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A B S T R A C T   

Enterococcus spp., known for their wide ecological distribution, have been associated with various fermented 
food products of plant and animal origin. The strains used in this study, bacteriocinogenic Enterococcus faecium 
previously isolated from artisanal soybean paste, have shown strong activity against Listeria spp. and 
vancomycin-resistant enterococci. Although their antimicrobial activity is considered beneficial, the potential 
application of enterococci is still under debate due to concerns about their safety for human and other animal 
consumption. Therefore, this study not only focuses on the screening of potential virulence factors, but also the 
auxiliary beneficial properties of the strains Ent. faecium ST651ea, ST7119ea, and ST7319ea. Phenotypic 
screening for gelatinase, hemolysin, and biogenic amine production showed that the strains were all safe. 
Furthermore, the antibiogram profiling showed that all the strains were susceptible to the panel of antibiotics 
used in the assessment except for erythromycin. Yet, Ent. faecium ST7319ea was found to carry some of the 
virulence genes used in the molecular screening for safety including hyl, esp, and IS16. The probiotic potential 
and other beneficial properties of the strains were also studied, demonstrating high aggregation and co- 
aggregation levels compared to previously characterized strains, in addition to high survivability under simu-
lated gastrointestinal conditions, and production of numerous desirable enzymes as evaluated by APIZym, 
indicating diverse possible biotechnological applications of these strains. Additionally, the strains were found to 
carry genes coding for γ-aminobutyric acid (GABA) production, an auxiliary characteristic for their probiotic 
potential. Although these tests showed relatively favorable characteristics, it should be considered that these 
assays were carried out in vitro and should therefore also be assessed under in vivo conditions.   

1. Introduction 

Lactic acid bacteria (LAB) are associated with a wide variety of 
ecological niches, including different fermented food products based on 
the plant phyllosphere and animal, dairy origin, and also with the 
human intestinal tract (Franz et al., 2010; dos Santos et al., 2020; Vizoso 
Pinto et al., 2006). Although LAB require a nutrient-rich environment, 
some members of this group are clearly adapted to a broader range of 
environmental conditions relative to the other members. These include 
the autochthonous distributions of some species belonging to the genera 
Pediococcus, Lactobacillus, and Enterococcus. Even though the applica-
tions of enterococci are still under debate, a proposed two-clade classi-
fication of Enterococcus faecium appears to be feasible to separate 
pathogenic strains from well-evaluated beneficial strains (Lebreton 

et al., 2018; Holzapfel et al., 2018). This paved the way to the exploi-
tation and earnest scientific interest towards a better understanding of 
both the pathogenicity and probiotic properties of this species. The 
probiotic potential of some representatives of the genus Enterococcus has 
been explored particularly regarding its antibacterial properties for 
application as biocontrol contaminants in dairy food products (De Vuyst 
et al., 2003; Franz et al., 2003; Omar et al., 2004) while several strains 
are applied as starter cultures (Foulquié Moreno et al., 2006), and some 
are established as probiotics (Holzapfel et al., 2018). On the other hand, 
reports on some clinically associated enterococci suggest that some 
strains may pose a serious health risk, especially those specifically 
harboring virulence factors and carrying antibiotic resistance genes, 
including resistance to vancomycin. Moreover, some strains of Ent. 
faecalis and Ent. faecium isolated from fresh produce were shown to 
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harbor antibiotic resistance against ciprofloxacin, tetracycline, and 
nitrofurantoin (Johnston and Jaykus, 2004). A survey of the prevalence 
of Enterococcus spp. in Brazilian food products conducted by Gomes 
et al. (2008) showed that the distribution of Ent. faecium and Ent. faecalis 
in cheeses, milk, meat, and vegetable food products, alongside with the 
assessment of associated potential virulence factors, reported that 
dominantly, although not all, Ent. faecalis harbor higher potential viru-
lence genes compared to Ent. faecium isolates. 

The applications of Enterococcus spp. as probiotics have long been 
debated due to safety concerns. Despite this, some of the Enterococcus 
spp. play major roles in the food production industry, include contri-
bution to cheese ripening, and also fermentation of raw meat and 
vegetable-based foods such as kimchi and sauerkraut, and even fer-
mented milk like kefir (Centeno et al., 1996;Giraffa, 2002). Also, some of 
the known probiotic applications of Enterococcus spp. include both 
human and animal consumption (Franz et al., 2011; Holzapfel et al., 
2018). 

Enterococci probiotics designed for human consumption were 
considered advantageous due to their ability to produce multiple 
beneficial metabolites that also contributes to the stability of microor-
ganisms in the gastrointestinal tract, considering that they are natural 
gut commensals. Ent. faecium SF68, one of the safe enterococcal strains 
that has long been commercialized and applied as a probiotic, has spe-
cifically been used as an alternative to antibiotics for the treatment for 
diarrhea caused by food-borne pathogens including Shigella spp., 
Escherichia coli, Enterobacter spp., Campylobacter spp., and some serovars 
of Salmonella enterica (Bellomo et al., 1980; Fugaban et al., 2021b). 
Additionally, the administration of probiotic preparations, composed of 
enterococci has been done to patients suffering from 
antibiotic-associated diarrhea (AAD) and irritable bowel syndrome pa-
tients (Wunderlich et al., 1989; Fan et al., 2006). The bile hydrolase 
enzyme produced by Enterococcus spp. allows them to deconjugate bile 
salts. This feature has been exploited for application in lowering blood 
cholesterol levels, as exemplified in commercially available probiotic 
fermented milk called gaio, fermented with a human-derived probiotic 
strain of Ent. faecium. The product was prepared with two other Strep-
tococcus thermophilus strains and reported to have cholesterol level 
lowering properties (Agerholm-Larsen et al., 2000). Additionally, ap-
plications of Enterococcus spp. as probiotics were not only limited to 
humans but they are also well employed in the swine industry (Taras 
et al., 2006; Pollmann et al., 2005), the poultry industry (Vahjen and 
Manner, 2003; Mountzouris et al., 2007), in cattle farming (Ghorbani 
et al., 2002; Emmanuel et al., 2007; Nocek et al., 2002) and even for 
domestic pets (Vahjen and Manner, 2003). Although, various evidence 
for the application of Enterococcus strains is promising and encouraging 
for continuous innovation for the applications of beneficial strains 
belonging to this group, the debate on their safety as probiotics still 
continues. 

This study aimed to evaluate the safety and beneficial potential of 
previously characterized bacteriocinogenic Ent. faecium strains 
ST651ea, ST7119ea, and ST7319ea (Fugaban et al., 2021a), found to be 
active against food-borne pathogens, including Listeria monocytogenes, 
along with emerging-pathogen vancomycin-resistant Enterococcus (VRE) 
strains of clinical origin. 

2. Materials and methods 

2.1. Bacterial cultures 

Ent. faecium strains ST651ea, ST7119ea, and ST7319ea, were pre-
viously isolated from locally outsourced doenjang (Korean traditional 
fermented soybean paste) and identified (Fugaban et al., 2021a). These 
strains were investigated together with other organisms in this study and 
were stored in presence of glycerol (10% v/v) at -80 ◦C. The strains were 
revived under aerobic conditions in de Man, Rogosa and Sharpe (MRS) 
broth (Difco, Franklin Lakes, NJ, USA), BHI (Difco) and grown at 37 ◦C 

for 24–48 h until robust growth was observed. 

2.2. Phenotypic evaluation of the safety of Enterococcus faecium strains 

2.2.1. Gelatinase enzyme production 
The production of the gelatinase enzyme was determined from 18 h 

old cultures grown in MRS broth at 37 ◦C. Tubes containing 10 mL BHI 
broth supplemented with 4% gelatin were inoculated with 100 µL 
(estimated 105 cells/mL) of each strain, and incubated for 24 h at 37 ◦C, 
followed by cooling at 4 ◦C for 30 min. Positive results, indicating 
production of gelatinase enzyme were associated with retention of the 
liquid phase after refrigeration. A previously characterized Bacillus 
amyloliquefaciens ST109 (Fugaban et al., 2021b) was used as positive 
control, while Lactobacillus plantarum ATCC14917 and an untreated 
medium were used as negative controls (dos Santos et al., 2020; Omar 
et al., 2004). All tests were performed in three independent experiments. 

2.2.2. Hemolysin production 
Hemolytic activity for the studied strains was evaluated on Columbia 

Blood Agar (Oxoid LTD, Basingstoke, UK) with 5% defibrinized horse 
blood according to dos Santos et al. (2020). Strains (18h-old cultures 
grown in MRS at 37 ◦C) were spot-plated (10 µL) on the agar surface. 
Positive hemolytic activity is indicated by clear yellow zones around the 
bacterial growth. Reference strains used were Streptococcus pneumoniae 
ATCC49619, B. cereus ATCC27348, and Lb. plantarum ATCC42917 as 
producers of α-, β-, γ- hemolysins, respectively. All experiments were 
performed in triplicate. 

2.2.3. Biogenic amine production 
The detection of amino acid decarboxylase enzyme production was 

performed as suggested by Bover-Cid and Holzapfel (1999). Previously 
grown strains were subjected to an induction assay (subsequent 
sub-culture of strains for 5 days) using MRS broth supplemented with 
respective amino acid precursors comprising tyrosine (Samchun 
Chemicals, Daejeon, Republic of Korea), histidine monohydrochloride 
(Daejung Chemicals, Gyeonggi, Republic of Korea), lysine monohydro-
chloride (Sigma-Aldrich, St. Louis, MO, USA), and ornithine mono-
hydrochloride (Sigma Aldrich) at concentrations 1% (w/v). The final 
batch was streaked on MRS agar (1.5%, w/v) supplemented with the 
corresponding amino acid precursor. Inoculated plates were incubated 
for at least three days at 37 ◦C. Biogenic amine production is indicated 
by purplish coloration around the colonies. Reference strains used for 
the biogenic amine production were E. coli ATCC25922 (positive con-
trol) and Lb. plantarum ATCC14917 (negative control). All test organ-
isms were tested in at least two independent experiments. 

2.2.4. Antimicrobial susceptibility profiling 
The antimicrobial susceptibility testing (AST) was performed ac-

cording to the standards recommended by the Clinical and Laboratory 
Standards Institute (CLSI) (2012) on Performance Standards for Anti-
microbial Susceptibility Testing for Enterococcus spp. The assay was 
performed by microbroth dilution using the antibiotics ampicillin, 
chloramphenicol, ciprofloxacin, clindamycin, erythromycin, gentamy-
cin, kanamycin, streptomycin, tetracycline (all from Sigma-Aldrich), 
and vancomycin (CheilJedang Pharma Co., Republic of Korea) on 
cation-adjusted Mueller-Hinton broth supplemented with MRS (5.0 
g/L). The assay was performed in a 96-well microplate (SPL Life sci-
ences, Pocheon-si, Gyeonggi-do, Republic of Korea) and comprised 10 
antibiotic dilutions in two-fold and controls (growth and sterility con-
trols). The inocula were adjusted to 0.5 McFarland units (approximately 
107 CFU/mL) and distributed accordingly to obtain a final concentration 
of 105 CFU/mL. The plates were incubated at 35 ± 1 ◦C for 18 h. The 
lowest concentration with complete bacterial inhibition was recorded as 
the MIC and analyzed according to the standards set for Enterococcus 
spp. (Rychen et al., 2017; Wiegand et al., 2008). 
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2.3. Biomolecular safety tests 

2.3.1. Screening for the presence of potential virulence genes 
Bacterial cells grown overnight in MRS at 37 ◦C were used for the 

DNA isolation using ZR Fungal/Bacterial DNA Kit (Zymo Research, 
Irvine, CA, USA) according to the manufacturer’s recommendations. 
The concentration and purity of the DNA were determined using 
SPECTROstar Nano nanodrop (BMG LABTECH, Rotenberg, Germany). 

Bacterial DNA from the studied strains was screened by PCR assay for 
the presence of potential virulence genes including efaA (endocarditis 
specific proteins), cyt (cytolysin), IS16 (Enterococcus pathogenicity is-
land), esp (enterococcal surface protein), asa1 (aggregation substance 
protein), and hyl (hyaluronidase) as suggested by EFSA Panel on Addi-
tives and Products or Substances used in Animal Feed (FEEDAP) 
(Rychen et al., 2017). Oligonucleotide sequences of primers are shown 
in Table 1. PCR reactions were performed in a Veriti 96 well Thermal 
Cycler (Applied Biosystems, Thermo Scientific, Waltham, MA, USA), and 
amplicons were separated on 1.5% (w/v) agarose gel (1x TAE buffer, 
100 V, 1 h) and stained with SYBR©Safe DNA gel stain (0.02 μL/mL) 
(Thermo Scientific) (GH-200 Genera Biosystems, Victoria, Australia; 
Elite 300 Plus Power Supply, Wealtec Bioscience Co., Ltd., Taiwan) and 
visualized using an Omega Lum™ G gel documenter (Aplegen, Inc., CA, 
USA). 

2.3.2. Screening for the presence of vancomycin-resistance associated genes 
Detection of vancomycin-resistance-related genes was performed by 

PCR assay using the genes vanA, vanB, vanC, vanD, vanE, and vanG 
(Fugaban et al., 2021b). The oligonucleotide primer sequences and PCR 
conditions are mentioned in Table 1. Separation, visualization, and 
analysis of the PCR products were performed as described before. 

2.4. Assessment of the probiotic potential of bacteriocinogenic 
Enterococcus faecium strains 

2.4.1. Enzyme production profiling 
Enzyme production of the evaluated strains was profiled using API-

Zym (bioMérieux, Marcy l’Etoile, France), carried out according to the 
manufacturer’s instructions. Bacterial cells were obtained from an 18 h- 
old culture grown in MRS agar at 37 ◦C and were inoculated on the 
provided strips, followed by incubation at 37 ◦C for 4 h. Enzyme pro-
duction was monitored through color changes and interpretation of re-
sults was carried out based on the guidelines provided by the 
manufacturer. 

2.4.2. D/L-lactic acid production 
Measurement of the D- and L-lactic acid produced by the strains Ent. 

faecium ST651ea, ST7119ea, and ST7319ea was performed using Meg-
azyme D-/L-lactic acid assay kit (Megazyme, Bray, Wicklow, Ireland). 
The cell-free supernatant of each strain was obtained by centrifugation 
(12000 x g, 5 min) from 18 h-old culture grown in MRS at 37 ◦C for 24 h. 
The assay was performed according to the manufacturer’s instructions. 
Analysis of results was calculated using the corresponding spreadsheet 
provided by the manufacturer available on their customer assistance 
page (http://www.megazyme.com). The produced lactic acid by each 
strain was interpreted in proportion showing the amounts of both D- and 
L-lactic acid. 

2.4.3. Screening for adhesion genes 
Bacterial cells in the stationary phase were harvested by centrifu-

gation (8000 x g, 10 min, 4 ◦C) and the genomic DNA of the evaluated 
strains was extracted using QIAamp DNA Mini Kit (Qiagen, Hilden, 
Germany) following the manufacturer’s suggestion with few modifica-
tions. DNA concentration and purity were measured by SPECTROstar 
Nano nanodrop (BMG LABTECH, Otterberg, Germany). Adhesion genes, 
mapA (mucus adhesion associated gene), mub (mucus adhesion associ-
ated gene), EF-Tu (adhesion-like factor), prgB (aggregation substance 

Table 1 
Primers used in the molecular-based screening of safety and beneficial 
properties.  

Genes Primer Oligonucleotide Sequence 
(5’ – 3’) 

References 

Vancomycin 
resistance- 
associated 
genes   

vanA F: GTA GGC TGC GAT ATT CAA 
AGC   
R: CGA TTC AAT TGC GTA GTC 
CAA  

vanB F: GTA GGC TGC GAT ATT CAA 
AGC   
R: GCC GAC AAT CAA ATC ATC 
CTC  

vanC F: ATC CAA GCT ATT GAC CCG CT Fugaban et al. (2021)  
R: TGT GGC AGG ATC GTT TTC 
AT  

vanD F: TGT GGG ATG CGA TAT TCA A   
R: TGC AGC CAA GTA TCC GGT 
AA  

vanE F: TGT GGT ATC GGA GCT GCA G   
R: GTC GAT TCT CGC TAA TCC  

vanG F: GAA GAT GGT ACT TTG CAG 
GGC A   
R: AGC CGC TTC TTG TAT CCG 
TTT T  

Adhesion genes   
EF1249 F: GCG GTC GAC AAA CGA GGG 

ATT TAT TAT G 
Todorov et al. (2010), 
Castilho et al. (2019),  
dos Santos et al. (2020)  

R: CTG GCG GCC GCG TTT AAT 
ACA ATT AGG AAG CAG A  

EF2380 F: GCG GTC GAC GAC ATC TAT 
GAA AAC AAT   
R: TCC GCG CCG CCT TAA ACT 
TTC TCC TT  

EF2662 F: GGC GTC GAC CAC TTA AAC 
TGA TAG AGA GGA AT   
R: CGC GCC GCA ATT AAT TAT 
TAA CTA GTT TCC  

EF-Tu F: TTC TGG TCG TAT CGA TCG TG   
R: CCA CGT AAT AAC GCA CCA 
AC  

mapA F: TGG ATT CTG CTT GAG GTA 
AG   
R: GAC TAG TAA TAA CGC GAC 
CG  

mub F: GTA GTT ACT CAG TGA CGA 
TCA ATG   
R: TAA TTG TAA AGG TAT AAT 
CGG AGG  

prgB F: GCC GTC GAC TCG AGG AGA 
ATG ATA CAT GAA T   
R: CCT GCG GCC GCG TCC TTC 
TTT TCG TCT TCA A  

Potential 
Virulence 
Genes   

hyl F: ACA GAA GAG CTG CAG GAA 
ATG 

Vankerckhoven et al. 
(2004)  

R: GAC TGA CGT CCA AGT TTC 
CAA  

esp F: AGA TTT CAT CTT TGA TTC 
TTG G 

Vankerckhoven et al. 
(2004)  

R: AAT TGA TTC TTT AGC ATC 
TGG  

efaA F: GCCAATTGGGACAGACCCTC Martín-Platero et al. 
(2009)  

R: CGC CTT CTG TTC CTT CTT 
TGG C  

asa1 F: GCA CGC TAT TAC GAA CTA 
TGA 

Vankerckhoven et al. 
(2004)  

R: TAA GAA AGA ACA TCA CCA 
CGA  

(continued on next page) 
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gene), EF2662 (choline-binding protein gene), EF1249 (fibronectin- 
binding genes), and EF2380 (membrane-associated zinc metalloprotease 
gene) were used in the PCR-based adhesion gene detection assay 
(Todorov et al., 2010; Castilho et al., 2019; dos Santos et al., 2020). 
Sequences of the oligonucleotide primers are shown in Table 1. PCR 
products were separated through gel electrophoresis on agarose gel (1, 
2%, w/v), and stained and visualized as described before. 

2.4.4. Bacterial cell-surface hydrophobicity 
Bacterial adherence was evaluated according to the assay proposed 

by Rosenberg (1984) using hydrocarbons (n-hexadecane, 
Sigma-Aldrich) with modification as follows. Cells of the evaluated 
strains were collected (4000 × g, 20 min, 4 ◦C) and washed twice using 
100 mM potassium phosphate buffer (pH 6.5) and re-suspending using 
the same buffer to achieve an optical density reading (OD560nm ≈ 1.0, 
refered as A0). This was followed by the addition of n-hexadecane to the 
cell suspensions in the ratio 1:5 before emulsification (vortex mixing) for 
2 min. Set-ups were incubated for 1 h at 37 ◦C. After separation of the 
phases, n-hexadecane on the surface of the cell suspension was gradually 
removed before measuring the optical density for A1 (after 1 h incuba-
tion) of the hydrophilic phase at OD560nm, and % hydrophobicity was 
quantified using the equation: 

% hydrophobicity =

[
A0 − A1

A0

]

× 100  

The cell surface hydrophobicity quantification assay was performed in at 
least two independent experiments wherein each set-up was measured 
in triplicate. 

2.4.5. Aggregation properties 
Auto-aggregation: The ability of the evaluated strains to auto- 

aggregate was evaluated according to dos Santos et al. (2020). Each 
strain was grown in MRS broth for 18 h at 37 ◦C. The cells were har-
vested through centrifugation (4000 × g, 20 min, 4 ◦C) and washed 
twice and re-suspended in sterile phosphate buffer saline (Lonza, Basel, 
Switzerland). The suspensions were then readjusted using the same 
buffer to obtain a final OD660nm with reading ≈ 0.3 using a UV-vis 

spectrophotometer (Optizen, Daejeon, Republic of Korea). Set-ups 
were incubated for one hour at 37 ◦C and centrifuged for 20 min at 
300 × g before measuring the optical density (OD660nm) of the top phase. 
Calculations for the % auto-aggregation were carried out using the 
formula: 

% auto − aggregation =

[
(OD0 − OD1)

OD0

]

× 100  

where ODo and OD1 refer to optical density readings before and after 
incubation, respectively. All experiments were performed in triplicates 
in at least two independent assays. 

Co-aggregation: The evaluation of the strains to co-aggregate with 
other microorganisms was evaluated using partner strains classified as 
either pathogenic or beneficial strains. The partner microorganisms 
L. monocytogenes ATCC15313, Listeria innocua ATCC33090, Ent. faecium 
VRE19, were cultured in BHI broth and Lactobacillus rhamnosus LGG, 
Lactobacillus sakei HEM802, Ent. faecium HEM1108, and Lactobacillus 
fermentum HEM792 in MRS broth. All cultures were grown for 24 h at 
37 ◦C before cell harvesting as previously described. Partner organisms 
adjusted to OD660nm ≈ 0.3 were individually mixed with strains Ent. 
faecium ST651ea, Ent. faecium ST7119ea, and Ent. faecium 7319ea 
(OD660nm ≈ 0.3) in a 1:1 ratio. The OD0 (at OD660nm) was recorded for 
60 s after mixing and OD1 (at OD660nm) was measured after one-hour 
incubation at 37 ◦C. Calculations for % co-aggregation were carried 
out as follows: 

% co − aggregation =

[
(OD0 − OD1)

OD0

]

× 100  

where OD0 and OD1 are turbidity readings right after mixing of partner 
strains and after one-hour incubation, respectively (dos Santos et al., 
2020). All experiments were performed in at least two independent 
repetitions comprising assays carried out in triplicates. 

2.5. Molecular identification of potential beneficial metabolites 

2.5.1. γ-Aminobutyric acid (GABA) 
Identification of some of the functional properties of LAB includes 

detection of putative beneficial metabolites such as GABA. This has been 
performed by molecular-based detection of the GABA production asso-
ciated genes. Oligonucleotide sequences of the primers as presented in 
Table 1, were used to carry out this assay (Bajić et al., 2020). PCR 
products were determined and analyzed by gel electrophoresis on 
agarose gel (2%, w/v) and stained and visualized as described before. 

2.5.2. Vitamin B12 (folate) 
PCR-based detection assay for the genes responsible for bacterial 

biosynthesis of folate was carried out according to the suggestions of 
Meucci et al. (2018). Sequences of the primers are shown in Table 1. Gel 
electrophoresis (agarose gel 1, 2%) visualization and analysis have been 
carried out as previously described. 

2.6. Gastrointestinal tract simulation assay 

2.6.1. Gastrointestinal survival assay Enterococcus faecium strains 
ST651ea, ST7119ea, and ST7319ea 

The survivability of the evaluated strains under mimicked gastroin-
testinal conditions has been evaluated as suggested by dos Santos et al. 
(2020). For the GIT simulation assay cultures in the mid-stationary 
phase were inoculated in 100 mL of MRS broth and incubated at 
37 ◦C for 18 h. 

The initial viable bacterial counts (t0) were quantified (CFU/mL) by 
using one mL of the previously prepared bacterial culture and serial 
dilution in a sterile saline solution and plated on MRS supplemented 
with 1.5% (w/v) agar before incubation at 37 ◦C for 72 h under 
anaerobic conditions (anaerobic jars, Oxoid, Basingstoke, Hampshire, 

Table 1 (continued ) 

Genes Primer Oligonucleotide Sequence 
(5’ – 3’) 

References 

cylA F: ACT CGG GGA TTG ATA GGC Vankerckhoven et al. 
(2004)  

R: GCT GCT AAA GCT GCG CTT  
IS16 F: CAT GTT CCA CGA ACC AGA G Werner et al. (2011)  

R: TCA AAA AGT GGG CTT GGC  
GABA-operon   
gad F:CCT CGA GAA GCC GAT CGC 

TTA GTT CG 
Bajić et al. (2020)  

R: TCA TAT TGA CCG GTA TAA 
GTG ATG CCC  

Folate (Vitamin 
B9)   

pabC F: CGG ACA AGC ATA ATG AAT 
ACT CGG AAT 

Meucci et al. (2018)  

R: GGA TTG ATA ACC GCT TCT 
ATT GCC GA  

pabB F: CCT CAA TTC ATA CAA CCC 
TCT CAC A   
R: CAG ACA AAT CTT CAC TCA 
CGC CAT AA  

folK-Q F: CAC TAG TGT CTA TTG ACT 
CAA ATA TTT T   
R: CGT TTT TAT GGC TAT CAC 
GGG GCT  

folP-E F: GAG ATA GTC TTA ACG ACA 
TCA CGA TT   
R: GCA GTC TAT CAA TTA TTG 
GAA GCT TT   
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United Kingdom). 
Simulation of the gastric fluid conditions was performed by prepar-

ing electrolyte solutions composed of sodium chloride (NaCl, 6.20 g/L), 
potassium chloride (KCl, 2.20 g/L), calcium chloride (CaCl2, 0.22 g/L), 
and sodium bicarbonate (NaHCO3, 1.20 g/L) adjusted to a final pH of 2.5 
and supplemented with 0.3% of pepsin (Sigma-Aldrich). Six mL of pre-
viously prepared bacterial culture were obtained and added to 10 mL of 
simulated gastric juice solution and incubated for 1 h at 37 ◦C with 
continuous agitation (150 rpm) under anaerobic conditions. Samples 
were withdrawn, serially diluted, and quantified as previously described 
to obtain CFU/mL for t1. 

Duodenal pass simulation was performed by taking 2 mL of the 
sample from the previous set-up and adding to 8 mL of artificial duo-
denum solution prepared by formulating an electrolyte solution 
comprising NaHCO3 (6.4 g/L), KCl (1.28 g/L), NaCl (1.28 g/L) adjusted 
to a final pH of 7.2 and supplemented with 0.5% bile salt (Oxgall, Difco) 
and 0.1% pancreatin (Sigma-Aldrich). The bacterial suspension was 
incubated in an anaerobic system for 3 h at 37 ◦C under continuous 
agitation (150 rpm) before quantification (CFU/mL, t2) as previously 
described. Calculations for the survival rate were determined as: 

Survival rate (%) =

⎡

⎢
⎣

log CFU
mL N0

log CFU
mL N1

⎤

⎥
⎦

where N0 and N1 are viable cell counts of strains Ent. faecium ST651ea, 
Ent. faecium ST7119ea, and Ent. faecium ST7319ea before and after the 
simulation passes. All experiments were performed in at least three in-
dependent experiments comprising three replicates for each set-up. 

2.6.2. GIT survival of test organisms in competition with the studied 
Enterococcus faecium strains 

The GIT competition assay was performed using the same component 
assay as previously described. Test organisms L. monocytogenes 
ATCC15313, L. innocua ATCC33090, were grown in 100 mL BHI broth at 
37 ◦C for 18 h. Antagonistic strains, Ent. faecium strains ST651ea, 
ST7119ea, and ST7319ea, on the other hand, were grown in MRS broth. 
Before performing the assays, bacterial cells from all the above strains 
were all adjusted to obtain OD600 = 0.5 to standardize the cell con-
centrations used in the experiments. Each test organism was measured 
against all bacteriocinogenic strains being evaluated for their safety. 
Serial dilutions of adjusted bacterial suspensions were plated using 
respective growth media for determining the initial viable cell popula-
tion (CFU/mL). The obtained counts are designated as t0. 

Following the same assay for the gastric pass and duodenum pass 
simulations, all antagonistic set-ups with the test organisms 
L. monocytogenes ATCC15313 and L. innocua ATCC33090 were plated in 
Listeria selective medium (RAPID’L.mono Medium, BioRad, Hercules, 
CA, USA). All plates were incubated for 72 h at 37 ◦C before viable cell 
counting. Calculations for survival rate were carried out as previously 
described. All experiments were performed in at least three independent 
experiments comprising three replicates for each set-up. 

2.7. Statistical and data analysis 

All quantification was carried out in at least two independent ex-
periments with at least three replicates. The statistical analysis and data 
visualization were carried out in GraphPad Prism 9. 

3. Results and discussions 

3.1. Phenotypic evaluation of the safety of previously characterized 
bacteriocinogenic Enterococcus faecium strains 

3.1.1. Production of gelatinase, hemolysin, and biogenic amines 
Beneficial LAB have been empirically employed for centuries in the 

food chain until their existence and functions, including their advan-
tages and disadvantages in the food systems, have gradually been 
scientifically elucidated. Although several LAB strains are generally 
recognized as safe (GRAS), some species in this group are considered to 
be at the crossroads between safety and potential hazards, particularly 
members of the genus Enterococcus (Franz et al., 1999, 2003). The 
debate on the application of Enterococcus spp. in the food chain is 
on-going for a long time. Even though these bacteria are naturally 
residing in the gut of humans and animals, relatively higher health risks 
are associated with this group in comparison with the other members of 
the LAB. Various putative virulence factors and the production of en-
zymes and potentially harmful metabolites (e.g., gelatinase, hemolysins, 
and biogenic amines) should also be considered. Gelatinase, a protease 
that hydrolyses bioactive peptides, can potentially degrade collagen, 
hemoglobin, casein, and other bioactive peptides that play a significant 
role as a defense line for humans and animals during infection (Coque 
et al., 1995). Additionally, severe cases of endocarditis in murine models 
and dermal necrosis in rabbit skin were associated with the ability of 
enterococci to produce hemolysins (Coque et al., 1995; Franz et al., 
1999). In this study, the evaluation of Ent. faecium strains ST651ea, 
ST7119ea, and ST7319ea, all of which were isolated from locally pro-
duced Korean fermented soybean paste, were evaluated for hemolytic 
and gelatinase activity with no strain showing positive results as indi-
cated in Table 2, including other virulence factors that may aid the 
enterococci to evade, invade, and embed in membrane surfaces to suc-
cessfully cause pathological changes and infections (Coque et al., 1995; 
Jett et al., 1994). Thus, it is an imperative to evaluate Enterococcus spp. 
strains before any intended application particularly as probiotic strain or 
starter culture for food and feed industries. 

Production of biogenic amines was assessed for all the evaluated 
strains, showing that no strain produced nitrogenous by-products when 
supplemented with histidine, lysine, ornithine, or tyrosine (as shown in 
Table 3). Although biogenic amine (BA) production is not directly 
associated with the virulence of Enterococcus spp., their accumulation 
from exogenous (food) sources may have toxic effects (BA intoxication i. 
e., scombroid poisoning and tyramine intoxication), when consumed in 
amounts beyond the safety threshold. According to Smit et al. (2005) 
and Fernández et al. (2007), some LAB strains are major producers of 
biogenic amine in fermented food systems. Formerly considered to be 
strain-specific, Ladero et al. (2012) suggested that this characteristic 
may be generalized for some species; this has been supported by 
continuous advancements in the techniques and approaches employed. 
Among the LAB, Enterococcus spp. are known to represent some of the 
strongest producers of BAs. This group has been particularly associated 
with the decarboxylation of arginine to putrescine while most strains 
typically produce tyrosine decarboxylase (of Ent. faecalis, Ent. faecium, 
and Ent. mundii) with the formation of tyramine (Bargossi et al., 2015; 
Fernández et al., 2007; Kučerová et al., 2010; Ladero et al., 2012). 
Although the BA production of enterococci plays a significant role in the 

Table 2 
Phenotypic assessment of gelatinase and haemolysin productions of strains 
E. faecium strains ST651ea, ST7119ea, and ST7319ea in vitro.  

Strains Evaluated Results 

Gelatinase Activity 
E. faecium ST651ea - 
E. faecium ST7119ea - 
E. faecium ST7319ea - 
B. amyloliquefaciens ST109 (positive control) +

Lb. plantarum ATCC14917 (negative control) - 
Haemolytic Activity 
Ent. faecium ST651ea - 
Ent. faecium ST7119ea - 
Ent. faecium ST7319ea - 
S. pneumoniae ATCC49619 (α-haemolysis control) +

B. cereus ATCC27348 (β-haemolysis control) +

Lb. plantarum ATCC14917 (γ-haemolysis control) +
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continuous debate on their safety and their involvement in the food 
chain, the presence and use of Enterococcus spp. in fermented food have 
long been recognized, and their beneficial properties were considered to 
outweigh this negative aspect. Their specific role is acknowledged in the 
development of crucial metabolites contributing to desirable sensory 
characteristics of particular foods such as in cheese ripening and 
fermentation of meat products and sausages (Smit et al., 2005). 

3.1.2. Antimicrobial susceptibility profiling 
Antibiotic susceptibility profiles of Ent. faecium strains ST651ea, 

ST7119ea, and ST7319ea (Table 2) were determined against ampicillin, 
vancomycin, gentamicin, kanamycin, streptomycin, erythromycin, 
clindamycin, tetracycline, chloramphenicol, and ciprofloxacin through 
micro-broth dilution and were compared based on the breakpoints from 
the European Food Safety Authority (EFSA)(2011) as stated in the 
guidance on the assessment of bacterial susceptibility to antimicrobials 
of human and veterinary importance. Results showed (Table 3) that the 
resistance of all strains evaluated were below the stated breakpoints 
except erythromycin. It has been noted that most members of entero-
cocci are known to inherently possess resistance to antibiotics especially 
to ciprofloxacin, penicillin, and erythromycin with occurrence rates of 
56.3%, 45.8%, and 27.1%, accordingly (Franz et al., 2003). Thus, it is 
imperative to identify the antibiogram profile of any candidate strain 
intended for human and animal use; this is especially important for 
distinctive antibiotics that may potentially control enterocccal prolif-
eration in aberrant niches. Ent. faecium associated infections were pre-
viously described to be only associated with <10% of 
hospital-associated infections worldwide, but the alarming increase in 
the associated vancomycin-resistant enterococci infections has now 
reached 30% of nosocomial-acquired infections (Centers of Disease 
Control and Prevention, 2019). The World Health Organization (WHO) 
has indeed declared that the search for alternative treatments for 
VRE-associated infections is now classified as high priority along with 
AMR pathogens such as methicillin-resistant Staphylococcus aureus 
(MRSA), clarithromycin-resistant Helicobacter pylori (CRHP), and 
fluoroquinolone-resistant Salmonella (WHO, 2018). 

3.2. Biomolecular characterization of safety 

3.2.1. Screening for the presence of potential virulence genes 
The development of rapid techniques to screen the safety of strains 

has come a long way. The use of various molecular techniques (geno-
mics) has allowed presumptive assessment of the safety of various mi-
croorganisms circulating in the food chain. In this study, the presence of 
various potential virulence factors involved in the attachment, evasion, 
and translocation was determined by PCR-based assay including genes 
associated with endocarditis specific proteins (efaA), cytolysin (cyt), 
Enterococcus pathogenicity island (IS16), enterococcal surface protein 
(esp), aggregation substance protein (asa1), and hyaluronidase (hyl). 
The detection technique showed that only Ent. faecium ST7319ea har-
bors the genes hyl, esp, and IS16 (Table 4). The screening for these genes 
was carried out according to the guidelines suggested by the EFSA Panel 
on Additives and Products or Substances used in Animal Feed (FEEDAP) 
(Rychen et al., 2017) for the safety assessment of Ent. faecium in animal 
nutrition, whereas it was stated that screening for specific virulence 

genes IS16, esp, and hyl should be conducted when all strains are found 
to be susceptible to the key antibiotics suggested in the guidelines. 

The gene IS16 (insertion sequence involved in ampicillin resistance), 
characterized by Leavis et al. (2007) as a novel identifier for the 
emerging multi-drug resistant strains of Ent. faecium, has been a key 
discriminator for the diversification of Ent. faecium into the two-clade 
subdivision suggested by Palmer et al. (2012), and which was estab-
lished primarily based on the whole genome sequences of the strains 
evaluated. In this classification, a subpopulation termed as Clade A 
typically encompasses clinically isolated ampicillin-resistant Ent. fae-
cium, while the other subpopulation classified as Clade B predominantly 
includes Ent. faecium of both human and animal origin that are sus-
ceptible to ampicillin (EFSA, 2011; Leavis et al., 2007; Palmer et al., 
2012; Novais et al., 2016). 

Another virulence factor associated with one of the largest patho-
genicity islands (∼ 60 − 100 Kbp) in Ent. faecium strains associated with 
infections (Leavis et al., 2004), the esp gene, has been screened for in the 
evaluated strains; this feature was found to be linked in the ability of 
members of enterococci to form a biofilm. According to Tendolkar et al. 
(2004), the enterococcal surface protein enhances biofilm formation by 
aiding in the initial attachment of planktonic cells on surfaces. In the 
same study, comparative biofilm formation characterization of both esp- 
and non-esp-carrying strains were carried out and showed association of 
biofilm formation and the presence of esp genes could be demonstrated. 

According to Rice et al. (2003), the detection of open reading frames 
of hyaluronidase coding genes (hyl) are predominantly characterized in 
Ent. faecium strains isolated from nosocomial settings. Hyaluronidases of 
Gram-positive bacterial species were found to facilitates initial infection 
or colonization of pathogenic microorganisms such as Cl. perfringens, 
Staph. uberis, Staph. aureus, Str. pyogenes, and Str. pneumoniae (Hynes and 
Walton, 2000), in which it aids in the breakdown of hyaluronate 
commonly found in animal skin cells and tissues. The detection of this 
key potential virulence factor provides an additional level of protection 
in screening strains that can potentially be introduced into the food 
chain. Although detection of these genes only signifies possible expres-
sion, further characterization of the said virulence genes should be 
implemented. 

3.2.2. Screening for the presence of vancomycin-resistance associated genes 
Vancomycin, one of the last resort drugs usually administered 

against various systemic infections, is a bactericidal antibiotic that acts 
by interfering in the cell wall synthesis of target microorganisms. The 
ability of these microorganisms to adapt to the presence of vancomycin 
has been attributed to modifications in various clusters of genes which 
are central to the level(s) of resistance of these strains (Faron et al., 
2016; Manson et al., 2003). In this study, the PCR-based assay for the 
detection of vancomycin-resistance (VR) gene clusters in Ent. faecium 
strains ST651ea, ST7119ea, and ST7319ea was carried out for van A, B, 
C, D, E, and G. The screening showed that all vancomycin 
resistance-associated gene clusters were all undetected in the strains 

Table 3 
Phenotypic demonstration of biogenic amine decarboxylation of E. faecium 
strains evaluated.  

Strain evaluated Biogenic amine amino acid precursor used 
Tyrosine Histidine Lysine Ornithine 

E. faecium ST651ea - - - - 
E. faecium ST7119ea - - - - 
E. faecium ST7319ea - - - - 
E. coli ATCC25922 + + + +

Lb. plantarum ATCC14917 - - - -  

Table 4 
Antimicrobial susceptibility profiles of the Enterococcus faecium strains.  

Antibiotics Experimental Minimum Inhibitory Concentration 
(µg/mL) 

EFSA 
Cutoff 

Ent. faecium 
ST651ea 

Ent. faecium 
ST7119ea 

Ent. faecium 
ST7319ea 

Ampicillin 1 1 1 2 
Vancomycin 1 2 1 4 
Gentamicin 32 8 16 32 
Kanamycin 64 128 256 1024 
Streptomycin 64 64 64 128 
Erythromycin 64 64 32 4 
Clindamycin 0.5 0.5 0.5 4 
Tetracycline 0.5 0.5 0.5 4 
Chloramphenicol 16 16 16 16 
Ciprofloxacin ≤0.25 ≤0.25 ≤0.25 n.r.  

J.I.I. Fugaban et al.                                                                                                                                                                                                                             



Current Research in Microbial Sciences 2 (2021) 100070

7

evaluated as indicated in Table 4. The structural genes used were known 
to be individually or in clustered, responsible for glycopeptide 
ligase-aided resistance to vancomycin and other related (glycopeptide) 
antibiotics. Distinct antibiotic resistance characteristics are associated 
with each cluster; the vanA operon mediated resistance has been 
described predominantly for Ent. faecium and Ent. faecalis with modifi-
cations in the terminal peptides of N-acetylmuramic acid (NAM) sub-
units of the cell wall causing a significant decrease in the affinity for 
vancomycin; such strains were also found to be phenotypically resistant 
to teicoplanin– another glycopeptide antibiotic (Faron et al., 2016). The 
vanB resistance, on the other hand, causes resistance in variable con-
centrations of vancomycin (reaching up to ≥250 µg/mL), although this 
type of resistance is less prevalent than the latter (Coombs et al., 2014; 
Faron et al., 2016; Walsh et al., 1996). The vanC-operon mediated 
resistance is typically known for intrinsic resistance to vancomycin at 
low levels (2 to 32 µg/mL) relative to the other VR genotypes and is not 
mobile (chromosomally associated) as compared to the previous two 
gene clusters (plasmid-associated) (Courvalin, 2006; Reynolds and 
Courvalin, 2005). Thus, the vanC-type of VR resistance is also chromo-
somally located and should typically be characterized as susceptible but 
this pathway is rendered malfunctional due to IS19 associated insertion 
in a specific gene in the operon thereby resulting in resistance (Cour-
valin, 2006; Depardieu et al., 2004). The vanE-type, on the other hand, 
has the same genotypic organization and location as vanC but differs in 
the modifications of the target and is typically resistant at levels between 
8 and 32 µg/mL of vancomycin (Abadía Patiño et al., 2002; Courvalin, 
2006). As for the latter three gene clusters, vanG has low resistance to 
vancomycin (16 µg/mL), but is susceptible to teicoplanin (Courvalin, 
2006; McKessar et al., 2000; Du et al. 2019). Albeit that the studied 
strains have been found susceptible to all the screened antibiotics, 
especially vancomycin, it is still essential to identify the presence of 
these gene clusters in these strains to assess possible risks for their 
application as probiotics for both animal and human consumption. 

3.3. Assessment of the probiotic/beneficial potential of bacteriocinogenic 
Enterococcus faecium strains 

3.3.1. Enzyme production profiling 
Enzyme production has been one of the most exploited applications 

of various beneficial strains in industry. In addition, physiological and 
functional advantages and properties of the strains are also aided by 
their capacity to produce enzymes. In this study, the strains were pro-
filed for their ability to produce different enzymes using the APIZym 
(BioMerieux) assay. Collectively, these Ent. faecium strains were shown 
to produce the following enzymes: esterase (C4), esterase lipase (C8), 
acid phosphatase, arylamidases (leucine, valine, cysteine), α-chymo-
trypsin, naphthol-AS-BI-phosphohydrolase, β-galactosidase,) and N- 
acetyl-B-glycosaminidase (Table 6). These enzymes play various key 
roles in different industrial applications. According to Ramakrishnan 
et al. (2012), the production of esterase plays a significant role in the 
development of flavor, consistency and texture of fermented food 
products. Additionally, characterization of an intracellular esterase from 
Ent. faecium ACA-CDC 237, isolated from Greek feta cheese, was found 
to play a synergistic role with lipolytic enzymes for maturation during 
cheese making (Tsakalidou et al., 1994). 

It has been noted that enterococci are dominantly present as 
compared to the other LAB in artisanal cheeses (51% to 49%), wherein it 
was observed that the dominant species were Ent. faecium. All the strains 
produced acid phosphatases, an enzyme that is optimally active at pH 
5.0, and usually associated with the hydrolysis of most mono- 
phosphorylated substrates and phytate, commonly associated with the 
raw materials used in the fermentation of various products of plant and 
animal origin (Palacios et al., 2005). Additionally, from a physiological 
vantage point, the presence of acid phosphatases aids in the adjustment 
of these microorganisms to stress by sequestering toxic compounds that 
usually accumulate in an acidic environment during successful 

fermentation processes. Aside from this, it has been observed that the 
strains can produce high amounts of various peptidases (leucine, valine, 
and cysteine arylamidase) that can be advantageous in cheese ripening 
industries coupled with their low production of proteases as exhibited by 
the low production of α-chymotrypsin, a ubiquitously available pro-
teolytic enzyme. In their study on the assessment of technological and 
safety assessment of various beneficial enterococci isolates, Jaouani 
et al. (2015) suggested this as a desirable trait for good adjunct/starter 
cultures; this will serve to support cheese ripening and enhance cheese 
flavor development, also by reduction of bitterness texture improvement 
the of the product. Furthermore, the presence of these enzymes can also 
be attributed to the high-protein soybean products from which the 
strains have been isolated. 

Based on positive naphthol-AS-BI-phosphate reactions, all the 

Table 5 
Molecular-based assay for the detection of adhesion and various virulence genes 
in strains Ent. faecium ST651ea, ST711ea, and ST7319ea.  

Genes 
Evaluated 

Strains Evaluated 
Ent. faecium 
ST651ea 

Ent. faecium 
ST7119ea 

Ent. faecium 
ST7319ea 

Vancomycin-resistance genes 
vanA - - - 
vanB - - - 
vanC - - - 
vanD - - - 
vanE - - - 
vanG - - - 
Adhesion genes 
EF1249 - - - 
EF2380 - - - 
EF2662 - - - 
EF-Tu - - - 
mapA - - - 
mub - - - 
prgB - - - 
Other potential virulence factors 
hyl - - +

esp - - +

efaA - - - 
asa1 - - - 
cyt - - - 
IS16 - - +

Table 6 
APIZym profiles of the studied Enterococcus faecium strains.  

Enzyme assayed for Ent. faecium 
ST651ea 

Ent. faecium 
ST7119ea 

Ent. faecium 
ST7319ea 

Control 0* 0 0 
Alkaline phosphatase 0 0 0 
Esterase (C 4) 0 3 2 
Esterase Lipase (C 8) 1 3 2 
Lipase (C 14) 2 2 1 
Leucine arylamidase 5 5 4 
Valine arylamidase 5 4 3 
Cysteine arylamidase 2 4 3 
Trypsin 0 0 0 
α-chymotrypsin 2 0 0 
Acid phosphatase 3 4 3 
Naphthol-AS-BI- 

phosphohydrolase 
5 5 5 

α-galactosidase 1 0 0 
β-galactosidase 1 5 5 
ß-glucuronidase 0 0 0 
α-glucosidase 0 0 0 
β-glucosidase 0 1 0 
N-acetyl-ß- 

glucosaminidase 
2 2 2 

α-mannosidase 0 0 0 
α-fucosidase 0 0 0  

* 0 = no acitivity; 1, 2 = weak activity; 3–5 = strong enzymatic activity. 

J.I.I. Fugaban et al.                                                                                                                                                                                                                             



Current Research in Microbial Sciences 2 (2021) 100070

8

evaluated strains were shown to be producers of hydrolases. This feature 
was described by Colombo et al. (2018) to be inherent to most LAB; this 
enzyme supports the antioxidant and anti-inflammatory effects of 
beneficial strains employed as probiotics in various food products. It was 
also notably observed that Ent. faecium strains ST7119ea and ST7319ea 
were strong producers of β-galactosidase, the enzyme responsible for the 
cleavage of lactose to its respective carbohydrate subunits (Saqib et al., 
2017). This enzyme has been exploited in the production of commer-
cially available lactose-free fermented milk products. 

No evidence of any other enzymes in the evaluation APIZym panel 
(as shown in Table 6) could be detected for the Ent. faecium strains 
ST651ea, ST7119ea, and ST7319ea. 

3.3.2. D/L-lactic acid production 
Named after the primary metabolite of carbohydrate metabolism, the 

LAB produce either the L(+)-or D(-) isomer of lactic acid, or a combi-
nation of both isomers. Although L(+)-lactic acid has been known to be 
majorly produced during fermentation, traces of D(-)-lactic acid may 
still be produced. Some species such as Lactobacillus delbrueckii subsp. 
bulgaricus and all Leuconostoc species, typically produce D(-)-lactic acid. 
High intake of this isomer, especially by infants, has been associated 
with acidosis; this may play a role in the etiology of some chronic dis-
eases (Vitetta et al., 2017). Thus, the evaluation of the ratio between 
these two isomers is one of the criteria used for the evaluation of a good 
probiotic candidate. In this study, the amounts D(-)- and L(+)-lactic 
acids produced by the strains were: 0.769 g/L and 14.609 g/L for Ent. 
faecium ST651ea, 0.641 g/L and 10.231 g/L for Ent. faecium ST7119ea, 
1.025 g/L and 16.677 g/L for Ent. faecium ST7319ea. These data are in 
agreement with the values and observations reported by Bhagwat and 
Annapure (2019), which showed mean total lactic acid produced by 
various Enterococcus spp. strains isolated from humans ranges between 5 
and 12 g/L, while Yoshimune et al., (2017), on the other hand, 
demonstrated that Enterococcus spp. majorly produces L(+)-lactic acid in 
a fermentation system with trace amounts of D(-)-lactic. 

3.3.3. Bacterial cell-surface hydrophobicity 
Good probiotic candidates are not only screened for their ability to 

survive in the gut but also for their ability to attach on mucosal surfaces. 
This physiological aspect was used as a preliminary indicator for their 
ability to colonize and persist in the gut (Ouwehand et al., 1999; 
Rosenberg, 1984, 2006). In this study, the cell surface adherence was 
measured using the BATH assay, whereby hydrophobicity is measured 
as indication of potential adherence ability. Low levels with values 
ranging between 14 and 16% have been measured for these strains. 
Similar observations were also reported by dos Santos et al. (2015) using 
the same assay for bacteriocinogenic Ent. faecium strains EM485 and 
EM925 isolated from Brazilian cheeses. Although these results may 
suggest a relatively low adherence potential, this property should be 
further evaluated in an ex vivo model for further characterization of the 
strains. 

3.3.4. Aggregation properties 
Auto-aggregation, also referred to as bacterial flocculation or auto- 

agglutination, is defined as the formation of multicellular clumps of 
the same type of bacterial cell. This phenomenon has been linked to 
various bacterial cell functionalities including their ability to adapt to 
stressful environments and evade host immune responses during in-
fections. Additionally, auto-aggregation has been linked to the initial 
step of biofilm formation (Angmo et al., 2016; Collado et al., 2008; 
Trunk et al., 2018). While these characteristics are associated with 
pathogenic microorganisms, aggregation has also been considered as an 
advantage to beneficial strains, including probiotics, considering that it 
predicts possible adhesion properties in vitro to the mucosal surfaces, 
thereby aiding in successful niche colonization (Collado et al., 2008; 
García-Cayuela et al., 2014). On the other hand, co-aggregation is 
defined as the ability of genetically distinct bacterial strains to flocculate 

or clump together. This phenomenon has been associated with the for-
mation of various multispecies biofilms (Rickard et al., 2003), thus 
making it an imperative property to be evaluated particularly for strains 
intended for the food chain. 

In this study, auto-aggregation and co-aggregation of the three 
strains of Ent. faecium, compared with previously characterized benefi-
cial strains and pathogenic reference strains, were measured in vitro 
(Fig. 1). High levels of mean auto-aggregation (>50%) were exhibited 
by Ent. faecium ST651ea, ST7119ea, and ST7319ea; these were relatively 
higher compared to the other microorganisms included in the panel 
including previously characterized probiotic strains and pathogenic 
strains (Fig. 1). Furthermore, co-aggregation value wear observed to be 
higher for the evaluated strains partnered with the strains Lb. sakei 
HEM802, Ent. faecium HEM1108, and Lb. fermentum HEM792, all of 
which have previously been characterized as beneficial strains. 

Although the generalization and correlation of aggregation and cell 
surface attachment must still be validated further, we can summarize 
that the evaluated strains, Ent. faecium ST651ea, ST7119ea, and 
ST7319ea, have strong aggregation capabilities and that correlation 
with auto-aggregation can only be assumed on strain level and varia-
tions can be observed within taxonomic clusters (dos Santos et al., 2015; 
Zommiti et al., 2018). Based on the co-aggregation rate of the strains 
being studied, low rates (10–15%) for all the strains paired with 
L. innocua and L. monocytogenes strains were noted, while high aggre-
gation was observed between Ent. faecium ST651ea, ST7119ea, and 
ST7319ea and Ent. faecium VRE19 with rates ranging between 24 and 
54% for all strains. However, this high rate of aggregation with a 
pathogenic microorganism is considered detrimental especially if the 
pathogen is innately resistant to the bacteriocins produced by the strains 
being studied (Del Re et al., 2000). The cell-to-cell contact between the 
producer and target cell (susceptible to the bacteriocins of the producer 
cell) would increase exposure of the susceptible pathogenic strain to the 
antimicrobial peptides, thus, from this angle, it may be considered as an 
advantageous characteristic for the strains evaluated. 

3.4. Molecular identification of potentially beneficial metabolites 

Gamma-aminobutyric acid (GABA), a ubiquitous and naturally 
occurring inhibitory neurotransmitter in humans and other animals, 
aids in the physiological regulation of various body systems including 
the cardiovascular and the central nervous system. It is a four-carbon 
molecule that acts as the primary inhibitory neurotransmitter in the 
brain. GABA production has long been associated with LAB, some of 
which were used as starter cultures and are commonly found in fer-
mented food products. Some studies have also banked on this property 
of LAB as an application for various immunological and physiological 
mediatory functions (Boonstra et al., 2015; Cui et al., 2020). The efficacy 
of GABA has been attributed to its ability to pass through the blood-brain 
barrier, and serving as the intermediate molecule between various 
beneficial strains that have been found to play a significant role in the 
gut-brain axis (Bajić et al., 2020). According to Cui et al. (2020), several 
well-characterized GABA producing strains have been isolated from 
traditional fermented foods such as kimchi, yogurt, fermented soybeans, 
cheeses, among others; wherein representative(s) from the genus 
Lactobacillus, Enterococcus, Leuconostoc, Pediococcus, and Weissella 
was/were GABA producer(s). In this study, the ability of the Ent. faecium 
strains ST651ea, ST7119ea, and ST7319ea, all isolated from artisanal 
produced fermented soybean paste, were screened for the presence of 
GABA-production associated genes. The PCR-based screening assay 
showed that all the strains were positive for the gene assayed, thereby 
showing the strains to be potential GABA producers. Their ability to 
express the gene and the physiological ability to produce this compound 
must be evaluated further. 

Another functional property associated with LAB includes folate 
production. This has been investigated in strains of Str. thermophilus 
(Iyer et al., 2010; Meucci et al., 2018; Tarrah et al., 2018), Lb. plantarum, 
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Bif. adolescentis, and Bif. pseudocatelinatum (Rossi et al., 2011). Although 
results of our screening assay indicated that the strains do not have the 
complete operon responsible for producing vitamin B12, screening for 
this beneficial property may reveal an additional benefit. Indeed, some 
Ent. faecium strains have been reported as novel sources of this metab-
olite (Li et al., 2017). This has also been highlighted by Meucci et al. 
(2018), also mentioning that the ability of LAB to synthesize this 
metabolite is highly strain dependent as demonstrated for various 
strains of Str. thermophilus, Lb. delbrueckii subsp. bulgaricus, and Lacto-
coccus spp. 

3.5. Gastrointestinal survival assay Enterococcus faecium strains 
ST651ea, ST7119ea, and ST7319ea 

Enterococcus species are considered as typical members of the lower 
digestive tract. Their ability to survive in a wide range of environmental 
pH-values relative to other LAB allows autochthonous enterococci to 
dominate various niches. One of the criteria that needs to be met to 
consider a strain as a good probiotic candidate is a high survival under 
the conditions of the gastrointestinal tract in order to ensure sufficiently 
high viable dose of the probiotic to reach the target organ as intended for 
its application. Results showed no significant decrease in population 
CFU numbers between T0, even after the duodenum simulation passage 
(T2), as shown in Fig. 2A. This demonstrates high survivability and 
viability of the evaluated strains. 

Similar observations were reported by Amaral et al. (2017) indi-
cating the high tolerance of enterococci to gastrointestinal tract condi-
tions, even in the presence of key active enzymes as demonstrated in 
vitro. It was also stated by Nazzaro et al. (2012) that a high number of 
cells should be left viable (~log 6 to 7) upon reaching the GIT to facil-
itate the intended functionality of a probiotic in the host. Although this 
consideration is of primary importance, the type of vector should also be 
considered – may it be food products or any other industrial applications 
– and that may significantly affect their viability. Furthermore, in vitro 
assessment of survivability in the gastrointestinal conditions only pro-
vides a prediction of how these strains function in the host system, thus, 
in vivo tests should be conducted to confirm the viability of these strains 
under practical conditons. 

3.6. GIT survival of the test organisms in competition with Enterococcus 
faecium strains 

Aside from high survivability in the GIT, a good probiotic candidate 
should also be successful in competing and establishing a niche under 

practical conditions especially in the presence of undesirable members 
of the gut microbiota. In this study, the same conditions were applied to 
evaluate the ability of the strains to compete with presentative strains of 
two known food-contaminant microorganisms, L. monocytogenes and 
L. innocua. The survival rates for L. innocua ATCC33090 in competition 
with Ent. faecium ST651ea, ST7119ea, and 7319ea were all significant 
after the gastric simulation passage relative to the controls demonstrated 
with the rates of 70%, 69%, and 67%, respectively against the control 
(Fig. 2B). Whereas L. monocytogenes ATCC15313 had survival rates after 
the gastric simulation of 60%, 70%, and 69% when co-incubated in this 
condition with Ent. faecium ST651ea, ST7119ea, and ST7319ea, 
accordingly (Fig. 2C). Further reduction was observed after duodenum 
simulation passage for both test organisms with an overall survival rate 
of around 52 to 53% in all competition set-ups for L. innocua 
ATCC33090, while rates for L. monocytogenes ATCC15313 in competi-
tion set-ups had the highest decrease observed against Ent. faecium 
ST7119ea and lowest against Ent. faecium ST651ea (Fig. 2). These var-
iabilities in the observations can be attributed to the differences among 
strains (Amaral et al., 2017). Additionally, limitations of the employed 
methods should also be taken into consideration especially that these 
observations were made only in vitro. Thus, this information, although 
promising, can only provide possible behavior of the strains when 
applied to the target hosts and should be evaluated further in vivo to 
assess the ability of the strains to produce their bacteriocins and further 
assess the extent of efficiency of inhibition by the bacteriocinogenic 
strains. 

4. Conclusions 

Previously identified and characterized bacteriocinogenic Ent. fae-
cium strains ST651ea, ST7119ea, and ST7319ea showed to be safe ac-
cording to phenotypic evaluation of various potential virulence factors 
including production of gelatinase, hemolysin, and biogenic amine 
production. Furthermore, all the strains were sensitive to key thera-
peutic antibiotics and did not have genes associated with vancomycin 
resistance. Yet, strain Ent. faecium ST7319ea was found to harbor some 
of the virulence genes screened including hyl, IS16, and esp, thus, as 
suggested in the EFSA guidelines on the use of Enterococcus spp. as feed 
additives, this strain may not be considered safe. On the other hand, 
both safe strains may serve as good adjunct, starter cultures, or probiotic 
candidates. This is supported by promising enzyme production profiles, 
high GIT survival and aggregation, and ability to outcompete harmful/ 
undesirable microorganisms such as L. monocytogenes and L. innocua, in 
vitro. 

Fig. 1. Rates of aggregation and co-aggregation of Ent. faecium ST651ea, Ent. faecium ST7119ea, and Ent. faecium ST7319ea with their corresponding partner 
microorganisms. 
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Fig. 2. Survival rates of (A) Ent. faecium strains ST651ea, ST7119ea, ST7319ea; and test organisms (B) L. monocytogenes ATCC15313 and (C) L. innocua ATCC33090 
in competition with Ent. faecium strains in the gastrointestinal simulation model. Survival rates in comparison with the previous timepoint are indicated on the top of 
the correspond boxplots. Asterisks above box plots demonstrates statistical significance as determined by Welch’s test by comparing the mean log values of each 
viable bacterial count from the corresponding passage with that of the control. Significance as demonstrated by each asterisk is as follows: *p ≤ 0.05, **p ≤ 0.001. 
Statistical significance for overall passage were quantified by two-way ANOVA and Turkey’s test post-hoc analysis of *p ≤ 0.05. 
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