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Abstract

The incidence of cancer is increasing worldwide; likewise, the emergence of antibiotic-resistant biofilm-forming pathogens has
led to a tremendous increase in morbidity and mortality. This study aimed to evaluate the probiotic properties of bacteriocin-
producing Enterococcus sp. with a focus on their anti-biofilm and anticancer activities. Three of 79 Enterococcus isolates (FM43,
FM65, FM50) were identified as producers of broad-spectrum bioactive molecules and were molecularly characterized as
Enterococcus faecium by 16S rRNA sequencing. Phenotypic and genotypic screening for potential virulence factors revealed
no factors known to promote pathogenicity. Treatment with proteinase K resulted in diminished antimicrobial activity; PCR-
based screening for bacteriocin genes suggested the presence of both entA and entB genes that encode enterocins A and B,
respectively. Maximum antimicrobial activity was detected during the early stationary phase, while activity disappeared after
24 h in culture. Bacteriocins from these isolates were stable at high temperatures and over a wide range of pH. Interestingly, crude
supernatants of Ent. faecium FMA43 and Ent. faecium FMS50 resulted in significant destruction (80% and 48%, respectively;
P <0.05) of Streptococcus mutans ATCC 25175—associated preformed biofilms. Moreover, in vitro cytotoxicity assays revealed
that extracts from Ent. faecium isolates FM43, FM65, and FM50 inhibited Caco-2 cell proliferation by 76.9%, 70%, and 85.3%,
respectively. Taken together, the multifunctional capabilities of the microbial-derived proteins identified in our study suggest
potentially important roles as alternative treatments for biofilm-associated infections and cancer.
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Introduction

Enterococcus is one of the main genera belonging to the lactic

Ahmed 8. Khairalla equally contributed as the first author acid bacteria (LAB) group. Pathogenic and commensal strains
Electronic supplementary material The online version of this article of Enterococcus have recently become the subject of exten-
(https://doi.org/10.1007/512602-020-09711-1) contains supplementary sive research [1, 2]. This is largely due to the fact that, despite

material, which is available to authorized users. their pathogenic potential, commensal enterococci colonize

the gastrointestinal tracts of humans and numerous animal
species; these microorganisms are minimally virulent and
have been used safely for decades as probiotics for both
humans and animals [3]. Furthermore, enterococci have been
shown to promote several desirable health benefits, including
their role in reducing cholesterol levels [4] and strengthening
the immune system [5].

Bacteriocins offer a promising alternative to traditional an-
tibiotics and may be used as part of an overall strategy to
combat the rise in antibiotic resistance [6]. The antimicrobial
activity of bacteriocins with respect to both food-borne path-
ogens and bacteria that promote food spoilage has suggested
that they may be applied to promote food preservation [7].
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Bacteriocin production has been detected widely among the
food-borne enterococci; notable among that are the strains of
Ent. faecium and Ent. faecalis [8] that produce antimicrobial
peptides known as enterocins. Many of these enterocins have
been shown to have activity against Listeria monocytogenes,
Staphylococcus aureus, Clostridium botulinum, and Vibrio
cholerae [9]. Of note, Ent. faecium strains are among the most
frequent producers of bacteriocins of the group known as fecal
LAB microbiota [10]. However, the use of enterococci for
clinical and industrial purposes must be carefully evaluated
due to the emergence of virulence and resistance traits associ-
ated with these bacteria [11].

Dental caries are a commonplace and chronic com-
plication that typically results from a homoeostatic im-
balance between the host and the oral microbiome [12].
Alpha-hemolytic strains of Streptococcus mutans and
Strep. sobrinus, which belong to the mutans group of
streptococci [13], have been identified as major contrib-
utors to the development of dental caries; these bacteria
are detected on the tooth surface in the form of a bio-
film [14]. Bacterial biofilms are highly resistant to anti-
biotics and host defense mechanisms and as such pose a
great challenge with respect to treatment and eradication
of infection [15]. As such, attempts are underway to
promote reduction or complete prevention of bacterial
adherence and biofilm formation using a variety of bi-
ologically based intervention strategies, including the
use of bacteriophages, phytochemicals, matrix-
degrading enzymes, and probiotics [16—18]. Among
these approaches, the use of bacteriocins for microbial
biofilm control is a relatively new area of research [19].
Likewise, with the growing popularity of peptide-based
therapeutics, several bacteriocins have been identified
that are selectively toxic toward cancer cells [20].
Bacteriocin-mediated cytotoxicity and their capacity to
target cancer cells may be attributed to structural fea-
tures that include hydrophobicity, positive net charge,
and size, as well as their capacity to oligomerize and
to generate amphipathic structures, similar to features
reported for antimicrobial peptides [21]. The eukaryotic
cell membrane is a likely primary target; as such, the
enhanced expression of negatively charged cell surface
molecules on cancer cells provides greater vulnerability
to the cytotoxic activity of these positively charged pep-
tide mediators [22].

Given these perspectives, our aim in this study was to iso-
late bacteriocin-producing enterococci from various food and
clinical samples in Egypt; this was followed by screening for
virulence and antibiotic resistance traits so as to determine
their safety for use in clinical applications. Toward this end,
we examined the impact of bacteriocins from these strains
with respect to their potential to prevent biofilm formation
and to limit proliferation of cancer cells.
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Materials and Methods
Indicator Strains and Culture Conditions

The indicator strains used in this study and associated culture
conditions are presented in Table 1. All bacterial strains used
in this study were stored in 40% (v/v) glycerol at — 80 °C.

Isolate Purification and Identification

Seventy-nine isolates were recovered from food and stool
slurries. Enterococci were identified by colony morphology,
Gram-stain, catalase test, and growth on bile esculin agar
(Himedia, Mumbai, Maharashtra, India; Online Resource 1);
the latter test is scored as positive when organisms can grow in
the presence of 4% bile and are capable of hydrolyzing esculin
to esculetin that reacts with Fe>* to form a dark brown to black
precipitate on the agar plate. All samples collected were inoc-
ulated into tubes containing 5 mL GM17 broth (Oxoid,
Basingstoke, Hampshire, UK); these cultures were incubated
aerobically at 37 °C for 24 h. A one loopful of culture was
used to generate a streak on each bile esculin agar plate; these
plates were then incubated aerobically at 37 °C for 24 h. To
eliminate possible contamination with other aerobic microor-
ganisms, isolated Enterococcus strains were streaked on De
Man, Rogosa, and Sharpe (MRS) agar (Online Resource 1)
and incubated under anaerobic conditions that facilitate
growth of facultatively anaerobic Enterococcus species. All
plates were incubated in anaerobic jars (Oxoid gas system) at
37 °C for 48 h.

Screening for Antimicrobial Activity

The spot-on-lawn assay as described by Dundaret et al. [23]
was performed for preliminary screening for antimicrobial
activity targeting Lactobacillus sakei LMG 2313. Briefly,
Enterococcus colonies grown overnight on MRS agar (Lab
M, Heywood, Lancashire, UK) were overlaid with 8 mL soft
agar containing 80 uL of Lact. sakei LMG 2313 and incubat-
ed for 18 h at 30 °C. Antimicrobial activities of the isolates
were detected as clear zones around the colonies.

The antimicrobial spectrum of candidate isolates was also
evaluated using the agar well technique [24] targeting Strep.
mutans ATCC 25175, Staph. aureus AO760 (Clinical sam-
ple), Micrococcus lysodeikticus ATCC 4698, Escherichia coli
ATCC 5087, and Salmonella typhi ATCC 35664 (Table 1).
Briefly, a fully isolated enterococcal colony was cultured in
MRS broth at 30 °C for 18 h. The culture was then subjected
to centrifugation at 6000xg for 15 min at 4 °C; the cell-free
supernatant (CFS) was used to screen for antimicrobial activ-
ity. One hundred microliters of the CFS was placed in wells of
~10 mm in diameter created in agar plates that were pre-
seeded with the indicator strains as above (1% v/v; 1.0 x
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Table 1 The six indicator
microorganisms used in this Indicator strain Strain identifier Growth media Growth temperature (°C)
study, as well as the media and the
growth conditions used for their Lact. sakei LMG 2313 MRS 30
cultivation Strep. mutans ATCC 25175 BHI 37

Salm. typhi ATCC 35664 BHI 37

E. coli ATCC 5087 BHI 37

M. lysodeikticus ATCC 4698 BHI 37

Staph. aureus AO 760 (clinical sample) BHI 37

MRS, De Man, Rogosa, and Sharpe agar; BHI, brain heart infusion

10° CFU/mL). After pre-diffusion at 4 °C for 30 min, the
plates were then incubated at 37 °C for 24 h; the diameters
of the inhibition zones around each well were then measured.
Clear inhibition zones of 12 mm or more were recorded as
positive antibacterial activity for each of the isolates tested.

Isolates with broad-spectrum activity against all of the
aforementioned indicator strains were subjected to further
evaluation with Strep. mutans ATCC 25175 as the indicator
strain. The inhibitory activities, represented as arbitrary units
(AU) per milliliter of supernatants from each of the isolates,
were evaluated using the agar well diffusion method. Crude
preparations of enterococcal-derived bacteriocins were sub-
jected to serial twofold dilution, and the diameters of the zones
of inhibition generated by each dilution were measured. The
AU for each preparation was calculated as the reciprocal of the
highest dilution resulting in a zone of inhibition of 12 mm or
more [25].

Molecular Identification Using 16S rRNA Gene
Sequencing

Genomic DNA was extracted from the microorganisms of inter-
est using the GenElute DNA Bacterial Genomic DNA Kit
(Sigma-Aldrich, St. Louis, MO, USA). Taxonomical classifica-
tions of these isolates were assessed based on the DNA se-
quences of the specific regions of the genes encoding 16S
rRNA amplified using the universal primer pair 27F (5-AGAG
TTTGATCMTGGCTCAG-3") and 1492R (5'-GGTT
ACCTTGTTACGACTT-3') (IDT, USA) [26]. The final volume
of each reaction mixture was 25 pL and included 12.5 pL of
Dream Taq Green PCR Master Mix (Thermo Scientific,
Wilmington, DE, USA), 1 uL of each primer (10 uM), 2 uL
of template genomic DNA (100 ng/pL), and 8.5 pL of nuclease-
free water. Each amplification cycle included an initial denatur-
ation step of 94 °C for 3 min, followed by denaturation at 94 °C
for 30 s, and annealing at 50 °C for 30 s, and extension at 72 °C
for 2 min. This cycle was repeated 35 times, followed by a final
extension step at 72 °C for 5 min. Amplifications were performed
using the Biometra TAdvanced thermal cycler (Biometra,
Gottingen, Germany). After cycling, 10 uL of each PCR reaction
was evaluated on a 1.5% (w/v) agarose gel that was stained with

ethidium bromide (0.5 mg/mL), and visualized under a Gel Doc
EZ Imager (Bio-Rad Laboratories, USA). Amplification prod-
ucts were sequenced by Macrogen® (Gasan-dong, Geumcheon-
gu, Seoul, South Korea) using capillary electrophoresis. The se-
quences obtained were assembled using BioEdit software
v.7.0.5.3. Each sequence was used to query the GenBank data-
base to retrieve the most closely matching sequences, using the
mega BLAST tool available online at the National Center for
Biotechnology Information (NCBI at https://blast.ncbi.nlm.nih.
gov/Blast.cgi?’PAGE_TYPE=BlastSearch). Multiple sequence
alignments including those amplified here and those identified
as closely related obtained from the NCBI database were carried
out, and phylogenetic analysis was performed using MEGA6
software [27] using the neighbor-joining tree method [28]; evo-
lutionary distances were calculated using the maximum compos-
ite likelihood method [29].

Pathogenicity and Antibiotic Susceptibility Testing

The hemolytic activities of the selected isolates were assessed
by growing them on Columbia blood agar (Oxoid,
Basingstoke, Hampshire, UK; Online Resource 1) containing
5% defibrinated blood. Gelatinase activity was evaluated as
previously described by Harrigan et al. [39]. Detection of spe-
cific virulence factors, including the collagen adhesion pro-
tein, endocarditis antigen, cytolysin, aggregation substance,
enterococcal surface protein, and hyaluronidase, was per-
formed by PCR amplification of their respective genes with
primers listed in Table 2 and using thermocycler settings pre-
viously described by Baker et al. [40]; Ent. faecalis ATCC
700802 was included as a positive control. Antimicrobial re-
sistance patterns were determined using the disk diffusion
method as described in the guidelines provided by the
Clinical Laboratory Standard Institute (CLSI) [41].

Physicochemical Characterization of Bioactive
Products

CFSs prepared as described above were subjected to physico-

chemical characterization, including testing with various
degrading enzymes, including proteinase K and «-
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Table2 List of primers used for screening of selected virulence factors and bacteriocin-encoding genes in Enterococcus sp. with their product size and

annealing temperature

Gene Amplicon size (bp)  Primer Sequence Annealing temperature (°C)  Reference
Virulence factors genes
hyl 276 hyl F ACAGAAGAGCTGCAGGAAATG 56 [30]
hyl R GACTGACGTCCAAGTTTCCAA
asal 375 asal F GCACGCTATTACGAACTATGA 56 [30]
asal R TAAGAAAGAACATCACCACGA
cylA 688 cylAF AGATTTCATCTTTGATTCTTG 56 [30]
cylA R AATTGATTCTTTAGCATCTGG
efaA 688 efaA F GCCAATTGGGACAGACCCTC 55 [31]
efaA R CGCCTTCTGTTCCTTCTTTGGC
ace 1008 ace F GAATTGAGCAAAAGTTCAATCG 55 [31]
ace R GTCTGTCTTTTCACTTGTTTC
esp 510 esp F AGATTTCATCTTTGATTCTTG 56 [30]
esp R AATTGATTCTTTAGCATCTGG
Bacteriocin-related structural genes
AS-48 191 AS-48 F TTTTTGGGGTTAGCCTTGTT 52.5 [32]
AS-48 R GCTGCAGCGAGTAAAGAAG
EntA 155 entA F GACACAACTTATCTATGGGGGTA 52.8 [33]
entA R CTGGAATTGCTCCACCTAAA
EntB 166 entB F TGAAACAAATTATCGGTGGAG 52 [33]
entBR TATACATTTGCTAACCCAGCAG
Lysin A 166 Lysin AF CGCAGCTTCTAATGAGTGGT 52 [34]
Lysin AR CATACACACTGCCATTTCCA
Cyl 166 cyto F TGGCGGTATTTTTACTGGAG 49 [35]
cyto R CATACACACTGCCATTTCCA
EntL50A and L50B 224 L50 A&BF TTGGGTGGCCTATTGTTAAA 51 [36]
L50 A&BR TCTATTGTCCATCCTTGTCCA
EntP 153 PF TTTGGTACAAAAGTTGATGCAG 55 [37]
PR ATGTCCCATACCTGCCAAAC
Avc A 156 AV-F ACGCGAAATGAAGAATGTTG 53 [38]
AV-R GACTTCCAACCAGCAGCAC

hyl, hyaluronidase; asal, aggregation substance; esp, enterococcal surface protein; cylA, cytolysin; efaA, endocarditis antigen; ace, collagen adhesion;

bp, base pair

chymotrypsin, each at a final concentration of 1 mg/mL. CFSs
with or without enzyme were incubated at 37 °C for 60 min.
Subsequently, enzyme activity was terminated by heating at
100 °C for 5 min. The stability of antimicrobial activity iden-
tified in each CFS was also evaluated after incubation at ele-
vated temperatures (60, 80, 100, and 121 °C) and at different
pH ranging from 3 to 11 (adjusted with 1 N HCL or 5 N
NaOH, respectively). Residual antimicrobial activity that
remained after each of the aforementioned interventions was
determined via comparisons of the diameters of their respec-
tive zones of inhibition.

Bacteriocin Production Kinetics

Selected Enterococcus isolates were used to inoculate 100 mL
aliquots of MRS broth followed by incubation at 30 °C for
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24 h; 5 uL was withdrawn at intervals, including 6, 8, 10, 12,
16, and 24 h. After centrifugation at 6000xg for 10 min, the
pellets were discarded and the supernatants were used to eval-
uate antimicrobial activity by measuring the diameters of the
zones of inhibition as previously described. Additionally,
growth of each isolate was measured spectrophotometrically
at OD = 620 nm at each 1-h interval for 24 h using a microtiter
plate reader (Tecan Sunrise, Austria) [42].

Protein Precipitation by Ammonium Sulfate (Partial
Purification)

About 1 mL of an overnight broth culture prepared for each of
the selected isolates was inoculated into 100 mL sterile MRS
broth and incubated for 12 h at 30 °C. Following incubation,
entire cultures were subjected to centrifugation at 13,000xg
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for 15 min at 4 °C in a cooling centrifuge (Sigma 3-30K,
Germany). The CFS was then mixed with ammonium sulfate
to 75% saturation [43, 44] followed by shaking for 30 min at
5 °C. This step was followed by centrifugation at 10,000xg for
10 min at 4 °C to collect the precipitated proteins, which were
dissolved in 2 mL of distilled water to obtain a 50 concen-
trated protein solution containing bacteriocins.

The Anti-biofilm Activities of the Produced
Bacteriocins

The anti-biofilm activities were evaluated as previously de-
scribed by Merritt et al. [45]. Briefly, wells of flat-bottomed
96-well microtiter plates were inoculated with Strep. mutans
ATCC 25175 (1% v/v; 1.0 x 10° CFU/mL; 100 pL per well)
in BHI media supplemented with 0.2% sucrose to enhance the
biofilm formation; these plates were incubated for 18 h at
37 °C. The resulting biofilms were washed twice with
phosphate-buffered saline (PBS) to remove any non-
adherent cells. CFS (100 pL) from cultures of Ent. faecium
FM43, Ent. faecium FM50, and Ent. faecium FM65 were
added to each well, at total protein concentrations of 3.9 mg/
mL, 5.9 mg/mL, and 3.4 mg/mL respectively that were equiv-
alent to planktonically active bacteriocin units of 640 AU/mL,
2560 AU/mL, and 2560 AU/mL respectively. The plates were
then incubated at 37 °C for 24 h. The samples were then
sonicated for 30 s using a bath sonicator (Sonix TV ss-series
ultrasonicator, Sonix IV Ultrasonic Cleaning Systems, North
Charleston, SC, USA); the viable bacterial count (VC) was
determined as previously described by Kadouri et al. [46];
bacterial isolates exposed to the same condition but without
exposure to CFSs containing bacteriocins served as the posi-
tive control. Percentage inhibition of biofilm formation was
calculated according to the following equation: Inhibition%
= 100—(VC sample/VC control)

x 100.All experiments were performed in triplicate.

Scanning Electron Microscopy

Ten-microliter aliquots of overnight cultures of Strep. mutans
ATCC 25175 matched to 0.5 McFarland standard (1.0 x

10° CFU/mL) were placed in the center of isopore polycar-
bonate sterile membrane filters (Sigma-Aldrich, St. Louis,
MO, USA) and permitted to settle for 24 h. Each filter was
then loaded onto a tryptone soya agar plate (TSA; Oxoid, UK)
that has been covered with 100 puL of crude CFSs from each of
the three Ent. faecium isolates; the plates were incubated at
37 °C for 24 h. After incubation, membrane filters were
washed three times with PBS (pH 7.4), fixed with 2.5%
(v/v) glutaraldehyde (Oxford, India) for 2 h at 4 °C, washed
twice with PBS, and then dehydrated for 10 min with an
ethanol gradient including 30%, 50%, 70%, 90%, and 100%
(v/v) [47]. The preparations were then coated with gold and

examined with a JSM-6510 electron microscope (JEOL,
Akishima, Tokyo, Japan) at a voltage of 30 kV and at magni-
fications ranging from x 5000 to x 15,000. Samples of
bacteriocin-treated cells were analyzed by SEM for any mor-
phological changes using untreated cells as a reference.

PCR Screening of Bacteriocin-Related Structural
Genes

Screening for genes encoding bacteriocins that are character-
istic of Enterococcus sp. was performed by PCR using the
primers listed in Table 2. PCR amplification of these genes
was performed as previously described by Dundar et al. [23].
Briefly, each cycle included an initial denaturation step at
94 °C for 5 min, followed by 40 cycles that include denatur-
ation at 94 °C for 30 s, annealing at 49-55 °C (based on primer
pairs, see Table 2) for 60 s, and extension at 72 °C for 2 min
and a final extension step at 72 °C for 10 min. The amplifica-
tion products were evaluated by gel electrophoresis as previ-
ously described by Sambrook et al. [48] using 1.5% (w/v)
agarose gel and 100-bp and 1-kb ladders (GeneRuler,
Thermo Fisher Scientific, USA) to demarcate molecular size.

Assessment of Cytotoxicity on HepG2 and Caco-2 Cell
Lines

Partially purified bacteriocin preparations were evaluated for
their cytotoxic effects against cells of the HepG2 human liver
carcinoma and the Caco-2 human colorectal adenocarcinoma
cell lines; both were obtained from the VACSERA cell line
bank (Cairo, Egypt). Cytotoxicity was measured using the
MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide) assay as an essential test of ongoing cell viability.
Cell lines were maintained in T-75 tissue culture flasks con-
taining 20 mL of Roswell Park Memorial Institute (RPMI)
1640 Medium (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with a 1% antibiotic-antimycotic solution
(10,000 units penicillin, 10 mg streptomycin, and 25 pg
amphotericin B/mL) and 10% v/v fetal bovine serum. The
medium was changed at 48-h intervals and cells were de-
tached with a trypsin solution (0.25% in PBS). The cytotox-
icity of the bacteriocins under investigation was evaluated as
previously described [49]. Briefly, cells were seeded in a 96-
well microtiter plate (100 uL/well) at a concentration of 4 x
10* cells/cmz; cells were then cultured overnight to facilitate
their attachment to the plate. The cell monolayer was then
exposed to crude bacteriocin preparations using a twofold
serial dilution technique; protein concentrations of dilutions
prepared in 1% Dulbecco’s modified Eagle’s medium
(DMEM) ranged from 4.88 pg/mL to 10 mg/mL; cultures
were incubated for 24 h at 5% CO, and 37 °C. Each experi-
ment was performed in triplicate; three wells containing the
same volume of DMEM but without diluted bacteriocins were
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used as a positive control. Cultures were examined after incu-
bation under a phase-contrast inverted microscope (LEICA
DMI 3000 B); changes in cell morphology associated with
the agents undergoing testing were recorded. The cells were
then incubated in medium containing 0.5 mg/mL MTT in a
CO, incubator (Jouan, France) at 37 °C for 4 h. Following
incubation, the medium was aspirated; formazan product was
solubilized with dimethyl sulfoxide (DMSO) and absorbance
was measured at 570 nm using a BioTek® FIx 800 microtiter
plate reader (BioTek Instruments, Inc., Winooski, VT, USA).
The relationship between cell survival and extract concentra-
tion was plotted in order to generate a survival curve for each
tumor cell line together with the concentration of crude bac-
teriocin preparation that resulted in a 50% reduction of absor-
bance compared with the control value (IC50). Percentage of
cytotoxicity and cell viability were calculated using the fol-
lowing equations [50]: %cytotoxicity = 1 — (mean absorbance
of'treated cells/mean absorbance of negative control) and %vi-
ability = 100 — % cytotoxicity.

Statistical Analysis

Data are presented as mean + standard deviation of triplicate
assays. These values were compared with controls using the
non-parametric Mann-Whitney test (U test) in GraphPad
Prism (V.7.00, San Diego, CA, USA). Data visualization
was achieved using the R statistical platform (https://www.r-
project.org) with ggplot2 package. Values of P<0.05 were
considered to be statistically significant.

Results

Isolation of Enterococci and Screening for
Antimicrobial Activity

All of the 79 isolates initially recovered appeared as shiny
black colonies on bile esculin agar with the characteristic odor
of Enterococcus sp.; the microorganisms were Gram-positive
diplococci that were catalase-negative. Twenty-four isolates
(~30% of those recovered) were identified as positive for
antimicrobial activity against Lact. sakei LMG 2313 using
the spot-on-lawn assay; secondary screening revealed further
activity against at least two other indicator strains (Table 3).
On the basis of these screening assays, three Enterococcus
isolates, FM43, FM50, and FM65, were selected for further
characterization and investigation for their biological
activities.

Molecular Characterization of the Selected Isolates

The 16S rRNA gene sequences of each of the three selected
isolates revealed high similarity with sequences of many
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strains of Ent. faecium that had been reported to the NCBI
GenBank database. Furthermore, 16S rRNA gene sequences
from Ent. faecium FMA43 and Ent. faecium FM65 were iden-
tical to one another (100% similarity), while that of Ent.
faecium FMS50 was slightly divergent (97.36% similarity).
The three sequences were aligned to those of 22 closely relat-
ed species as determined from sequences deposited in the
NCBI GenBank database; these are assembled for phyloge-
netic analysis as shown in Fig. 1. The partial 16S rRNA gene
sequences of the Ent. faecium FMA43, Ent. faecium FM65, and
Ent. faecium FMS50 strains were deposited in GenBank under
the accession numbers MT012113, MTO012114, and
MTO012115, respectively.

Pathogenicity and Antibiotic Sensitivity of the
Enterococcus Isolates

Neither gelatinase activity nor 3-hemolytic activity was de-
tected in any of the three selected isolates. Similarly, PCR
screening revealed none of the standard virulence-associated
target genes. However, the susceptibility study revealed that
all three of the selected Enterococcus isolates were sensitive to
nearly all of the antibiotics tested (Table 4).

Physicochemical Characterization of the Antibacterial
Compounds

Antibacterial activity detected in the CFSs of the selected iso-
lates remained unaffected in response to «-chymotrypsin; by
contrast, activity was lost completely in response to treatment
with proteinase K. The observed antibacterial activity was also
stable between pH 3 and pH 8; activity dropped slightly at pH
10 and disappeared completely at pH 11. Moreover, antibac-
terial activity of the CFSs was also maintained in response to
temperatures up to 100 °C, although activity was lost after
autoclaving at 121 °C for 15 min.

Kinetics of Growth and Antimicrobial Activity

Antimicrobial activity and growth kinetics were monitored for
24 h. Antimicrobial activity was detected initially in cultures
at the mid-logarithmic phase (6 h) and reached a maximum
level of activity at early stationary phase (12 h); this was
followed by a decline in antimicrobial activity which was
not detected at 24 h (Fig. 2). Maximum activities at the 12-h
time point included 640 AU/mL for Ent. faecium FM43 and
2560 AU/mL for both Ent. faecium FM50 and Ent. faecium
FM65.

Activity Against Bacterial Biofilms and SEM

Administration of total protein extracts that contain bacterio-
cins from Ent. faecium FM43 (3.9 mg/mL at 640 AU/mL) and
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Table 3 Spectrums of the

antibacterial activities of the Tested Enterococci

The antibacterial activities against the indicator strains®

recovered bioactive Enterococci isolates
in the present study
Isolate ID Source Strep. mutans  E. coli Staph. aureus  Salm. typhi M. lysodeikticus
ATCC 25175 ATCC 5087 AO760 ATCC 35664  ATCC 4698

FM43 Stool Active Active Active Active Active
FM62a Stool Inactive Inactive Inactive Active Active
FM33 Stool Inactive Active Active Active Active
FM65 Stool Active Active Active Active Active
FMo64 Stool Inactive Active Active Active Active
FM28 Stool Active Active Active Active Active
FM7 Stool Inactive Active Active Active Active
FM1 Stool Inactive Active Active Active Active
FM10 Stool Inactive Active Active Active Active
FMS50 Stool Active Active Active Active Active
FM42 Stool Inactive Active Active Active Active
FMI113 Food Inactive Active Active Active Active
FM36 Stool Inactive Active Active Active Inactive
FMS52 Stool Inactive Active Active Inactive Active
FM25 Stool Inactive Active Active Active Active
FM106 Food Inactive Active Inactive Active Active
FMo61 Stool Inactive Active Active Active Active
FM112 Food Inactive Active Active Active Active
FM&3 Stool Active Inactive Active Active Active
FM119 Stool Inactive Active Inactive Active Active
FM59 Stool Inactive Active Active Inactive * Active
FMS85 Stool Inactive Active Active Active Active
FM21 Stool Inactive Active Active Active Active
FM15 Stool Inactive Active Active Active Active

“The antibacterial activity assessment was performed qualitatively using the disk diffusion assay, as detailed in
the “Materials and Methods” section. The result of this assay was recorded as either active or inactive, depending
on the presence or absence of a clear zone (halo) of at least 12 mm around the well. The isolates selected for further
investigation in the current study (FM43, FM65, and FM50) are highlighted in gray

Ent. faecium FMS50 (5.9 mg/mL at 2560 AU/mL) resulted in
significant reductions (80% and 48%, respectively) in Strep.
mutans ATCC 25175—associated biofilm (P <0.05; Fig. 3).
By contrast, the total protein extract from Ent. faecium
FM65 (3.4 mg/mL) had no statistically significant impact on
the preformed biofilm. SEM images of the untreated control
biofilm showed a nearly uniform thick layer of cells (Fig. 4a).
By contrast, the treated biofilm was substantially less dense;
individually, bacterial cells could be distinguished from one
another (Fig. 4b).

PCR Screening of Some Bacteriocin-Encoding Genes
PCR amplification of genes associated with bacteriocin bio-

synthesis suggested the presence of both entA and entB in the
genomes of all three Ent. faecium isolates selected.

The Cytotoxic Effects of Bacteriocins on HepG2 and
Caco-2 Cell Lines

Cytotoxicity resulting from the administration of partially
purified bacteriocins to cultures of HepG2 and Caco-2
cancer cells was expressed as an IC50 value; this value
represents the bacteriocin concentration required to re-
duce the viability of the target cells by 50%. Analysis
of cytotoxicity revealed significant inhibition of Caco-2
cell proliferation, at approximately 77%, 70%, and 85%
for 10 mg/mL proteins isolated from Ent. faecium FM43,
Ent. faecium FM65, and Ent. faecium FMS50, respectively
(Fig. 5); the cytotoxicity observed was dose-dependent.
The IC50 values for the total protein extracts containing
bacteriocins produced by Ent. faecium FMA43, Ent.

faecium FM65, and Ent. faecium FMS50 were calculated

at 3.114, 4.232, and 1.875 mg/mL, respectively (Fig. 6).
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Enterococcus faecium strain FM43 (MT012113.1)
[Enterococcus faecium strain MB11-7 (MK144636)
Enterococcus faecium strain PGC157 (MK908200 )
Enterococcus faecium strain PGC103 (MK908198)
[Enterococcus faecium strain GM71 (MK533774)
[Enterococcus faecium strain ABRIINW.N7 (MK367697)
89 [Enterococcus faecium strain F29 (MH348129)
Enterococcus faecium strain FM65 (MT012114.1)
[Enterococcus faecium strain IMAU20925 (MK369842)
[Enterococcus faecium strain MB10-5 (MK144633)
strain PGC143 (MK908199)
Enterococcus faecium strain HBUAS54268 (MH817719)

98| |Enter f:

Yy [Enterococcus faecium strain F23 (MH348128)

\Enterococcus faecium strain ST71 (MN128360)
L—Enterococcus faecium strain CAU10580 (MF098266)
Enter f: strain FM50 (MT012115.1)

,—Listen'a grayi strain H3506 (NR_116351)

02 | Enter durans strain LNH-E (MH174650)

Enterococcus gallinarum strain NWL65 (HQ293088)

Enter f: lis strain YS4-4 (MK290371)

Enterococcus mundtii strain pe103 (MN709171)

$hailand,

Listeria

is strain CLIP 2015/00305 (MK014484)

Enterc italicus strain XT2-2 (MH891661)

157{

Lactobacillus sakei subsp. sakei strain Arla-10 (JX275803)

0.5

Enter f: lis strain PKL34 (KR137538)

Fig. 1 The phylogenetic tree of the 16S rRNA gene sequences of the Ent.
faecium FMA43, Ent. faecium FM65, and Ent. faecium FMS50 isolates
investigated in the current study (GenBank accession numbers
MTO012113 through MTO012115). The phylogenetic tree was inferred
using the neighbor-joining method [28]. The evolutionary distances were
computed using the maximum composite likelihood method [29] and are
in the units of the number of base substitutions per site. The percentage of

Table 4 The sensitivity patterns of the selected Ent. faecium isolates
against different antimicrobial agents with their corresponding tested
concentrations

Antimicrobial discs (disc concentration in ug) —Sensitivity”

FM43 FM65 FMS0

Doxycycline (30)
Ampicillin/sulbactam (10/10)
Vancomycin (30)

Ofloxacin (5) S S S
Azithromycin (15) 1 1 1
Cefoperazone (75) I I I
Piperacillin/tazobactam (100/10) S S S
Cefuroxime (30) R R R
Sulfamethoxazole/trimethoprim (1.25/23.75) S S S
Amoxicillin/clavulanic acid (20/10) S S S
Clarithromycin (15) S S S
Clindamycin (2) S S S
1 1 1
S S S
S S S

R, resistant; /, intermediate; S, susceptible
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replicate trees in which the associated taxa clustered together in the boot-
strap test (1000 replicates) is shown next to the branches [51]. The anal-
ysis involved 25 nucleotide sequences. Codon positions included were
Ist+2nd+3rd+Noncoding. All positions containing gaps or missing data
were eliminated. Evolutionary analyses were conducted in MEGAG6 [27].
The isolates investigated in the current study (Ent. faecium FM43, Ent.
Sfaecium FM65, and Ent. faecium FM50) are highlighted in gray

Interestingly, these protein extracts were not as effective
at limiting proliferation of HepG2 cells.

Discussion

Enterococci are natural inhabitants of the gastrointestinal tract.
Although they are considered to be indicators of fecal pollu-
tion of water and foods, enterococci are often used as additives
to starter cultures and are used in strategies for preservation of
fermented foods, most notably cheese and fermented vegeta-
ble products [52].

A total of 79 isolates were recovered from different foods
and from clinical samples; we identified the isolates as entero-
cocci based on colony characteristics, microscopic examina-
tion, and the results of culture and testing on bile esculin agar.
These are standard methods and are consistent with those used
in several other studies that have also reported the isolation of
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Fig. 2 Comparison of bacteriocin production by selected isolates at
different phases of growth curve. The growth curve analyses of Ent.
faecium FMA43 (a), Ent. faecium FM 65 (b), and Ent. faecium FMS50 (c)
indicated that the production of bacteriocin initiated at the mid-

Enterococcus sp. from various sources [53, 54]. Of note,
Chuard and Reller [55] reported that the bile esculin test works
well to facilitate sensitive (>99%), economical, and rapid
separation of enterococci and group D streptococci from
non-group D viridans streptococci.

Three enterococcal isolates with broad-spectrum antimi-
crobial activity were identified for further assessment against

Time (h)

logarithmic phase (6 h) and reached the maximum level at the early
stationary phase (12 h), followed by a decline in the antimicrobial activ-
ity, before it was lost at 24 h

Strep. mutans ATCC 25175, a pathogen that is well-known to
promote dental caries [13]. In a previous study, Ent. faecium
GM-1 had broad-spectrum activity against a variety of patho-
genic indicator strains [56]. In the same context, another study
has concluded that bacteriocins produced by the Ent. faecium
strains exhibited a broader spectrum of activity compared with
those from the Ent. faecalis [57].
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Fig. 3 Effect of the crude 125
supernatants of Ent. faecium

FM43, FM50, and FM65 on

preformed biofilms of Strep.

mutans ATCC 25175. The

activity of crude supernatants of 100
Ent. faecium FM43 (3.9 mg/mL),
Ent. faecium FM50 (5.9 mg/mL),
and Ent. faecium FM65 (3.4 mg/
mL) on preformed biofilms of
Strep. mutans ATCC 25175 was
examined as detailed in the
“Materials and Methods” section.
Data, expressed as mean +
standard deviation of triplicate
assays, are compared with the 50
non-treated control using the non-

parametric Mann-Whitney test (U

test)

75

Biofilm formation (%)

25

—

S
RS
§
O

Virulence factors, which are carried mainly by Ent. faecalis
and to a lesser extent by Ent. faecium, have been a cause of
substantial concern in studies featuring these species as
probiotics [58]. Sensitivity against commonly used antibiotics
and hemolytic activity have been considered factors reflecting
the relative safety of bacterial strains selected as probiotics
[59, 60]. Furthermore, gelatinase has the capacity to hydrolyze
collagen, casein, fibrin, and other peptides; this enzyme may
damage host tissue and lead to bacterial migration and spread,
thereby increasing the virulence of positive strains of entero-
cocci [2, 5]. Of note, none of the enterococcal strains selected
for evaluation in the present study had gelatinase or (3-
hemolytic activities. In addition, all three isolates revealed a
high antimicrobial susceptibility to typical antibiotics,

o S
8 &

G

&
including vancomycin, which has the major concern if they
are essential for safety evaluation of enterococci as probiotics
[25]. These results suggested that one or more of the three
strains of Ent. faecium identified in this study might be devel-
oped and marketed for probiotic applications.

The bacteriocins produced by the selected isolates
were stable over a broad range of pH and temperature;
likewise, these antibacterial agents were confirmed as
proteins by treatment with proteinase K. Taken together,
these results suggest potential future use of these bacte-
riocins as starter/probiotic cultures for a variety of
fermented food products [61]. Similar results were pre-
viously reported for bacteriocin EF478 [62] and bacte-
riocin KT11 [63].

Fig. 4 Scanning electron microscopy images of untreated control Strep.
mutans ATCC 25175 (a) and after a 24-h treatment with the CFS fraction
of the Ent. faecium FM43 strain (b). Magnification x 20,000. Note that

@ Springer

while the untreated controls showed the growth of a uniformly thick
biofilm model (a), the CFS-treated biofilm was much less dense and
individually formed cells could be distinguished (b)



Probiotics & Antimicro. Prot. (2021) 13:571-585

581

Fig. 5 The cytotoxic activity of
crude bacteriocins from the
selected isolates on Caco-2 and 120-
HepG2 cell lines. The cytotoxic
effects of crude bacteriocins from
Ent. faecium FM43, Ent. faecium
FM65, and Ent. faecium FM50
were determined using the MTT
assay in Caco-2 and HepG2 cell
lines upon 24-h treatment with the
crude bacteriocin at 10 mg/mL.
Values represent the mean +
standard error (SE) of percent cell
viability with respect to the un-
treated control. Data correspond
to three independent experiments
performed in triplicate
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Fig. 6 The antitumor survival curves of total protein extracts of the tested
bacteriocins against HepG2 and Caco2 cell lines. The cytotoxic effects of
bacteriocins obtained from a Ent. Faecium FM43, b Ent. Faecium FM50,
and ¢ Ent. Faecium FM65 on HepG2 (black filled circle) and Caco2
(black filled square) cell lines were determined using the MTT assay.
The cells were initially maintained in a humidified incubator at 37 °C
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for 24 h, and the tested bacteriocins were added at different
concentrations. The percentage of viable cells was calculated as
described in the “Materials and Methods” section. d The IC50 values of
the tested bacteriocins on Caco2 cancer cell line. The results are shown as
means =+ standard error (SE) of three independent experiments performed
in triplicate
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Maximum antimicrobial activity for all three strains was
observed at 12 h, during the early stationary phase of growth.
This finding is consistent with those reported in a previous
study in which a large number of characterized bacteriocins
were synthesized during the logarithmic phase of bacterial
growth [64]. Moreover, a previous study also revealed that
the maximum bacteriocin activity detected in several Ent.
faecium isolates was reached between 12 and 15 h [61]. In
our study, the bioactivity was not detected after 24 h which
might be attributed to bacteriocin aggregation, adsorption to
the bacterial cell surface, or destruction secondary to release of
proteolytic enzymes by the bacteriocin-producing strains [65,
66].

Bacterial biofilms are involved in 80% of human bacterial
infections [67]; as such, we need to have some understanding
of the role of antimicrobial peptides and their respective ac-
tivity against preformed biofilms. Bacteriocins can be used
either independently or in combination with existing antimi-
crobials to address problems associated with widespread re-
sistance of biofilms to conventional antibiotics [68]. In the
present study, two of the isolates (Ent. faecium FM43 and
Ent. faecium FM50) promoted significant destruction of
preformed biofilms generated by Strep. mutans ATCC
25175; these results suggested that one or both of these iso-
lates might be developed for use in oral health maintenance,
similar to what has been described for Ent. faecium WB2000
[69].

Enterocin A and enterocin B are widespread among entero-
coccal strains and play significant roles in controlling the
growth of pathogens and other undesirable bacteria typically
detected in fermented food products [70]. In the current study,
entA and enfB genes were identified in all selected isolates.
These findings are consistent with results reported by Sonsa-
Ard et al. [71], who reported that most Ent. faecium strains
harbored at least one structural gene encoding enterocin; the
two enterocin structural genes entA and entB are detected
most frequently in these strains. Additionally, some studies
have described multi-enterocin-producing strains [72, 73].
Interestingly, Ibarguren et al. [74] described a synergistic in-
teraction between entB and enfA in all strains of Ent. faecium
C1, Moril, M2d, and M1b.

Probiotics are health-promoting agents with various thera-
peutic uses; their potential use to combat cancer is currently
the focus of significant attention and research [75]. However,
to the best of our knowledge, there are only a few reports that
have described the impact of bacteriocin on cancer or cancer
cells. In this study, we identified dose-dependent bacteriocin-
mediated cytotoxicity against cancer cells; these findings are
in agreement with results presented in a previous study [76].
Specifically, we found that partially purified bacteriocin-
containing preparations from all three of the selected Ent.
faecium isolates were active against the cells of the Caco-2
cell line; unexpectedly, they were inactive in experiments

@ Springer

targeting HepG2 cells. Similarly, another recent study de-
scribed the cytotoxic activity of the Ent. faecalis bacteriocin
Oe-342 in experiments targeting the Caco-2 cell line, although
higher concentrations than those used in this study were re-
quired [77]. Another previous study focused on the cytotoxic
effects associated with administration of total metabolites
from Lact. plantarum that resulted in 33% inhibition of the
Caco-2 cell proliferation using concentrations analogous to
those used in this study [78]. Of note, no bacteriocins isolated
from any strain of Ent. faecium have been reported to have
cytotoxic activity against HepG?2 cells [79].

Conclusions

In this study, we isolated three enterocin-producing strains of
Ent. faecium and characterized their various bioactivities; the
results of this study suggest that one or more of these bacte-
riocins may ultimately be useful as probiotics in the food
industry. Interestingly, Enterococcus strains Ent. faecium
M74 and Ent. faecium SF-68 have already been identified as
safe and effective for use as food supplements in some probi-
otic preparations [80, 81]. Furthermore, the results of our
study suggest that the broad-spectrum activity associated with
each of these three selected isolates might relate to synergistic
activities associated with both enterocin A and enterocin B;
the actions of these enterocins may cover activity against the
majority of Gram-positive and Gram-negative bacteria.
Moreover, as this study focused on activity against Strep.
mutans, the main cause for dental caries, activity of the bac-
teriocins associated with Ent. faecium FM43 and Ent. faecium
FM50 against preformed biofilm generated by Strep. mutans
ATCC 25175 may provide a valuable resource toward devel-
oping one or both of these strains for local application as a
means to treat oral infections or as probiotics in oral pharma-
ceutical preparations. Finally, the cytotoxic effects promoted
by partially purified bacteriocin preparations specifically on
cells of the Caco-2 cell line suggest their potential utility for
the treatment of colon cancer; bacteriocins may be introduced
alone or in combination with existing anticancer drugs to en-
hance their efficacy and/or selectivity, while minimizing their
associated adverse events. Also, the observed stability of dif-
ferent bacteriocins over a wide range of pH and temperature
suggests that they may be introduced as preservatives in phar-
maceutical formulations that undergo multiple, chemically
harsh processing steps.
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