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Abstract
The aim of this study was to evaluate the probiotic characteristics and safety of seven Enterococcus faecalis isolates from fecal
samples of healthy Chinese infants. We evaluated the isolates’ tolerance to low pH, survival in bile salts and NaCl, adhesion
ability, biofilm formation, antimicrobial activity, toxin gene distribution, hemolysis, gelatinase activity, antibiotic resistance, and
virulence toGalleria mellonella. All strains survived at pH 5.0, in 7.0% NaCl, and in 3% bile salt. Adhesion to Caco-2 cells was
above 10%. Strain A3-1 had higher adhesion ability toward mucin, collagen, and BSA in vitro, better antibacterial activity, and
the strongest biofilm production. We detected seven virulence genes with a distribution of asa1 (100%), cylA (71.4%), esp
(85.7%), hyl (14.3%), gelE (85.7%), ace (42.9%), and agg (71.4%). Although all strains were γ-hemolytic, none showed
gelatinase activity based on physiological activity detection. All isolates were susceptible to benzylpenicillin, ampicillin, cipro-
floxacin, levofloxacin, moxifloxacin, tigecycline, nitrofurantoin, linezolid, and vancomycin; they were not susceptible to eryth-
romycin, quinupristin/dalofopine, and clindamycin. The virulence test ofG. mellonella showed that, except for strains 106-1 and
113-1, the other strains had toxicity lower than 10%. Strain A3-1 may have the greatest potential to be developed as a probiotic.
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Introduction

Enterococci are Gram-positive, normal flora of human and
animal gastrointestinal tracts. They belong to the class of fac-
ultative anaerobic lactic acid bacteria (LAB). Enterococci are
distributed widely and can be isolated from the environment,
food, and human and animal gastrointestinal tracts [1, 2].
Enterococci have probiotic properties, such as high resistance
to acids and bile salts [3–5], improving immunity [2], antiox-
idant and free radical scavenging activity [5], intestinal adhe-
sion and localization [6, 7], enhancing apoptosis of human

cancer cells [8], antibacterial activity [8, 9], and regulating
inflammation [10]. Because of these special properties, en-
terococci are used in supplementation of animal feed to pre-
vent disease, relieve animal diarrhea symptoms, stimulation of
immune system to and improve animal intestinal microbiota
[1, 2, 11]. Importantly, as probiotics, enterococci need to reach
and colonize the host intestines so that their resistance and
adhesion functions will have a competitive advantage.

According to FAO/WHO, probiotic microorganisms must
be non-pathogenic and non-toxic and should be alive with
sufficient amount in the target niche where it exerts the bene-
ficial effect [12]. Some enterococci are also opportunistic
pathogens and potential infectious agents. Mainly due to the
presence of antibiotic resistance and virulence factors, entero-
cocci can cause infection and diseases, usually nosocomial
infections such as endocarditis and urinary tract infection
[13, 14]. Interestingly, biofilm formation in enterococci en-
hances their tolerance to antibiotics and also contributes in
genetic exchange and dissemination of resistance properties
[12]. The antibiotic resistance and the virulence factors of
clinical isolates may increase the difficulty of treating entero-
coccus infections [15]. However, we cannot completely elim-
inate the possibility of enterococcus infection by food
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transmission, with consequent potential hazards to public
health [1, 16, 17]. In addition, the antibiotic resistance genes
of enterococci may be horizontally transferred and acquired
[18]. Pathogenic enterococci may cause concerns about the
safe using of probiotics, so to screen the potential probiotic
enterococci, assessing and evaluating the safety is necessary
and priority. Potential probiotic enterococci isolates can be
applied to biotechnology development, and broader applica-
tions can be obtained by strain improvement. The aim of this
study was to evaluate the probiotic characteristics and safety
of seven Ent. faecalis strains isolated from fecal samples of
healthy infants and to evaluate the potential of these isolates
for probiotic development and application.

Material and Methods

Bacterial Strains and Cell Culture

Enterococcus faecalis strains were isolated from fecal samples
by the Microbiology Lab of the Nutrition and Food Safety
Engineering Research Center of Shaanxi province, Xi’an,
China. Fecal samples were collected from 12 healthy infants
from theMaternal and Child Health Hospital of Bin County of
Shaanxi province, China. All infants were 1-7 days old, and
they had no history of antimicrobial treatment after birth.
Mothers were made aware of the nature of the study, and they
provided personal information. This study was reviewed and
approved by the Ethics Committee of the Health Science
Center, Xi’an Jiaotong University, Xi’an, China (No.2016-
114).

Ent. faecalis strains were cultured in MRS medium
(CM187, Beijing Land Bridge Technology Co., Ltd.,
Beijing, China), and incubated aerobically at 37 °C for 18-
24 h. For the streak-plating growth, Ent. faecalis strains were
inoculated at MRS agar used (MRS broth with 15 g/L agar)
and incubated for 18 h. Lactobacillus rhamnosus GG BL379
were cultured in MRS broth (without shaking) or MRS agar
medium at 37 °C for 18-24 h.

Caco-2 cells were grown in Dulbecco’s modified Eagle’s
minimal essential medium (DMEM, Hyclone) supplemented
with 10% fetal bovine serum (FBS, Hyclone), 10,000 U/ml
penicillin, and 10,000μg/ml streptomycin (Pen-Strep, Gibco).
The cells were kept at 37 °C in an atmosphere containing 5%
CO2.

Isolation and Identification of Enterococcus Isolates

Ent. faecalis strains were isolated by the streak-plate method
on MRS agar (MRS broth with 15 g/L agar) and incubated at
37 °C for 18 h. Single colonies were picked out for the Gram
staining and microscopic observation, and catalase, oxidase
production, and nitrate reduction tests. For further

confirmation, 16S rRNA gene sequence (1.4 kb) was ampli-
fied and sequenced by Sangon Biotech Co., Ltd. (Shanghai,
China). Primers used were 16S-27F: 5′AGAGTTTG
ATCCTGGCTCAG3′, 16S-1492R: 5′GGTTACCTTGTTAC
GACTT3′. Multiple alignments with sequences of most close
similarity were analyzed using CLUSTALW, and a phyloge-
netic tree was constructed by using the neighbor-joining
method.

Acid, NaCl, and Bile Salt Tolerance

Ent. faecalis strains were inoculated into MRS broth and in-
cubated at 37 °C overnight. The cells were washed with ster-
ilized 0.01 M phosphate buffer saline (PBS, pH 7.2) and re-
suspended in fresh MRS broth supplemented separately with
different concentrations of bile salts (0.5%, 1%, 2%, 3%) and
NaCl (1.75%, 3.5%, 7%); MRSmedium at pH 3, 4, and 5 was
also used (pH ofMRS broth was adjusted by HCl to pH 3, 4, 5
separately before sterilization). Growth was monitored by op-
tical density at 600 nm every 30 min at 37 °C for 20 h in a
microtiter plate reader (PolarStar, BMG Labtech, GER) [4].
At least three independent replicates of each growth curve
were obtained. Maximal growth, the lag phase duration, and
the increment in OD values were considered by using the
Gompertz growth analysis mode of non-linear regression in
GraphPad Prism 5.

In Vitro Binding to BSA, Mucin, and Collagen

All strains were assayed for binding to different substrates
immobilized on 96-well immunoplates [19]. Plates were cov-
ered with the different substrates overnight at 4 °C. Mucin
(500 μg/ml, porcine stomach, Sigma-Aldrich, St. Louis,
MO, USA), BSA (500 μg/ml, Sigma-Aldrich, St. Louis,
MO, USA), and collagen (50 μg/ml, type I, Roche,
Mannheim, GER) were added in the 96-well MaxiSorp plates
(black, Nunc). After immobilization, wells were washed three
times with PBS (0.01 M, pH 7.2) and dried at room tempera-
ture. Then, 100 μl of each strain was labeled by addition of
3.5 mg/ml cFDA (5-(6-)-carboxyfluorescein diacetate, Sigma-
Aldrich, St. Louis, MO, USA) to the plate wells. The cFDA-
labeled Enterococcus cells were incubated separately with the
immobilized mucin, BSA, and collagen at 4 °C overnight and
kept away from light. Non-adhered cells were removed by
washing three times with PBS and dried at room temperature;
then, 100 μl of PBS was added to each well. The 100 μl
cFDA-labeled Ent. faecalis cells were added into the well
without any immobilized substrates, and used as control.
Fluorescence intensity of the well plate was measured using
a microplate reader, and the degree of adhesion of
Enterococcus cells to mucin, collagen, and BSAwas calculat-
ed according to the following formula.
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Adhesion (%) = (fluorescence intensity of tested wells)/(the
free cFDA-labeled Enterococcus cells) × 100

Lactobacillus rhamnosus GG BL379 was used as a posi-
tive control; its percent adhesion was set as 100%, and the
relative adhesion of other Ent. faecalis strains to BL379 was
calculated.

Adhesion Ability to Caco-2 Cells

Adhesion ability to Caco-2 was evaluated as reported previ-
ously [8, 10]. Briefly, high-glucose DMEM, supplemented
with 10% FBS, was used to culture the cells. Caco-2 cells
were seeded in 96-well plates and incubated at 37 °C until
confluent. Overnight bacterial cultures were washed in PBS
twice and re-suspended in 1ml cell culture medium (without
antibiotic) at a final concentration of 107 CFU/ml. The 100 μl
of this bacterial suspension was added into Caco-2 culture
plate wells and incubated at 37 °C for 2 h; the Caco-2 cells
were washed three times with PBS to remove the un-adhering
bacteria, and then 50 μl 0.25% Trypsin-EDTA was added to
lyse those cells. Finally, the mixture of each well was plated
on MRS agar plates to count the adhered bacteria. The adhe-
sion (%) = ((CFU/ml) adhered bacteria/(CFU/ml) added bac-
teria) × 100.

Quantitative Assessment of Biofilm Formation

It was carried out as described previously by Zhang et al.
[20]. Shortly, Ent. faecalis cells were collected from fresh
overnight cultures, washed twice with sterilized PBS, and
adjusted to OD600 = 1. Then, 50 μl of cell suspension and
150μl fresh MRS broth were transferred to sterile 96-well
plates; 200 μl MRS broth without cells served as negative
control. The 96-well plates were incubated for 24 h at 37
°C. After incubation, the content of each well was gently
removed, and the wells were washed three times with PBS
to remove free-floating planktonic bacteria, then air dried.
The biofilm forming bacterial cells were then fixed with
200 μl methanol for 15 min and stained with 200 μl of
1% crystal violet for 15 min. The wells were washed three
times with sterile water and rinsed thoroughly with 200 μl
ethanol. Optical density of stained adherent cells was de-
termined at 595 nm with an automatic microplate reader
(Tecan Infinite M200, CHE). Experiments for each strain
were performed in triplicate. The cut-off OD (ODC) was
defined as three standard deviations above the mean OD
of the negative control. The ability to form biofilm was
determined as follows: OD ≤ ODC as non-biofilm-
producer (0), ODC < OD ≤ 2ODC as weak biofilm pro-
ducer (+), 2ODC < OD ≤ 4ODC as moderate biofilm pro-
ducer (++), and OD > 4ODC as strong biofilm producer
(+++).

Antimicrobial Activity

Antimicrobial activity was determined by the minimum inhib-
itory concentration (MIC) method. The antimicrobial activity
was tested with the following strains: Enterococcus faecalis
ATCC29212, Staphylococcus aureus ATCC25923,
Enterobacter hormaechei ATCC700323, Pseudomonas
aeruginosa ATCC27853, Escherichia coli ATCC35218,
Salmonella typhimurium ATCC14028, Pseudomonas
aeruginosa PA01. Ent. faecalis was inoculated into MRS
broth and incubated at 37 °C for 24 h. The cells were removed
by centrifugation at 9710g for 2 min at 4 °C. The supernatant
was filter sterilized. The indicator bacteria were inoculated in
MRS broth (Ent. faecalis ATCC29212) or LB broth (remain-
ing tested bacteria) overnight, and the cells were collected by
centrifugation at 9710g for 2 min at 4 °C, washed twice with
sterile PBS, and re-suspended in sterile water. The Ent.
faecalis supernatants of each isolate were added to 96-well
plates at 0, 25, 50, 100, 150, and 200 μl, made up to 200 μl
with fresh medium. Then, each test pathogens was added to
the well at a final concentration of OD600 = 0.1. Growth of test
pathogens was monitored every 30 min by optical density at
600 nm with an automatic microplate reader for 12 h at 37 °C.

Antibiotic Susceptibility

The antimicrobial susceptibility of the Ent. faecalis strains
was accessed using a VITEK 2 Compact with AST-GP67
(REF 22226, bioMererieux, FRA), which included
benzylpenicillin (BPEN, 0.125–64 μg/ml), ampicillin (AMP,
0.5–32 μg/ml), high-level gentamicin (synergistic) (HLG,
500 μg/ml; GEN, 8–64 μg/ml), high-level streptomycin
(HLS, 1000 μg/ml), ciprofloxacin (CIP, 1–4 μg/ml),
levofloxacin (LVX, 0.25–8 μg/ml), moxifloxacin (MXF,
0.25–8 μg/ml), erythromycin (ERY, 0.25–2 μg/ml),
clindamycin (CLI, 0.15–2 μg/ml), quinupristin/dalofopine
(QDA, 0.25–2 μg/ml), linezolid (LZD, 0.15–2 μg/ml), van-
comycin (VAN, 1–16 μg/ml), tetracycline (TET, 0.15–
2 μg/ml), t igecycline (TGC, 0.25–1 μg/ml), and
nitrofurantoin (NIT, 16–64 μg/ml). Quality control for Vitek
2 Compact was performed as detailed in the manufacturer’s
handbook [21]. The interpretation of susceptibility data was
performed using Advanced Expert System following the
Clinical Laboratory Standard Institute criteria (CLSI
M100 S27).

Hemolysis

All the enterococcus strains were inoculated in MRS broth
overnight at 37 °C to reach the stationary growth stage.
Hemolytic activity was tested by incubating bacteria on
Columbia agar supplemented with 5% (v/v) sheep blood
[22]. After incubating for 48 h at 37 °C, hemolysis was
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classified asα-hemolysis,β-hemolysis, and γ-hemolysis. The
α-hemolysis or β-hemolysis indicated positive hemolysis ac-
tivity; the γ-hemolysis was taken as negative hemolysis activ-
ity. The overnight culture was then diluted to an OD600 of 1.0
with cold sterilized PBS, and the supernatants were collected
by filter sterilization. A 100-μl aliquot of supernatant was
gently added into a tube and mixed with 850 μl of PBS and
50-μl sheep red blood cells, then incubated at 37 °C for
30 min. The mixtures were centrifuged at 800g for 1 min,
and the optical density of the supernatant was measured at
543 nm. Sterile water was used as positive control, and PBS
was used as negative control. The hemolysis activity was cal-
culated as (%) = (OD543 of sample −OD543 of negative con-
trol)/(OD543 of positive control −OD543 of negative control).
Staphylococcus aureus ATCC25923 was used as a reference
strains, and all tests were triplicated.

Gelatinase Activity

Overnight culture of Ent. faecalis was inoculated (1%, pierc-
ing 5 mm below the surface of medium) into gelatin medium
(120 g/l gelatin, 5 g/l peptone, 3 g/l beef extract, pH 6.8 ± 0.2)
and incubated at 37 °C for 48 h. The tubes were then placed at
4 °C for 1 h, and if there was liquid in the tube, it meant the
gelatin had been hydrolyzed by expressed gelatinase.

Detection of Virulence Genes

Enterococci genomic DNA was extracted using a bacterial
genomic DNA extraction kit (Omega Bio-Tek, Doeaville,
GA, USA). All strains were investigated by PCR for the pres-
ence of virulence genes involved in expression of gelatinase
(gelE), cytolysin (cylA), hyaluronidase (hyl), aggregation sub-
stance (asa1, agg), enterococcal surface protein (esp), endo-
carditis antigen (efaA), and collagen adhesion (ace, acm). The
PCR primers are listed in Table 1. And the procedure of PCR
included 35 cycles of denaturation at 94 °C for 4 min, anneal-
ing at 58-48 °C for 30 s (touch-down PCR), and elongation at
72 °C for 30 s at Veriti 96W Thermal cycler (ABI, Foster, CA,
USA). PCR products were analyzed by 1.5% agarose gel
electrophoresis, stained with ethidium bromide, and visual-
ized under UV light [23].

Virulence Activity Assay by Galleria mellonella

The test in wax moth (Galleria mellonella) larvae was used to
access virulence [24]. Larvae weighing about 300 mg (pur-
chased from Tianjin Huiyude Biotech Company, Tianjin,
China) were maintained on woodchips in the dark at 15 °C.
Overnight cultures of Ent. faecalis were adjusted to 1 ×
108 CFU/ml and 1 × 109 CFU/ml. Ten randomly selected in-
sects weighing 250–350mgwere used for each isolate. Larvae
were inoculated with bacterial suspension (1 × 106 CFU/larva

and 1 × 107 CFU/larva) via the rear left proleg using a 10 μl
Hamilton animal syringe. MRS medium and saline were
injected as negative controls. The insects were cultured at
37 °C every 12 h for 3 days, and survival was recorded.

Statistical Analysis

Statistical analyses were performed using the t test and analy-
sis of variance (ANOVA), JMP pro (SAS Institute Inc., NC,
USA), STAMP10, and SPSS V20.0 (IBM Inc., IL, USA). Data
were presented as means ± SEM. Significant differences were
considered at P < 0.05.

Results

Characterization and Identification of Isolates

We selected seven Gram-positive and cocci-shaped bacteria
from 12 fecal samples. Their colonies (0.5-1 μm in diameter)
had a sticky, translucent, white, and mucoid appearance on
MRS agar. Identification of Ent. faecalis isolates was carried
out by observation of colony characteristics and cell morphol-
ogy, Gram staining (G+), catalase (negative) and oxidase pro-
duction (negative), and nitrate reduction test (negative), and
they were confirmed by 16S rRNA sequence analysis. They
were grown aerobically and anaerobically from 25 to 45 °C;
the optimal temperature was 37 °C. The strains were identified
as Ent. faecalis by 16S rRNA gene sequencing. The strain
sequences had the following NCBI accession numbers: A3-1
(MH385351), A9-1 (MH385354), 67-2 (MH385355), 106-1
(MH385347), 107-1 (MH385348), 113-1 (MH385349), and
117-1 (MH385350). Comparison by BLAST analysis of the
16S rDNA gene sequences with other bacteria from GenBank
showed that the closest strains (99% similarity) were Ent.
faecalis. The N-J tree (Fig. 1) also grouped those strains into
the Ent. faecalis cluster.

Acid, NaCl, and Bile Salt Tolerance

We used a stimulated gastric juice (pH 3, 4, 5) to assess the
acid tolerance of enterococcus isolates (Supplementary
material 1). The seven strains survived at pH 5.0 in MRS
medium, and the maximum cell density reached about 50%
of the density in normalMRS. Except for strain 67-2, the other
six stains showed great tolerance to bile salt and NaCl; they
grew to the same density as the control (P > 0.05). In addition,
3% bile salt stimulated growth of strain 117-1, and 7% NaCl
stimulated growth of strains 107-1, 113-1, and 117-1
(Table 2).
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Antimicrobial Activity

The seven Ent. faecalis isolates showed inhibitory ac-
tivity against the indicator strains (Fig. 2). The super-
natants of strains had different antimicrobial activities
to the indicator microorganism. Compared with Gram-

positive bacteria, the Ent. faecalis isolates had stronger
antibacterial activity against Gram-negative bacteria.
Interestingly, the supernatant of strain 67-2 lacked anti-
bacterial activity to S. aureus ATCC25923, and strain
106-1 lacked antibacterial activity to Ent. faecalis
ATCC29212.

106-1

113-1

A3-1

A4-1

Enterococcus faecalis ATCC19433

A9-1

Enterococcus faecalis DSM20478T

67-2
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Enterococcus saccharolyticus ATCC43076

Enterococcus faecium ATCC19434

Enterococcus durans CECT411T

Enterococcus durans DSM20633

Bacillus mycoides ATCC6462
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0.00
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0.00
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0.01
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0.00
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0.00

0.00

Fig. 1 The analysis of the
phylogeny of the isolated
Enterococcus strains alignment of
the 16S rDNA sequences was
performed with the sequences of
different Enterococcus and
Lactobacillus species which were
submitted in NCBI database. The
NCBI accession number of
Enterococcus faecalis ATCC
19433 (NR_115765.1),
Enterococcus faecalis
DSM20478T (LN681572.1),
Enterococcus saccharolyticus
ATCC43076 (NR_041707.1),
Enterococcus faecium ATCC
19434 (NR_115764.1),
Enterococcus durans CECT411T
(AJ420801.1), Enterococcus
durans DSM20633
(AJ276354.1), Bacillus mycoides
ATCC6462 (NR_115993.1),
Lactobacillus brevis ATCC14869
(NR_044704.2), Streptococcus
thermophilus ATCC 19258 (NR_
042778.1)

Table 1 Primers for the
amplification of virulence genes
in Ent. faecalis isolates

Virulence gene Primer (5′-3′) Fragment (bp)

asa1 asa1-F GCACGCTATTACGAACTATGA 375
asa1-R TAAGAAAGAACATCACCACGA

cylA cylA-F ACTCGGGGATTGATAGGC 688
cylA-R GCTGCTAAAGCTGCGCTT

esp esp-F AGATTTCATCTTTGATTCTTGG 510
esp-R AATTGATTCTTTAGCATCTGG

hyl hyl-F ACAGAAGAGCTGCAGGAAATG 276
hyl-R GACTGACGTCCAGTTTCCAA

efaA efaA-F AACAGATCCGCATGAATA 735
efaA-R CATTTCATCATCTGATAGTA

acm acm-F GGCCAGAAACGTAACCGATA 135
acm-R AACCAGAAGCTGGCTTTGTC

gelE gelE-F ACCCCGTATCATTGGTTT 419
gelE-R ACGCATTGCTTTTCCATC

ace ace-F AAAGTAGAATTAGATCCACAC 320
ace-R TCTATCACATTCGGTTGCG

agg agg-F AAGAAAAAGAAGTAGACCAA
C

1553

agg-R AAACGGCAAGACAAGTAAATA

1119Probiotics & Antimicro. Prot. (2020) 12:1115–1125



Adhesion Ability

We determined the adhesion capacity of the bacteria to the
human colon carcinoma cell line Caco-2 (Fig. 3a). Adhesion
capacity varied significantly, ranging from 54.9 to 10.6%. The
highest adherence capacity belonged to isolates A9-1 (54.9%)
and 106-1 (48.9%); strain 67-2 had the lowest adherence
(10.6%).

In the host intestinal tract, the surfaces of intestinal epithe-
lial cells are covered with a layer of mucus composed of gly-
coproteins such as collagen and mucin. These glycoproteins
can be used as an in vitro interaction model to assess the
adhesion of probiotics. Compared with L. rhamnosus GG
BL379 (positive control), strains A3-1, 107-1, 113-1, and
117-1 showed higher adhesion to mucin (P < 0.05). Strains
A3-1, A9-1, 67-2, 107-1, 113-1, and 117-1 showed higher
adhesion to collagen (P < 0.05); strains A3-1, 113-1, and
117-1 had 11.2-, 2.3-, and 3.3-fold higher collagen binding
ability compared with the control. Only strain A3-1 showed
higher adhesion to BSA (P < 0.01) (Fig. 3b).

Distribution of Virulence Genes and Production
of Hemolysin, Gelatinase, and Biofilm

We detected seven genes encoding known virulence factors in
the enterococcus isolates: asa1 (100%), cylA (71.4%), esp
(85.7%), hyl (14.3%), gelE (85.7%), ace (42.9%), and agg
(71.4%), and there had no detection of acm and efaA.
Interestingly, six gelE-positive strains did not show any
gelatinase activity, and five cylA-positive strains showed sig-
nificant lower hemolysis activity compared with
Staphylococcus aureus ATCC25923 (2.48% vs 83.6%,
P < 0.01). Table 3 shows the hemolytic and gelatinase activi-
ties of the isolates. All the isolates showed γ-hemolytic activ-
ity. No strains produced gelatinase. None of the Ent. faecalis
isolates were identified as strong biofilm producers; Ent.
faecalis 107-1 was identified as a weak biofilm producer
(Table 3).

Antibiotic Susceptibility

Table 4 shows the resistance of enterococcus isolates against
15 antibiotics. Overall, all the isolates were resistant to
quinupristin/dalofopine and clindamycin, whereas all the iso-
lates were susceptible to benzylpenicillin, ampicillin, cipro-
floxacin, levofloxacin, moxifloxacin, tigecycline,
nitrofurantoin, linezolid, and vancomycin. The effect of other
antibiotics against the isolates varied from susceptible to re-
sistant. Enterococcus isolates 106-1, 107-1, and 113-1 were
susceptible to all the antibiotics except erythromycin,
quinupristin/dalofopine, and clindamycin.

Virulence Activity Assay by G. mellonella

We used G. mellonella (wax moth) larvae to determine the
virulence of the Enterococcus isolates (Fig. 4). We infected
the larvae with 10 μl of 1 × 106 CFU/larva, and 1 × 107 CFU/
larva. After 72 h, larvae infected with strains 107-1 and 117-1

Table 2 Results of acid, NaCl, and bile salt tolerance of 7 Ent. faecalis isolates

Isolates MRS pH 5.0 3% bile salt 7% NaCl

ODmax LSD (h) R2 ODmax LSD (h) R2 ODmax LSD (h) R2 ODmax LSD (h) R2

A3-1 2.243 0.90 0.99 1.542 1.80 0.99 2.166 0.08 0.99 1.997 0.91 0.99

A9-1 2.295 0.71 0.99 1.523 0.17 0.99 2.020 0.88 0.99 1.959 0.72 0.99

67-2 2.064 0.33 0.99 1.266 0.51 0.99 0.785** 0.55 0.97 1.53* 0.36 0.99

106-1 2.170 1.04 0.99 1.406 0.16 0.99 1.554 0.98 0.99 2.169 1.23 0.99

107-1 1.958 0.29 0.99 1.472 0.83 0.99 1.657 1.06 0.99 2.198 0.44 0.99

113-1 2.004 0.86 0.99 1.506 2.75 0.99 1.596 1.28 0.99 2.291 0.85 0.99

117-1 1.897 0.33 0.99 1.362 0.06 0.99 2.247 0.59 0.99 2.034 0.73 0.99

LSD log phase duration (h), ODmax the maximum OD600 during growth

*compared with ODmax in MRS medium, P < 0.05; **P < 0.01

Fig. 2 Antimicrobial activity (MIC50) of the supernatant from Ent.
faecalis isolates culture against different pathogens
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had 90% survival; all larvae had 100% survival when they
were infected by 1 × 106 CFU/larvae of the other Ent. faecalis
strains. However, in the 1 × 107 CFU infection group, 100%
survival was exhibited only after infection with strains A9-1; a
90% survival was observed for larvae infected with strains
A3-1, 67-2, 106-1, 107-1, and 117-1 and a 70% survival
was observed for infection with strain 113-1. All larvae in
the control groups survived. We analyzed the survival curves
statistically using Log-rank (Mantel-Cox) Test; in the 1 ×
107 CFU groups, there had no statistical difference among
strains except 113-1 (P= 0.735). In the 1 × 106 CFU groups,
we did not find any statistical difference among the seven
isolates (P= 0.682), which meant that they all lacked viru-
lence activity. Apparently, Ent. faecalis strains A3-1, A9-1,
67-2, 106-1, 107-1, and 117-1 could be considered safe.

Discussions

Ent. faecalis and Ent. faecium are the most common entero-
cocci, which existed in the gut of healthy host [4]. It was
reported that enterococci had colonized in the gut of healthy
infants immediately after birth, and there had 7.2% of
Enterococcus in the fecal samples collected from healthy
Chinese infants, which preceded only by Enterobacter

(19.0%) and Bifidobacterium (10.9%) (Unpublished data).
Enterococcus have attracted much attention due to the probi-
otic and pathogenic properties [20]. Our study here was aimed
to assess the potential probiotic and the safety of the 7 entero-
cocci which were isolated and identified as Ent. faecalis from
the healthy Chinese infants.

Before using an organism as a probiotic, properties includ-
ing strain origin, acid and bile tolerance, adhesion to the in-
testinal mucus, production of antimicrobial substances, antibi-
otic resistance or sensitivity, and toxicity should be evaluated
[12]. Microbial growth is inhibited at low pH or in high bile
salt concentrations. Only strains with genetic makeup to tol-
erate those conditions survive and proliferate [25]. A probiotic
microorganism may have an opportunity to function in the
host if it can colonize the gastrointestinal area. In our study,
all seven strains survived inMRS medium at pH 5.0, and they
grew well during the entire growth period. Moreover, 3.5%
NaCl stimulated growth of all six strains except 67-2. At 7%
NaCl, strains 107-1, 113-1, and 117-1 even showed stimulated
growth. Similarly, we found that 3% bile salt stimulated
growth of strain 117-1, and all strains except 67-2 survived
above 70% compared with the normal MRS medium.
Tolerance to bile salts is of great importance for potential
probiotic bacteria, it was established a limit of 0.3% bile for
selecting strains, that is, when the growth percentage exceeds

Fig. 3 Adhesion ability of Ent. faecalis isolates to Caco-2 cells (a) and in vitro binding to BSA, mucin and collagen (b)

Table 3 Results of virulence
genes and virulence activity of 7
Ent. faecalis isolates

Isolates Virulence genes Gelatinase production Hemolysis
activity

Biofilm formation

A3-1 asa1, cylA, esp, gelE, agg – γ 4.6% ++

A9-1 asa1, cylA, esp, agg – γ 2.0% ++

67-2 asa1, cylA, esp, gelE, agg – γ 1.2% ++

106-1 asa1, cylA, esp, hyl, gelE, ace, agg – γ 3.0% ++

107-1 asa1, esp, gelE, ace – γ 0.5% +

113-1 asa1, gelE, ace – γ 0.9% ++

117-1 asa1, cylA, esp, gelE, agg – γ 1.6% ++
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50% compared with the control medium, the tested strain can
be considered to show good bile tolerance [20]. Thus, our
strains had the high ability to tolerate those stresses, survive,
and colonize the host gastrointestinal environment. And in
some extent, those stresses could stimulate the bacterial
growth, while it could help us to optimize the growth condi-
tions of the bacteria and easily enrich cells.

During the bacteria growth, enterococci can produce organ-
ic acids, hydrogen peroxide, enterocin (class II bacteriocin),
and other bacteriostatic substances. The supernatant of their
growth medium has a broad spectrum of inhibitory effects
toward some pathogens. The antibacterial substances pro-
duced by probiotics have different degrees of inhibition of
pathogens [8]. In our study, all the Ent. faecalis isolates had
stronger antibacterial activity against Gram-negative bacteria
(especially P. aeruginosa PA01) than that of Gram-positive
bacteria. And this antibacterial activity could be associated
with the biological characteristics because the indicators Ent.
faecalis ATCC29212 and S. aureus ATCC25923 are Gram-
positive bacteria and have a cell structure similar to the tested
Ent. faecalis strains. On the other hand, enterocins have the
potential to inhibit a wide spectrum of the organisms [9],
Gram-negative bacteria are generally mostly resistant to bac-
teriocins from lactic acid bacteria because of their outer mem-
brane providing a barrier to permeability.

Higher ability to adhere to epithelial cells is more able
to colonize the host intestine for the potential probiotic
bacteria screening, which enables them to compete with
pathogenic bacteria for colonization sites [20]. We used

the epithelial-like Caco-2 cell line as an intestinal epithe-
lial cell model. In our study, all seven strains showed an
ability from 10.6 to 54.9% to adhere to Caco-2 cells.
Furthermore, the adhesins of enterococcus bind to the ex-
tracellular matrix proteins such as collagen and mucin.
Adhesive properties of potential probiotics to the intesti-
nal mucus, which is mediated by collagen-binding pro-
tein, mucin-binding protein, is considered important for
transient colonization, antagonism against pathogens,
modulation of the immune system, and enhanced healing
of the damaged gastric mucosa [26]. Strain A3-1 had the
highest adherence to mucin, collagen, and BSA in vitro,
even higher than that of the probiotic L. rhamnosus GG.
While, for the adhesion to Caco-2 cells, A3-1 was not the
highest one, which may suggest that different regulations
and mechanisms in adhesion in vitro and in vivo
[3].Toxicity of bacteria is assessed by genotype and phe-
notype together [7]. The common virulence factors of en-
terococci are gelatinase (gelE) and cytolysin (cylA) [17,
27]. The 5 cly-positive strains showed γ-hemolytic activ-
ity, and 6 gelE-positive exhibited no gelatinase activity. It
has been reported that gelatinase expression is lost in cer-
tain growth conditions and environments [15]. Expression
of gelE is regulated by the frs operon (frsA, frsB, frsC);
deletion or mutation of frs could cause failure of cells to
synthesize gelatinase [28]. Biofilm formation is a recog-
nized virulence factor and thought to be associated with
presence of esp gene (enterococcal surface protein) and
gelatinase production before [29–31], while recent study

Table 4 Antimicrobial resistance
of Ent. faecalis isolates Antimicrobial class Antimicrobial A3-

1
A9-
1

67-
2

107-
1

113-
1

117-
1

Penicillins BPEN S S S S S S

AMP S S S S S S

Macrolides ERY R R R I I R

Fluoroquinolone CIP S S S S S S

LVX S S S S S S

Tetracyclines MXF S S S S S S

TET R R R S S R

TGC S S S S S S

Nitrofurantoins NIT S S S S S S

Streptogramins DAL R R R R R R

Oxazolidinones LZD S S S S S S

Lincosamides CLI R R R R R R

Glycopeptides VAN S S S S S S

Aminoglycosides GEN R R S S S R

STR R R S S S R

BPEN benzylpenicillin, AMP ampicillin, ERY erythromycin, CIP ciprofloxacin, LVX levofloxacin, MXF
moxifloxacin, TET tetracycline, TGC tigecycline, NIT nitrofurantoin, DAL quinupristin/dalofopine, LZD linezo-
lid, CLI clindamycin, VAN vancomycin, GEN high-level gentamicin (synergistic), and STR high-level
streptomycin
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showed esp gene or gelatinase was not compulsorily re-
quired to produce biofilm but when present may enhance
the biofilm formation, and help Ent. faecalis and Ent.
faecium colonize and persist in host tissue [13]. In our
study, only strain 113-1 was esp-negative, and it showed
moderate biofilm-producing ability. Strain A3-1 showed
the highest biofilm-producing ability with esp-positive de-
tection. The aggregation substance (asa1, agg) and colla-
gen adhesion (ace, acm) were associated with adhesion in
general [32, 33]. And adhesion properties, a desirable
characteristic of probiotic strains, not only biofilm forma-
tion, can help bacteria to colonize and stay on the surface
of the host mucosa. The Ent. durans LAB18s showed a
strong capacity of biofilm formation and associated adhe-
sion ability, this capacity was not associated with the
virulence-associated genes [25]. Some studies have sug-
gested that many probiotic enterococci isolates harbor
some virulence traits, while none of these antigens should
be considered true virulence genes rather than auxiliary
factors associated with colonizing ability for their survival
in gastrointestinal system [36].

G. mellonella larvae have been used as a model to assess the
microbial virulence, which had advantages over other inverte-
brate models in that they can be incubated at human body tem-
perature, and the inoculum can be delivered directly to the host
body [24, 34]. For the survival rate analysis of G. mellonella
larvae infected by the tested Ent. faecalis cells, the infection of
G. mellonella larvae was stable, where all strains had higher
survival with 1 × 106 CFU injection, and there was no difference
within different bacterial groups. Strain 106-1 showed higher
toxicity at infection dose of 1 × 107 CFU. Thus, the number of
injected bacteria may cause differences in virulence, and each
strain has a characteristic virulence.

Antibiotic-resistant enterococci have risen in recent years and
antibiotic sensitivity is as an important factor in evaluating en-
terococci, especially resistance to vancomycin [29, 30]

Enterococci may be intrinsically resistant or they may acquire
resistance. The β-lactams (penicillin, ampicillin) antibiotics are
often the first choice for treatment of enterococci infections,
which may make the strains more resistant to this type of antibi-
otics [35]. None of our strains were resistant to β-lactams
(benzylpenicillin, ampicillin), fluoroquinolone (ciprofloxacin,
levofloxacin, moxifloxacin) antibiotics, nitrofurantoin,
oxazolidinone, and vancomycin. Here our strains had the higher
resistance to erythromycin (4/7). Similarly, 20 out of 38 entero-
coccus isolates from healthy Chinese infants were resistant to
erythromycin [20]. And there are no broad-spectrum-resistant
enterococci isolates, which also proved that our isolates were
relatively safe.

Evaluation of beneficial characters and safety is neces-
sary in screening and development of potential probiotics.
In our study, we evaluated the probiotic traits and safety
properties of seven Ent. faecalis isolates from meconium
of healthy infants. We found that strain A3-1 had better
stress resistance and probiotic characters, and is consider-
ably safe, with negative hemolysis, no gelatinase activity,
non-virulence to G. mellonella larvae, and low antibiotic
resistance, which provided a strong impetus of its appli-
cation in gut research. For development, careful and cau-
tious analysis of virulence potential should be performed
by whole genome sequencing and transcriptome profiling,
followed by testing in animals.
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