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A B S T R A C T   

Enterococci comprise a group of lactic acid bacteria (LAB) with considerable potential to serve as food 
fermentation microorganisms. Unfortunately, enterococci have received a lot of negative attention, due to the 
occurrence of pathogenic and multidrug resistant strains. In this study, we used genomics to select safe candi
dates among the forty-four studied enterococcal isolates. The genomes of the forty-four strains were fully 
sequenced and assessed for presence of virulence and antibiotic resistance genes. Nineteen isolates belonging to 
the species Enterococcus lactis, Enterococcus faecium, Enterococcus durans, and Enterococcus thailandicus, were 
deemed safe from the genome analysis. The presence of secondary metabolite gene clusters for bacteriocins was 
assessed, and twelve candidates were found to secrete antimicrobial compounds effective against Listeria mon
ocytogenes isolated from cheese and Staphylococcus aureus. Physiological characterization revealed nineteen in
dustrial potentials; all strains grew well at 42 ◦C and acidified 1.5 hours faster than their mesophilic counterpart 
Lactococcus lactis, with which they share metabolism and flavor forming ability. We conclude that a large fraction 
of the examined enterococci were safe and could serve as excellent food fermentation microorganisms with 
inherent bioprotective abilities.   

1. Introduction 

Enterococcus is a diverse genus of lactic acid bacteria (LAB), mostly 
known for their association with the gastrointestinal (GI) tracts of ani
mals (Dubin and Pamer, 2017; Ghazisaeedi et al., 2022; Henning et al., 
2015; Holzapfel et al., 2018; Kommineni et al., 2015). Of the more than 
50 species currently identified (Ben Braïek and Smaoui, 2019; Dubin and 
Pamer, 2017), only two species are found in significant numbers in the 
gut, and these are Enterococcus faecalis and Enterococcus faecium, which 
together account for approximately 1% of the adult human microbiota 
(Dubin and Pamer, 2017; Holzapfel et al., 2018). Other niches occupied 
by enterococci include plants and soil (Ben Braïek and Smaoui, 2019; 
Ben Said et al., 2016; Valenzuela et al., 2010), which explains why they 
often end up in various foods (Bhardwaj et al., 2008; Vimont et al., 

2017). 
The enterococci that are found in the gut are ancient members of the 

GI tract consortia of invertebrates, insects, and mammals. Commensal 
enterococci, despite their success in highly competitive environments, 
have reduced genomes (2.7 Mb) and they possess auxotrophies for 
amino acids, vitamins, and other micronutrients (Gilmore et al., 2015). 
In this manner, they resemble LAB used in food fermentations, e.g., dairy 
lactococci which have adapted to the milk niche (Kelleher et al., 2017). 

Enterococci can be found in many fermented foods all over the 
world, where they play an important role as flavor formers, and 
contribute with lipolysis, proteolysis, citrate breakdown, and production 
of volatile compounds such as acetaldehyde, acetoin, diacetyl, and 
ethanol (Bhardwaj et al., 2008). Enterococci are robust in many ways; 
they are capable of growing at both low and high pH (4.4–9.6), tolerate 
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up to 6.5% NaCl, have a broad temperature tolerance (10–45 ◦C), and 
have an exceptional ability to survive a 30-minute exposure to 60 ◦C 
(Ben Braïek and Smaoui, 2019; Franz et al., 2003). Because of occur
rence of pathogenic and multidrug resistant strains and their involve
ment in horizontal gene transfer (Palmer et al., 2010), enterococci are 
not currently used as starter cultures in cheese production in Europe. 
However, some approved strains, the safety of which have been 
demonstrated, are used as probiotics for humans and animals (Popovic 
et al., 2018). In countries like Austria, Italy, and Switzerland, E. faecium 
SF68 is an approved medication that is used for treating and preventing 
diarrhea (Greuter et al., 2020). European food safety Association (EFSA) 
has approved SF68 as a ’gut flora stabilizer’ for various animal cate
gories (Holzapfel et al., 2018) and this strain has been authorized for use 
as a probiotic in pharmaceutical preparations and food supplements for 
humans and animals (Ghazisaeedi et al., 2022). SF68 has also been 
shown to be able to alleviate symptoms of intestinal inflammation in 
human clinical trials (Ghazisaeedi et al., 2022). 

In addition to their robustness, enterococci can also contribute to the 
product shelf life and food safety, as they secrete a wide range of anti
microbial peptides and proteins called bacteriocins, which for entero
cocci are mostly termed enterocins (Henning et al., 2015; Vandera et al., 
2017). Enterococci often secrete multiple enterocins, which potentiates 
their use as antimicrobial agents in food where they efficiently can 
interfere with the growth of various food-spoiling and pathogenic bac
teria such as Listeria monocytogenes (Henning et al., 2015; Vandera et al., 
2017), Salmonella spp., Shigella spp., Escherichia coli, Enterobacter spp., 
and Campylobacter spp. (Fugaban et al., 2021; S. Flint, 2002) 

As mentioned above, the genus Enterococcus contains some patho
genic culprits that have cast doubts on the safety of its members 
(Popovic et al., 2018). Enterococci have been implicated in various 
nosocomial infections, e.g., wound infections, endocarditis, and urinary 
tract infections (Mohamed and Huang, 2007), and are known for their 
ability to transfer antibiotic-resistance genes (Popovic et al., 2018). 
Members of two species, E. faecalis and E. faecium are most frequently 
involved in this. Antibiotic resistance and pathogenicity are more 
prevalent among E. faecalis than E. faecium and 80–90% of the patho
genic and antibiotic-resistant enterococcal isolates belong to E. faecalis 
(Popovic et al., 2018). Often E. faecalis strains are able to form biofilms 
(Stępień-Pyśniak et al., 2019), which contributes to their virulence 
(Holman et al., 2021; O’Driscoll and Crank, 2015; Stępień-Pyśniak et al., 
2019). Some isolates are resistant to vancomycin, a last-resort antibiotic 
(Chotinantakul et al., 2020; Kim et al., 2020), and thus today pose a 
challenge for hospitals and health care facilities around the world. 

It is imperative to differentiate between commensal and pathogenic 
enterococci and enterococci that are not typically associated with the 
gut environment. As mentioned above, commensal enterococci have 
smaller genomes, and have peacefully coexisted with animals, perhaps 
since they diverged from their common ancestor more than 425 million 
years ago (Lebreton et al., 2017). There is now strong evidence that 
antibiotic resistance in enterococci has arisen due to excessive use of 
antibiotics within the agriculture, e.g., drugs like avoparcin, commonly 
used as growth enhancers in pigs and poultry, have prompted vanco
mycin resistance in enterococci (Bager et al., 1997). It is also known that 
pathogenic strains do not spontaneously arise from non-pathogenic or 
commensal strains but are transferred between patients in hospital en
vironments (Lebreton et al., 2013) or from animals through contami
nated meat. Most pathogenic isolates have accumulated genes that 
enable them to pursue an infectious lifestyle, e.g., genes for metabolizing 
mucosal carbohydrates (Lebreton et al., 2013), genes encoding tissue 
degrading enzymes (Panthee et al., 2021; Thurlow et al., 2010) and 
sophisticated regulatory mechanisms governing the expression of these 
genes. As much as 20% of the genome of E. faecalis V583, one of the first 
vancomycin resistant clinical isolates, consists of acquired DNA (Gil
more et al., 2015). Carrying an arsenal of virulence genes is not without 
consequence, and pathogenic strains most likely cannot compete with 
commensal strains in the absence of selective pressure, due to the 

metabolic burden associated with being virulent (Gilmore et al., 2015). 
Pathogenic enterococci, like many other pathogenic microorganisms, 
becomes a challenge only when they are present in large numbers, and 
here their antibiotic resistance comes into play. When competing mi
croorganisms are wiped out due to administration of antibiotics, anti
biotic resistant enterococci increase in numbers rapidly, which activates 
the fsr quorum-sensing system, that controls expression of several 
virulence traits (Qin et al., 2001). Virulence factors in enterococci have 
been categorized into five different groups, which are “Adherence”, 
“Antiphagocytosis”, “Biofilm formation”, “Exoenzyme”, and “Exotoxin” 
(Jett et al., 1994). The ability to adhere to surfaces is not necessarily 
associated with virulence (Segers and Lebeer, 2014), but is an essential 
step in bacterial pathogenesis. In E. faecalis the endocarditis and biofilm 
associated pili (encoded by ebpABC) are directly associated with path
ogenesis (Nallapareddy et al., 2011). Bacteria and small particles can 
traverse the gut epithelium, and enter the bloodstream, but are usually 
caught by the immune system, e.g., phagocytized by macrophages and 
neutrophils. Having a polysaccharide capsule is one way to prevent or 
reduce phagocytosis, and enterococci that rely on this approach have 
been reported (Bottone et al., 1998). 

Complement and antibody-mediated killing is one of the most 
important mechanisms for of the human body to eliminate pathogens 
that have entered the bloodstream (Harvey et al., 1992). Some entero
cocci produce a secreted protease, GelE, that cleaves the complement 
protein C3, thereby reducing the efficiency of this important immune 
response (Yong Park et al., 2008). Therefore, before using them in food 
fermentations, it is important to carefully assess the safety of Entero
coccus strains. 

Currently, several molecular (PCR) and physiological-based methods 
are used for assessing safety (Cui et al., 2020; Medeiros et al., 2014; 
Özden Tuncer et al., 2013). A complication with these methods is that it 
is difficult to distinguish between strains using traditional taxonomic 
approaches (Panthee et al., 2021). Therefore, for effective surveillance, 
fast and accurate identification, typing and safety assessment of micro
organisms, next generation sequencing (NGS), has become a popular 
method that can provide detailed information about the isolates 
(Joensen et al., 2014). 

The aim of the present study was to investigate the prevalence of 
Enterococcus strains without virulence attributes among forty-four 
strains obtained from foods from a local supermarket in Denmark, 
from Ethiopian Injera sourdough, and from a fecal sample. For this 
purpose, we relied on NGS as a tool to find promising candidates which 
lack the genes associated with virulence and antibiotic resistance. This 
led to the identification of several strains that both appear safe and 
maintain key properties relevant for food fermentation. 

2. Materials and methods 

2.1. Bacterial strains and culture conditions 

In total, forty-four Enterococcus strains were isolated from Injera sour 
dough (Ethiopia), cheese, fruits and vegetables collected from a Danish 
supermarket, or a fecal sample derive from a healthy adult male. The 
strains were grown in M17 agar (Thermo Scientific™ Oxoid™) supple
mented with 1% glucose and 6.5% NaCl at 42 ◦C overnight. Strains were 
stored in M17 broth supplemented with 15% glycerol at − 80 ◦C. 

2.2. Hemolytic and gelatinase assay 

The Enterococcus isolates were grown on M17 agar (Thermo Scien
tific™ Oxoid™) at 37 ◦C, after which single colonies were streaked onto 
Columbia Blood Agar (Oxoid Limited, Hampshire, UK) containing 5% 
(v/v) defibrinated horse blood, after 48 h of incubation at 37 ◦C. He
molytic activity was observed as a clear yellow zone around the bacterial 
(Fugaban et al., 2021; Rebecca Buxton, 2016)). On the other hand, 
gelatinase activity assay were done by using cell culture estimated to 
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contain 105 cells/mL from its exponential phase grown in M17 broth 
(Thermo Scientific™ Oxoid™) at 37 ◦C, was inoculated into tubes 
containing 10 mL of BHI broth (beef heart (infusion from 250 g), 5 g/L, 
calf brains (infusion from 200 g), 12.5 g/L, disodium hydrogen phos
phate, 2.5 g/L, D(+)-glucose, 2 g/L, peptone, 10 g/L, sodium chloride, 
5 g/L) supplemented with 4% gelatin. The tubes were then incubated at 
37 ◦C for 24 hours before being cooled at 4 ◦C for 30 minutes. Cultures 
remaining liquid after refrigeration were considered to express gelati
nase (Fugaban et al., 2021). 

2.3. Antimicrobial susceptibility profiling 

The antimicrobial susceptibility testing (AST) was conducted using 
the recommended standards by EFSA (EFSA, 2012) for Enterococcus spp. 
The assay was carried out using the microbroth dilution technique with 
the antibiotics ampicillin, chloramphenicol, erythromycin, kanamycin, 
streptomycin, tetracycline, and vancomycin on cation-adjusted Muel
ler-Hinton broth supplemented with MRS (5.0 g/L). The assay was 
performed in a 96-well cell culture microtiter plate: ten dilutions 
(two-fold) for each antibiotic were used and controls were included as 
well. The inocula were adjusted to an absorbance A of 0.5 and distrib
uted accordingly to attain a final concentration of 105 CFU/mL. The 
microtiter plates were incubated at 35 ± 1 ◦C for 18 h. The MIC was 
recorded as the lowest concentration at which complete growth inhi
bition was observed. 

2.4. Biofilm formation assay 

All selected candidates were assessed for their biofilm formation 
capacity, using the 96-well microtiter plate. This was done by culturing 
bacterial isolates in Mueller-Hinton broth with 0.5% glucose and incu
bating them at 37 ◦C overnight. The cultures were then diluted in fresh 
Mueller-Hinton broth with 0.5% glucose and 200 µL of the diluted so
lution (absorbance A = 0.5, mid log phase) was added to the wells of a 
96-well microtiter plate and incubated for 48 h at 37 ◦C. Biofilms were 
fixed with 99% (v/v) methanol for 20 min (Dassanayake et al., 2020), 
dried at room temperature, and then stained with 0.1% crystal violate. 
The absorbance for each well was measured at 490 nm using a TECAN 
Infinite M200 pro plate reader. Enterococcus faecalis V583 was used as 
the biofilm producer control strain in this study. The results were 
determined by calculating the absorbance cut-off (ODc), which was 
defined as the average absorbance A (OD) of the negative control plus 
three standard deviations (SD) of the negative control (Fallah et al., 
2017; Hashem et al., 2017, Dassanayake et al., 2020). The biofilm for
mation ability was categorized as “non-biofilm formation” (OD ≤ ODc), 
“weak biofilm formation” (ODc < OD ≤ 2 ODc), “moderate biofilm 
formation” (2 ODc < OD ≤ 4 ODc) and “strong biofilm formation” (OD >
4 ODc) (Hashem et al., 2017). 

2.5. Bacteriocinogenic activity assay 

The antibacterial activity assay was done using the method described 
(Yamamoto et al., 2003). The Enterococci colonies were spotted on M17 
agar supplemented with 1% glucose and the plates were incubated at 37 
◦C. The bacterial strains used in the test were Micrococcus luteus ATCC 
10240, which was grown overnight in nutrient broth with 200 rpm at 30 
◦C, and S. aureus ATCC29213, L. monocytogenes 0107.0111, 
L. monocytogenes 0107.0489, and L. monocytogenes 0107.0243, which 
were grown overnight in BHI broth at 37 ◦C statically. After overnight 
incubation 7 mL of autoclaved nutrient agar (0.7% agar, pH 7.0) me
dium was cooled to 40 ◦C and inoculated with 1% of actively growing 
target pathogenic strains (absorbance A = 2.0) and then the plates were 
transferred to a 30 ◦C for Micrococcus luteus and at 37 ◦C for the rest test 
pathogenic strains in the incubator and kept there for 24 h. After incu
bation at respective temperature overnight, bacterial colonies forming 
growth inhibition zones indicated production of bacteriocin. The assay 

was performed in duplicate. 

2.6. Species identification using MALDI-TOF mass spectrometry 

All isolates were plated on M17 agar (Thermo Scientific™ Oxoid™) 
supplemented with 1% glucose prior to matrix-assisted laser desorption/ 
ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis 
and a single colony was used for identification (De Bruyne et al., 2011; 
Huguenin et al., 2023). A single colony was placed in triplicate onto a 
96-spot polished steel target plate (Bruker Daltonik, Germany), dried at 
room temperature. Then 1 µl 70% formic acid was placed on top of the 
bacterial smear, followed by 1 μl of HCCA matrix (10 mg/mL 
alpha-4-cyano-4-hydroxycinnamic acid (CHCA, Bruker Daltonik, Ger
many) in 50% acetonitrile and 2.5% trifluoroacetic acid) and allowed to 
dry. Spectra were acquired in the positive linear ion mode in the mass 
range of 2–20 kDa. MBT Compass HT version 5.0 software (Bruker 
Daltonik) was used to match spectra against a reference database 
(version 11). The obtained spectra were interpreted against the MBT 
Comopass® Library Revision H (2021), covering 3893 species/entries. 
The log score thresholds were considered identification criteria, a log 
score of 2.00–3.00 indicated high-confidence species identification, a 
log score of 1.70–1.99 indicated low-confidence species identification, 
while a score of 0–1.69 was considered unreliable identification. 

2.7. DNA extraction and sequencing 

Cells grown in GM17 broth were harvested (approx. 2×109 cells), by 
centrifugation (10 min, 5000xg). The pellet was resuspended in PBS and 
washed three times before the Genomic DNA was extracted using the 
DNeasy blood and tissue kit (Qiagen, Germany), following the manu
facturer’s instructions. The quality of the DNA was analyzed using a 
Nanodrop (Thermo Scientific, USA), its concentration determined using 
Qubit fluorometric quantification (Thermo Scientific, USA), and the 
fragment length analyzed using a 5300 Fragment Analyzer System 
(Agilent Technologies, USA). Whole-genome sequencing was carried out 
using the Nanopore GridION (Oxford Nanopore Technologies, United 
Kingdom) platform and the Illumina platform to obtain better coverage 
of the WGS. The genomic DNA libraries were prepared using Illumina 
Nextera DNA library prep according to the manufacturer’s protocol and 
sequenced using the Illumina MiSeq system, resulting in paired-end 
150 bp reads. To get longer reads, the MinION Nanopore (Oxford 
Nanopore Technologies, United Kingdom) platform was used, where 
DNA libraries were prepared using the rapid 96 barcoding kit following 
the manufacturer’s instructions and sequenced using the R9.4.1 flow 
cell. 

2.8. De novo hybrid assembly and annotation 

The Illumina raw reads were checked for their quality using fastp 
(V0.23.2) (S. Chen et al., 2018) with default settings. Adapter trimming 
of long reads was performed using Filtlong and the read quality was 
checked with Nanoplot V1.41.0 (De Coster, 2018). The hybrid de novo 
assembly of the genome was done using the Illumina and Nanopore 
reads using Unicycler v0.5.0 (Wick et al., 2017) with default settings. 
Quast; v.5.2.0 ((Gurevich et al., 2013; Mikheenko et al., 2018) with 
default setting was used to check the assembly quality of all assembled 
genomes and the reports were summarized using MultiQC V1.11 (Ewels 
et al., 2016). The de novo assembled genomes were annotated using 
Prokka (Prokaryotic genome annotation) (Galaxy Version 
1.14.6+galaxy1) (Cuccuru et al., 2014; Seemann, 2014). Then the 
completeness and contamination of genome bins were assessed using 
lineage-specific marker sets using checkM V1.2.0 (Parks et al., 2015) 
which checks the quality of genome sequences of isolates, single cells, or 
genome bins from metagenome assemblies through comparison to an 
existing database of genomes included in the checkM tool. 
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2.9. Genome-based species identification 

To identify the closest related species from the database, PubMLST 
(Jolley et al., 2018) was used to initially identify the de novo assembled 
genomes of the enterococci isolates based on the Ribosomal Multilocus 
Sequence Typing (rMLST) tool. Genomic similarity was identified 
through the Average Nucleotide Identity (ANI) by an alignment-free 
approach using fastANI tool (Jain et al., 2018) compared to assem
blies of the Enterococcus type strains downloaded from NCBI and 
genome-to-genome distance were calculated by in silico DNA–DNA hy
bridization (GGDC) against Enterococcus type strains. 

The genome of the 46 representative type strains of genus Entero
coccus downloaded from NCBI and the forty-four de novo assembled 
genomes sequenced in this study was determined. For normalization 
purposes, all genomes were annotated with Prokka (Galaxy v1.14.6). 
The core genome was determined using Roary (Galaxy V3.13.0) (Page 
et al., 2015) using default settings. The pangenome phylogeny tree was 
produced using the Newick output file of Roary analysis, and the tree 
was visualized and edited using iTOL V6 and MEGA v7.0.26. 

2.10. Comparative analysis 

Whole genome-based identification of Enterococcus isolates and 
screening for the presence of virulence genes, antibiotic resistance 
genes, and useful secondary metabolites like enterocins was performed. 
Draft genome sequences of the forty-four Enterococcus spp. were inves
tigated for the presence of putative virulence genes and antibiotic 
resistance genes (ARGs), mobile genetic elements (MGEs), and second
ary metabolite biosynthetic gene clusters. 

ABRicate Mass screening of contigs for antimicrobial and virulence 
genes (Galaxy Version 1.0.1) (Seemann, 2016) was used to screen for the 
presence of virulence genes (Table 1) and antibiotic resistance genes, 
using the Virulence Factors Database (VFDB) (L. Chen et al., 2016; Liu 
et al., 2022) and Comprehensive Antibiotic Resistance Database (CARD) 
(Jia et al., 2017), respectively. Virulence Finder 2.0 (Maria et al., 2020) 
and ResFinder 4.1 (Bortolaia et al., 2020; Clausen et al., 2018; Zankari 
et al., 2017) services found in Center for Genomic Epidemiology 
(Technical University of Denmark) were also used to screen for virulence 
genes and antibiotic resistance genes, respectively. Identification of 
mobile genetic elements was done using MobileElements Finder V1.0.3 
(Johansson et al., 2021). 

Since many isolates from this study contained more than one contig, 
the presence of circular plasmids was suspected. To detect plasmids, the 
assemblies were screened using ABricate (Galaxy v.1.0.1) (Seemann, 
2016) and PlasmidFinder 2.1 (Carattoli et al., 2014; Clausen et al., 2018) 
with the threshold for minimum percent of identity and 60% minimum 
percent of coverage as it has indicated in the default setting. 

2.11. Secondary metabolite gene cluster analysis 

The genome-wide identification, annotation, and analysis of sec
ondary metabolite biosynthesis gene clusters (BGCs) were identified and 
analyzed using secondary metabolite biosynthetic gene clusters using 
the Antibiotics and Secondary Metabolite Analysis Shell (antiSMASH, 
V6.1.1) (Beukers et al., 2017; H. Zhang et al., 2022) and BAGEL4 (Van 
Heel et al., 2018). 

2.12. Carbohydrate metabolism profiling 

The carbohydrate utilization profile of the Enterococcus isolates was 
determined using an analytical profile index (API). The API 50 CH and 
API 50 CHL medium from bioMérieux were used for this purpose, ac
cording to the instructions provided by Neamtu et al., (Neamtu et al., 
2014). The isolates were inoculated to an absorbance A = 0.5 and mixed 
with the API50 CHL medium. The cupules of the API strips were covered 
with mineral oil and incubated at 42ºC for 48 hours. After 48 hours of 

Table 1 
Overview of enterococcal virulence factors arranged by category and function.  

Virulence 
factors 

Gene Code Function Reference 

Adherence    
Adhesion to 

collagen of 
E. faecalis 

ace Plays a key role in 
the adherence and 
colonization process 

Liu et al., (2022);  
Ch’ng et al., 
(2019); Popovic 
et al., (2018) 

adhesion to 
collagen from 
E. faecium 

acm Surface protein 
expressed due to 
pheromone 
induction, which 
plays an important 
role in adherence 
and colonization to 
host tissues 

Oli et al., 2022 

Aggregation 
substance 

prgB/asc10 Liu et al., (2022);  
Ch’ng et al., 
(2019); 

EF0149, EF0485 Liu et al., (2022) 
asa1 Chotinantakul 

et al., (2020) 
Endocarditis- 

and biofilm- 
associated 
pilus 

ebpA, ebpB, ebpC Important for 
biofilm formation, 
initial attachment, 
and IE 

Chotinantakul 
et al., (2020);  
Mohamed and 
Huang, (2007);  
Liu et al., (2022) 

ebpR Transcriptional 
regulator of ebpABC 

Mohamed and 
Huang, (2007) 

srtC Encodes sortase C, 
an enzyme that 
anchors surface 
proteins to the cell 
wall 

Thomas et al., 
2009; Mohamed 
and Huang, 
(2007) 

E. faecium 
collagen- 
binding 
protein A 

ecbA/fss3 Involved in biofilm 
development 

Ch’ng et al., 
(2019); Liu et al., 
(2022) 

E. faecalis 
endocarditis- 
associated 
antigen A 

efaA Involved in adhesion Ch’ng et al., 
(2019); Liu et al., 
(2022) 

Enterococcal 
surface 
protein 

esp Promotes primary 
attachment and 
biofilm formation 

Ch’ng et al., 
(2019); Nielsen 
et al., (2012);  
Popovic et al., 
(2018) 

Second collagen 
adhesin of 
E. faecium 

scm Involved in biofilm 
development 

Liu et al., (2022) 

Serine 
glutamate 
repeat A 

sgrA Involved in biofilm 
development 

Ch’ng et al., 
(2019); Liu et al., 
(2022) 

Exotoxin    
Cytolysin cylR2, cylL-l, cylL- 

s, cylM 
A secreted toxin 
expressed in 
response to 
pheromones, 
causing blood 
hemolysis 

Fallah et al., 2017; 
Fiore et al., 2019;  
Liu et al., (2022) 

Exoenzyme    
Gelatinase gelE Secreted Zn- 

metalloprotease that 
can damage host 
tissues, promotes the 
aggregation of cells 
in microcolonies of 
initial step of biofilm 
formation. 
Expression of gelE is 
induced at a high 
cell density by the 
fsr quorum-sensing 
system. 

Popovic et al., 
(2018); Thomas 
et al., 2008 

Hyaluronidase EF0818, EF3023 Damages host 
tissues and causes 
inflammation 

Oli et al., 2022;  
Liu et al., (2022) 

SprE sprE Hydrolyzes casein, 
quorum sensing and 
autolysis (release of 
eDNA) 

Popovic et al., 
(2018); Oli et al., 
2022; 

(continued on next page) 
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incubation, the color of the media changed from purple to yellow, except 
for the tube containing the substrate esculin turns to and black indi
cating acid production which in turn confirms the strain could utilize the 
target sugar. 

3. Results and discussion 

3.1. Isolation and preliminary identification using MALDI-TOF 

Enterococcus isolates were isolated from cheeses, fruits, plant tubers, 
and vegetables from local supermarkets in Denmark, Injera sourdough 
collected from Ethiopia and from a fecal sample from a healthy subject. 
Enterococci normally grows well at high temperatures (42 ◦C) and 
tolerate relatively high salt concentrations, and for this reason, the rich 
M17 broth supplemented with 6.5% NaCl and 2% glucose was used as a 
“selective” medium. We also included the pH indicator bromocresol 
purple in the medium to allow for easy detection of lactic acid-producing 
microorganisms, which form yellow colonies on this medium. More than 
100 candidates were found, which were catalase-negative, and these 
were further identified using MALDI-TOF. A total of forty-four isolates 
were identified as Enterococci: Enterococcus faecium (20 isolates), 
Enterococcus faecalis (4 isolates), Enterococcus durans (8 isolates), 
Enterococcus casseliflavus (9 isolates) and Enterococcus thailandicus (3 
isolates) (Supplementary Table s1). Further, all isolates were whole 
genome sequenced to identify the presence or absence of virulence 
genes, antibiotic resistance genes, and bacteriocin biosynthesis clusters. 

Table 1 (continued ) 

Virulence 
factors 

Gene Code Function Reference 

Immune 
modulation    

Capsule cpsABCDEFGHIK,  Liu et al., (2022);  
Thurlow et al., 
2009 

Biofilm    
BopD bopD Biofilm on plastic 

surface/a putative 
sugar-binding 
transcriptional 
regulator 

Liu et al., (2022);  
Oli et al., 2022 

Fecal 
streptococci 
regulator 
locus genes 

fsrA, fsrB, fsrC Regulates matrix 
remodeling by 
upregulating several 
biofilm-associated 
genes and operons 
(including bopABCD, 
ebpABC, gelE and 
sprE) 

Oli et al., 2022;  
Liu et al., (2022)  

Table 2 
General characteristics of the hybrid assembly sequence, GenBank accession numbers are provided.  

Sample ID PubMLST Typing Number of contigs Genome size (Mb) GC% CDS rRNA tRNA GenBank accession number 

BT0126 E. faecium 13 2.8 38.0 2757 15 67 SAMN35878025 
BT0194 E. faecium 11 2.7 38.0 2623 14 64 SAMN35878026 
BT0142 E. lactis 6 2.8 38.3 2667 18 68 SAMN35878027 
BT0143 E. lactis 9 2.8 38.2 2797 18 68 SAMN35878028 
BT0144 E. lactis 3 2.8 38.2 2699 18 68 SAMN35878029 
BT0148 E. lactis 3 2.8 38.2 2699 18 68 SAMN35878030 
BT0167 E. lactis 17 3.6 37.5 3471 22 101 SAMN35878031 
BT0167_2 E. lactis 28 3.7 37.6 3535 21 95 SAMN35878032 
BT0168 E. lactis 6 2.9 38.1 2776 18 70 SAMN35878033 
BT0169 E. lactis 60 3.0 38.3 2897 15 79 SAMN35878034 
BT0170 E. lactis 5 2.9 38.1 2778 18 70 SAMN35878035 
BT0171 E. lactis 4 2.9 38.1 2778 18 70 SAMN35878036 
BT0172 E. lactis 6 2.9 38.1 2777 18 70 SAMN35878037 
BT0173_2 E. lactis 6 2.9 38.1 2777 18 70 SAMN35878038 
BT0174_2 E. lactis 19 2.9 38.1 2770 15 55 SAMN35878039 
BT0175 E. lactis 3 2.7 38.4 2552 18 68 SAMN35878040 
BT0176 E. lactis 3 2.7 38.4 2551 18 68 SAMN35878041 
BT0177 E. lactis 3 2.7 38.4 2548 18 68 SAMN35878042 
BT0197 E. lactis 4 2.7 38.2 2699 18 68 SAMN35878043 
CS4674 E. lactis 3 2.8 38.2 2700 18 68 SAMN35878044 
BT0127 E. faecalis 49 2.9 37.5 2838 3 50 JATAAU000000000 
BT0220 E. faecalis 36 2.9 37.2 2838 3 45 JATAAT000000000 
CS4479 E. faecalis 14 3.0 37.2 2992 12 65 JATAAS000000000 
CS4672 E. faecalis 6 2.9 37.6 2743 12 59 JATAAR000000000 
BT0139 E. durans 1 3.0 38.0 2681 18 66 SAMN35878045 
BT0140 E. durans 1 2.9 38.0 2646 18 67 SAMN35878046 
BT0141 E. durans 1 3.0 38.0 2669 18 66 SAMN35878047 
BT0145 E. durans 1 3.0 38.0 2671 18 66 SAMN35878048 
BT0146 E. durans 1 3.0 38.0 2681 18 66 SAMN35878049 
BT0150 E. durans 1 3.1 37.9 2862 18 67 SAMN35878050 
BT0152 E. durans 31 3.0 38.0 2702 23 69 SAMN35878051 
BT0155 E. durans 5 3.0 38.0 2665 18 66 SAMN35878052 
BT0165 E. casseliflavus 12 3.9 42.3 3635 15 63 SAMN35878053 
BT0166 E. casseliflavus 34 4.1 42.3 3787 7 26 SAMN35878054 
BT0173 E. casseliflavus 3 3.6 42.8 3332 15 60 SAMN35878055 
BT0174 E. casseliflavus 41 3.9 42.2 3649 9 58 SAMN35878056 
BT0178 E. casseliflavus 7 3.5 42.3 3397 15 61 SAMN35878057 
BT0180 E. casseliflavus 4 3.5 42.3 3326 15 61 SAMN35878058 
BT0181 E. casseliflavus 8 3.5 42.3 3324 15 61 SAMN35878059 
BT0221 E. casseliflavus 2 3.7 42.4 3477 15 60 SAMN35878060 
BT0222 E. casseliflavus 10 3.7 42.4 3479 16 60 SAMN35878061 
CS4675 E. thailandicus 8 2.9 36.8 2736 18 66 SAMN35878062 
CS4676 E. thailandicus 15 2.8 36.8 2649 19 65 SAMN35878063 
CS4677 E. thailandicus 31 3.1 36.7 2946 18 86 SAMN35878064  
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3.2. Genome sequencing and preliminary analysis 

The genomes of all forty-four Enterococcus isolates were sequenced 
and their genome size ranged from 2.7 to 4.1 Mbp. During the assembly 
process, the N50bp of the genome ranged from 247683 to 3632905. The 
average content of structural genes, rRNAs, and tRNAs were 2914, 16.2, 
and 66 respectively. The GC content for the isolates ranged from 36.7% 
to 42%. The range of coding sequences was between 2548 and 3649. The 
Enterococcus species had 3–23 rRNA and 45–101 tRNAs in their genome. 
In general, E. casseliflavous strains have a relatively larger genome size 
than that of the other Enterococcus species, ranging from 3.5 to 4.1Mbp, 
and this is also what we found here. The GC content of the genomes 
ranged from 36.7% to 42%, which also agrees with previous findings 
(Zhong et al., 2017). A detailed overview of each genome sequence is 
presented in Table 2. 

3.3. Whole genome sequence-based strain typing 

Whole genome sequence-based strain typing is a powerful tool in the 
field of microbiology and epidemiology. It is a genomic approach used to 
characterize and differentiate bacterial strains at the molecular level. 
This method utilizes the entire genetic information of an organism for 
efficient strain typing. Using the genome sequences of Enterococcus 
isolates obtained, we typed the strains and evaluated the similarity with 
genome sequenced type strains. The closest match of all forty-four iso
lates were identified as Enterococcus faecium (2), Enterococcus lactis (12), 
Enterococcus durans (8), Enterococcus casseliflavus (9), Enterococcus thai
landicus (3) and Enterococcus faecalis (4) using PubMLST based on Ri
bosomal Multilocus Sequence Typing (rMLST) tool. The results of the 
MALDI-TOF identification were consistent with the genome-based 
typing, apart from Enterococcus faecium, which was identified as 

Enterococcus lactis. However, the two species were identical when 
examined by MALDI-TOF. (Supplementary Table s1). To ensure accu
racy and suitability for whole-genome analyses and gain better insight 
into the relatedness and diversity of microbial genomes, both FastANI 
and digital DNA–DNA hybridization (dDDH) methods were utilized. 
Once established, genomic similarity analyses were carried out on the 
assemblies using these methods and presented in Supplementary 
Table s1. 

Average nucleotide identity (ANI) values were determined for all 
genomes, where an ANI above 95% was found for all genomes (Sup
plementary Table s1), except for two E. casseliflavus isolates BT0165 and 
BT0222, where a value of 95% and 94.9% and dDDH values of 66.3% 
and 67.9 were obtained, respectively. Thus, these isolates were expected 
to be new species closely related to E. casseliflavus (Svetlicic et al., 2023). 

The pangenome based phylogenetic tree was constructed using the 
binary presence and absence of accessory genes. The binary presence 
and absence of accessory genes was processed using the Roary pan
genome pipeline on Galaxy using gff files form the Prokka annotation 
output files. The newick formate files of Roary output were used to edit 
the phylogenetic tree in iTol. E. durans isolates were clustered in two 
sub-clades, where all the isolates of E. durans isolated in this study were 
found in the same sub-clade in the phylogenetic tree. Additionally, 
E. durans BT0139 and E. durans BT0146 were found to be closely related 
species, even though they were isolated from different samples origi
nating from different countries (Fig. 1). The pangenome-based phylo
genetic tree also revealed that the three E. thailandicus CS4675, CS4676, 
and CS4677 clustered together. 

3.4. Identifying virulence and antibiotic resistance genes 

As mentioned above, Enterococcus as a genus has received a lot of 

Fig. 1. Pangenome-based phylogenetic tree constructed for all 44 isolates and 46 strains retrieved from NCBI database with the font color in black. The genomes of 
the enterococci isolates were colored red with their prospective sample source. 
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negative attention due to the occurrence of pathogenic strains and 
strains able to transmit antibiotic-resistance genes (Fang, 2020; Valledor 
et al., 2022). The pathogenic enterococci are known to carry specific 
virulence genes that encode virulence factors (Panthee et al., 2021). 
However, isolates from the Enterococcus genus are not the only bacteria 
found in food products harboring virulence genes. Pathogenic strepto
cocci, e.g., Streptococcus infantarius strains isolated from goat milk have 
been shown to harbor gelE, esp, efaA, ace, VanB and epfSTR (dos Santos 
et al., 2020). It has been reported by Aguirre and Collins (1993) that 
several lactic acid bacteria have been linked to human infections. Ac
cording to the literature, Leuconostoc sp. are typically responsible for 
generalized infections in adults, such as bacteremia, but have also been 
known to cause meningitis in children. Some lactobacilli species have 
been associated with localized infections and endocarditis. Various 
Leuconostoc sp., Lactobacillus sp., Lactobacillus confuses, Lactobacillus 
rhamnosus, Lactobacillus acidophilus, and Pediococcus acidilactici have 
been linked to bacteremia, septic wounds, meningitis, pneumonia, and 
empyema (Aguirre and Collins, 1993). 

In Table 1 we provide a detailed overview of virulence factors 
identified in enterococci, most of which, for obvious reasons, are un
wanted in food microorganisms. As mentioned earlier (Table 1), viru
lence factors can be grouped into five different categories: “Adherence”, 
“Exotoxin”, “Exoenzymes”, “Immune modulation”, and “Biofilm for
mation” (L. Chen et al., 2016). Our genome-wide analysis revealed the 
presence of a total of 38 virulence genes (> 80% identity) in the ge
nomes of the isolates (Full list can be found in Supplementary Table s2), 
of which most were in the category “Adherence” (Fig. 2). Certain viru
lence factors, including cytolysin, gelatinase, and proteins required for 
biofilm formation, are importantly associated with pathogenesis 

(Panthee et al., 2021). Hemolysis, or cytolysis, since not only blood cells 
can be affected, is regarded as the most critical virulence trait in 
Enterococcus, and to express this activity the genes cylM, cylB, and cylA 
need to be present (Day et al., 2003; Kayser, 2003). The genome of the 
isolates characterized in this study mostly lacked virulence genes except 
one of E. faecalis isolates that contains full set of cytolysin genes (cylI, 
cylR1, cylR2, cylL-1, cylL-S, and cylM). Cytolysin activity was assessed for 
all isolates, and with the exception of Enterococcus faecalis CS4479, all 
were negative (Fig. 2). 

Another virulence factor is the enterococcal exoenzyme, called 
gelatinase (GelE), an extracellular zinc-metalloprotease that is directly 
involved in tissue damage during invasive infections and which can 
interfere with the complement system, which is an important immune 
response (Panthee et al., 2021; Thurlow et al., 2010). Furthermore, 
gelatinase has been shown to be involved in E. faecalis translocation, i.e., 
their passage from the gastrointestinal tract to extraintestinal sites, such 
as the mesenteric lymph node complex (MLN), liver, spleen, kidney, and 
bloodstream (Zeng et al., 2005). Except for the E. faecalis strains all 
Enterococcus isolates lacked the gelE gene. Two of the E. faecalis isolates 
were gut derived, whereas the two other strains originated from cheese 
and cabbage. Physiological characterization demonstrated that the gene 
was functionally expressed in three of the E. faecalis strains: BT0220, 
CS4479, and CS4672 (Fig. 2). 

Virulence of Enterococcus species is greatly affected by their ability to 
form biofilms (Ali et al., 2020; Ch’ng et al., 2019). Different genes are 
involved at different stages of biofilm formation (Hall-Stoodley et al., 
2004; Ran et al., 2015). Factors such as aggregation substance (agg), the 
endocarditis-associated antigen A (efaA), collagen adhesin of E. faecalis 
(ace), enterococcus surface protein (esp) (Ch’ng et al., 2019; Kafil and 

Fig. 2. The whole-genome phylogenetic tree was constructed based on the pangenome of all forty-four isolates’ antimicrobial resistance and virulence-associated 
genes identified using ABRicate Mass screening of contigs for antimicrobial and virulence genes, using the CARD and VFDB respectively. The shape filled with 
distinct colors indicates presence and the shape without a color filled indicates absence. SF68 is the E. faecium strain EFSA approved as probiotic and V583 is 
E. faecalis which is known as a pathogenic strain. Ami = aminoglycosides, Trim = trimethoprim, Phen = phenicol, MLS = macrolide–lincosamide –streptogramin B, 
Tet = tetracycline, and Glyc = Glycopeptide. 
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Mobarez, 2015; Nallapareddy et al., 2011; Nielsen et al., 2012) either 
are needed for, or can promote biofilm formation (Chotinantakul et al., 
2020). The E. faecalis quorum-sensing regulatory systems locus (fsr) is 
responsible for sensing the cell density and regulating virulence (L. Ali 
et al., 2017; Qin et al., 2000). The fsr gene also regulates the production 
of gelatinase and a serine protease (Qin et al., 2000). Madsen et al., 
(2017) found that the EbpA-srtC gene cluster and the Biofilm-Associated 
Pili (Ebp) of E. faecalis both play important roles in endocarditis (Madsen 
et al., 2017). In this study the E. faecalis species were the only ones to 
contain genes needed for biofilm formation and clustered together with 
the virulent E. faecalis strain V583 in the phylogenetic tree developed 
using the pangenome (Fig. 1). All E. faecalis carried biofilm related genes 
bopD and three fsr genes (fsrABC). Besides those species, none of the 
examined species harbored virulence genes related to biofilm, nor fsr 
genes. All isolates were analyzed further for their capacity to produce 
biofilm, which only three E. faecalis BT0220, CS4479, and CS4672 and 
one E. faecium BT0126 were capable of (Fig. 2). 

E. faecium SF68 is a safe strain that has been approved by authorities 
to be used as a probiotic. SF68 contains three genes related to adhesion 
(acm and sgrA), and all of these can be found in the genomes of our 
E. faecium and E. lactis isolates. The E. casseliflavus and E. durans isolates 
did not carry any virulence genes. The only exception was E. durans 
BT0150 which carried one adherence related gene, which is not 
considered to be a virulence determinant in E. faecium (Arias and Mur
ray, 2012; Özden Tuncer et al., 2013), is not involved in collagen 
adherence and biofilm formation (Kopit et al., 2014), and is found in 
many Enterococcus strains of food origin (Domingos-Lopes et al., 2017; 
Franz et al., 2003) as well as in commercial Enterococcus probiotics (P. Li 
et al., 2017). Adherence genes are commonly found in different food 
grade and probiotic strains such as L. delbrueckii ssp. bulgaricus and 
S. thermophilus (Guan et al., 2021; Wang et al., 2021; Xu et al., 2023). 

Another gene in the “Adherence” group, ecbA, was found in the ge
nomes of the E. thailandicus isolates, one E. durans BT0150 isolate and 
one E. faecium BT0126 isolate. The ecbA gene is believed to be involved 
in biofilm development, however, in general, only few adherence genes 
have been shown to be involved in biofilm-associated infections in vivo 
and these are atlA, ebpABC, and esp (Ch’ng et al., 2019). 

EFSA provides clear guidelines as to the safety of Enterococcus species 
for use in animal nutrition: they must not harbor one of the genetic el
ements IS16, hylEfm, and esp (EFSA, 2012). IS16 is an insertion sequence 
that is involved in ampicillin resistance, as well as a novel identifier for 
the emerging multi-drug resistant strains of E. faecium (Fugaban et al., 
2021). The transfer of virulence factors could greatly facilitate the 
spreading potential in the nosocomial clinical enterococci species due to 
the presence of IS16 (Ghattargi et al., 2018; Werner et al., 2011). hylEfm 
encodes hyaluronidase activity, a known virulence factor in pathogenic 
bacteria such as Streptococcus pyogenes, Staphylococcus aureus and 
Streptococcus pneumoniae (Rice et al., 2003). On the other hand, the 
presence of the esp gene is associated with an increased ability to form 
biofilms (Tendolkar et al., 2005). In this study, no exotoxin, immune 
modulation, or biofilm formation related genes were present in the ge
nomes of all E. faecium, E. lactis, E. durans, E. casseliflavus, and 
E. thailandicus. Furthermore, all isolates lacked IS16 mobile genetic el
ements and hylEfm. 

Enterococcus spp., like many other LAB, are often resistant to 
different antibiotics. Special attention has been given to vancomycin 
resistance, as many Enterococcus isolates have been reported to be 
resistant to vancomycin (Zhong et al., 2017). 

In the isolates studied, genes involved in resistance to aminoglyco
sides, were found in 35% of the isolates, mostly the E. faecium, E. lactis E. 
durans species. Many of the antibiotic resistance genes (ARGs) found in 
some of the strains provide resistance to aminoglycoside and MLS 
(macrolide–lincosamide –streptogramin B) antibiotics (Fig. 2). Most 
E. lactis genomes carried genes encoding resistance to aminoglycosides, 
erythromycin, macrolide, and streptogramin B. 

All E. durans strains contained only one resistance gene which 

provided resistance to aminoglycosides, where E. faecalis carried 
chloramphenicol, trimethoprim, and MLS resistance genes. Enterococcus 
faecalis CS4479 contained a plasmid, which carried three aminoglyco
side resistance genes and another plasmid (repUS43 replicon), which 
carries a tetracycline resistance gene (tet(M)). On the other hand, the 
two E. faecium strains (BT0194 and BT0126), carried resistance genes for 
both aminoglycosides and erythromycin. E. faecium BT0126 also carried 
a plasmid encoding tetracycline resistance (Supplementary Table s3). 
Apart from these strains, none of the remaining Enterococcus isolates 
contained plasmids conferring antibiotic resistance. 

E. casseliflavus is not a typical pathogen and is rarely found in clinical 
samples (Yoshino, 2023). Infection often occurs in people that are 
immunocompromised, e.g., cancer patients or the elderly, or people 
with diabetes (Yoshino, 2023). E. casseliflavus is known to carry the vanC 
gene, which confers resistance to vancomycin (Yoshino, 2023), but in
fections are easily managed since most isolates are sensitive to common 
antibiotics such as ampicillin (Iaria et al., 2005). We found that all 
E. casseliflavus isolates carried vancomycin resistance genes, whereas all 
other isolates did not. According to the studies by Oravcova et al. (2017) 
and Taskeen Raza et al. (2018), E. faecium isolates carried resistance 
genes to aminoglycosides, while E. faecalis isolated from hospitalized 
patients contained additional vanA gene as well as the erm(B), aph 
(3′)-IIIa, and tet(M) genes (Oravcova et al., 2017; Taskeen Raza et al., 
2018). Additionally, E. casseliflavus carried the tet(M) gene which con
fers resistance to tetracycline. 

3.5. Antimicrobial susceptibility profiling 

The EFSA guideline, 2012 indicates that Enterococcus species must be 
susceptible to ampicillin (MIC≤2 mg/L) (EFSA, 2012). Therefore, the 
nineteen Enterococcus isolates without potential virulence genes and 
vancomycin resistance gene were characterized further. All the isolates 
were tested for susceptibility to ampicillin, chloramphenicol, erythro
mycin, kanamycin, streptomycin, tetracycline, and vancomycin. 

Antibiotic susceptibility profiles of selected Enterococcus species 
were determined using the micro-broth dilution method, where sensi
tivity to ampicillin, chloramphenicol, erythromycin, kanamycin, strep
tomycin, tetracycline, and vancomycin were tested. The results were 
compared based on the cutoff point set by EFSA, (2012) that the anti
microbial sensitivity profile of all strains was determined as it has pre
sented in Table 3. All the isolates were sensitive to the tested antibiotics 
and the minimum inhibitory concentration (MIC) was far below EFSA’s 
cutoff points, except for erythromycin, where one strain, E. lactis 
CS4674, had a MIC value greater than 4 µg/mL. 

The genome of some of the selected isolates carried genes encoding 
for aminoglycoside, erythromycin, macrolide, and streptogramin B 
resistance, but phenotypically they were sensitive to these antibiotics. It 
is important to note that the approved probiotic strain SF68 also carries 
some antibiotic resistance genes, but their presence did not give rise to 
resistance. 

3.6. Genome mining for bacteriocin and secondary metabolite 
biosynthetic gene clusters 

It is well-known that bacteriocin-producing LAB can help preserve 
fermented foods, as the bacteriocins can inhibit growth of pathogenic 
and spoilage microorganisms (Ben Braïek and Smaoui, 2019; Franz 
et al., 2003), and it has been suggested that Enterococcus could be used as 
bio-protective cultures (Barbosa et al., 2014). A genome-wide search for 
secondary metabolite biosynthesis gene clusters in these safe Entero
coccus isolates showed that all of them contained at least two of these 
secondary metabolite biosynthetic gene clusters. These were Radical 
S-adenosylmethionine (RaS) enzymes that are involved in biosynthesis 
of ribosomally synthesized and post-translationally modified peptides 
(RaS-RiPPs), nonribosomal peptide synthetases (NRPS), Ribosomally 
synthesized and post-translationally modified peptides (RiPPs), and 
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terpene. (Fig. 3). 
The genome analysis revealed that all the isolates, except for 

E. durans strains BT0155, BT0141, BT0146, BT0139, and BT0140 con
tained at least one or more bacteriocin biosynthesis clusters (Fig. 3). 

Bacteriocins can be organized into three different classes, namely 
class I, class II, and class III, where most of the identified clusters coded 
for class II bacteriocins, which is in accord with the study of Wu et al. 
(2022). These included Enterocin A, Enterocin B, Enterocin P, Enterocin 
Nkr-5–3B, Enterocin L50a, and Enterocin Q. Class II bacteriocins are 
unmodified bacteriocins that are thermostable, and these can be 
sub-divided into four sub-classes, such as pediocin-like (Enterocin_A, 
Enterocin_P), two-peptide based (Enterocin_L50a, Enterocin_Q), and 
leaderless single-peptide (Enterocin_B) bacteriocins (Wu et al., 2022). 
Class II bacteriocins have been shown to inhibit the growth of food born 

pathogen L. monocytogenes (Cintas et al., 1997). In this study most of the 
bacteriocin gene clusters found in enterococci genome were class II 
bacteriocins, (Enterocin_A, Enterocin_P, Enterocin_L50a, Enterocin_Q, 
Enterocin_B) (Fig. 3). Genes encoding Enterocin L50a, a highly active 
plasmid-encoded broad-spectrum bacteriocin (Wu et al., 2022) were 
found in the genomes of all E. lactis strains. Only one bacteriocin 
biosynthesis cluster encoded a class III bacteriocin (large molecular 
weight heat labile class of enterocin), namely Enterolysin A, and genes 
encoding this bacteriocin were detected in most Enterococcus genomes. 
Enterolysin A has a bacteriolytic mode of action and inhibits growth of 
selected enterococci, pediococci, lactococci, and lactobacilli (Nilsen et al., 
2003). All E. lactis species harbored Enterocin P, except one of the 
E. lactis, BT0142, and additional Bacteriocin hiracin-JM79 were also 
found in the E. lactis species (BT0197, BT0148, BT0144, CS4677and 

Table 3 
Antimicrobial susceptibility profiles of the selected Enterococcus isolates.  

Species Minimum Inhibitory Concentration (µg/mL) 

Ampicillin Vancomycin Tetracycline Chloramphenicol Kanamycin Streptomycin Erythromycin 

E. faecium BT0194 0.5 2 0.25 1 128 32 0.5 
E. lactis BT0168 0.5 0.5 0.25 2 128 128 4 
E. lactis BT0169 0.5 2 0.25 2 128 128 2 
E. lactis BT0170 0.5 2 0.25 2 128 128 4 
E. lactis BT0171 0.5 2 0.25 2 128 128 4 
E. lactis BT0173_2 0.25 1 0.25 2 128 128 2 
E. lactis BT0167_2 0.25 1 0.25 2 128 128 2 
E. lactis BT0142 0.5 2 0.25 4 128 64 4 
E. lactis BT0143 0.25 0.5 0.25 2 64 128 0.125 
E. lactis BT0144 0.5 2 0.25 2 128 128 4 
E. lactis BT0148 0.5 2 0.25 4 128 128 4 
E. lactis BT0197 0.25 4 0.125 2 64 16 0.5 
E. lactis CS4674 0.25 1 0.25 2 128 128 8 
E. durans BT0139 0.25 0.5 0.25 2 32 32 0.125 
E. durans BT0140 0.5 1 0.25 2 32 32 0.125 
E. durans BT0141 0.5 2 0.25 2 32 32 0.125 
E. durans BT0146 0.25 0.5 0.125 1 32 32 0.125 
E. durans BT0155 0.25 1 0.25 2 64 128 0.125 
E. thailandicus CS4677 0.5 2 0.125 2 128 128 2 

EFSA Cutoff; Ampicillin: 2 µg/mL, Vancomycin: 4 µg/mL, Tetracycline: 4 µg/mL, Chloramphenicol: 16 µg/mL, Kanamycin: 1024 µg/mL, Streptomycin: 128 µg/mL, 
Erythromycin: 4 µg/mL (EFSA, 2012) 

Fig. 3. Enterococci isolate having known secondary metabolite biosynthetic gene cluster (SMBGC) for bacteriocins and area of interest (AOI’s) and antimicrobial 
activity to selected pathogens. The shape filled with distinct colors indicates presence and the shape without a color filled indicates absence. 
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CS4674). It was discovered that these gene clusters were encoded in a 
plasmid  Fig. 5B&D. 

Listeria monocytogenes is a widely distributed food-borne pathogen, 
and a great challenge for dairies (Ribeiro et al., 2014). For selected 
Enterococcus isolates, we tested their activity against pathogenic strains 
of L. monocytogenes (L. monocytogenes 0107.0111, L. monocytogenes 
0107.0489 and L. monocytogenes 0107.0243), S. aureus ATCC29213 and 
bacteriocin sensitive indicator Micrococcus luteus ATCC 10240. It was 
found that most candidates had the ability to inhibit the growth of 
M. luteus ATCC 10240, S. aureus ATCC29213 and three strains of 
L. monocytogenes (L. monocytogenes 0107.0111, L. monocytogenes 
0107.0489 and L. monocytogenes 0107.0243) isolated from cheese 
(Fig. 3; Supplementary Table s4; Supplementary Figure s1). It was 
observed that some isolates possessed bacteriocin genes but failed to 
exhibit anti-bacterial activity against the tested pathogens. This could be 
attributed to the fact that the genes might not have been expressed. 

Until now, a role for terpenes in enterococci has not been assigned 
(Beukers et al., 2017). Some of the E. durans isolates displayed antimi
crobial activity against Listeria, despite lacking genes encoding bacte
riocins. These isolates, however, carried genes for terpene production. 
Plant derived terpenes are known for their potent antimicrobial effects 
(Yamada et al., 2015), and it is possible that terpenes produced by the 
E. durans isolates could have the same effect. In the past it was believed 
that terpenes were mainly produced by plants, but now it is known that 
terpene synthases are widely distributed in bacteria as well (Yamada 
et al., 2015). 

3.7. Genomic and phenotypic characterization of carbohydrate 
metabolism 

Enterococci can thrive in a variety of environments, including the 
gastrointestinal tracts of various animals, due to their ability to metab
olize a wide range of carbohydrates. These carbohydrates include not 
only simple sugars, but also complex polymers, as noted by Ramsey et al. 
(Ramsey et al., 2014). Enterococci are facultative anaerobes with a 
homofermentative metabolism, i.e., lactic acid is the predominant 
end-product of carbohydrate fermentation (Švec and Franz, 2014). Like 
other LAB, enterococci generate ATP through fermentation and 
substrate-level phosphorylation, rather than by oxidative 

phosphorylation (Ghazisaeedi et al., 2022). On slowly metabolized 
carbohydrates, enterococci can also display a mixed-acid fermentation 
profile, similar to that of L. lactis, and uniquely possess a pyruvate de
hydrogenase that is active under strongly reducing conditions. 
NADH/NAD+ ratios that completely inhibit E. coli PDHc have little effect 
on E. faecalis PDHc (SNOEP et al., 1992). Overall, enterococci produce 
the same end-products as its mesophilic cousin L. lactis, including 
lactate, formate, ethanol, and acetate, acetoin, and diacetyl (Ramsey 
et al., 2014). 

To get an overview of the capacity of the isolates to ferment different 
carbohydrates, the API 50 CH kit was applied, and the result is shown in 
Fig. 4 below. From this analysis it is apparent that Enterococcus has great 
potential for using sugars like raffinose, maltose, trehalose, sugars that 
are found in larger amounts in different food crops. The trisaccharide 
raffinose, which has anti-nutritional properties and causes flatulence 
(Elango et al., 2022), is found in beans, various vegetables, and whole 
grains and cannot be digested by humans (Zhang et al., 2011). Several of 
the E. lactis and E. durans isolates could utilize raffinose (Fig. 4), and all 
these strains carried two copies of genes encoding α-galactosidase, an 
enzyme needed for degrading raffinose (Lafond et al., 2020). Thus, 
enterococci appear to be excellent candidates for fermenting plant-based 
foods as they have the potential to both grow on as well as selectively 
remove undesirable carbohydrates. 

Most of the isolates were able to utilize L-arabinose and carried genes 
encoding the necessary enzymes involved in L-arabinose metabolism 
(Zhong et al., 2017). Many strains were able to utilize lactose (Fig. 4), 
and harbored a lactose operon, either chromosomally integrated or on a 
plasmid. This is relevant as enterococci are frequently found in fer
mented dairy products, especially cheese, where they play an important 
role in ripening. The utilization of lactose is regulated by the lac 
repressor (LacR), encoded by lacR, where LacR acts as a transcriptional 
repressor of the lactose operon (Kowalczyk and Bardowski, 2007). The 
lac operon comprises 8 genes (lacABCDFEGX). In E. faecium BT0194 this 
operon was on a plasmid (Fig. 5C) whereas it was located on the chro
mosome in the E. lactis isolates. The lac operon in Enterococcus is ar
ranged as in L. lactis (Kowalczyk and Bardowski, 2007). 

Sucrose is often found in large amounts in plant tissues. Many lactic 
acid bacteria possess enzymes like sucrose-6-phosphate hydrolases and 
sucrose phosphorylases that enable them to metabolize this 

Fig. 4. Carbohydrate metabolism profile of selected Enterococcus species. The shape filled with distinct colors indicates presence and the shape without a color filled 
indicates absence. 
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Fig. 5. Organization of the sucrose regulon and Bacteriocin Enterocin_P gene cluster, (A), E. faecium, (B) E. lactis. degA —repressor of the sucrose operon; 
scrB—sucrose-6-P hydrolase; scrA—PTS system, sucrose specific IIBC; gmuE—fructokinase; (C), Organization of the lactose regulon in E. faecium. lacR _ Lactose 
phosphotransferase system repressor, lacABCD _ tagatose pathway enzymes (lacA _ Galactose-6-phosphate isomerase subunit, lacB _ Galactose-6-phosphate isom
erase subunit, lacC _Tagatose-6-phosphate kinase, lacD _ Tagatose 1,6-diphosphate aldolase), lacFE _ lactose PEP: PTS (lacF _ PTS system lactose-specific EIIA 
component, lacE = PTS system lactose-specific EIICB component), lacG _6-phospho-β-galactosidase. (D), Organization of bacteriocin enterocin_P and hiracin-JM79 
gene cluster. 
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carbohydrate (Reid and Abratt, 2005). The genes encoding the enzymes 
for utilizing sucrose are arranged in an operon. In the utilization of su
crose in L. lactis two divergently transcribed operons are invol
ved—sacBK and sacAR (Kowalczyk and Bardowski, 2007; Reid and 
Abratt, 2005). In Enterococcus the genes are arranged in a similar 
manner (Fig. 5A & B). All strains of Enterococcus, except E. durans 
BT0140, E. durans BT0141 and E. durans BT0155, were found to be 
capable of utilizing sucrose. In E. faecium and E. lactis sucrose meta
bolism is plasmid encoded. In E. faecium, the sucrose genes, together 
with the Enterocin_P encoding genes, are flanked by IS mobile genetic 
elements, whereas in E. lactis, the Enterocin_P encoding genes and the 
sucrose genes are present on the same plasmid but in a different location 
(Fig. 5A & B). 

Certain LABs are able to metabolize citrate, which enhances acid 
stress tolerance. Pyruvate generated from citrate can be converted into 
the butter aroma compounds acetoin and diacetyl, which are important 
flavor compounds in butter and many cheeses (Jamaly et al., 2010; Serio 
et al., 2010). Only some of the Enterococcus isolates were able to utilize 
citrate, although all isolates harbored all the genes coding for enzymes 
responsible for citrate metabolism: α-acetolactate synthase (ALS) and 
α-acetolactate decarboxylase (ALDC). 

Although enterococci and lactococci have a similar central meta
bolism, enterococci have the ability to grow at higher temperatures. The 
latter is of industrial relevance as a high growth temperature is a 
precondition for rapid acidification. Rapid acidification is beneficial as it 
reduces fermentation time and enhances food safety (Martinussen et al., 
2013). The latter is especially important for fermentation of plant sub
strates, in particular the ones that cannot be easily pasteurized/heat 
sterilized. It was found that all of the isolates, except one, acidified faster 
than Lactococcus lactis (Supplementary Fig. s2). Overall, the results 
reveal a great unrealized potential of enterococci as food fermentation 
microorganisms, especially for plant-food applications. 

3.8. Bacteriophage resistance measures – presence of CRISPR-Cas 

When certain bacteria face the threat of invasion by genetic elements 
such as phages, they rely on CRISPR-Cas defense mechanisms, a target 
directed nuclease system that cleaves invading DNA (Beukers et al., 
2017). CRISPR is short for “clustered regularly interspaced short palin
dromic repeats” and Cas represents “CRISPR associated” (Beukers et al., 
2017). The CRISPR spacers and repeats get transcribed and processed 
into small CRISPR RNAs (crRNAs), which specify acquired immunity 
against bacteriophage infection through a mechanism that depends on 
the precise match between CRISPR spacers and phage targets (Luciano 
A. Marraffini et al., 2008; Makarova et al., 2011; Palmer and Gilmore, 
2010). A CRISPR locus consists of an array of short direct repeats and 
variable DNA sequences called ’spacers’, surrounded by various Cas 
genes. The presence of different Cas genes characterizes the three types 
of CRISPR-Cas systems, namely Cas3 for type I, Cas9 for type II, and 
Cas10 for type III (Beukers et al., 2017; Makarova et al., 2011). Recently, 
two more types have been proposed, type IV and type V. Type II 
CRISPR-Cas systems are typically found in enterococci, but a recent 
report revealed that Enterococcus cecorum has a type I system (Beukers 
et al., 2017). 

In this study all the isolates contained CRISPR arrays, where 
E. durans contained CRISPR arrays in their genomes flanked by Cas 
genes, including cas9, cas1, cas2, and csn2 (Supplementary Table s5). 
Besides E. durans, all strains of E. lactis and E. faecium contained two 
CRISPR arrays not accompanied by Cas genes. Bhaya et al., (Bhaya et al., 
2011) reported that in situations where Cas genes are not present, it is 
speculated that these arrays could be inactive or that Cas genes from 
other comparable arrays could be capable of facilitating their function. 
The CRISPR found in the genome of E. durans was classified as a Cas-type 
IIA as it has been reported by Beukers et al., (2017) and E. hirae, 
E. thailandicus, E. villorum, and E. durans contained CRISPR arrays in 
their genomes flanked by Cas genes, including cas9, cas1, cas2, and 

csn2, except for E. villorum which lacked the csn2 gene. 

4. Conclusions 

Whole-genome sequencing combined with the use of bio-informatics 
tools and the phenotypic characterization allows for safety assessment of 
microorganisms. In this study 19 safe Enterococcus strains could be 
identified among 44 environmental isolates, and the strains were 
demonstrated to have many useful properties such as an ability to grow 
rapidly at elevated temperatures and to produce antimicrobial com
pounds that can prevent pathogens and spoilage microorganisms. 
Several of the isolates contain genes encoding proteins involved in 
adherence, genes that are recognized as virulence genes. The presence of 
these, however, is not sufficient to cause virulence these genes are 
frequently found in the genomes of food-grade lactic acid bacteria, such 
as S. thermophilus and L. delbrueckii ssp. bulgaricus. All of the 19 strains 
lacked genes encoding resistance to clinically important antibiotics and 
were also sensitive towards these. Some contained antibiotic resistance 
genes found in food-grade LAB, however, these appeared not to be 
expressed as resistance was not observed. Overall, our data indicates 
that the strains could be safe for food applications. With respect to food 
fermentation applications, for several key characteristics they are on par 
or better than the traditional workhorse L. lactis. They have similar 
flavor forming abilities but are superior in terms of important techno
logical properties such as acidification rate, stress tolerance and have a 
high inherent capacity to interfere with unwanted microbial growth. 
The latter is due to production of antimicrobial compounds and their 
ability to grow at high temperatures that inhibit or prevent growth of 
most pathogenic and spoilage microorganisms. Overall, this study 
highlights the remarkable potential of Enterococcus spp. in food 
fermentation and the versatility of this bacterial genus, exhibiting its 
application in both dairy and plant material fermentation. 
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Pompeo, F., Quinson, N., Perrier, J., Fons, M., Potocki-Veronese, G., Giardina, T., 
2020. α-Galactosidase and Sucrose-Kinase Relationships in a Bi-functional AgaSK 
Enzyme Produced by the Human Gut Symbiont Ruminococcus gnavus E1. Front. 
Microbiol. 11 https://doi.org/10.3389/fmicb.2020.579521. 

Lebreton, F., van Schaik, W., McGuire, A.M., Godfrey, P., Griggs, A., Mazumdar, V., 
Corander, J., Cheng, L., Saif, S., Young, S., Zeng, Q., Wortman, J., Birren, B., 
Willems, R.J.L., Earl, A.M., Gilmore, M.S., 2013. Emergence of epidemic multidrug- 
resistant Enterococcus faecium from animal and commensal strains. MBio 4 (4). 
https://doi.org/10.1128/mBio.00534-13. 

Lebreton, F., Manson, A.L., Saavedra, J.T., Straub, T.J., Earl, A.M., Gilmore, M.S., 2017. 
Tracing the Enterococci from Paleozoic Origins to the Hospital. Cell 169 (5), 
849–861.e13. https://doi.org/10.1016/j.cell.2017.04.027. 

Liu, B., Zheng, D., Zhou, S., Chen, L., Yang, J., 2022. VFDB 2022: A general classification 
scheme for bacterial virulence factors. Nucleic Acids Res. 50 (D1), D912–D917. 
https://doi.org/10.1093/nar/gkab1107. 

Luciano A, Marraffini, Erik J, Sontheimer, Terns, R.M., 2008. CRISPR interference limits 
horizontalgene transfer in staphylococci bytargeting DNA. RNA 14 (12), 2572–2579. 
https://doi.org/10.1261/rna.1246808. 

Madsen, K.T., Skov, M.N., Gill, S., Kemp, M., 2017. Virulence factors associated with 
Enterococcus Faecalis infective endocarditis: a mini review. Open Microbiol. J. 11 (1), 
1–11. https://doi.org/10.2174/1874285801711010001. 

Makarova, K.S., Haft, D.H., Barrangou, R., Brouns, S.J.J., Charpentier, E., Horvath, P., 
Moineau, S., Mojica, F.J.M., Wolf, Y.I., Yakunin, A.F., Van Der Oost, J., Koonin, E.V., 
2011. Evolution and classification of the CRISPR-Cas systems. Nat. Rev. Microbiol. 
Vol. 9 (Issue 6), 467–477. https://doi.org/10.1038/nrmicro2577. 

Maria, A., Tetzschner, M., Johnson, J.R., Johnston, B.D., Lund, O., Scheutz, F., 2020. In 
Silico Genotyping of Escherichia coli Isolates for Extraintestinal Virulence Genes by 
Use of Whole-Genome Sequencing Data. J. Clin. Microbiol. 〈https://journals.asm.or 
g/journal/jcm〉. 

Martinussen, J., Solem, C., Holm, A.K., Jensen, P.R., 2013. Engineering strategies aimed 
at control of acidification rate of lactic acid bacteria. Curr. Opin. Biotechnol. Vol. 24 
(Issue 2), 124–129. https://doi.org/10.1016/j.copbio.2012.11.009. 

Medeiros, A.W., Pereira, R.I., Oliveira, D.V., Martins, P.D., D’azevedo, P.A., Van Der 
Sand, S., Frazzon, J., Frazzon, A.P.G., 2014. Molecular detection of virulence factors 
among food and clinical Enterococcus faecalis strains in South Brazil. Braz. j. 
Microbiol. 〈www.sbmicrobiologia.org.br〉. 

Mikheenko, A., Prjibelski, A., Saveliev, V., Antipov, D., Gurevich, A., 2018. Versatile 
genome assembly evaluation with QUAST-LG. Bioinformatics 34 (13), i142–i150. 
https://doi.org/10.1093/bioinformatics/bty266. 

Mohamed, J.A., Huang, D.B., 2007. Biofilm formation by enterococci. J. Med. Microbiol. 
Vol. 56 (Issue 12), 1581–1588. https://doi.org/10.1099/jmm.0.47331-0. 
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