to relaxase MobM and the origin of transfer. It was reported that
MobM has a dual role in autoregulation and initiation of transfer
of plasmids or integrative mobilizable elements to other MGE
members (Lorenzo-Díaz et al., 2018). Contiguous to this section,
linezolid resistance genes LnuB and IsaE are found flanked by
ISEfa5, which is typically found with a high copy number in E.
faecium strains. According to a previous study, it is suggested
that ISEfa5 may be contributing significantly to the genomic
flexibility of the species with evidence of frequent integration and
excision events (Bayjanov et al., 2019). Additional studies have
investigated that plasmids harboring linezolid resistance genes
acquired from other enterococcal plasmids through MGE are
associated with the MDR phenotype (Sadowy, 2018; Elghaieb
et al., 2020). Conjugation of these genes was also evidenced from
Enterococcus to Staphylococcus, elucidating their transmission
potential (Yan et al., 2021). ARI3 carries two genes coding for
aminoglycoside resistance ant1, apt_3, and ant(6)-Ia, flanked by
a putative recombinase and IS4 family transposase ISDha5. IS4
family transposases are typically found among important clinical
lineages in E. faecium (Mikalsen et al., 2015). The presence
of the complete operon for bacitracin resistance bcrABDR was
found inside ARI4 flanked by IS1485. This is congruent with
other studies suggesting the presence of this operon in swine
isolates as it is used for prophylaxis and therapy in food animals.
The plasmid co-location of this locus and other resistance gene
clusters might accelerate their dissemination (Wang et al., 2015).

Regarding prophage sequences, pUC7251_1 presented two
sequence fragments with high homology (score > 0.8) to known
prophage sequences, classified as active. These prophages show
a high identity with Staphylococcus phage SP beta-like and
Streptococcus phage phiJH1301-2 prophage sequences, genetic
elements that are common in clade A1 isolates (Lisotto et al.,
2021). The annotated genes for both prophage sequences code
mainly for transposases and integrases, as well as RelE/ParE
toxin/antitoxin systems. Additionally, three ambiguous and
four inactive prophage sequences were detected. Interestingly,
linezolid resistance genes IsaE, LnuB, and bacitracin resistance
operon bcrABDR were predicted to be within inactive prophage
sequences. Recent studies have elucidated the role of phages
in HGT of AMR genes as they are often carried in prophage
sequences and stably inherited in the host genome-carrying
antibiotic-resistant determinants (Kondo et al., 2021). Inactive
or defective phages, although categorized as non-functional,
still may carry out important activities and functions like
transposition and excision (Mitchell, 2014).

Copper resistance operon tcrYAZB was also found on an
inactive prophage sequence. The swine industry is well-known
for using copper as a feed additive. The presence of heavy
metal resistance genes is a matter of concern also because of
possible co-resistance with antibiotics (EFSA FEEDAP Panel,
2016; Ahmed and Baptiste, 2018). The genetic system of this
phenotypic resistance is coded by the tcrYAZB operon, which
enhances bacterial survival and plasmid maintenance against
high concentrations of this heavy metal (Rebelo et al., 2021).
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FIGURE 2 | (A) Map of plasmid pUC7251_1 harboring one large containing prophage sequences (mauve), an integrative and conjugative-like element (cyan), five

genomic islands (pink), insertion sequences (yellow), antibiotic resistance genes (red), metal resistance genes (orange), virulence factors (dark violet), replication

initiation systems (green), and toxin–antitoxin systems (light blue). (B) Details of the ICE-like region. The genetic elements are indicated with the color code mentioned

before.
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After genomic identification of copper resistance, we performed
a susceptibility test to determine theMIC value, which resulted in
16mM, a level typical of high copper resistance. The mobility of
this operonwas evidenced by flanking IS1216E and IS1251, which
are highly associated within vanA-type plasmids (Wongnak
et al., 2021). A study by Silveira et al. (2014) elucidated the
presence of copper resistance genes with co-occurrence of
antibiotic resistance genes. Other heavy metal resistance genes
were found in pUC7251_1. Zinc chloride, oxide, or sulfate
compounds are currently approved in the EU (up to 2500
ppm) and used as additives in piglet feed (Murphy et al.,
2017). Similar to copper, some regulatory genes and resistance
mechanisms of Cu with known links to antibiotic resistance are
also zinc-responsive (Poole, 2017). UC7251 has an MIC to Zn
of 16mM and harbors gene zosA, observed also in B. subtilis for
facilitating homeostasis to Zn (Argudín et al., 2019). Moreover,
resistance to Cd was also determined phenotypically at 2mM
and genotypically by identifying genes cadA, cadC, and cadD.
The cad operons are typically found in Staphylococci carried by
MGEs like plasmids and chromosomal cassettes and co-located
with antibiotic resistance genes. Specifically, cadAC is known
for conferring high resistance levels to Cd, and it has been also
reported to be present in other bacteria like Lactococcus lactis,
Streptococcus spp., and Listeria monocytogenes (Argudín et al.,
2019). Furthermore, resistance to Hg was conferred by two genes
merA and merR. In general, resistance to Hg, is given by a set
of genes clustered at the mer operon (merRTPADE) and highly
linked to AMR genes and MGEs (Argudín et al., 2019). The
lack of the complete operon is also confirmed by the low levels
of resistance determined by MIC testing, which was of 50µM.
Genes coding for resistance to Cu, Cd, Zn, and Hg carried
by plasmids has been already observed in the plasmidome of
other pig isolates (Wist et al., 2020).

Conjugation Experiments Suggest AMR
Gene Transfer by Insertion Sequences
The MDR profile of UC7251 endorsed further evaluation of
transmissibility of AMR genes, and we focused on tetracycline
resistance coded by two genes on Tn916 and pUC7251_1
and the plasmid encoded erythromycin resistance. This was
tested through conjugation experiments where gene exchange
was demonstrated at inter- and intra-generic levels (Table 2
and Supplementary Table 3S). Filter mating experiments
demonstrated that tetracycline resistance was transferred from
UC7251 to E. faecalis OG1rf, L. innocua L7, L. monocytogenes
DSM 15675, S. aureus UC7180, and L. rhamnosus UC8647,
with frequencies of transconjugants per donors varying from
6 x 10-3 to 5,7 x 10-6 CFU/ml. No gene transfer was observed
toward Gram-negative species. The transfer of the tetM gene
was confirmed by PCR assays, whereas tetL was absent in all
tetracycline-positive transconjugants. The transfer of the tetM
gene was found to be carried by chromosomal transposon Tn916
from E. faecalis. This operon was predicted in chromosomal
locus UC7251_02362-02376. The nucleotide identity between
the 18,032-bp sequence of Tn916 of UC7251 and E. faecalis
(Genbank Accession No. U09422.1) sequences was of 99.97%.

It has been discovered that the presence of subinhibitory
concentrations of specific classes of antibiotics can trigger the
mobility of Tn916 as it has a broad inducibility of antibiotic
resistance genes, implying that the dissemination of resistance
genes is not necessarily linked to their selective pressure (Scornec
et al., 2017).

No gene transfer for the genes coding for erythromycin
resistance was observed, consistently with the characteristics of
pUC7251_1, a mobilizable but non-conjugative plasmid lacking
the complete conjugation apparatus.

Virulence Markers in the UC7251 Genome
Show a Collection of Colonization
Facilitators
The complete assembly and annotation of UC7251 genome
allowed investigation of the presence of putative virulence
markers (Table 3). Adherence is an essential step in bacterial
pathogenesis, required for colonization and attachment,
and it is therefore considered a type of virulence marker.
When scrutinizing the genome of UC7251, several microbial
surface components, recognizing adhesive matrix molecules
(MSCRAMMs) including LPXTG family cell wall-anchored
surface proteins as well as fimbriae proteins such as pili, were
identified. It is important to denote the presence of genes acm
(cell wall-anchored collagen adhesin) and scm (second collagen
adhesin). These proteins enhance initial adherence in vivo and
interact with extracellular matrix components. Other genes
associated with adhesion, efaA (E. faecium surface protein) and
sagA (secreted antigen A), were detected. A novel class of cell
surface proteins coded by WxL operon, found in clade A E.
faecium isolates, with a functional role in virulence associated
with endocarditis pathogenesis and bile salt resistance, was
previously investigated (Galloway-Peña et al., 2015). The coding
genes swpA (small WxL protein A), swpB (small WxL protein
B), and swpC (small WxL protein C) were found in UC7251.
Additionally, malR, a maltose-binding transcriptional regulator
that increases biofilm production in the presence of this specific
carbohydrate, was detected. Pili associated proteins, previously
described as pilin gene clusters (PGC-1, PGC-2, PGC-3, PGC-4)
(Freitas et al., 2018) were identified. PGC-1 is composed of the
genes fms20 and fms21; both are present along with a sortase
A. This loci/operon is located between UC7251_02853 and
UC7251_02588 in pUC7251_1. In addition, PGC-3 was found
with 100% of nucleotide identity containing the endocarditis and
biofilm-associated pili genes ebpA, ebpB, and ebpC accompanied
by srtC (sortase) and flanked by IS1216E. This region is
encompassed from UC7251_02583 to UC7251_02589 in the
chromosome. The PGC-4 cluster is incomplete, lacking operon
fms11-19-16 and PGC-2-associated genes fms14-17-13. UC7251
does not express the capsular polysaccharide, presenting the
capsule operon polymorphism CPS type 1 (Hufnagel et al., 2004),
and does not harbor cytolysin (Top et al., 2008) and BoNT/En
toxin, a botulin-type toxin found in a single strain of E. faecium
(Zhang et al., 2018). E. faecium UC7251 lacks the putative HA
virulence markers as defined by EFSA (EFSA et al., 2018) and
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TABLE 3 | Distribution of virulence factors and AMR genes including antibiotic and heavy metal resistance genes in UC7251.

Molecule Mechanism of

resistance or virulence

Gene Locus tag or position Product

Chromosome Antibiotic AAC(6’)-Ia UC7251_02097 Aminoglycoside N(6’)-acetyltransferase (EC 2.3.1.82)

EfmM UC7251_02049 (rRNA) methyltransferase

liaFSR UC7251_01795-UC7251_01797 DAP

pbp5 UC7251_01265 Penicillin binding protein 5

tet(M) UC7251_02367 Tetracycline resistance

Heavy metals cadA_1 UC7251_00274 Cadmium-transporting ATPase

cadA_2 UC7251_00904 Cadmium, zinc and cobalt-transporting ATPase

copA_1 UC7251_00909 Putative copper-importing P-type ATPase A

copB_1 UC7251_00910 Copper-exporting P-type ATPase B

copY_1 UC7251_00907 Transcriptional repressor CopY

copZ_1 UC7251_00275 Copper chaperone CopZ

copZ_2 UC7251_00908 Copper chaperone CopZ

cutC UC7251_02237 Copper homeostasis protein CutC

czcD UC7251_01786 Cadmium, cobalt and zinc/H()-K() antiporter

fief UC7251_01380 Ferrous-iron efflux pump FieF

ftsH UC7251_02411 Cell division-associated, ATP-dependent zinc metalloprotease FtsH

ziaA UC7251_01739 Zinc-transporting ATPase

znuA UC7251_02450 High-affinity zinc uptake system binding-protein ZnuA

znuB UC7251_02448 High-affinity zinc uptake system membrane protein ZnuB

znuC UC7251_02449 High-affinity zinc uptake system ATP-binding protein ZnuC

zosA UC7251_01471 Zinc-transporting ATPase

zupT UC7251_00019 Zinc transporter ZupT

zur UC7251_00846 Zinc-specific metallo-regulatory protein

Virulence swpB UC7251_00118 Small WxL protein B

swpC UC7251_00593 Small WxL protein C

swpA UC7251_00718 Small WxL protein A

acm UC7251_02106 Cell-wall-anchored collagen adhesin, MSCRAMM

sagA UC7251_02425 Secreted antigen A

scm UC7251_02536 Second collagen adhesin, MSCRAMM

efaA UC7251_00462 Adhesion associated protein

BopD UC7251_00373 Maltose operon transcriptional repressor

cpsA/uppS UC7251_01047 Undecaprenyl diphosphate synthase uppS

cpsB/cdsA UC7251_01048 Phosphatidate cytidylyltransferase cdsA

fms3 UC7251_00358 Efm surface protein 3 orf371 (PGC-4)

fms12 UC7251_00496 Efm surface protein 12 orf1996 (PGC-4)

ebpA UC7251_00550 PGC-3: endocarditis- and bio- film-associated pili A (MSCRAMM)

epbB UC7251_00551 PGC-3: endocarditis- and bio- film-associated pili B (MSCRAMM)

ebpC UC7251_00552 PGC-3: endocarditis- and bio- film-associated pili C (MSCRAMM)

srtC UC7251_00553 Sortase C

fms6 UC7251_00720 Efm surface protein 6 LPXTG family cell surface proteinPGC-4)

fms7 UC7251_01220 Efm surface protein 7 orf2356 (PGC-4)

fms22 UC7251_01278 Efm surface protein 22 orf884 (PGC-4)

yidC UC7251_00884 Inner memebrane protein translocase and chaperone

pUC7251_1 Antibiotic ant(6)-Ia UC7251_02669 Aminoglycoside 6-adenylyltransferase

ant1 UC7251_02694 Streptomycin 3”-adenylyltransferase

ant(6)-Ia UC7251_02696 Aminoglycoside 6-nucleotidyltransferase

aph UC7251_02698 Aminoglycoside phosphotransferase family protein

Lnu(B) UC7251_02689 lincosamide nucleotidyltransferase

lsa(E) UC7251_02690 ABC-F type ribosomal protection protein Lsa(E)

tet(L) UC7251_02678 Tetracycline efflux MFS transporter Tet(L)

(Continued)
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TABLE 3 | Continued

Molecule Mechanism of

resistance or virulence

Gene Locus tag or position Product

satA UC7251_02668 Streptothricin acetyltransferase A

erm_1 UC7251_02671 rRNA adenine N-6-methyltransferase

erm_2 UC7251_02674 rRNA adenine N-6-methyltransferase

aad(6)-Ia UC7251_02684 Aminoglycoside 6-adenylyltransferase

Heavy metals copZ_3 UC7251_02781 Copper chaperone CopZ

cadA UC7251_02780 Cadmium, zinc and cobalt-transporting ATPase

cadC UC7251_02779 Cadmium, zinc and cobalt-transporting ATPase

cadD UC7251_02778 Cadmium, zinc and cobalt-transporting ATPase

copA_2 UC7251_02740 Copper-exporting P-type ATPase

copB_2 UC7251_02739 Copper-exporting P-type ATPase B

copY_2 UC7251_02742 Transcriptional repressor CopY

mco UC7251_02750 Multicopper oxidase mco

merA UC7251_02772 Mercuric reductase

merR1 UC7251_02771 Mercuric resistance operon regulatory protein

TcrZ UC7251_02740 Copper chaperone

zosA UC7251_02776 Zinc-transporting ATPase

Virulence lgt UC7251_02756,

UC7251_02782

Surface protein anchor

fms20 UC7251_02583-UC7251_02588 PGC-1: Surface protein 20

fms21 or

pilA

UC7251_02583-UC7251_02588 PGC-1: Surface protein 21

does not harbor the complete operons coding pili-associated
proteins, which is typical of clade A1 isolates.

CONCLUSION

The presence of multi-drug resistant strains in ready-to-eat
fermented food represents a risk of public health for the
spread of AMR determinants in the food chain and in the gut
microbiota of consumers. In silico bioinformatics evaluations
derived from genomic data permitted to accurately assess the
safety of UC7251, a strain of E. faecium clade A2 which does
not carry virulence factors typical of HA strains but presents the
co-location of several antimicrobial resistance genes with heavy
metal resistances on the mobilizable plasmid pUC7251_1 and
the conjugative transposon Tn916. This work emphasizes the
importance of a surveillance for the presence of AMR bacteria
in food, with particular attention to fermented RTE foods.
Moreover, the presence of MDR strains carrying mobile AMR
genetic elements incites the development of innovative strategies
for the mitigation of the risk related to antimicrobial resistance
diffusion in food.
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