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Abstract

:

Enterococcus spp. are Gram-positive, facultative, anaerobic cocci, which are found in the intestinal flora and, less frequently, in the vagina or mouth. Enterococcus faecalis and Enterococcus faecium are the most common species found in humans. As commensals, enterococci colonize the digestive system and participate in the modulation of the immune system in humans and animals. For many years reference enterococcal strains have been used as probiotic food additives or have been recommended as supplements for the treatment of intestinal dysbiosis and other conditions. The use of Enterococcus strains as probiotics has recently become controversial due to the ease of acquiring different virulence factors and resistance to various classes of antibiotics. Enterococci are also seen as opportunistic pathogens. This problem is especially relevant in hospital environments, where enterococcal outbreaks often occur. Their ability to translocate from the gastro-intestinal tract to various tissues and organs as well as their virulence and antibiotic resistance are risk factors that hinder eradication. Due to numerous reports on the plasticity of the enterococcal genome and the acquisition of pathogenic microbial features, we ask ourselves, how far is this commensal genus from acquiring pathogenicity? This paper discusses both the beneficial properties of these microorganisms and the risk factors related to their evolution towards pathogenicity.
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1. Introduction


Enterococci are a diverse, species-rich group of lactic acid bacteria isolated from various environments, including from the digestive systems of humans, animals, and insects but also from natural biomes such as water [1,2], sewage [3], soil [4], and arable land [5]. Enterococci have also been isolated from plants such as olives [6] and are found on plants in the wild [7,8]. Some enterococci species are commensal, can stimulate the immune system, and have a significant influence on the maintenance of intestinal homeostasis [9,10]. Enterococci can be used as a factor to support the immune system in the form of a probiotic (diet supplement or therapeutic application). Likewise, enterococci play a role in food technology as the initiating culture involved in the fermentation of meats and cheeses [11] and the preservation of food [12,13,14,15]. On the other hand, enterococci can act as pathogens [16]. They are responsible for food contamination [12] and due to their sometimes present virulence and multi-drug resistance, they pose an epidemic threat in the hospital environment [17]. Research suggests they may have a role in the development of colon tumorigenesis as well [18]. Some countries disregard enterococci regardless of their positive features, while others accept them despite being a threat in certain situations. The approach to enterococci differs from country to country, so it is important to standardize the criteria that allow a strain to be considered beneficial for health. The advantages and disadvantages of enterococci applications are described in this review.




2. Enterococci as Commensal Microorganisms and Their Influence on the Immune System


Human microbiome research has shown that the body is inhabited by approximately 5000 species of microorganisms belonging to 2000 genera and 25 phyla, which possess a total of 316 million genes [19]. It is estimated that there are 9 million different genes of bacterial origin related to the human digestive system alone [20]. Based on the Gene Catalog (IGC) of the human gut microbiome and mapping to the eggNOG database [21], approximately 40% of all genes are unknown or have an undefined function.



Genomic analysis based on the 16S rRNA sequencing of 202 complete human gut bacteria genomes estimates the qualitative and quantitative composition of human microbiota [20]. The gastrointestinal (GI) tract is mainly colonized by species belonging to the phylum Firmicutes, which accounts for up to 65% of all bacteria. The next biggest phylum is Bacteroidetes, which comprises 30%, with the remaining 5% being Proteobacteria and Actinobacteria [20].



The development of metagenomic tools has revolutionized our understanding of the gastrointestinal microbiome and its symbiotic relationship. Metagenomic approaches on the study of the human microbiome has enhanced the ability to understand how the gut microbiota is influenced by various long-term diets, geographical locations, age, and disease [22,23,24]. The European project MetaHIT23 and the American Human Microbiome Project are based on fecal metagenomic analyses and distinguish three main robust clusters named “enterotypes,” including the genera Bacteroides (enterotype 1), Prevotella (enterotype 2), and Ruminococcus (enterotype 3). Specific species composition enterotypes in the gut microbiome are stable, but their abundance and proportions vary between individuals [22,25]. Enterotypes differ in composition at the phylum, genus, and gene level, along with their abundance of cohabiting genera. Moreover, metagenomic analyses of fecal samples confirms that the Firmicutes and Bacteroidetes phyla constitute the vast majority of the dominant human gut microbiota [25,26,27].



Enterococci belong to the phylum Firmicutes in the family Enterococcaceae, which includes a great variety of species. Enterococci are a natural component of the human microbiota. They colonize the lower GI tract, the oral cavity, and the genital tract [28]. There are approximately 106 to 107 Enterococcus in the human intestine (<1% found in the ileum, up to 1% in the colon [22]), most of which are either E. faecalis (105–107 CFU/gr feces) or E. faecium (104–105 CFU/gr feces). In addition to E. faecalis and E. faecium and E. cecorum and E. durans are also frequently isolated [29], while E. caseliflavus, E. hirae, E. gallinaroum, and E. avium are occasionally detected [30].



As commensal bacteria, they participate in the metabolism of nutrients (carbohydrates, lipids, and proteins) to maintain the pH of the environment in which they live, synthesize vitamins and other metabolites that are important for normal functioning, prevent the binding and spread of putrefactive bacteria, and have an impact on the human immune system, i.e., humoral and cellular immunity [31]. Since enterococci are present in significant numbers in the human microbiome, this suggests they may play a significant role in the digestive tract. The colonization of the digestive system is a dynamic process; however, it depends on many factors, including genetic aspects, maternal microbiota, type of delivery, environmental conditions, and diet [32].



Enterococci (E. faecalis, and E. faecium to a lesser extent), along with Bifidobacterium, E. coli and Lactobacillus, colonize the digestive system of most healthy breastfed infants in the first 7–10 days after birth [33,34]. These microorganisms mainly come from the physiological flora of the mother’s genital tract; however, enterococci also dynamically colonize the gastrointestinal tract of newborns born by cesarean section. Natural factors facilitate their ability to colonize and survive at a pH of 9.6. Moreover, these species display resistance to bile salts, which allow them to overcome the human digestive system and colonize the large intestine [35,36]. Various enterococcal species are also acquired in adulthood from certain foods, such as pork, poultry, and ripening rennet cheeses [30,37].



It is widely considered that without bacteria, there is no functioning immune system, as they are responsible for stimulating the immune system of the intestinal mucosa [10]. The gut microbiota is seen as a virtual endocrine organ [38], and microbes that are permanently associated with the gut microbiota are regarded as commensals [39]. E. faecalis plays an immunomodulatory role and is responsible for the activation of CD4, CD8 (CD-cluster of differentiation) cells, and B lymphocytes.



The GI tract has developed many defense mechanisms to control the gut microbiota. The intestinal lymphatic system (gut-associated lymphoid tissue) is the immune organ responsible for the production of secretory immunoglobulin A (sIgA). sIgA is an important element of the intestinal barrier, as it prevents the adhesion of microorganisms to the epithelium, neutralizes bacterial toxins, coats and agglutinates microorganisms, and has a bacteriostatic effect. The intestinal barrier is also shaped by enterocytes that form strong adherens junctions (AJs) (zonulae occludentes and tight junction). When these junctions are loosened, the problem of a so called “leaky gut” arises. Such relaxed junctions allow bacteria to pass through and initiate an immunological cascade. Enterococci, especially E. faecium and E. faecalis, subsequently cross the intestinal barrier, which can lead to bacteremia/sepsis in patients [40]. Therefore, maintaining the microbial balance in the gut is of utter importance. This maintenance especially applies to patients with blood cancer, as immunosuppressive drugs or antibiotic therapy change the intestinal environment and its permeability, facilitating the translocation of bacteria into the blood bed [41,42].




3. Enterococci as Probiotics


According to the Food and Agriculture Organization of the United Nations and World Health Organization, probiotics are live microorganisms identified at the strain level which, when given in an appropriate amount, have a beneficial effect on the health of the host [43]. They are often interpreted as “live biotherapeutics” for human use [44] and “direct-fed microbials” in animal feeds [45,46].



Probiotics can be single or multi-species, as some theorize that a mixture of probiotic bacteria not only interact or compete, but also influence each other’s beneficial effects. This interaction means that while using each bacterium separately can yield results, taking them together may be less effective or not effective at all, highlighting the clinical significance of the relationship between bacterial species. Probiotics must meet certain requirements; for example, they should be isolated from the hosts that they are intended to be used for, should be able to survive in the GI tract, and should produce compounds with bacteriostatic activity. According to the Food and Drug Administration, probiotic bacteria should “Generally be Recognized as Safe” [47]. In Europe, a “Qualified Presumption of Safety” is responsible for recommending biological agents intentionally added to food or feed, and information is available in the European Food Safety Authority scientific panels [48].



The features describing a probiotic are shown in Figure 1.



3.1. Enterococcal Probiotic Strains


The use of enterococci in the treatment of various diseases, such as chronic and recurrent infections of the upper respiratory tract, skin lesions, or chronic diseases related to the sinuses (chronic sinusitis), was first described in the 1950s [49]. The first probiotic therapies, which entailed the application of Enterococcus faecalis following antibiotic therapy, was described by Heinz Kolb in 1955 [49]. Currently, probiotic preparations of E. faecalis, sometimes enriched with Escherichia coli and lactobacilli, are recommended for the treatment of diseases such as urinary tract inflammation, sinusitis or bronchitis, and the common cold. In Germany, Enterococcus faecalis (DSM 16431) is sold as a drug under the brand name Symbioflor 1 (SymbioPharm, Herborn, Germany) and is recommended for acute and recurrent sinusitis or bronchitis [13,50]. Likewise, this non-pathogenic probiotic bacterium has been fully sequenced, and the genome sequence has been deposited in the European Molecular Biology Laboratory database under the accession number HF558530. The circular genome (2,810,675 bp), with 37.72% GC content, consists of 2733 coding sequences and 63 tRNAs.



Clone DSM 16431 carries 2 large mutations which eliminate the vanB operon and genes encoding virulence factors such as cytolysin L, gelatinase, hyaluronidase, bacteriocin, and efaA surface proteins. The genome contains a unique bacteriophage region (1,846,700–1,891,973) [51,52] as well. This strain contains features to facilitate its colonization in the digestive system. Specifically, the agg gene encodes an aggregating factor and facilitates gut colonization, while the esp and ace genes enhance adhesion and colonization. Additional features involved the ability to survive against acids (gastric acid) and proliferation within the intestinal epithelium [53]. Finally, a crucial property of this strain is its lack of any antibiotic resistance mechanisms.



The genome of E. faecalis Symbioflor 1 was compared to the first vancomycin resistant strain E. faecalis V583 isolated in the United States and has been completely sequenced (Accession No. NC_004668) [54]. E. faecalis Symbioflor 1 does not contain any pathogenic features or antibiotic resistance genes previously identified in E. faecalis V583, such as cytolysin, enterococcal surface protein, gelatinase, hyaluronidase, or the peptide antibiotic AS-48. These enterococcal virulence factors have been recognized as suitable markers for the risk assessment of strains used in food products or probiotics [54].



Baccouri et al. recently [55] described two new strains of E. faecalis, OB14 and OB15, which were isolated from traditional Tunisian fermented dairy products, Testouri and Rigouta cheese, respectively. Genomic sequencing revealed that OB15 is genetically related to the E. faecalis Symbioflor 1 (DSM 16431) and displays potential as a probiotic, while the second OB14 strain is characterized by tetracycline resistance and high virulence due to the presence of the cytolysin gene. In another study [56], transcriptomic analysis of several clinical strains isolated from the urinary tract of patients was performed and compared to the probiotic strain E. faecalis Symbioflor 1. In particular, energy and nitrogen metabolism, cell stress, and metal acquisition were compared. Citrate and aspartate were important for the growth of both E. faecalis groups in urine, and related gene expression was similar in both groups. According to the authors, virulence factors are responsible for adaptation to an ecological niche and ultimately determine the pathogenic potential of bacteria.



E. faecalis is not alone in having probiotic properties; E. lactis [57], E. hirae [58], E. durans [59], and E. faecium [60] are also used as probiotics. The purpose of using these preparations is to improve the composition of the intestinal microbiota [61,62]. The probiotic strain E. faecium M-74 (Aberdeen, UK; the National Collections of Industrial Food and Marine Bacteria (NCIMB) registered no 11181) was isolated from the gastrointestinal tract of healthy Swedish children and exhibits immunomodulatory, antimutagenic [63,64,65], and hypocholesterolemic properties [66]. E. faecium strain 11181 is also currently used in animal feed as a supplement [67].



Other probiotic preparations exist and are recommended for the treatment of irritable bowel symptoms. The “Bioflorin” preparation includes one of the first cultured probiotic E. faecium SF68® strains [60]. E. faecium SF68® (the strain deposit of Enterococcus faecium NCIMB 10415 in Aberdeen, Scotland, registered trademark owned by Cerbios-Pharma SA) displays a wide clinical application for the treatment digestive tract disorders in humans [68]. Currently E. faecium SF68® is recommended for veterinary applications as a probiotic supplement (e.g., FortiFloraTM). E. faecium SF68® has been described to prevent and treat diarrhea in pets and cats [69,70]. Probiotics such as Cylactins (Hoffmann-La Roche, Basel, Switzerland) and 85 Fargo 688s (Quest International, Naarden, The Netherlands) with E. faecium are also used for veterinary applications.




3.2. The Probiotic Importance of Enterococcus spp. and Applications


Pregnant women, newborns, and the elderly are typically at greater risk of infection due to undeveloped or weakened immune systems. Research has demonstrated that supplementation with probiotics in the elderly leads to the growth of potentially beneficial intestinal bacteria but also leads to the increased activation of a non-specific immune response [71]. In some Western European countries, a fermented milk drink called “Gaio” (yogurt) is available, containing bacteria called “Causido,” which includes the E. faecium K-77D strain and two strains of Streptococcus termophilus. These bacteria come from the intestinal microbiota of elderly people living in Abkhazia in the Caucasus, an area known for longevity amongst its population [72].



Microbiota are important in maintaining the physiological balance of the intestine and have a significant role in immune homeostasis. Enterococci produce small peptides that belong to the bacteriocin group and have antimicrobial properties. These include enterocin A, B, P, ON-157 produced by E. faecium, and L50 made by E. faecalis [53]. Enterocins exhibit broad antimicrobial activity, inhibiting the multiplication of bacteria such as Staphylococcus spp., Bacillus cereus, Listeria monocytogenes, Clostridium spp., E. coli, Pseudomonas aeruginosa, and Vibrio cholera [73]. E. faecalis KT11, isolated from Kargı Tulum cheese, produces a bacteriocin with antimicrobial activity against Gram-positive (L. monocytogenes, S. aureus, B. subtilis) and Gram-negative (P. aeruginosa, K. pneumoniae, S. marcescens and E. aerogenes) bacteria and inhibits the growth of methicillin- and/or vancomycin-resistant bacteria [74].



Enterococci (e.g., E. faecium M-74, E. durans KLDS) are also characterized by their ability to lower cholesterol levels [63,75]. These bacteria produce a hydrolase which catalyzes the bile acid deconjugation process and assists in cholesterol integration into the bacterial cell wall or assists in precipitation if the environment is acidic [63,75]. Mego et al. demonstrated the use of the probiotic E. faecium M-74 in the treatment of gastrointestinal complications in patients with myeloid leukemia [66]. Another scientific report by Viaud et al. in a mouse model showed that Enterococcus hirae helps shape the anti-cancer immune response. [76]. The authors showed that cyclophosphamide (one of the drugs that stimulates anti-cancer immune response) changes the composition of the microbiota in the small intestine and induces the translocation of certain Gram-positive bacteria, including E. hirae, to the secondary lymphoid organs [76].



The importance of probiotic strains has been confirmed not only in humans, but also in animals. Benyacoub et al. [77] confirmed an immunomodulatory role of E. faecium SF68 on the intestinal mucosa and the development of the digestive system in young dogs. Another preparation, Cylactin®, containing the strain E. faecium NCIMB 10415, has been used in pig and poultry farming as a feed additive in European Union countries instead of supplementary avoparcin to stimulate animal growth [46,48,78].



Enterococci can be found in food products such as untreated milk, cheese, meat [15,46], and plant products (fermented vegetables) [79]. Their presence in some products is considered desirable. Enterococci are mainly used for the production of regional foods in Mediterranean countries. In the food industry, selected enterococcal strains contribute to the improvement of the aroma, texture, and taste of fermented dairy products [13,80]. Probiotic strains can degrade proteins into peptides and amino acids, break down citrates, and produce aromatic substances with lipolytic and proteolytic properties. They are used as starter cultures in dairy products due to their ability to conduct the proteolysis, lipolysis, and metabolism of citrate and pyruvate [14,15]. Furthermore, enterococci produce substances such as acetaldehyde, acetoin, diacetyl, or 2,3-butanediol. In addition, these bacteria inhibit the proliferation of spoilage microbes by producing enterocins. Hence, bacteriocins can be used as food preservatives [12]. Due to their resistance to thermal treatment (cooking, pasteurization, or fermentation), they can be used as a hygienal indicator in food production as well. According to European guidelines, the producer is responsible for the safety of probiotics and starter strains. Producers therefore have an obligation to evaluate them to be safe for use.





4. Enterococcus spp. as Opportunistic Pathogens


4.1. Hospital-Acquired Infection


Enterococcal colonization is observed 10–20 times more often than the symptoms of infection [81], but some epidemiological studies conducted on carriers indicate a possible association between colonization and symptomatic infection [82]. Enterococci are opportunistic pathogens that, outside of their typical commensal habitats (GI tract), may be the cause of various infections (urinary tract infections, sepsis, bacteremia, and endocarditis) [83,84,85]. Infants [86] and people with diabetes may also be particularly at risk [85,87]. Generalized infections most often occur after surgery from burn wounds, leg ulcers, and pressure ulcer infections during diagnostic or therapeutic procedures in the urinary tract. Catheter-related infections, which can lead to meningitis, are reported especially in newborns and infants [88]. A dozen or Enterococcus species have been identified in human clinical samples. Among them, E. faecalis (80–90%) and E. faecium (5–15%) dominate, and these species are commonly associated with very serious complications and hospital infections [17].



A patient whose gastrointestinal tract is colonized by enterococci and undergoes diagnostic and therapeutic procedures during hospitalization, including antibiotic therapy, may be a source of drug-resistant Enterococcus isolates. The hospital is considered to be a reservoir of drug-resistant enterococci (e.g., high-level ampicillin resistance (Pbp5-R); high-level aminoglycoside resistance; glycopeptides resistance (vancomycin and teicoplanin); oxazolidinones resistance) [37,84,86,89,90]. Medical personnel and specifically the hands of health care workers are considered a vector for these resistant bacteria and are likely the main sources by which enterococci spread throughout the hospital [37]. It is mainly patients hospitalized in the vicinity of already colonized people who are at risk of exogenous infections due to multidrug-resistant enterococci [84]. E. faecalis and E. faecium are two of the major etiological factors of urinary tract infections, especially in people with structural abnormalities or following catheterization [91]. By colonizing catheters (long-term catheterization: >28 days) with hospital strains, bacteriuria with catheter-associated urinary tract infection symptoms may occur. E. faecalis likely acts as a pioneering species which, by infiltrating catheters, creates a medium for the colonization of other bacterium such as P. mirabilis [92,93]. Finally, studies have shown that the secretory factors of E. faecalis enhance the pathogenicity potential of P. mirabilis and, as a co-occurring bacteria, contribute to the destruction of tissues and bacteremia [93].




4.2. Bacterial Translocation from the GI Tract to Organs


Translocation from the gastrointestinal tract to various organs has been demonstrated in the enterococcal microbiota [44,94,95,96,97]. Both E. faecalis and E. faecium are invasive bacteria that pass through the intact mucosal epithelium and enter the host’s tissues. The bacteria translocate through the lamina propria mucosae to the mesenteric lymph node and from there to the circulatory system. In vitro studies on HT-29 and T84 cell lines infected with Enterococcus strains have shown bacterial factors that favor colonization and aggregation into the extracellular matrix, such as aggregatory substances, enterococcal polysaccharides, Epa antigen (responsible for the survival of bacteria in phagosomes), and gelatinase, promote the migration of bacteria [98,99]. In patients undergoing intensive chemotherapy or long-term broad-spectrum antibiotic therapy, the intestinal barrier and oral mucosa are damaged. Competition among enterococci within the intestinal microbiota may lead to the enrichment of those bacteria that better adapt to the ecological niche. Even strains considered to be probiotic may pose a threat to the patient when considering dominance within a sterilized medium (such as in the intestine).



Cases of enterococcal translocation to the lymph nodes, blood, liver, and spleen have been described [96,97]. Vieira et al. demonstrated that the so-called E. gallinarum strain can cause autoimmunity in genetically predisposed hosts [100]. E. gallinarum-specific DNA was recovered from liver biopsies of autoimmune patients. Such strains are referred to as pathobiontic (pathogenic bacteria originating from the microbiota). The translocation of bacteria from the gut into the blood stream has been reported in oncological and immunosuppressed patients, mainly those involving E. coli [41,42]. Cases of enterococcal sepsis or endocarditis [94,101,102,103] are less frequent and are the result of translocation from the gut [44,94,104]. In mice, Archambaud et al. [44] showed that the translocation of E. faecalis can occur across the intestinal mucosa and proved that the intestinal translocation of enterococci requires a threshold level of enterococcal hyperplasia in the intestinal lumen.




4.3. Mutagenic Effects and Theories of Tumorigenesis


Wang et al. [104] described that enterococci are also responsible for mutagenic effects. E. faecalis producing extracellular superoxide may induce chromosome breaking factors. Moreover, under experimental conditions on immortalized human and non-transformed murine colonic epithelial cells, E. faecalis can generate foci of aneuploidy, tetraploidy, and gamma-H2AX. In addition, the direct exposure of E. faecalis to these cells induced a G2 cell cycle arrest, hence the suggestion that commensals, including intestinal E. faecalis, may contribute to cellular transformation and tumorigenesis [104].



An association of E. faecalis translocation with colorectal carcinogenesis has been reported [105]. However, the role of enterococci in the development of colorectal cancer is still controversial [18]. Some authors suggest a protective role (e.g., Enterococcus faecium 137v (EF137v) [106], while others have indicated harmful effects. E. faecalis overgrowth usually occurs in the feces of colorectal cancer patients [107]. The involvement of E. faecalis in intestinal neoplasms can damage colonic epithelial cell DNA through the production of reactive oxygen and nitrogen species in the fermentation process [108]. Stimulation of macrophage activity [109] or changes in oxygen concentration can further activate oncogenes or inactivate tumor-suppressor genes [110,111]. The relationship between E. faecalis with various types of colorectal polyps thought to be a common cause of colorectal cancer have been documented as well [105]. Contrarily, in adenomatous polyposis coli mutant mice studies, the administration of a heat-killed strain of E. faecalis EC-12 reduced the development of polyps in the small intestine through the suppression of β-catenin signaling [105]. Grootaert et al. [112] demonstrated that E. faecalis grown on an aggressive colorectal cancer cell line (HCT-116) decreased the expression of FIAF protein similar to angiopoietin 4, which is typically detected in certain cancers.




4.4. Food-Borne Enterococci


The enterococci threat is not only observed in the hospital. The presence of enterococci in food is the result of contamination due to poor hygiene. E. faecalis and/or E. faecium are most often responsible for artisanal and traditional cheese contamination; however, other species have also been found (E. casseliflavus, E. durans, E. hirae and E. gallinarum) [113]. For example, in work by Gelsomino et al., E. casseliflavus and E. faecalis were isolated from food from a bulk-milk storage tank [12]. Poultry meat may also become contaminated with E. faecalis and E. faecium during processing and is frequently encountered [114]. The number of enterococci present in poultry meat range from 101 to 103 CFU/gr of raw chicken or turkey meat [15,115].



The widespread use of antimicrobials and intensive trade favors the emergence and spread of resistant microorganisms. The food chain is the key site where resistance is transmitted between the environment and humans. Moreover, a similarity in bacterial resistance profiles has been discovered between clinical material and food. Most frequently, these bacterial strains display resistance to streptomycin, erythromycin, tetracycline, and rifampicin [113]. The horizontal transfer of genes encoding resistance to aminoglycosides, tetracyclines, and macrolides in Enterococcus strains isolated from ready-to-eat dishes was documented by Chajęcka-Wierzchowska et al. [116]. The transfer of resistance to tetracyclines in enterococcal strains was also observed with a frequency ranging from 1.3 × 10−6 to 8.7 × 10−7 transconjugants/donor, for macrolides from 3.2 × 10−6 to 2.4 × 10−8 transconjugants/donor, and for genes encoding aminoglycosides from 1.7 × 10−6 to 3.2 × 10−8 transconjugants/donor. According to Haug et al., the high number of food-borne enterococci carrying resistance genes may significantly reduce the effectiveness of antibiotic therapy in intestinal infections [117,118]. Due to its highly adaptive capabilities, enterococci present in food are in a transient or permanent state to colonize the digestive tract, and this increases the danger of gene transfer to the intestinal microflora.



Enterococci can also cause food spoilage [119]. They produce thermostable amines such as tyramine, histamine, phenylethylalanine, cadaverine, and putrescine, which can cause allergic reactions or poisoning [15]. Problems are resistance to extremes used in food technology such as temperature as well as high pH and salinity.





5. Virulence Factors of Enterococcus spp. and Pathogenicity


E. faecalis and E. faecium strains are potentially pathogenic due to their special ability to adapt and survive in new environmental conditions [120]. These bacteria have developed mechanisms that facilitate and promote the colonization of biotic and abiotic surfaces and have the ability to evade the immune system [83], enabled by both the innate characteristics and the plasticity of their genome. Bacteria carry genes encoding virulence factors responsible for pathogenicity. Enterococci virulence factors can be grouped into several classes: (a) externally secreted, e.g., cytolysin, gelatinase, and serine protease; (b) surface proteins, e.g., Acm/Ace adhesins, Ebp pili, and extracellular surface protein Esp; (c) other virulence factors—hyaluronidase [121].



Many studies have confirmed that E. faecium, similar to E. faecalis, has the ability to bind collagen present on the surfaces of human cells. The microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) [122] are responsible for this. Some of the best characterized MSCRAMMs molecules are Ace (a collagen-binding protein) for E. faecalis [122] and Acm for E. faecium [123]. These proteins bind to type I collagen and, to a lesser extent, to type IV collagen, and support the early colonization of various tissues. The participation of the Ace protein of E. faecalis has been described in the colonization of the heart valves and, consequently, in endocarditis [124]. The acm gene is most often detected in clinical, multi-drug resistant strains of E. faecium [125]; however, collagen binding proteins have also been found in isolates from healthy vectors.



The aggregation substances (AS) are responsible for the adhesion of enterococci to eukaryotic cells. The aggregation substances of bacterial cells are of plasmid-born origin. The best known conjugation plasmids containing the genes encoding these proteins are pPD1—Asp1 protein, pCF10—Asc10 protein, and pAD1—Asa1 protein [126,127,128]. Interestingly, AS proteins have been shown to be involved in the adhesion to and the penetration into intestinal cells, indicating that they may play a role in the translocation of E. faecalis through the intestinal wall [129].



Another virulence factor is the extracellular surface protein Esp. Esp is an adhesin occurring in various forms, allowing it to avoid the host’s immune defense mechanisms [130]. In addition, it participates in biofilm formation, which significantly increases the viability of bacteria in biopolymers (amyloid-like fibers) and may also be involved in antimicrobial resistance [131]. Biofilm production allows enterococci to avoid phagocytic attacks and makes it difficult to eradicate them. The multispecies biofilm environment is also conducive to the exchange of genes related to virulence. The esp gene, detected in both E. faecalis and E. faecium, occurs on pathogenicity islands (PAIs) and can be transmitted by conjugation [132].



Pili are encoded by the ebp operon (endocarditis- and biofilm-associated pili) and are involved in biofilm formation as well. Similar to adhesins, pili allow for the binding of collagen, fibrinogen, and thrombocytes [84]. In addition to ebp, the virulence genes efaAfs and efaAfm, which encode adhesion-like endocarditis antigens for E. faecalis and E. faecium, respectively, also contribute to endocarditis [133,134].



Cytolysin (Cyl-β-haemolysin) is a bacteriocin encoded on pheromone-responsive plasmids or is located on pathogenicity islands within the chromosome [130]. Cyl lyses red blood cells and some human white blood cells and is active against some Gram-positive bacteria [135].



The participation of gelatinase (GelE) [136,137] and serine protease (SprE) [138] in pathogenesis has also been observed. The main role of these proteins is to provide nutrients to bacteria by breaking down the host tissue and by participating in biofilm formation [139]. In addition, gelatinase is important for the translocation of E. faecalis across human enterocytes and facilitates microbial invasion [99].



The increased virulence of clinical strains is due to the presence of hyaluronidase, an enzyme that acts on hyaluronic acid and breaks down connective tissue through the depolymerization of mucopolysaccharide moieties [31,140]. In conjunction with toxin secretion, this enables E. faecium to more easily spread throughout a host’s tissues. The hyl gene encodes hyaluronidase, which is genetically programmed in megaplasmids and is present in many pathogenic enterococci.



Extracellular peroxides are an important factor for virulence and mainly occur in E. faecalis strains. They promote the survival of enterococci inside of the phagosome and damage the epithelium of the gastrointestinal tract, facilitating the exit of phagocytic cells from the intestine [108]. These strains are mainly isolated from patients with bacteremia [141]. A role has also been suggested for peroxidases in the formation of colorectal neoplasms [120].



The virulence factors are detected not only in clinical strains but also in bacterial strains from food. Genes encoding adhesion factors such as esp, asa1/agg, and efaA are highly prevalent among E. faecalis and E. faecium [142]. On the contrary, these genes are rarely reported in E. durans [143], E. hirae [144], and E. casseliflavus [145]. Finally, in food-borne strains, cyl, gel, and hyl are detected but with much lower frequency compared to clinic enterococci [143,146].



Another increasingly common feature of enterococci is the presence of pathogenicity islands, where the virulence genes involved in aggregation, cytolysin, or Esp as well as transcription factors regulating bile acid hydrolases are located. The formation and genetic instability of PAIs is the result of horizontal gene transfer (HGT), a process that is well-known for its contribution to microbial evolution. Many of the discussed genes encoding virulence factors (e.g., as, cyl, hyl) are also located on conjugation plasmids. HGT as a mechanism for genetic variation through gene acquisition in PIAs and the role of mobile genetic elements in the evolution of E. faecalis have been proven many times [147]. HGT is involved in spreading unfavorable and risk-raising features of enterococci, increasing the chances of these commensal bacteria to become pathogenic [148]. Moreover, HGT is responsible for the transfer of mobile genetic elements (e.g., plasmids) to other unrelated species [149]. Vignaroli et al. [150] observed the transfer of the vanA and erm (3) genes from porcine E. faecium and E. durans isolates to human E. faecium.



It should be noted that some determinants of enterococcal virulence are desirable in probiotic strains. This includes aggregation factors, exopolysaccharide (EPS) production, and the proteolytic system. Aggregation substances improve the likelihood of probiotic strain adherence to the host’s intestinal epithelium and are therefore an important feature for the efficient colonization of the GI tract along with indirectly affecting immunomodulation and providing protection against pathogens. The aggregation substances (ASs) on the cell surfaces of bacteria induce cell aggregation (and auto-aggregation) and are responsible for biofilm production. The enterococcal aggregation protein, AggE, is found in probiotic strains such as Enterococcus faecium BGGO9-28 and possesses high adhesive capabilities to collagen, fibronectin, and mucin [151]. The competitive formation of non-pathogenic biofilms promotes the elimination of harmful bacteria through pH alteration and competition for nutrients [151].



EPS is an exometabolite composed of β-1,6-linked poly-N-acetylglucosamine (polyGlcNAc)-containing polymers. The production of EPS can be considered a virulence trait [152]; however, EPS also facilitates the adhesion of probiotic enterococci through cooperation and the aggregation of cells [153]. The synthesis of EPS allows for the movement of this non-motile bacterium to an environment with nutrients and allows it to escape stressful conditions (higher pH, temperature, osmolarity), toxic conditions (e.g., antibiotics, metal ions, bile salts, gastric and pancreatic enzymes), or even evade the human immune response [154]. EPS can exert antagonistic activity against Gram-positive and Gram-negative pathogens, but the potential mechanisms are difficult to explain. It is suggested that EPS accumulates metabolites that adversely affect other bacteria [155], and these metabolites may also disrupt the structure of peptidoglycan and block receptors and channels on the outer membrane of the Gram-negative bacteria [156,157].



From a practical point of view, EPS-production is desirable because it improves the viscosity and texture of dairy products and can be used by the food industry to control biofilm-production by bacteria [142].



Enterococcus strains also display proteolytic activity (producing of extracellular proteinases, intracellular peptidases, and transport enzymes) [158,159] and play an important role in bacterial growth [158]. Some of them, including extracellular-secreted (E) or cell envelope proteases are used in the fermentation of dairy products) [142,160].



Bacteriocins constitute a functionally diverse family of toxins that are ribosomally synthesized peptides or proteins. Enterocins are used in dairy products, meat, fish, and plant-derived products (enterocin RM6, CRL35, AS-48) as beneficial additives in food production. Currently, bacteriocins are also being considered as promising candidates to treat infections caused by multi-drug resistant pathogens, e.g., in GI-tract diseases (enterocin A, S760, E50–52) and skin infections (enterocin A-48) [158]. In conclusion, some features of enterococci, such as virulence factors, make them an intermediate between emerging pathogens and potential probiotics.




6. The Problem of Antibiotic Resistance


The uncontrolled prophylactic use of antibiotics in a hospital environment and on animal farms has resulted in a gradual build-up of resistance among enterococci [126,161]. It has been proven that the commensal genome of enterococci can evolve greater pathogenicity through adaptation to the hospital environment [84]. Likewise, the European Center for Disease Prevention and Control has estimated that 37,000 people die due to infection caused by multidrug-resistant bacteria as a result of Hospital Acquired Infections every year [162].



Research indicates the development of ampicillin resistance and associated resistance to ciprofloxacin is the main phenotypic marker of hospital E. faecium isolates, a marker that precedes resistance to glycopeptides by several years [49,163,164]. In some countries, tetracycline is one of the most frequently used antibiotics for human and animal infections due to its availability and low cost [165]. However, the extensive use of tetracyclines has often led to the emergence of resistant bacteria [166]. In one hospital in Italy, a 2-year retrospective analysis of antimicrobial drug resistance and the spread of nosocomial infection found that about 70% of E. faecalis isolated from clinical patients had resistance to tetracycline and erythromycin [164]. The most commonly encountered tetracycline-resistant determinant in enterococci is tet(M), which is mainly associated with a conjugative transposon, particularly Tn916 [151].



Resistance to vancomycin (mainly VanA and VanB phenotype) is also becoming more frequent [84]. VanA resistance is characterized by a high degree of vancomycin- and teicoplanin-induced resistance. It is most often found in E. faecium strains, but it is also found in E. faecalis and, to a lesser extent, in E. durans, E. raffinosus, E. hirae, E. avium, and E. gallinarum. The genes determining this type of resistance are found on the Tn1546 transposon, which may be on a plasmid or may integrate with the bacterial chromosome [167,168]. The most important factor in the outbreak of hospital vancomycin-resistant enterococci is the colonization of the excretory system, which almost always precedes bacteremia and is the main reservoir from which the spread of microorganisms in the hospital environment takes place.



Among multidrug-resistant treatments, linezolid was once the drug of last resort. Resistance to linezolid (linezolid-resistant Enterococcus) has now been observed for several years against clinical isolates of the genus Enterococcus. New medicinal products have been introduced, such as dalbavancin (a lipopeptide), oritavancin and telavancin (glycopeptides), and tedizolide (oxazolidinone, the successor of linezolide). However, the activity of these drugs against enterococci and their availability in different countries varies considerably [169]. Therefore, drug-resistant enterococci infections pose a significant epidemiological and therapeutic problem.



Antibiotics are used not only for therapeutic and prophylactic purposes; they are also to protect consumers against microorganisms that may contaminate farms and animal products [168]. Enterococci are also pathogens of farm animals, and the abuse of antibiotics in veterinary medicine by animal breeders and by food producers will contribute to the deepening of this multi-drug resistance phenomenon. Resistance to ciprofloxacin, norfloxacin, tetracyclines, and even linezolid have been found in strains isolated from sausage, cheese, fish, and fish products [170]. In foods of animal origin produced in Europe, isolates resistant to gentamicin and streptomycin are rare, while in the United States, they are quite common [171]. Antibiotic resistance in the enterococcal strains commonly used as starter cultures for biotechnological applications in the dairy industry has also been identified. It is known that these strains must be sensitive to relevant clinical antibiotics. In a study by Terzić-Vidojević et al., [172], enterococci (with predominant species: Enterococcus durans, Enterococcus faecalis, and Enterococcus faecium) isolated from dairy products from different regions of the Western Balkan countries of Serbia, Croatia, Bosnia, and Herzegovina showed resistance to various antibiotics. They found that 185 out of 636 isolates were susceptible to tested antibiotics, and five of them met the criteria for the starter cultures (without any gene encoding virulence factors and in the absence of biogenic amines). A significant portion of the strains isolated from dairy products turned out to be useless due to drug resistance.



Eating raw and processed food contaminated with multi-drug resistant microorganisms can pose a threat to human life and health. Jahan et al. [173] demonstrated that the gene determining resistance to tetracycline and streptomycin was transferred from food-derived E. faecium and E. faecalis strains to clinical strains. The overuse of feed antibiotics in breeding has also made Enterococcus bacteria cross-resistant to vancomycin and teicoplanin. Cylactin has been proposed as an alternative to antibiotics along with the probiotic strain E. faecium NCIMB 10415, which protects piglets against diarrhea by competing with pathogenic strains of E. coli and Salmonella spp. [174].



Zoonotic transmission of drug-resistant enterococci (E. faecium and E. faecalis, and much less frequently E. durans, E. casseliflavus and E. gallinarum) from animals to humans through contact with animal secretions and excretions (dogs are a more common reservoir of drug-resistant enterococci than cats) [175] represents another issue. Studies conducted in various countries show a close relationship between vancomycin-resistant enterococcal species isolated from dogs with isolates responsible for nosocomial infections in humans [176].



The use of probiotic Enterococcus strains is controversial despite their beneficial effects in humans and animals. The reason for this is because of the bacterial acquisition of genes encoding resistance to glycopeptide antibiotics (vancomycin) and resistance to high concentrations of aminoglycosides (high level aminoglycoside resistance). Horizontal gene transfer from pathogenic enterococci to strains of commensals and other species of bacteria constituting the physiological microflora of the gastrointestinal tract has been reported [177]. In this context, it should be noted that the digestive tract is an excellent environment for bacterial growth and for the exchange of genetic material between microbes.




7. Conclusions


Enterococci represent one of the most controversial groups of bacteria. They are mainly commensal organisms isolated from humans, animals, plants, and insects. These bacteria affect the intestinal balance and modulate the human immune system. Due to their beneficial effects, selected strains are used as probiotics in numerous therapies and are also of biotechnological importance in the food industry. However, it should not be forgotten that in high-risk patients, enterococci may show potential for pathogenicity, especially in a hospital environment. E. faecalis and E. faecium display complex mechanisms of virulence that enable their colonization in various host tissues. The epidemic importance of E. faecalis and E. faecium is not new to clinicians, nor is the threat of increasing antibiotic resistance. We should remember that enterococcal overgrowth in the intestine and biofilm formation facilitates communication between bacteria and gene exchange through HGT. The use of selected probiotic enterococcal strains to support the treatment of patients may be an effective therapy; however, it should be remembered that enterococci have many faces. Due to their plastic genomes, enterococcal treatments should be used with caution, especially in immunodeficient patients. The probable relationships between enterococci of various phenotypes (probiotic, commensal, and pathogenic) in the transition towards pathogenicity are shown in Figure 2. The advantages and disadvantages of enterococci are compiled in Table 1.



Enterococci do not possess a Qualified Presumption of Safety status in the EU and are not generally regarded as safe in the USA. Hence, in order to ensure the safety of using Enterococcus as probiotics or starter cultures, further investigations on their genotypic and phenotypic characteristics need to be conducted before they are put into use. Currently, molecular biology techniques (e.g., PCR, whole genome sequencing) and classical susceptibility assays are used to detect virulence determinants and antibiotic resistance. In this way, producers can control enterococci for medical applications, as supplements, or in the food industry. In addition to detecting antibiotic resistance and virulence determinants, we should investigate useful features such as the hydrophobicity, auto-aggregation and co-aggregation ability, adhesion ability of strains to human intestinal cells, EPS production ability, antimicrobial activity, and the detection of genes encoding useful enterocins.
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Figure 1. Required features of Enterococcus spp. in relation to probiotics. 
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Figure 2. The relationships between enterococci in the transition towards pathogenicity. Legend: HGT—horizontal gene transfer; Vfs—virulence factors, ARG—antibiotic resistance gene. Antibiotics, chemotherapeutics, and diet can alter the composition of the gut microbiota. The overgrowth of Enterococcus causes dysbiosis and often disorders homeostasis. Biofilm is a key process in horizontal gene transfer (HGT). Transfer antibiotic resistance genes and virulence factors are facilitated. Commensal strains and probiotic strains can convert into pathogenic strains. For oncological patients and people with a weakened immune system, the translocation of pathogenic strains into the circulatory system is highly likely. 
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Table 1. Advantages and disadvantages of enterococci.
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	Advantages of Enterococci
	Reference



	Commensals
	



	Immune homeostasis
	[9,10]



	Immunomodulatory effect
	[10,44,45,46,63,64,65,78]



	Producing bacteriocins against pathogens
	[53,73,74,158]



	Metabolism of carbohydrates and proteins—role in digestion
	[14,15]



	Blocking the spread of putrefactive bacteria
	[14]



	Lowering cholesterol levels
	[63,66,75]



	Protective role against cancer
	[76]



	Probiotics
	



	Biotherapeutic—e.g., chronic sinusitis, bronchitis
	[13,50]



	Bio-preservatives and hygiene indicator in food production
	[12,14,15]



	Dietary supplementation for animals
	[46,48,67,69,70,77,78]



	Starter cultures in dairy products
	[11,14,15,80]



	After treatment with antibiotics and as treatment for vancomycin-resistant enterococci colonization
	[178]



	Disadvantages of Enterococci
	Reference



	Potential pathogens (e.g., urinary tract infections, endocarditis)
	[83,84,85,92,96,101,102,103,104,133,134]



	translocation in the circulatory system (sepsis, bacteremia)
	[41,44,94,95,96,97]



	Nosocomial infection/hospital outbreak
	[17,84,86,89,90]



	Virulence and resistance factors can be transmitted between species or genera by horizontal gene transfer—a problem in hospital settings
	[116,147,148,150,164,177]



	Responsible for allergic reactions
	[15]



	Food spoilage
	[15,115,119]



	Food poisoning (foodborne pathogens)
	[15]



	Polyp formation and colorectal cancer
	[18,108,110,111]
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