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Abstract: Since antiquity, the ubiquitous lactic acid bacteria (LAB) Enterococci, which are just as
predominant in both human and animal intestinal commensal flora, have been used (and still are) as
probiotics in food and feed production. Their qualities encounter several hurdles, particularly in terms
of the array of virulence determinants, reflecting a notorious reputation that nearly prevents their use
as probiotics. Additionally, representatives of the Enterococcus spp. genus showed intrinsic resistance
to several antimicrobial agents, and flexibility to acquire resistance determinants encoded on a broad
array of conjugative plasmids, transposons, and bacteriophages. The presence of such pathogenic
aspects among some species represents a critical barrier compromising their use as probiotics in food.
Thus, the genus neither has Generally Recognized as Safe (GRAS) status nor has it been included in the
Qualified Presumption of Safety (QPS) list implying drastic legislation towards these microorganisms.
To date, the knowledge of the virulence factors and the genetic structure of foodborne enterococcal
strains is rather limited. Although enterococcal infections originating from food have never been
reported, the consumption of food carrying virulence enterococci seems to be a risky path of transfer,
and hence, it renders them poor choices as probiotics. Auspiciously, enterococcal virulence factors
seem to be strain specific suggesting that clinical isolates carry much more determinants that food
isolates. The latter remain widely susceptible to clinically relevant antibiotics and subsequently,
have a lower potential for pathogenicity. In terms of the ideal enterococcal candidate, selected
strains deemed for use in foods should not possess any virulence genes and should be susceptible to
clinically relevant antibiotics. Overall, implementation of an appropriate risk/benefit analysis, in
addition to the case-by-case assessment, the establishment of a strain’s innocuity, and consideration
for relevant guidelines, legislation, and regulatory aspects surrounding functional food development
seem to be the crucial elements for industries, health-staff and consumers to accept enterococci, like
other LAB, as important candidates for useful and beneficial applications in food industry and food
biotechnology. The present review aims at shedding light on the world of hurdles and limitations that
hampers the Enterococcus spp. genus and its representatives from being used or proposed for use as
probiotics. The future of enterococci use as probiotics and legislation in this field are also discussed.

Keywords: lactic acid bacteria; probiotics; enterococcus; virulence; legislation; safety

1. Introduction

Throughout history, the definition of probiotics has undergone constant changes.
In 2013, the expert consultation of International Scientists of the International Scientific
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Association for Probiotics and Prebiotics meeting provided minor corrections and reworded
the earlier official definition of the FAO/WHO [1] as “live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host” which is now
widely accepted and used [2]. Recently, new definitions were added to the probiotic
terminology such as parabiotics and postbiotics. The divergence in terms of the definition
of probiotics led to an urgent new approach and conceptualization in probiotic terminology
to be developed for global usage in the scientific literature [3]. In the last few decades,
numerous studies have intensively used probiotic bacterial species in research and scientific
investigations [4-10] revealing a wide range of benefits following probiotics administration,
ranging from direct inhibition of sturdy pathogens to improvements of host immune system
functions [11-15]. Effective probiotics are typically resistant to bile salts, gastric enzymes,
and low pH, which are all traits of enterococci, and do not cause mucosal inflammation
or infection. Of note, diverse genera and species of probiotic LAB and non-LAB are
used. For instance, Lactobacillus and Bifidobacterium are the main probiotic genera used
by humans, additionally to Escherichia coli, Streptococcus thermophilus, Propionibacterium
freudenreichii, Enterococcus faecalis and Enterococcus faecium and certain species of yeasts such
as Saccharomyces boulardii. Among these, enterococci have long been used as probiotics and
in food fermentation.

Members of the genus Enterococcus come third after lactobacilli and streptococcus in
the list of LAB largest groups [16]. To date, 58 species and 2 subspecies have been identified
within the genus Enterococcus [17]. Enterococci are known as the natural inhabitants of the
human gastrointestinal tract (GIT) and warm-blooded animals. Such microorganisms have
been isolated from plants, water, and soil, probably as a consequence of being in contact
with fecal sources and some food products [18]. Hence, bacterial strains belonging to this
genus constitute an outstanding part of diverse ecological niches including environmental
(soil, water, sewage, plants), clinical and food microbiology [19]. E. faecalis and E. faecium
correspond to the main representatives of this genus [20]. With this versatility, such
microorganisms showed tolerance to high salinity levels, even to 6.5% NaCl, to bile salts
(up to 40%), to acidic and/or basic conditions (pH up to 9.6) and can survive for 30 min at
60 °C [21]. Different enterococcal species can be employed as biotechnological tools as they
can be used as nonstarter LAB flora that helps in ripening and developing aroma properties
in cheese production [20,21]. Additionally, some enterococci showed potential probiotic
properties and health-promoting capabilities [22,23]. They are also able to produce a wide
range of antimicrobial compounds encompassing organic acids (lactic acid, acetic acid),
hydrogen peroxide, and bacteriocins so called ‘enterocins’ (bioactive peptides), which
limit contamination with pathogens and extend the shelf life of products [24]. In the
field of the dairy industry and cheese production, enterococci seem to exhibit a great
technological role, especially in the development of organoleptic properties of fermented
dairy products when applied as starter or adjunct cultures; this is largely due to their
specific biochemical properties such as lipolytic, proteolytic, and esterolytic activities and
the ability to ferment citrate to produce diacetyl and several volatile compounds that are
sought for their organoleptic properties during the ripening periods [25].

Numerous studies were performed to appraise the probiotic characteristics and po-
tential of enterococci. Diverse strains were found to fit the probiotic prerequisites in terms
of acid and bile tolerance, adhesive potential, absence of cytotoxicity, and production of
enterocins [5,26]. Likewise, at a commercial scale, several enterococcal strains have been
commercialized as probiotics, among which is the E. faecium strain 11181 that has been
authorized by the European Food Safety Authority (EFSA) Panel as a feed supplement for
fattening and enhancing the growth performance of many animals [27], E. faecium SF68®
(NCIMB 10415; Cerbios-Pharma SA, Barbengo, Switzerland) which is extensively used as
a feed supplement for numerous animals and as a pharmaceutical in humans [28], and
E. faecalis Symbioflor 1 (SymbioPharm, Herborn, Germany) which is also used to prevent
or treat diarrhea in pigs, poultry, livestock and pets and to treat recurring illness in the
upper respiratory system in humans [16,25].
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According to Morandi et al. [29], enterococci are not endowed with ‘GRAS’ status due
to the opportunistic and pathogenic nature of some of its members, and also carry some
virulence factors, which are present mostly in E. faecalis and to a lesser extent in E. faecium.
Additionally, the EFSA determined that enterococci did not meet ‘QPS’ status [30], a
decision that doubted the suitability of these commensals as probiotics. Enterococci are not
considered as highly virulent, as they necessitate an immunocompromised host to induce
infection, reflecting their opportunistic aspect and how they contribute to cause infections
such as bacteremia, intra-abdominal, urinary tract, and nosocomial infections, community-
acquired endocarditis and express multi-drug resistance and virulence traits [31-33].

Enterococci carrying virulence and antibiotic genes have raised serious worries about
their use as probiotics [34]. Defined as effector molecules, the virulence factors show
high potential in terms of enhancement of the disease-causing effect of bacteria via ad-
hesion to the host tissue, colonization, increasing bacterial migration and host immune
regulation [35]. A whole list of enterococcal virulence determinants has been identified
and reported encompassing aggregation substance, cytolysin, gelatinase, hyaluronidase,
enterococcal antigen A, surface adhesins, and sex pheromones [36,37]. In particular, the
spread of vancomycin-resistant enterococci (VRE) significantly increased mortality and
disease burden due to enterococcal infection [38], raising safety concerns for the use of
enterococci as probiotics [25]. However, numerous representatives are used as probiotics
and in production of feed additives in order to prevent diarrhea and/or to enhance growth
in livestock [39]. Such a situation has created a prerequisite for new drastic legislation of
probiotics in terms of safety for the purpose of discerning between safe and potentially
pathogenic strains. Herein, we sum up the main risks associated with enterococci as probi-
otics and underscore the dual and controversial traits between opportunistic pathogens
and promising probiotics, with emphasis on the safety regulation of this genus.

2. Enterococci in Food—Enterococci as Probiotics

Health benefits that confer probiotic microorganisms include modulating immunity,
enhancing intestinal barrier function, or altering pain perception [40]. Generally, the big
portion of the probiotic kingdom of intestinal origins belongs to the LAB group especially
to genera of Bifidobacterium and Lactobacillus, whereas enterococcal strains are scarcely
used [39]. In this framework, numerous investigations have been performed to assess
the probiotic traits of Enterococcal strains and their beneficial animal and human health-
promoting effects [5,7,10,26,41,42]. Therefore, enterococcal species have been used as
probiotics for a wide range of purposes and applications encompassing the pharmaceutical
industry, human and veterinary medicines, and the food industry since some probiotic
enterococci can be used in the production of functional foods [40]. Table 1 recaps the most
relevant enterococcal preparations used as probiotics for human consumption.

Table 1. Selected enterococcal strains as probiotics for human consumption (adapted from [43] with modifications).

Commercial Product Amount per Serving Marketing and Uses T
E. faecalis *
Bifilac 30 million CFU per sachet or Treatment of diarrhea (traveler’s,
capsule antibiotic-associated, viral, bacterial, or protozoal);
lactose intolerance; stomatitis; inflammatory bowel
disease
Bioflora n.d. Restoration of flora following antibiotic treatment or

chemotherapy; atrophic vaginitis; mild-to-moderate
bacterial vaginosis and candidiasis

Pro-symbioflor

1.5-4.5 x 107 CFU per 14 drops ~ Preparation of immune system for stomach and
intestinal complaints

Shin-Biofermin S

2 mg per tablet Intestinal regulation and treatment of diarrhea,
constipation and meteorism
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Table 1. Cont.

Commercial Product Amount per Serving Marketing and Uses 1

Symbioflorl 1.5-4.5 x 107 CFU per 12 drops ~ Treatment of recurring sinusitis, bronchitis,
pharyngitis; training of immune system

ThreeLac/FiveLac 500 million CFU Elimination of symptoms of candidiasis;
maintenance of intestinal health

Essential Formulas O’Hara Probiotic 12 7.8-10 x 107 CFU per capsule Improvement of digestive and bowel function;

plus OMX PROFESSIONAL Formula decrease stomach disorders; treatment of Crohn’s

(E. faecalis TH10) disease; increase nutritional absorption; boosting

appetite; decrease yeast infection; enhancement of
liver health, circulatory, joint, and muscle function;
improvement of sleep, vitamin synthesis, and
resistance to allergies; lactose intolerance

E. faecium *

BIO-THREE n.d. Homeostasis of intestinal microflora; inhibition of

(E. faecium S T-110) sturdy pathogens; facilitation of proliferation of
Bifidobacterium; reduction in cholesterol; treatment of
ulcerative colitis; prevention of colon cancer

N. American Herb & Spice n.d. Support a healthy digestive response

Health-Bac Probiotic

Natural Factors Probiotics: Acidophilus 0.8 billion CFU per capsule n.d.
with E. faecium

* Only enterococcal species listed; products may contain other bacteria. Strains used cannot be identified except two products. ¥ CFU,
colony forming units. T None of these claims or probiotics are approved by the U.S. FDA. § Although the manufacture claims it as E. faecalis,
it is reported as an E. faecium [44]. n.d.: not defined.

It is pertinent to note that due to the lack of safety data and legislation, only a limited
number of enterococci are commercialized but not yet labelled with ‘GRAS’ status [39].
For instance, different probiotic formulas, containing E. faecium M74 and E. faecium SF-68,
have been reported to be effective and safe. Amongst these preparations, Cernivet® and
FortiFlora® (containing E. faecium SF68®, Cerbios-Pharma SA, Barbengo, Switzerland), and
Symbioflor® 1 with E. faecalis (Symbiopharm, Herborn, Germany) are the most relevant and
commercialized [45,46]. Moreover, numerous enterococcal strains have been described as
useful for many health features or technological applications in food systems or in human
and/or animal health, including E. durans M4-5 (production of butyrate as short chain
fatty acids (SCFAs), induction of significant anti-inflammatory effects and contribution to
the intestinal epithelium integrity), E. durans LAB18s (source of dietary selenium supple-
mentation), E. durans KLDS 6.0930 and E. faecium M74® (reduction in serum cholesterol
levels), E. mundtii STASA (production of bacteriocins), E. faecium LCW 44 and E. durans
6HL (production of antimicrobial compounds against Gram-positive and Gram-negative
bacteria) [25].

Regarding feed regulation, the EFSA authorized certain strains of enterococci for use as
silage additives and dietary supplements. For instance, some enterococcal probiotics were
included in the group of gut ecosystem enhancers, antibiotic replacers, and feed additives
for stabilizing the microbial communities of the digestive tract in both monogastric and
ruminant animals [14]. A wide range of enterococci strains and the bioactive peptides
produced, also known as enterocins, have been reported and approved as promising
probiotics in the husbandry industry in terms of boosting growth performances, improving
health, fighting sturdy pathogens, enhancing metabolic efficiency and immunological
parameters, alleviating antibiotic-induced diarrhea, and maintaining animal integrity. Such
beneficial effects are addressed to almost all types of animals ranging from farm animals to
aquaculture and even in pets. In the latter field, Enterococci have been used as beneficial
microbes for dogs on the basis of their tolerance to bile, adhesion activity, microbial
antagonism and their impact on serum cholesterol and alanine aminotransferase [47].
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Accordingly, diverse probiotic formulas, containing enterococcal strains in solo or combined
with other species, have been developed and commercialized. Table 2 sums up enterococci
probiotic formulas in the nutrition of livestock.

Table 2. Examples of enterococcal probiotic formulas used in nutrition of livestock (adapted from [14]).

Commercial Name of the Formula (Manufacturer)

Microorganism(s) in the Preparation

Poultry

B.I.O. Sol (Biochem) Enterococcus faecium

Galvit Probiotyk (Galvit) Enterococcus faecium

Pigs

Anta Pro EF (Dr. Eckel) Enterococcus faecium

Biogen T (Bio-Gen) ﬁlzfgsf:ctermm bifidum, Lactobacillus acidophilus, Enterococcus

Cerbiopor

Lactobacillus: Lactobacillus acidophilus, Levilactobacillus brevis,
Lacticaseibacillus casei, Limosilactobacillus fermentum, Lactobacillus
lactis, Lactiplantibacillus plantarum;

Bacillus: subtilis, megaterium, pumilus;

Enterococcus faecium, Cellulomonas sp., Saccharomyces cerevisiae

Cattle (calves)

Yea Sacc (Altech)

Lacticaseibacillus rhamnosus, Enterococcus faecium

Poultry and pigs

Acid-Pak-4-Way (Alltech)

Probios (Chr. Hansen)

Lactobacillus acidophilus, Enterococcus faecium

Lactobacillus: Lactobacillus acidophilus, Lacticaseibacillus casei,
Lactiplantibacillus plantarum, lactis;

Enterococcus faecium; Bacillus subtilis

Poultry and calves

Probiomix

UltraCruz (Santa Cruz Animal Health)

Bifidobacterium bifidum, Lactobacillus amylovorus, Enterococcus
faecium

Enterococcus faecium,

Lactobacillus: Lactobacillus acidophilus, Lacticaseibacillus casei,
Lactiplantibacillus plantarum

Calves and pigs

Cernivet LBC (Cerbios)
Provita LE (Schaumann)

Enterococcus faecium
Lacticaseibacillus rhamnosus, Enterococcus faecium

Poultry, pigs, and calves

Cylactin (DSM)
Lactiferm
Oralin® (Chevita GmbH)

Enterococcus faecium
Enterococcus faecium
Enterococcus faecium

Poultry, pigs, sheep, and cattle

Protexin (Protexin Probiotics International Ltd.)

Lactobacillus: Lactobacillus acidophilus, Lactobacillus delbruecki
subsp. Bulgaricus, Lactiplantibacillus plantarum, Lacticaseibacillus
rhamnosus; Bifidobacterium bifidum; Streptococcus salivarius subsp.
Thermophilus; Enterococcus faecium; Aspergillus oryzae; Candida
pintolepesii

Poultry, pigs, beef, dairy, horses, and deer

PrimaLac (Star Labs, Inc.)

Bifidobacterium: bifidium, thermophilus; Enterococcus faecium;
Lactobacillus: Lactobacillus acidophilus, Lacticaseibacillus casei

Poultry, pigs, pets, and livestock

SF68® (Cerbios-Pharma SA)

Symbioflor® 1 (Symbiopharm, Herborn)

Enterococcus faecium
Enterococcus faecalis
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Despite several safety issues, and the non-obtention of GRAS status by enterococcal
strains, numerous representatives of this genus are well characterized and have served as
starter cultures, co-cultures, or protective cultures in food industry and/or probiotics due
to their positive traits. Enterococcus spp., a two-sided coin, functioning concomitantly as a
good candidate probiotic and an opportunistic pathogen, represents a critical topic in need
of continuous debate focusing on the question of whether enterococci are safe for probiotic
use, a question that still remains difficult to answer.

In terms of probiotic attributes, Enterococcus spp. encounters numerous obstacles
to fulfill these criteria; in particular, in terms of pathogenicity, the horizontal transfer of
virulence determinants, and the constantly increasing number of enterococcal infections
in recent decades are escalating the concerns [31,40]. A surprising criterion of this genus
is that it has never been suggested as a foodborne pathogen [48]. Relatedly, after being
suspected as a causative agent of foodborne illness in 1926, a wide range of investiga-
tions on enterococci, in particular E. faecalis and E. faecium, encompassing experiments
and trials on animals and human volunteers were performed to confirm that enterococci
cause foodborne illness; however, studies yielded negative results because these bacteria
are generally identified together with other pathogens such as staphylococci [49]. Subse-
quently, enterococci have emerged as nosocomial- and community-acquired pathogens
rather than foodborne pathogens [50]. Accordingly, as a critical conundrum, the safety
of enterococci must be meticulously assessed on a case-by-case basis. Effectively, when
selecting an enterococcal potential probiotic strain, various aspects should be considered
including the safety aspect, techno-functional properties, and beneficial features. Since the
probiotic effect is strain dependent, it should be drastically characterized (phenotypically
and genotypically) and must be safe and free of any pathogenicity such as the absence
of virulence determinants and acquired antibiotic resistance genes [1,51]. For the latter,
a whole list has been created of desirable characteristics for probiotic strains encompass-
ing the ability to survive and retain viability in harsh gastrointestinal tract conditions of
a healthy human (low acidity, pepsin presence, pancreatin, bile salts), their inability to
translocate the intestinal mucosa, their susceptibility to phagocytic killing, and the potential
to produce antimicrobial substances such as enterocins. A further considerable aspect for
potential enterococcal probiotics is that they should have a limited ability to exchange DNA
in vivo [40].

3. Virulence Determinants Associated with Enterococci
3.1. Colonization-Related Virulence Factors

Enterococci, as opportunistic pathogens, are endowed with a whole arsenal of viru-
lence factors (Table 3). According to Tomita and Ike [52], enterococcal strains are endowed
with strong adhesive abilities allowing high adhesion to the host’s tissues. This criterion,
coupled to their resistance to low acidity and high concentrations of bile salts [53], makes
enterococci amongst the most common types of bacteria colonizing the colon. These pro-
teins, also known as adhesins, permit these bacteria to bind to mucosal membrane receptors
or to the extracellular matrix proteins, facilitating colonization of the epithelium [34]. In
case of not binding, they would be removed by intestinal peristaltism. It has been noted
that the phenomenon of colonization in itself has never been a proof of pathogenicity but
coupled with other factors of virulence and with the presence of a number of resistance
genes, they may become potentially harmful. Virulence determinants involved in promot-
ing colonization include aggregation substance (AS), collagen-binding protein (Ace), cell
wall adhesin (Efa A), and enterococcal surface protein (Esp) [54,55].
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Table 3. Enterococcal virulence determinants and their putative role.

Enterococcal Virulence Factors

Gene(s)

Reported Biological Effect

Virulence factors that promote colonization

Binding to host cells, enables cell-to-cell
contact between donor and recipient strains
for conjugation; facilitating binding of donor

A . b A agg, prgB and recipient cells; to mediate adhesion of E.
ggregation substance (AS) asal faecalis to eukaryotic cells and internalization;
enhancement of bacterial vegetation;
synergetic regulation of quorum via Cyl;
protection against neutrophilic killing
Collagen-binding protein (Ace) Colonization by b%nchng to protglr}s of thg
. - extracellular matrix (ECM); participation in
Microbial surface components ace .
.. . . binding type I and IV host collagen;
recognizing adhesive matrix molecules  acm, fssl, fss2 and fss3 . PR
adherence to host fibronectin, fibrinogen,
(MSCRAMMs) . .
and/or laminin
Cell wall adhesin (Efa A) ofaA V1rulence.f.actors associated with infective
endocarditis
Surface adhesion, colonization, and
Enterococcal surface protein (Esp) esp persistence; association with biofilm

formation

Extracellular superoxide

menA, menB, cydA, and frdA

Bacterial invasion; clastogen and mutagen

Pilus

ebp (A-C), srtA, bps (srtC), and bee locus

Adherence to host cells; enhances biofilm
formation

Virulence factors with affect tissues

Cytolysin (Cyl),

cylLy, cylLs, cyIM, cyIB,
cylA, cyll, cylR1, and cylR2

Bactericidal properties towards
Gram-negative bacteria; toxic properties
(B-hemolysis) towards mammalian
erythrocytes (not sheep or goat), leukocytes,
macrophages; destroys neural tissues;
bacteriocin; quorum regulation

Gelatinase (GelE)

efaAg, efalAgy,, gelE, sprE,
fsrA, fsrB, and fsrC

Hydrolysis of gelatin, elastin, collagen,
hemoglobin, polymerized fibrin as well as
other bioactive peptides, e.g., proteins bound
to pheromones; cleavage of human
complement C3 and C5a; clearing misfolded
bacterial surface proteins and extracellular
pheromones; maintaining diplococcal
morphology

Hyaluronidase (Hyl)

hylA

Playing a key role in destroying
mucopolysaccharides of the connective tissue
and cartilage

As the most abundant representatives on the Enterococcus spp. genus, E. faecalis and
E. faecium are invasive because of their capacity to translocate intact mucosal barriers and
access host tissues. Accordingly, E. faecalis, in solo, persists in phagocytic cells and produces
extra-cellular superoxide [56,57]. This latter phenotype has been tightly associated with
genotoxicity, chromosomal instability, and neoplastic transformation [58-60]. In terms of
aggregation, the wide spectrum of virulence determinants allows enterococci to adhere to
host cells, to invade mucosal barriers, to resist phagocytosis, and to regulate host immunity
leading to cellular destruction.

It is relevant to know that accurate genome sequencing and analysis of a wide range
of potential probiotic and/or probiotic enterococci unveiled the presence of several viru-
lence factors. For instance, Domann et al. [61] revealed the presence of several virulence
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determinants after the genome annotation of E. faecalis Symbioflor 1 probiotic strain. Genes
encoding for Cyl, Esp, and GelE were absent, although other virulence factors were present,
among which were AS, collagen adhesion protein, and oxidative stress resistance. Likewise,
in 2015, Natarajan and Parani [44] conducted a genome sequencing study of the probiotic
E. faecium strain T-110, in which they exhibited the presence of few enterococcal virulence
factors. According to Arias and Murray [31], many of them have been well characterized
since the early 1990s. Because of the importance of virulence when considering entero-
cocci as potential probiotics, several of the more thoroughly characterized enterococcal
virulence traits are described below. Regarding this subject, excellent reviews have been
written providing additional details about Enterococcus spp., its representatives, the most
characterized enterocins and the associated virulence determinants [21,25,31,43,62-65].

3.1.1. Aggregation Substance

The AS represents the first enterococcal surface protein to be described. As it often
acts as a virulence factor and it transfers antibiotic resistance genes, it is still a subject
of current intensive investigations. AS is a 137 kDa surface protein encoded by prgB
on pheromone-responsive plasmids and endowed with a hairpin-like structure [66—68].
In 2005, Dramsi and coworkers [69] showed that the strongly conserved motif LPXTG
corresponds to a pivotal part of the aggregation substance’s molecule and its distinctive
sequence is regarded as the site of recognition and cleavage by sortases which bind via a
covalent bond to the cell wall. The AS comprises a range of highly homologous adhesins,
encoded on large conjugative plasmids transferred in a so-called facilitated conjugation
system, mediated by sex pheromones [54]. This protein is involved in several physiological
events. The adhesin domain of AS is crucial for cellular aggregation prior to plasmid
exchange, conjugative DNA transfer, biofilm formation and virulence [70]. Two pilot
studies performed by Schlievert et al. [71] and Chuang et al. [72] on animal models suffering
from endocarditis unveiled the presence of AS-positive E. faecalis strains favoring increased
size and mortality compared to AS-negative strains. Regarding sex pheromones, these latter
are short, hydrophobic peptides, which enter the AS and interact with a specific conjugative
plasmid [73]. The process is of particular significance in the conjugative transfer of genes
between cells. In the presence of pheromones secreted by the recipient’s cells, the donor’s
cells synthesize the AS which binds to a related enterococcal binding substance (EBS) ligand
on the recipient cell surface contributing to lethality in experimental models [71,74]. Such a
process results in the formation of large conjugative aggregates consisting of bacterial cells,
which enables the exchange of genetic material between cells. Surprisingly, the AS protein
showed traits of a superantigen in the presence of a specific ligand with a structure akin to
that of teichoic acid [75,76]. Additionally, such a molecule may ensure a role in propagation
within a variety of plasmids, on which other specific determinants of enterococci virulence
are encoded, such as cytolysin and genes of antibiotic resistance. To sum up, the AS and
cytolysin can act synergistically, hence boosting the notorious reputation of strains in terms
of virulence via switching on cytolysin regulation in the quorum-sensing system, making
it possible to cause irreversible damage in deeper tissues [53,77].

About 20 pheromone-dependent plasmids were found in enterococci, encoding antibi-
otic resistance genes together with AS genes. In 2007, studies conducted by Clewell [78]
and Dunny [79] discovered the conjugative plasmids associated with genes responsible
for the production of AS proteins: pAD1 (Asal protein), pPD1 (Asp1 protein) and pCF10
(Asc 10 protein). Hendrickx and collaborators [80] demonstrated that the genes respon-
sible for production of AS proteins are strongly conserved showing about 90% similarity.
However, the 452373 gene that is located on the pAM373 plasmid displays a sequence that
is considerably different from those mentioned above. Moreover, it has been disclosed
that only Asa337 is capable of binding to the recipient’s cells that lack the active binding
substance [81]
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3.1.2. Endocarditis Specific Antigen—EfaA

EfaA (endocardis antigen) corresponds to a protein with a molecular weight of about
34 kDa. This polypeptide is encoded by the efaA¢, gene in E. faecalis, and by efaAg, in
E. faecium [82,83]. According to Abrantes et al. [84], the efaA gene is part of the efaCBA
operon which encodes an ABC transporter (permease), regulated by magnesium ions. It is
pertinent to note that the EfaA protein has been reported as homologous to the adhesins
of the cell wall of streptococci [85]. Accordingly, genetic approaches were able to prove
that homologous genes to efaA are present in strains of E. avium, E. asini, E. durans and
E. solitarius [86,87].

3.1.3. Surface Protein—Esp

The largest identified enterococcal protein, also known as ‘Esp’ for Enterococcal
surface protein, has a molecular weight of 202 kDa and is encoded by the esp gene which is
located on the pathogenicity island (PAI), which itself contains genes coding for proteins
responsible for the active outflow of antibiotics [88,89]. This location may be the result
of a horizontal gene transfer between E. faecalis and E. faecium. Esp is more frequent
among pathogenic isolates of E. faecalis than commensal strains. This protein contributes
to colonization and persistence in urinary tract infection suggesting a potential role in
virulence [90,91]. Likewise, Esp, which is highly expressed in E. faecium, is regulated by
the ebrB gene, and contributes to biofilm formation and intestinal colonization in mouse
models [92]. Additionally, it promotes colonization of E. faecium on heart valves and
contributes to virulence in endocarditis [93].

Diverse studies have demonstrated the presence of structural similarities between Esp
and other proteins of Gram-positive bacteria that are associated with biofilm formation
such as the C-« in 3-hemolytic protein in Streptococcus agalactiae encoded by the bca gene,
R28 in Streptococcus pyogenes and Bap in Staphylococcus aureus [80,94,95]. In this context,
several inquiries about the contribution of Esp in biofilm formation have been confirmed.
Nevertheless, despite the enhancement of biofilm formation by Esp, this surface protein
is not pivotal to the phenotype. For instance, E. faecalis strain OG1RF is Esp-negative yet
it still produces biofilm [32,96]. Biofilms on implanted prosthetic devices (e.g., artificial
joints, heart valves, and intravascular catheters) render these infections nearly impossible
to cure revealing their critical role in the exchange of genetic material between cells and the
increase in their resistance to antibiotics [53,95,97]. In 2008, Billstrom and collaborators [98]
revealed that the occurrence of the esp gene in E. faecium is correlated with resistance to
ampicillin, ciprofloxacin, and imipenem. Likewise, a significant relation between Esp and
resistance to vancomycin has been suggested. For instance, Ochoa et al. [99] noted that
83.3% of the vancomycin-resistant clinical strains of E. faecium possessed the esp gene,
reflecting its possible contribution in multidrug resistance [98]. In 2004, Oancea et al. [100]
showed that esp can be transferred between strains of E. faecium via plasmid conjugation,
and also between strains of E. faecalis by chromosome—chromosome transposition.

3.2. Virulence Factors Affecting Host Tissues

According to Goguen et al. [101], bacterial proteases can contribute to pathogenesis
through altering host tissues or activating virulence factors. For instance, it has been shown
that after the colonization process, pathogenic strains of Enterococcus spp. secrete toxic
substances with a destructive effect on the host’s tissues. Virulence determinants secreted
by enterococci encompass: cytolysin (Cyl), gelatinase (GelE) and hyaluronidase (Hyl).

3.2.1. Gelatinase—GelE

Gelatinase is defined as an extracellular, zinc-dependent metallo-endopeptidase, with
a molecular weight of about 30 kDa. This enzyme has shown a high potential to hydrolyze
mainly gelatine, elastin, collagen, hemoglobin, as well as other bioactive peptides such as
proteins bound to pheromones [85]. Diverse mechanisms have been identified in order to
clarify and unveil the pathogenic effects of GelE. Park and collaborators [102] reported the
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potential of this protease to enhance bacterial invasion via cleaving human complement
C3 and inhibiting phagocytosis by polymorphonuclear leukocytes. Additionally, GelE can
degrade polymerized fibrin as another potential mechanism for virulence. It also may
eliminate misfolded bacterial surface proteins and extracellular pheromones leading to an
interaction with protease-activated receptor 2 (PAR?2) to induce intestinal permeability [103].
Disruption of GelE leads to increased chain length of enterococci to 5-10 cells, reflecting
a potential role in enterococcal cell division and morphology [104]. In 2004, two studies
were performed by Hancock and Perego [105] and Pillai et al. [106] in which gelatinase
and its regulation were deeply investigated. This enzyme is encoded by the chromosomal
gelE gene for which expression is regulated by the transmembrane protein FsrB. This gene
is part of the fsrABC cluster, encoding the regulatory protein FsrA, FsrB—pheromone
transporter GBAP and histidine kinase FsrC. Deletions within the locus fsr render these
bacteria unable to produce gelatinase leading to decreasing virulence [107]. In addition,
such mutants were also affected in biofilm formation reflecting a significant reduction in
the biofilm synthesis by 28-32% [108]. The gelE gene is regulated by the quorum-sensing
system which relies on the gelatinase biosynthesis activation pheromone (GBAB) [109,110].
This gene is present in both clinical and food-derived enterococcal strains. It usually occurs
in E. faecalis and in individual strains of E. faecium [82]. To summarize, it is relevant to note
that this protease also contributes to biofilm formation [105].

3.2.2. Hyaluronidase—Hyl

Hyaluronidase is a protein that is mostly found in E. faecium, with an approximative
molecular weight of 45 kDa and encoded by the chromosomal iyl gene [85]. The hyl gene
has been usually identified in E. faecium and it occurs regularly in E. faecalis [111]. It has also
been found in other strains isolated from food encompassing E. casseliflavus, E. durans and
E. mundtii [112]. Hyl is homologous with hyaluronidases of other cocci such as S. pyogenes,
S. pneumoniae and S. aureus. Such proteolytic protein is implicated in the degradation of
mucopolysaccharides that connect tissue and cartilage and, therefore, in spreading bacteria.

It has been widely believed that bacterial strains of clinical origin usually contain
more virulence determinants than those isolated from other sources, including foods and
food products. The latter have been reported as an indirect source of infection with a
significant implication in promoting the spread of virulence genes [82,84,113]. According
to the data mentioned above, Huddleston [114] reported that Enterococcal strains are
capable of exchanging genetic material via conjugation and the process frequently occurs
in the GIT. For instance, diverse enterococcal virulence determinants, including hemolysin-
cytolysin, adhesive substances or antibiotic resistance, can be transferred by the mechanism
of gene exchange, e.g., the case that one plasmid may contain genes encoding pheromones,
antibiotic resistance and other virulence factors [115,116]. Accordingly, it seems reasonable
to monitor the presence of virulence factors in strains of the Enterococcus spp. genus isolated
from food.

4. Other Enterococcal Virulence Factors
4.1. Sex Pheromones

In 2002, Clewell and coworkers [117] demonstrated that enterococcal strains possess a
mechanism of plasmid accumulation based on the production of chromosomally encoded
genes of the sex pheromones encoded by—cpd, cob, ccf, cad. These are defined as small
peptides, composed of 7 to 8 amino acids, which mediate the conjugative transfer of plas-
mids between cells [118]. It is relevant to know that pheromones secreted by recipients are
donor-specific and induce the expression of conjugative operons of its plasmid. Usually,
an enterococcal strain is not limited to the secretion of one type of pheromone. It may
secrete several different pheromones. Apart from pheromones themselves, every single
pheromone-dependent plasmid encodes for the secretion of peptides which act as competi-
tive inhibitors of the corresponding pheromone. Two studies carried out by Clewell [119]
and Dunny et al. [74] demonstrated that the binding of pheromones to receptors on the
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surface of the donor’s cells permits the transduction of this signal and induces the gene of
the AS. Expression of the asal gene results in the formation of cell aggregates, which enables
effective plasmid transfer [117]. Additionally, amongst the different roles of pheromones,
Bhardwaj and his collaborators [120] revealed that these peptides can be chemically at-
tractive to human neutrophils, they may initiate inflammatory conditions and they even
induce the production of superoxides. These latter, as a specific toxic compound produced
by E. faecalis, have been reported for the first time by Falcioni et al. [121]; such compounds
have never been detected in E. faecium strains before. These substances can also behave as a
mutagen [122]. In the same framework, Wang and Huycke [58] demonstrated that E. faecalis
caused chromosomal instability in eukaryotic cells via superoxide production, while using
a single-nucleotide polymorphism array. In the field of cancerology, DNA instability is
widespread within different types of solid tumors, including colorectal cancer (CRC), and
directly related to poor prognosis and metastasis [123,124]. For instance, E. faecalis-induced
tetraploidy may be similarly linked to increased chromosomal instability [65].

4.2. Biogenic Amines

In addition to the aforementioned list of virulence factors, biogenic amines (BAs)
seem to play a critical role in the pathogenesis of enterococci. Defined as organic basic
compounds, these substances may occur in many foods such as vegetables, fruits, beer,
wine, cheese, eggs, fermented sausages and fish products. According to Giraffa [116]
and Kucerova et al. [125], the most relevant BAs found in foods and food products are
tyramine, histamine, putrescine, tryptamine, p-phenylethylamine, spermine, spermidine
and cadaverine, where they may display a high risk of food intoxication. Such foodborne
disease may be of critical clinical concern and are characterized by symptoms of increased
blood pressure, vomiting, severe headaches and allergic reactions. Of note, fermented foods
correspond to the main reservoir of BAs due to the action of amino acid decarboxylases of
microbial agents included as starter cultures or present as part of contaminating microflora.
For instance, in 2017, Aspri et al. [126] reported the ability of enterococci to form BAs
during growth in dairy products, particularly in the case of tyramine which is often
considered to be the only biogenic amine formed by enterococci. Nevertheless, this result
has been rebutted by the findings of other investigations which demonstrated the ability
of enterococci to produce other BAs, via histidine and tyrosine decarboxylase activities,
during their growth in milk and other dairy products [125,127]. However, the production
of BAs is dependent on the magnitude of enterococcal growth and enterococci rarely
reach sufficient cell numbers in cheese and milk to be considered a threat regarding the
production of BAs [128]. Although the production of BAs by enterococci has been reported,
these compounds have yet to be implicated in enterococcal disease. Thus, although an
important consideration, it would seem judicious to assess these capacities in enterococci
isolated from foods and also in those used as starter cultures of probiotics.

5. Are There Any Other Limitations to the Use of Enterococci as Probiotics?

In addition to the above-mentioned virulence determinants, enterococci are endowed
with a notorious reputation in terms of sturdy phenotypes that render them inadequate
as probiotics and for probiotic use. Amongst these phenotypes are resistance to innate
immunity, an innate ability to translocate intact mucosal barriers, high persistence in
phagocytic cells, facile exchange of genetic elements, acquired resistance to many antibiotics,
and an association with CRC. In the next sections, we develop the discussion further by
taking E. faecalis as an example.

5.1. Resistance to Innate Immunity

Escape to innate immune cells is pivotal for pathogens responsible for invasive in-
fection. In this context, Asahara et al. [129] showed that a wide range of probiotics,
including lactobacilli, are readily killed by phagocytosis following translocation. However,
E. faecalis demonstrates a remarkable resistance to innate immunity with a high persis-
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tence in macrophages. Two pilot investigations led by Wells et al. [130] and Zou and
Shankar, [131] showed that in a murine peritoneal infection model, antigen-presenting
cells were unable to efficiently eliminate E. faecalis. These cells are able to survive in vitro
for more than 3 days while a proportion exceeding 90% of E. coli and Lactococcus lactis
strains are killed within 24 h [131]. In terms of resistance to oxidative killing, E. faecalis
possess various genetic determinants implicated in this phenomenon. Of note, E. faecalis
tolerance to hydrogen peroxide (H,O,) contributes to the improvement of their survival
within murine peritoneal macrophages. Numerous studies have succeeded in revealing
that such tolerance is controlled by proteins coded by hypR, perR, and Ara-C type tran-
scriptional regulators [132-134]. These gene products likely control expression of diverse
antioxidant genes that include NADH peroxidase, alkyl hydroperoxide reductase, and
thiol peroxidase [135].

Regarding the production of extracellular capsules by enterococci, particularly E. faecalis
strains, these bacteria are endowed with this feature, and their extracellular capsules are
classified into 21 unique serogroups [136]. It is significant to note that capsular antigens are
sugar polymers that render strains resistant to phagocytosis and boost their persistence in
a mouse model of subcutaneous infection [137]. In 2009, Thurlow et al. [138] identified an
operon for capsular synthesis in a wide range of clinical strains of E. faecalis implying the
potential role of these capsules in infection. Despite the scarcity of data about foodborne
E. faecium capsules, it has been shown that clinical isolates that are resistant to phagocytosis
presumably produce capsules [139]. Recently, Zou and Shankar [131] proved that E. faecalis
is resistant to phagosome acidification and does not induce autophagy.

5.2. Intestinal Translocation

According to Liong [140], intestinal translocation represents a critical challenge to the
safety of any probiotic enterococcal strain. Within this field, a wide range of studies have
demonstrated the relevant contribution of bacteria, particularly E. faecalis and E. faecium,
to the translocation of mucosal surfaces in order to colonize and/or cause infection in
regional lymph nodes, liver, and spleen [141-143]. For instance, in 2008, Allen and collab-
orators [144] showed, via a short-term colonic ligation model, that E. faecalis are able to
activate NF-kB signal transduction in colon macrophages. Such an effect was noticed using
heme-starved bacteria, a growth state that stimulates extracellular superoxide production.
This action at a distance, i.e., luminal bacteria activating mucosal immune cells, requires
epithelial translocation through specialized intestinal cells termed M (microfold) cells or by
the luminal sampling of bacteria through transepithelial dendrites extending from colon
macrophages [145,146]. Of note, intestinal translocation of enterococcal strains is firmly
correlated with numerous ailments and disorders. In fact, translocation of E. gallinarum to
the liver stimulates auto-immune responses in a systemic lupus erythematosus (SLE)-like
mouse model and patients with SLE and auto-immune hepatitis. Treatment with antibiotics
and by vaccination has permitted the prevention of E. gallinarum-induced auto-immune
responses and mortality [143]. However, Knoop et al. [147] showed that antibiotics have
the potential to promote the translocation of E. faecalis and induce inflammation. In a
pilot investigation performed on a murine model of ischemic stroke, the translocation of
E. faecalis into tissues encompassing lung, liver, spleen, and mesenteric lymph nodes was
highly linked with post-stroke infection [148].

According to Wang and Huycke [58], the translocation of E. faecalis may also be firmly
associated with colorectal carcinogenesis. In fact, this team revealed that in vitro activation
of colon macrophages by E. faecalis led to the production of clastogens (or chromosome
breaking factors) that, in turn, caused chromosomal instability in neighboring cells through
a bystander effect. This sequence results in epithelial DNA damage characterized by
aneuploidy, tetraploidy, G2M cell cycle arrest, and cellular transformation [59,149]. Two
diffusible factors mediate the bystander effect: 4-hydroxy-2-nonenal (4-HNE) and tumor
necrosis factor alpha (TNFx). In the same context, in the year 2012, two pilot studies
were conducted by Wang et al. [149] and Yang et al. [150] in which they succeeded in
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elucidating the role of 4-HNE as a mutagen and clastogens, and the role of TNF«x as a
promotor of colon epithelial cell proliferation. It has been shown that superoxide and cyclo-
oxygenase-2 may ensure a contribution to the bystander effect as superoxide dismutase
and cyclo-oxygenase inhibitors confer protection [58,60,151]. To sum up, these findings
highlight several worrying predispositions of translocating and mutagenic enterococcal
strains, providing further arguments against consideration of E. faecalis as a probiotic.

In terms of CRC, numerous works have validated the association of E. faecalis with
murine colitis and this type of cancer via the use of interleukin-10 (IL-10)-deficient
mice [60,152,153]. Of note, data about the correlation between E. faecalis and human
CRC are scarce. Nevertheless, intensive efforts in this field succeeded in linking the pres-
ence of E. faecalis, as the predominant species, in fecal samples and colon tissues (tumor
and adjacent normal tissues) from patients with CRC compared to healthy controls [154].
Likewise, recent investigations on clinical cases of enterococcal bacteremia and endocarditis
have suggested a tight link between enterococcal strains and CRC [155-157]. In the same
way, Pericas et al. [158] revealed the link between colorectal neoplasms in more than half
of patients with E. faecalis endocarditis, implying a firm connection between this bacterium
and colorectal cancer. Finally, CRC patients colonized with E. faecalis have been correlated
with specific cancer phenotypes that are characterized by upregulated CpG island methy-
lator phenotypes, micro-satellite instability, and pathways involved in inflammation and
DNA damage [159]. Together these findings imply a critical role for E. faecalis in CRC.

5.3. Transfer of Virulence Determinants and Antibiotic Resistance Genes

According to O’Driscoll and Crank [160], enterococci belong to the group of the most
common nosocomial pathogens that could cause a wide range of critical infections and
ailments including bacteremia, endocarditis, urinary infections, intra-abdominal and pelvic
infections, foodborne diseases and even central nervous system infections. Significantly;,
nearly 80% of the aforementioned infections were associated with E. faecalis [161]. Entero-
coccal strains, previously viewed as microbes of minimal clinical impact, have emerged
now as common opportunistic pathogens of humans [162]. The pathogenicity of these
microorganisms is presented via a whole arsenal of virulence determinants and the con-
stant increase in antibiotic-resistant strains, particularly, vancomycin-resistant enterococci
(VRE) [115,140,163]. Accordingly, Enterococcus spp. represent a critical heavy burden to-
wards public health, especially when identified as the main causative agent of infection
and/or disease, specifically in immunocompromised subjects [164]. In 2010, Brilliantova
and coworkers [165] demonstrated that infections caused by enterococcal strains originated
from the intestinal microbiota of the patient and can be transferred from one subject to
another or can be acquired by the consumption of contaminated food and water. This
bacterial genus shows an unexpected potential of transferring the antibiotic-resistant genes
in order to produce AS, cytolysin and gelatinase that are common enterococcal virulent
traits [166].

Regarding the antibiotic resistance of numerous enterococcal strains to conventional
antibiotics, this represents another critical virulence feature which strongly boosts the
pathogenicity and the virulence of Enferococcus spp. via making them sturdy opportunistic
microorganisms in nosocomial infections [167-169]. In this context, it has been shown
that continuous exposure to antibiotics, particularly, their intensive use in human and
veterinary medicines in terms of prophylaxis, therapy and/or growth promoters, has led
to an imminent increase in the occurrence of multi-drug resistant enterococcal strains. Con-
sequently, this multi antibio-resistance becomes a serious public health issue. Furthermore,
it has been revealed that enterococci are intrinsically multi-drug resistant, reflecting a resis-
tance to cephalosporins, sulphonamides, lincosamides, 3-lactams, and aminoglycosides,
located in the chromosomes [116,170]. Nevertheless, acquired resistances in enterococci
from other microorganisms occurred via plasmids or transposons, and they could be ob-
served towards ampicillin, chloramphenicol, erythromycin, fluoroquinolones, penicillin,
tetracycline, aminoglycosides (gentamicin, kanamycin, and streptomycin), glycopeptides
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(especially vancomycin) and even oxazolidinones [45,171,172]. It is pertinent to note that
antibiotic resistance does not alter enterococcal virulence per se or directly promote patho-
genesis. Though, widespread resistance does promote colonization and superinfection,
limits treatment options, and renders cure less likely. Genetic determinants of antibio-
resistance are frequently detected in enterococcal strains and are readily found in probiotic
strains, food isolates, and certain commensal E. faecium strains (clade B) that are usually
considered vancomycin susceptible [115,173,174].

Regarding vancomycin resistance, this is of special interest because vancomycin-
resistant enterococci (VRE) were known to cause critical infections and ailments that could
not be treated with conventional antibiotic therapy [175]. That is why VRE represented
(and still represents) a real challenge to clinicians since this antibiotic, vancomycin, has
traditionally been considered as the “drug of last resort” in the treatment of enterococ-
cal infections as it is often used to replace ampicillin, penicillin, and aminoglycosides
in patients with allergies [176]. Accordingly, an arsenal of new drugs was developed,
tested and assessed as potential alternatives to vancomycin encompassing everninomycins,
daptomycin, oxazolidinones, and quinupristin-dalfopristin [116]. In the same framework,
avoparcin, a glycopeptide similar to vancomycin, was widely used as a growth promoter in
livestock feed in the 1970s and is considered as the most famous example of the acquisition
and transfer of antibio-resistance in enterococci. During the 1990s, vancomycin-resistant
enterococci were detected in foods, food products and emerged as colonizing strains in ani-
mals and healthy people. Likewise, numerous investigations conducted in European and
American countries reported that VRE colonization arises in the community besides human
reservoir; animal, environmental, and food reservoirs could act as community sources for
VRE outside the health care setting [116]. More recently, Wegener [177] announced that
VRE appeared as the leading nosocomial sturdy pathogens around the globe. In fact, there
are six known genes of glycopeptide resistance in enterococci: vanA, vanB, vanC, vanD,
vanE, and vanG [177]. In 2018, Leong et al. [178] succeeded in detecting vanA or vanB
resistance genes in 222 E. faecium clinical isolates. This cautionary tale demonstrated that
antibiotic use in animal husbandry can rapidly spread resistant enterococci via the food
chain to humans and the clinic. Moreover, vancomycin-resistant enterococci could also
occur in human outside hospitals confirming that a transfer of resistance genes between
animals and humans or a clonal spread of resistant strains could explain this prevalence.
Hence, VRE could reach foods via the path of environmental contamination from diverse
sources, wastewater from sewage treatment, livestock feces, and manure from poultry
farms [116,179]. In harmony with these findings, a long list of other antibiotic-resistant en-
terococcal strains has been found amongst food, animals and the environment worldwide.
For instance, several studies have detected high gentamicin, kanamycin, streptomycin,
tetracycline and glycopeptide resistance within enterococcal strains (E. faecalis, E. faecium,
E. casselifavus, and E. gallinarum) isolated from bovine mastitis (80%), chickens (62-64%),
pigs (57%), food of animal origin (e.g., white and red meats), uncooked food (e.g., lettuce),
sewage, and water [174,180-182]. It is relevant that the emergence of this high antibiotic re-
sistance in all of the above-mentioned reservoirs and environments implies the inter-strain
transmission of genetic resistance determinants in the intestinal tract and through in vitro
conjugation models. Such a deduction has been proved via several studies [183-187].

When considering enterococci as probiotics, their inherent potential to exchange re-
sistance genes is a salient feature. In 2015, a study performed by Topcuoglu et al. [188]
clinically investigated the presence of VRE in different probiotic products containing Lactica-
seibacillus casei, Lacticaseibacillus rhamnosus, Lactiplantibacillus plantarum, Bifidobacterium lactis,
fructooligosaccharide, galactooligosaccharide, colostrums and lactoferrin in premature
infants. It showed that a shocking VRE outbreak incidentally occurred reflecting the critical
potential of probiotics to enable antibiotic resistance gene transfer. Accordingly, these
findings increase new safety issues for enterococcal probiotics, in particular for patients
with immune-compromised health conditions. In the context of inter-strain transmission
of resistance genes, Lund and Edlund [185] discovered the potential of antibiotic resis-
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tance transfer to probiotic strains of E. faecium. Likewise, in 2019, Li and colleagues [189]
demonstrated that a vancomycin resistance gene (vanA) was readily transferred between
probiotic E. faecium and E. faecalis strains during fermentation of a soybean meal. In 2010,
Palmer et al. [190] revealed that high-efficiency transfer of resistance to macrolides, tetracy-
clines, and glycopeptides within E. faecalis and E. faecium arises via pheromone-responsive
plasmids. These plasmids, as highly evolved extra-chromosomal genetic elements, may
play a double role concomitantly, encoding diverse resistance determinants and containing
virulence genes for Cyl, AS, and the biofilm enhancer in Enterococcus (bee) and, as with
the PAIL contribute to the spread of virulence factors. Unlike E. faecalis and E. faecium,
E. gallinarum and E. casseliflavus exhibit intrinsic vancomyecin resistance that is chromoso-
mally encoded by the vanC gene [191].

Relatedly, Palmer and Gilmore [192] succeeded in exhibiting the different pathways
used by enterococci to spread and transfer antibiotic resistance genes including broad-host
range plasmids, composite, conjugative, and Tn3-like transposons, and even via numerous
bacteriophages. They also determined that the acquisition of mobile DNA elements in
multi-drug resistant isolates of E. faecalis and/or E. faecium is highly associated with the
absence or deficiency in CRISPR/cas loci. “CRISPR’ for Clustered Regularly Interspaced
Short Palindromic Repeats and its associated protein (Cas) represent adaptive immune
systems which may occupy a defensive role for the genome against horizontal acquisition
of foreign DNA. This DNA potentially transfers resistance genes and factors, not just
between enterococci but also to non-enterococcal Gram-positive and -negative bacteria,
hence expanding the reservoir of these determinants [193]. Recently, a few studies have
succeeded in detecting a Clostridium botulinum neurotoxin (BoNT)-like toxin gene on a
conjugative plasmid in some selected E. faecium strains. Such discoveries imply the potential
horizontal transfer of a dangerous toxin gene [194]. One of the BoNT-positive strains
was phylogenetically similar to the probiotic E. faecium T-110 strain [195]. Such findings
pose new critical concerns that complicate the situation in terms of using enterococci
as probiotics.

6. Virulence Potential of Foodborne Enterococcal Strains: Myth vs. Reality

According to Sharifi et al. [196], accurate knowledge and understanding of the viru-
lence determinants and features of circulating enterococcal strains may help to comprehend
the complex pathogenic process of these opportunistic microbes. It is important to note
that pertinent data on the virulence of enterococcus isolated from foods and food matrices
are still scarce. This paucity is due to diverse factors. In fact, scientific investigators have
revealed that the virulence of this genus seems to depend on the species rather than on
the source of their isolation. Accordingly, E. faecalis represents the candidate with a whole
arsenal of virulence determinants, more than in isolates of other species. In 2001, Franz
and coworkers [115] presented significant levels of E. faecalis and E. faecium strains isolated
from food with at least one virulence factor, 78.7% versus 10.4%, respectively. Likewise,
Cariolato et al. [197] succeeded in revealing the presence of at least 1 to 6 virulence deter-
minants in the genomes of numerous isolates of E. faecalis, whereas other species were
practically free of them. Jimenez et al. [87] scrutinized various strains of Enterococcus spp.
isolated from animals and healthy humans and they found that isolates of E. faecalis contain
several factors of virulence in their genome encompassing (cad, ccf, cob, cpd, efaAgs, agg,
gelE, cylA, esp), whereas E. faecium contained only the efaAg;, gene. In agreement with these
findings, an investigation performed by Medeiros and his colleagues [198] in which they
compared face-to-face strains isolated from the material of clinical origin versus strains
from diverse food matrices including pasteurized milk, soft cheese raw meat and vegeta-
bles. They found that a number of strains isolated from foods and food products have
similar virulence determinants in their genomes as those found in strains of clinical origin.

Numerous studies have corroborated that gelatinase represents the most frequently
occurring factor of virulence [87,199,200]. Surprisingly, in 2014, Medeiros et al. [198] led a
pilot research project in Brazil, in which they unveiled that the gene which encodes this
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metalloprotease has been detected in over 70% of isolates from food matrices (beetroot,
cabbage, cassava, parsley, potato, sweet potato, raw meat, pasteurized milk and dairy
products, including different types of cheese). Likewise, high levels of occurrence of gelE
were spotted in enterococcal strains isolated from Turkish white cheese [201]. It is believed
that frequent incidence of gelatinase ‘GelE’ in isolates from meat, meat derivatives and
dairy products is mainly ascribed to the high content of these products in terms of gelatin,
collagen and casein, which are substrates of gelatinase. This latter, as a factor of virulence, is
often found in the genome of strains of clinical origin, encompassing vancomycin-resistant
alarm pathogens. For instance, Sharifi et al. [196] succeeded in detecting the gelE gene in
all vancomycin-resistant strains of clinical origin of E. faecalis. Similarly, Yilmaz et al. [202]
identified the gelE gene in 75% of beef isolates and in 82.9% of chicken isolates.

Regarding the ace gene, its occurrence has been detected in enterococcal isolates of
E. faecalis of food origin as well as in isolates of clinical origin [134,135]. In 2008, Abriouel
et al. [203] demonstrated a higher occurrence of ace gene in clinical isolates, exceeding 80%,
compared to isolates from other biotopes such as vegetables, water and soil.

On the list of alarming virulence determinants of enterococcal strains isolated from
diverse foods and food products is the potential to form biofilm. This has led to a significant
increase in the survival rate and propagation of antibiotic-resistance and the associated
genes in a wide range of ecological niches and biotopes. Accordingly, bacterial strains,
particularly enterococcal strains which live in the biofilm, have been shown to be more
resistant to antibiotics [204]. It is pertinent to know that bacteria living within mature
biofilm are able to tolerate a wide range of antibiotics at concentrations ranging from 10 to
1000 times higher than those living outside biofilm [205]. The presence of factors mediating
adhesion to cells and formation of biofilm corresponds to the first main stage in the process
of infection and/or colonization of a host. In the past, it was believed that there is a tight
connection between the ability to form biofilm and the presence of esp [96,206]. However,
another group of researchers reported that molecular mechanisms for biofilm formation
are independent from esp [32,207,208].

Hancock and Perego [105] investigated the potential contribution of gelatinase in
the process of biofilm formation. It was suspected that this contribution occurred via
expediting signals arriving through the quorum-sensing fsr system. Such a hypothesis has
been rejected by Mohamed and Murray [209] following the findings of their study where
they unveiled a critical paucity of correlation between gelatinase and biofilm formation in
a large collection of E. faecalis isolates. Earlier, Mohamed et al. [208] revealed the presence
of a critical factor, the serine protease, which is even more important than gelatinase in
biofilm production.

The hemolytic activity represents another critical virulence factor of enterococci iso-
lated from food. In fact, Hammad et al. [210] succeeded in detecting the cylA gene related to
cytolysin metabolism in enterococcal strains isolated from Egyptian fresh raw milk cheese.
Likewise, cyIB has been detected in foodborne enterococcal strains, particularly isolated
from Turkish white cheese [201]. It is important to note that numerous investigations have
reported inconsistencies resulting from the presence of genes and their expression. Hence,
the presence of cytolysin is not always associated with hemolysis on blood agar. In 2009,
two pilot studies performed by Gaspar et al. [211] and Upadhyaya et al. [212] showed that
the absence of hemolysis may result from a weak expression of the related gene, which does
not allow the detection of phenotypic changes, or from the presence of an inactive gene
product. In the same context, Trivedi et al. [112] demonstrated that 3-hemolytic activity
was higher in foodborne E. faecalis (29%) compared to E. faecium (10%) isolated from milk
and dairy products, ready-to-eat meat products, fruits and vegetables. Accordingly, such a
feature seems to be genus-dependent rather than species-dependent because it has been
noted in E. mundtii and E. durans of dairy origin and in two E. casseliflavus strains of dairy
and meat origin [112]. Despite all the findings mentioned above, diverse investigations
have reported that Enterococcus strains isolated from a wide range of fermented food
products exhibited no 3-hemolytic activity [213,214].
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Last but not least, sex pheromones as mediating factors in conjugation have been
considered as a risk to food safety due to their high incidence in foodborne isolates. It is
important to note that the high incidence of these factors in the genomes may be a good
sign of their potential to exchange genetic material at every single stage of their production,
and particularly when they reach the human GIT. It has been suggested that the incidence
of sex pheromones is highly associated with the presence of the AS. Hence, enterococcal
isolates that are endowed with the asal gene respond to the recipient’s cells via producing
pheromones to accept the pheromone-dependent plasmids reflecting a crucial relationship
in the process of exchange of resistance genetic determinants in the conjugation process.
According to Akhtar et al. [215], the ccf gene is responsible for activating the conjugation
of the pCF10 plasmid. This latter transfers resistance genes to tetracyclines. Furthermore,
various researchers have shown that pheromones mediating in the system of conjugation
are also responsible for acquiring resistance to glycopeptides, encompassing vancomycin.
It is crucial to note that the transfer of the vanA gene during conjugation by the method
of membrane filters is highly facilitated by plasmid pCF10 [216,217]. Accordingly, sex
pheromones seem to be a critical factor in the virulence processes of enterococcal strains
particularly with their contribution in the spreading of antibiotic resistance. In 2010,
Wardal and colleagues [218] led a pilot review investigation in which they demonstrated
that epidemiological studies have shown that they are isolated more frequently from
patients with bacteremia and wound infections than from feces samples from healthy
volunteers and hospitalized patients. As mentioned above, the incidence of pheromones
in foodborne isolates is a bit worrying especially in terms of their potential to mediate
the process of gene exchange. For instance, numerous studies conducted on enterococcal
strains (1 = 35) isolated from retail raw (20 samples), cooked (20 samples), and ready-to-
eat shrimps (20 samples) unveiled that genes encoding sex pheromones cpd (100%), cob
(94.3%) and ccf (94.3%) were unexpectedly detected with high incidence. Similarly, in 2016,
Chajecka-Wierzchowska et al. [219] succeeded in detecting the genetic determinants of sex
pheromones, including cpd, cob, ccf, in 31 out of 35 enterococcal isolates from retail shrimps.
At the same year, Yilmaz and coworkers [202] detected cpd (100% and 92.4%) and ccf (98%
and 99%) as the most prevalent virulence determinants in enterococcal strains isolated
from Turkish retail beef and chicken meat samples, respectively.

To sum up, it seems relevant to note the fact of the detection of virulence genetic
determinants in the genome of various enterococci encompassing E. casseliflavus, E. durans,
E. hirae, E. avium, E. cecorum, E. gallinarum, E. malodoratus, E. faffinosus and
E. mundtii [86,201,220,221]. This is of outstanding importance considering the fact that
scientific researchers usually focus on evaluating the virulence of E. faecalis and E. faecium
as the most common representatives of Enterococcus spp. in food. In the meantime, the rise
of other species containing invasiveness factors make them more virulent and sturdier.

7. Regulation of Enterococcus spp. Safety

In terms of safety issues, and according to the QPS list from the EFSA (https://
www.efsa.europa.eu/en/topics/topic/qps, accessed on 1 September 2021), enterococcal
species are neither recommended for the QPS list [222] nor have GRAS status [21], in spite
of recent scientific knowledge allowing differentiation of commensal from pathogenic
strains [223-225]. In this context, recent advancement in molecular epidemiology, par-
ticularly in terms of molecular fingerprinting, multi-locus sequence typing, phenotypic
studies and whole-genome analyses, have delivered further evidence that Enterococcal
nosocomial strains are genotypically different from commensal strains. In this regard,
Montealegre et al. [223] unveiled, via molecular subtyping, the presence of three different
clades of the E. faecium: Al as the hospital-associated clade and rarely found in healthy
individuals; A2 as the animal-associated clade; and the community-associated clade B,
commonly found in healthy individuals and rarely causes infections. In the same context,
in 2017, Beukers and collaborators [226] succeeded in comparing complete genomes of E.
faecium from the NCBI database in order to disclose differential clustering of commensal
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and clinical isolates, indicating that these different E. faecium strains may be specifically
adapted to their respective environments. Likewise, regarding E. cecorum, as a member
of Enterococcus spp. genus, it has been reported that the difference between the ability of
pathogenic and commensal E. cecorum isolates from different animal species to metabolize
mannitol may be expounded by a separate evolution of pathogenic E. cecorum isolates [225].
In the same year, Bonacina et al. accurately investigated the genome sequences of four
groups of Enterococcus species from food origin encompassing dairy, meat, probiotics and
probiotics from dairy origin. They revealed the absence of any correlation between iso-
lation source and/or probiotic properties and phylogenetic signal neither at species nor
strain levels.

It is pertinent to mention that the remarkable progress outlined above endorses the
urgent call for new recommendations in terms of probiotic regulation and legislative
framework in order to discern between safe and potentially harmful Enterococcal strains.
Leading organizations in food safety and security such as the European Food Safety
Authority (EFSA), the Advisory Committee on Novel Foods and Processes (ACNFP),
and the Food Standards Agency (FSA) allowed the use of certain strains of enterococci
as a food additive and supplements based on a careful case-by-case appraisal. In this
case, every single strain must be considered, and health risks must be excluded for this
specific strain [39,227-229]. In husbandry, particularly in animal nutrition, the EFSA
guidance [229], a globe reference in the field, delivers a meticulous and accurate procedure
for distinguishing between safe and potentially harmful strains of E. faecium. For any kind
of use as a feed additive microbial producer, applications might be submitted to EFSA for
drastic safety evaluation. Regarding this international guidance, in order to be used in
animal nutrition, enterococcal strains must be susceptible to ampicillin (MIC < 2 mg/L)
and must not harbor one of the genetic elements IS16, hylE¢,, and esp. In 2017, Brodmann
and his team [230] showed that the full strain genome represents a mandatory benchmark
of assessment of any new probiotic candidates by EFSA. To date, specific strains of E. faecalis
and E. faecium are the only enterococci used as probiotics or feed additives [39]. The use of
other enterococcal species is under contentious debate. It is subject to little or no regulation
in spite of the steady number of investigations that unveil the probiotic potential of some
species such as E. munditii, E. durans and E. hirae [19,231-233]. An array of recommended
methods for the safety appraisal of Enterococcus is given in Table 4.

Table 4. Recommended methods for the safety appraisal of Enterococcus (non-QPS species) (adapted from [25]) with

slight modification.

Experimental Trials Approach References
Antibiotic susceptibility
Phenotypic antibiotic susceptibility: Ampicillin Minimal inhibitory concentrations (MICs) (mg/L or [229]
ug/mL; susceptibility testing: EUCAST/CLSI, ISO
standard)
Other Considerations
Susceptibility to clinically relevant antibiotics: Minimal inhibitory concentrations (MICs) (mg/L or [234,235]
(vancomycin, gentamicin, kanamycin, streptomycin, pg/mL; susceptibility testing: EUCAST /CLSI, ISO
erythromycin, clindamycin, tetracycline, standard)

chloramphenicol)

Detection of Virulence Markers Associated with Clinical Strains

esp
hylEfm
IS16

Other Considerations

Hybridization techniques [236]
PCR [237]
PCR [238]
Alternative methods: - Hybridization to colony lysates [239]
- Southern blots
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Table 4. Cont.

Experimental Trials

Approach References

Genotypic assessment

- Multilocus sequence typing (MLST)

- DNA fingerprint
-PCR
Vancomycin operons (vanA, vanB, vanC, vanD, vanE, [240]
vanG, vanM, vanL, vanN)
Aggregation protein gene (agg)
Surface adhesin genes (efrAg, efaAg,) [82]
Cytolysin genes (cylLy, cylLs, cylM, cyIB, cylA)
Extracellular metalloendopeptidase gelE [241]
Phenotypic assessment
Hemolytic Activity Hemolytic activity assay on 5% sheep or horse blood [242]
Columbia agar plates
Gelatin hydrolysis Assay for gelatinase activity on Todd-Hewitt (TH) agar [243]

plates containing 3% gelatin

Biogenic Amines Detection

Histamine High pressure liquid chromatography (HPLC) [244]
Putrescine
Phenylethylamine
Cadaverine
Alternative methods (for Histamine)
- Fluorometric methods [245-247]
- Immunoassays
- Flow injection analysis
- Colorimetric method
Detection of amino acid decarboxylase-positive - Quantitative real-time PCR histamine-producing LAB [244,245,248]
microorganisms - In vitro detection method (Enzymatic or chemical
analysis)
Toxin Production
Cytotoxic potential Vero cell cytotoxicity test [235]
Full genome (When available) Next Generation Sequencing [229]

A wide range of bacteria showed a high potential to produce bioactive peptides, also
known as ‘bacteriocins’. These bacteria are defined as proteinaceous compounds endowed
with antimicrobial activity against Gram-positive and Gram-negative bacteria, and mainly
produced by LAB which have a long history of application as natural food additives to en-
hance food safety [249,250]. In terms of legislative standards, nisin and pediocin PA1/AcH
represent the only bacteriocins approved for utilization as food additives by the Food
and Drug Administration (FDA) in USA and EU regardless the considerable number of
experimental works on the application of other bacteriocins in food [251,252]. The use
of LAB as microbial cell factories and their bacteriocins as an attractive alternative in the
treatment of antibiotic-resistant bacterial infections seems promising, particularly with the
current emergence of sturdy multi-resistant pathogens to conventional antibiotics [253].
Behrens et al. [254] reported the use of numerous bacteriocins in clinical trials and exper-
iments. These proteinaceous compounds are well known by their potency, low toxicity
and their specificity to target specific bacterial clusters reflecting a target accuracy without
affecting much of the natural microbiota which is a common drawback of conventional
antibiotic use [255,256]. According to Yang and coworkers [249], the gene-encoded nature
of bacteriocins makes them easily amenable via bioengineering to either increase their
activity or specify the target microorganism. However, probiotic strains or bacteriocins
intended for use as a therapeutic must undergo the regulatory process as a new drug and
must be authorized by the FDA [257]. It is also interesting to note that studies suggest
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that sub-lethal concentrations of bacteriocins such as nisin should have adverse effects by
inducting an increase in virulence in surviving bacteria [258].

8. Enterococcus spp.: A Glance at Tomorrow—Focus on the Safety

In the strictest definition, “virulence factor” is defined as a substance that is necessary
for causing disease in the host, but not necessary for survival in other contexts. For instance,
Bacillus anthracis, a sturdy pathogenic bacterium which is able to produce toxins, mostly fits
this criterion. While a significant number of genetic determinants contribute to the ability of
a given enterococcal strain to cause infection, these factors are not necessarily found in every
clinical isolate, which highlights the point that enterococcal infection is multifactorial and
includes contributions by the microbe, as well as the host. Several enterococcal factors that
contribute to fitness in the host also contribute to the overall fitness of the bacterium in other
ecological biotopes, encompassing its normal habitat, the GIT. The virulence of enterococci
is a more intricate phenomenon than the simple presence of some main players, and appears
to be dependent on strain-variable combinations of factors that lead to improved infection
and colonization when expressed together in the right background. Practically, all studies
on enterococci as pathogens have focused on the genetic determinants that contribute to
their sturdy pathogenic potential, with fewer studies focusing on the role of the host or
on factors that contribute to the commensal lifestyle of enterococcal species. Promoting
such noninfectious behavior could be a promising strategy for potentially preventing and
treating infections. Understanding how enterococci contribute to the human microbiome
as well as infection would help to illuminate exactly where they occur on the commensal-
pathogen continuum. To summarize, these explanations represent a handful of concluding
remarks that are meant to illustrate that we have only scratched the surface of this field.

Due to a poor understanding of adverse events arising in probiotic intervention
investigations and a lack of structural and formal reporting of collateral effects, there
remain uncertainties regarding probiotic safety. When looking at the large amount of
data and scientific literature on probiotic safety showing that intake of probiotics is not
associated with increased health risks, it is surprising that this is still a subject of debate.
Though, there is one structural flaw in probiotic research that hampers making definitive
conclusions regarding safety and harm [259]. It is pertinent to know that there is a structural
under-reporting of adverse events and safety in terms of studies with probiotics, notably in
clinical ones. This does not mean that the probiotic study design is poor in terms of quality,
or the assessed probiotic strains are unsafe. Thus, to exemplify, as there is no data on the
safety of eating apples, this does not mean that apples are unsafe to eat. Often no adverse
effects are found during the study, or the experienced side effects are not worth mentioning.
Researchers often suppose safety based on the long history of safety use or previous studies
demonstrating no risks. Nevertheless, currently most probiotic intervention investigations
are not equipped to correctly report adverse effects and properly classify them according
to severity and relatedness. Additionally, experiments and scientific studies often fail to
mention the investigated probiotic strain and its characteristics in terms of daily dosages,
administration regimes, study populations and duration of the intervention. This is pivotal
in purpose to establish the strain-dose-response relationship since effects are strain specific.
For instance, it seemed difficult to extrapolate data to other strains reflecting an imminent
limitation of the generalizability of concluding remarks.

To sum up, it is salient to note that probiotic investigators, even if they believe the
probiotic strain is safe, adhere to the reporting of side effects. Thus, researchers contribute
to developing a pertinent and accepted risk profile for diverse available probiotic strains
that enable regulators and other stakeholders to make evidence-based accurate decisions.
From our standpoint, generating adequate data on harms (or lack of harms) represents
the only approach to overwhelm the current perceived uncertainties and barriers in the
field of probiotic research. The lack of an obvious safety profile hampers innovation
in each domain of the valorization cycle in terms of numerous elements: (i) scientific
researchers are discouraged from conducting clinical experiments and trials in susceptible
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subjects; (ii) probiotic microorganisms are not being developed for these patients and are
not recommended in the guidelines; (iii) health professionals such as physicians do not
integrate probiotics in practice and (iv) a lack of lucidity in results leads to a lack of demand
in probiotics.

9. Concluding Remarks and Future Outlook

Enterococcus spp., as a bacterial genus, belongs to the LAB group and is part of human-
associated microbiota within diverse ecological niches encompassing skin, mouth, and GIT.
As main features of numerous enterococcal strains, multi-bacteriocin production and their
versatility to survive in different matrices including food and GIT, make them suitable can-
didates to fulfill the role as natural biopreservatives, as probiotics, or as viable alternatives
to antibiotics. Moreover, enterococci bacteriocins, also known as enterocins, are recognized
for their wide spectrum antagonism covering Gram-positive foodborne pathogens, such
as biogenic amines producing bacteria [260], L. monocytogenes and Gram-negative bacte-
ria. Furthermore, some bacteriocins exhibited antifungal and/or antiviral activity with
an inhibitor potential of sporulating bacteria such as Clostridium botulinum and Bacillus
cereus as well as an anti-endospores potency [261]. Outstandingly, these enterocins also
displayed anti-cancer activities [262]. These attributes provide the justification to nominate
bacteriocinogenic Enterococcus strains as relevant candidates for food, feed, human and ani-
mal health applications. In terms of competition amongst bacteria, bacteriocin production
represents a key feature. Accordingly, bacteriocin-producing probiotics could compete with
intestinal pathogens for colonization or modulate the microbiota homeostasis. Within this
framework, two studies reported that bacteriocins can be produced in the gut by probiotic
bacteria, where it can modulate gut microbiota to reduce gastrointestinal diseases [253,263].

Despite a long history of safe use in foods, the main question of whether enterococcal
species can be used as starter, adjunct or probiotic cultures for the development of a new
range of functional food products remains controversial, critical to answer and a difficult
task to accomplish. Regarding the use of enterococci in foods, a critical issue emerges
on the surface which is in direct correlation with their status as opportunistic pathogens,
capable of causing infection in immunocompromised patients in nosocomial surroundings.
The possession of putative virulence determinants along with an increasing prevalence of
antibiotic resistance acquisition and transfer in some species, are hindering the progression
of these microbes as important cultures in food technology applications. Nevertheless,
the presence of virulence factors does not explicitly imply that the strains will cause
imminent disease, but rather that they have pathogenic potential. For instance, virulence
factors, directly related to adhesion and colonization, have been detected in the E. faecalis
Symbioflor 1, a probiotic strain that has successfully been used for more than two decades
without any reports of infection or as a causative agent of any kind of disease [61,264],
reflecting the fact that the presence of virulence genes does not necessarily infer that they
are functional. In the same context, it has been shown that within several enterococcal
isolates carrying the gelE gene, gelatinase is not produced. Likewise, the ability to cause
infection is considered a more intricate process than the possession of genetic virulence
determinants in solo [39,63].

Several enterococcal members are firmly linked to severe healthcare-associated infec-
tions such as VRE, conferring a notorious reputation to the Enterococcus spp. genus. Hence,
a major worry about use of enterococci strains in food supplements emerges, reflecting a
potential spread of multi-antibiotic resistance and virulence genetic determinants [265].
Similarly, the alarming emergence of vancomycin resistance transfer from enterococci to
methicillin-resistant strains of Staphylococcus aureus has been reported in more than one
investigation [266]. Accordingly, bacterial strains carrying acquired resistance should not
be deliberately introduced to the food and feed chain.

At the scale of feed and novel food products, a pre-market safety assessment seems
mandatory where the safety of the bacterial candidacy is drastically appraised at species-
level. As previously mentioned, foodborne enterococcal strains harboring single or multiple
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virulence genes have been reported, even though, the case of ailments of healthy humans re-
sulting from enterococcal infections seems to be very low [34,229,234]. In the context, Ogier
and Serror [21] reported the absence of any kind of data showing a direct connection be-
tween the consumption of foods containing virulent enterococci and disease development.
Of note, enterococcal isolates originating from food are usually susceptible to antibiotics
of clinical relevance like ampicillin, penicillin, high-level aminoglycosides and the gly-
copeptides teicoplanin and vancomycin. Recent advances in molecular epidemiology and
genomics have revealed that foodborne enterococcal strains are safe and the prevalence
of virulence determinants is strain specific and that isolates from starter cultures harbor
fewer virulence genes than food isolates. Thus, this latter possess fewer virulence factors
than strains of clinical origin [223], reflecting a lower potential of pathogenicity [267]. This
seems to be a promising tool to differentiate pathogenic from nonpathogenic enterococci
and to enable improvement of the safety assessment of enterococci used in food and feed.

The ideal enterococcal probiotic would be bereft of all known virulence genes en-
compassing aspects for intestinal translocation of intact mucosal barriers, extracellular
superoxide production, resistance to innate immunity, and resistance to phagocytic killing.
With the era of Next-Generation Sequencing (NGS) technologies, these features are more
easily evaluated in probiotic strains [44]. Additionally, probiotic strains should be com-
pletely impeded in their ability to exchange DNA although such a phenotype has yet to be
created. In 2007, the European Food Safety Authority excluded enterococci from ‘QPS sta-
tus’. Such a decision endorsed an evolving understanding of the pathogenesis of E. faecalis
and E. faecium [30]. The potential use of other non-E. faecalis and non-E. faecium species as
probiotics cannot be discounted although detailed studies into their virulence, resistance,
and DNA exchange traits are required. To recap, enterococci, as opportunistic pathogens,
are endowed with an arsenal of virulence factors and antibiotic resistance genes that render
them poor choices as probiotics. The increasing number of nosocomial infections caused
by bacteria, particularly by enterococci further enhance safety concerns and require more
caution when using enterococcal probiotics. An accurate risk-benefit analysis along with
relevant evidence for clinical efficacy are needed when these commensal microbes are to be
used as probiotics.

In concluding the review, we must underscore the era of enterococcal genomics,
a new direction that should drive future research in this field. Comparative genomics
in enterococci has rapidly advanced over the last decade, and the number of genomes
discussed in the scientific literature is constantly growing. For instance, 136 enterococcal
genomes have been sequenced as part of the Human Microbiome Project (http://www.
hmpdacc.org/, accessed on 15 October 2021), and 406 more were sequenced in a large-scale
enterococcal genome sequencing endeavor performed in a multi-national collaboration
with the Broad Institute (Cambridge, MA, USA). Obviously, our foray into enterococcal
genomics has only just begun.
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