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a  b  s  t  r  a  c  t

Enterococcus  faecalis  and  Enterococcus  faecium  are  human  commensals  frequently  found  in fermented
foods  or used  as probiotics,  but also  recognized  as  opportunistic  pathogens.  We  investigated  62  Ente-
rococcus  strains  isolated  from  clinical,  food  and  environmental  origins  towards  a rationale  for  safety
evaluation  of strains  in food  or probiotic  applications.  All  isolates  were  characterised  with  respect  to
the presence  of the  virulence  determinants  fsrB,  sprE,  gelE,  ace,  efaAfs/fm,  as, esp, cob  and  the  cytolysin
operon.  In addition  RAPD-PCR  was  used  to obtain  genomic  fingerprints  that were  clustered  and  compared
to phenotypic  profiles  generated  by  MALDI-TOF-MS.  The  gelatinase  phenotype  (GelE)  and  the  haemolytic
activity  (�-haemolysis)  were  analysed.  E.  faecium  strains  contained  esp  and  efaAfm  only,  and  none  of  them
contained  any  CRISPR  elements.  The  amenability  of  E.  faecalis  strains  to acquisition  of  virulence  factors
was  investigated  along  the  occurrence  of  CRISPR  associated  (cas)  genes.  While  distribution  of  most  viru-
lence factors,  and  RAPD  versus  MALDI-TOF-MS  typing  patterns  were  unrelated,  2 out  of  5 RAPD  clusters
almost  exclusively  contained  clinical  E. faecalis  isolates,  and  an  occurrence  of  CRISPR  elements  versus

reduced  number  of virulence  factors  was  observed.  The  presence  of  the  cytolysin  operon,  cob  and  as
encoding  pheromone  and  aggregation  substance,  respectively,  significantly  corresponded  to absence  of
cas.  As  their  production  promote  genetic  exchange,  their  absence  limits  further  gene acquisition  and  dis-
tribution.  Thus,  absence  of  the cytolysin  operon,  cob  and  as in a  cas  positive  environment  suggests  itself
as  promising  candidate  for E.  faecalis  evaluation  towards  their  occurrence  in food  fermentation  or use  as
probiotics.
ntroduction

Enterococci are ubiquitous, Gram-positive bacteria that are
embers of the healthy human intestinal microbiota. Within the

enus Enterococcus the two species Enterococcus faecalis and Ente-
ococcus faecium play a major role as commensals in humans and
nimals. Both are also found on plants, in soil and in several arti-
anal food products [40]. Strains of E. faecalis originating from the
aw materials autochthonous microbiota take part in food fermen-
ation processes, and are suggested to impact on the sensorial
uality of foods, and are also used as probiotics [2].  However,
hey have been recognized as causative for endocarditis and are

mong the most common pathogens found in nosocomial infec-
ions, including bacteraemia, intra-abdominal and urinary tract
nfections [22,42]. Furthermore, E. faecalis was  demonstrated to
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play a role in the development of inflammatory bowel disease
(IBD) [1]. Important for the understanding of the wide spread of
these organisms is the ability of enterococci to resist restrictive
environmental conditions. They possess the capability to grow in a
temperature range of 10 ◦C and 45 ◦C, at pH 9.6, in 6.5% NaCl broth
and to survive at 60 ◦C for 30 min  [7,8].

The ability of enterococci to acquire, accumulate, and share
extrachromosomal elements encoding virulence traits or antibi-
otic resistance genes constitutes these organisms dual nature.
Some virulence determinants are well characterised and have been
described in enterococci, which are associated with infection-
derived E. faecalis strains [27,32,41].  One of the best-investigated
virulence factors is cytolysin, a toxin that can disrupt membranes of
other bacteria, erythrocytes and other eukaryotic cells. This factor
has been proven to enhance virulence in animal models [13,18,19].
Another confirmed extracellular virulence trait is the gelatinase
(GelE). This secreted bacterial metalloproteinase catabolises many
target molecules including gelatine, collagen, fibrinogen, casein and
insulin [23]. As a result of the enzymatic hydrolysis of fibrinogen
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he bacterial migration into host tissue could be enabled because of
he disruption of enterocytes [43]. The gene encoding GelE occurs

ostly combined in an operon-type structure together with a gene
or a serine protease, sprE [32,38]. In animal models both have
een suggested to play a major role in the infection process [37].
he expression of gelatinase and serine protease is controlled by a
uorum sensing mechanism involving fsrB [31].

Some members of surface proteins such as collagen-binding
rotein (Ace), E. faecalis (EfaAfs) and E. faecium endocarditis antigen

 (EfaAfm), and enterococcal surface protein (Esp) are assumed to
e involved in mechanisms by which the enterococcal cells adhere
o surfaces and furthermore to eukaryotic cells [27,35].

Another important enterococcal adhesion factor is the aggrega-
ion substance (AS, sometimes referred to as Agg) that induces the
ormation of cell–cell contact and mediates conjugative transfer of
lasmids [10]. This may  induce the transfer of virulence factors to
armless commensal strains, whose metabolic potential could be
seful in starter, adjunct or probiotic cultures. The presence and
xpression of virulence factors in response to food-like conditions
ave been found in clinical as well as in food isolates [15,21].

Clustered, regularly interspaced short palindromic repeats
CRISPR) protect bacterial cells from infection with bacteriophages
nd plasmids [17,20,39].  The CRISPR loci operate as a diverse
efence mechanism that withstands exposure to invading nucleic
cids. CRISPR motives are typically located near CRISPR-associated
cas) genes, whose member’s encode proteins that carry domains
uch as nucleases and helicases [14,16].  We  found CRISPR elements
nd cas genes in the chromosome and plasmids of lactobacilli with
ery small genomes underlining their role in generally limiting
NA access to the cell and promoting genetic stability of strains

unpublished data). Recently, significant association between the
bsence of CRISPR and the presence of antibiotic resistance traits
n clinical isolates, versus the presence of CRISPR elements in com-

ensal strains was demonstrated [28]. While CRISPR elements are
ighly diverse and can only be detected in genome sequencing, cas
enes exhibit homologies and may  serve as PCR-detectable markers
inpointing to active CRISPR elements.

It was therefore the aim of this study to assess the distribution
f virulence and cas genes among Enterococcus isolates from dif-
erent origins and compare their occurrence in clusters generated
y protein profiles (MALDI-TOF-MS) and genotypic fingerprints
RAPD-PCR).

aterials and methods

acterial strains

A total of 62 Enterococcus isolates from clinical, food and envi-
onmental origin were used in this study (see Table 1 for strains
nd origins of isolation). Out of these we tested 52 E. faecalis iso-
ates and 10 E. faecium. All strains used in this study were verified
s belonging to the species E. faecalis or E. faecium by sequencing
he 815 bp amplification product of the 16S rRNA gene generated
y primers 616 V 5′-AGAGTTTGATCCTGGCTCAG-3′ and 609R 5′-
CTACCAGGGTATCTAATC-3′. Additionally, this PCR-product was
lso used as a positive control for each strain analysed by PCR.

elatinase activity

Determination of gelatinase-producing strains was  carried out

n lysogeny broth (LB) agar containing 3% (wt/vol) gelatine. After
ncubation at 37 ◦C for 24 h plates were stored at 4 ◦C for 5 h accord-
ng to Eaton and Gasson [5]. Zones of turbidity around colonies
ndicated gelatinase production.
lied Microbiology 34 (2011) 553– 560

Cytolysin activity

The phenotypic detection of the enterococcal strains for
haemolytic activity was  performed on Merckoplate® (Merck,
Germany) containing 5% (vol/vol) sheep blood and additionally on
LB agar supplemented with 5% (vol/vol) horse blood. According to
Gaspar et al. [11] blood agar plates were incubated under aerobic
and anaerobic conditions at 37 ◦C (Anaerocult®A, Merck, Germany).
The production of cytolysin appeared in clear zones (�-haemolysis)
around colonies.

DNA isolation

For DNA isolation all strains were grown in BHI broth
(Sigma–Aldrich, Germany) at 37 ◦C. DNA isolation was done with
DNA isolation kit (E.Z.N.A.® Bacterial DNA Kit, Omega bio-teck, USA)
according to manufactures instructions.

Detection of virulence associated genes and cas genes

Specific primers for the following virulence associated and cas
genes were used: ace, as,  cob, cytolysin operon, efaAfs,  efaAfm,  esp,
fsrB, gelE, sprE, CRISPR1-cas csn1, CRISPR2 loci, CRISPR3-cas csn1.
The primers and their amplification products are listed in Table 2.
Some primers were designed using the sequences found in the
GenBank nucleotide sequence database under following accession
numbers: AE016830.1 and AF454824.1. All primers were synthe-
sised by Eurofins MWG-Operon (Ebersberg, Germany). The PCR
reactions were performed in a total of 50 �l, using 80 pmol of each
primer, 1.5 mM MgCl2, 10 mM each of dNTPs, 2 U of Taq DNA, 1×
Buffer mix  (Qbiogene, USA) and sample DNA. Amplification con-
ditions were as follows: an initial denaturation step of 94 ◦C for
2 min, 30 cycles of denaturation at 94 ◦C for 1 min, annealing for
1 min  (at an appropriate temperature) and extension at 72 ◦C for a
duration adjusted according to PCR-product length, followed by a
final elongation at 72 ◦C for 5 min. The PCR products were analysed
on 1.2% agarose gels stained with dimidium bromide solution and
visualized under UV light. All primers delivered fragments of the
expected size.

The PCR screening for the complete cytolysin locus with
an amplification product of 8364 bp [11] was performed using
Phusion® High-Fidelity DNA Polymerase (Finnzymes, Finland)
according to the recommendations of the manufacturer. All primers
were tested before use with reference E. faecalis strains OG1RF and
V583.

Analysis of genetic fingerprinting by RAPD-PCR

RAPD analyses were performed using the single primer M13  V
(5′-GTTTTCCCAGTCACGAC-3′) as described by Ehrmann et al. [6].
The PCR cycling program was  3 cycles of: 94 ◦C for 3 min, 40 ◦C
for 5 min, 72 ◦C for 5 min  followed by 32 cycles of: 94 ◦C for 1 min,
60 ◦C, 72 ◦C for 3 min. The PCR products were electrophoretically
separated on 1.5% TBE agarose gel and stained with dimidium bro-
mide. A 3 kbp plus DNA Ladder (Fermentas, Canada) was  used as a
molecular weight marker. Generated RAPD-PCR fingerprints were
analysed by BioNumericsTM software (version 3.0; Applied Maths
BVBA, Belgium). The analysis of the similarities of the generated

RAPD-PCR fingerprints was calculated on the basis of the Pear-
son product–moment correlation coefficient. A cluster analysis was
derived from the matrix of similarities by the unweighted pair
group method using arithmetic mean (UPGMA) cluster algorithm.
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Table 1
Enterococcal strains used in this study. TMW,  Technische Mikrobiologie Weihenstephan.

Species TMW  strain no. Designation Origin

E. faecalis

2.63 Food isolate This study
2.136 Environmental isolate Isogenic with DSM 20060
2.354 Environmental isolate This study
2.520 Environmental isolate This study
2.622 Environmental isolate Isogenic with OG1RF, Barbara Murray, University of Texas, USA
2.629 Food isolate This study
2.630 Food isolate This study
2.645 Clinical isolate Isogenic with strain 10, Gehard Reuter, Freie Universität Berlin, Germany
2.647  Food isolate Isogenic with strain A/F2, Gerhard Reuter, Freie Universität Berlin, Germany
2.648 Food isolate Isogenic with strain 34.5, Gerhard Reuter, Freie Universität Berlin, Germany
2.777 Environmental isolate This study, Symbioflor®1
2.798 Environmental isolate This study
2.815 Environmental isolate This study
2.852 Clinical isolate isogenic with strain V583, Ingolf Nes, Norwegian University of Life Sciences, Norway
2.900  Clinical isolate Roger Vogelmann, TUMa

2.901 Clinical isolate Roger Vogelmann, TUMa

2.902 Clinical isolate Roger Vogelmann, TUMa

2.903 Clinical isolate Roger Vogelmann, TUMa

2.904 Clinical isolate Roger Vogelmann, TUMa

2.905 Clinical isolate Roger Vogelmann, TUMa

2.906 Clinical isolate Roger Vogelmann, TUMa

2.907 Clinical isolate Roger Vogelmann, TUMa

2.908 Clinical isolate Roger Vogelmann, TUMa

2.909 Clinical isolate Roger Vogelmann, TUMa

2.910 Clinical isolate Roger Vogelmann, TUMa

2.911 Clinical isolate Roger Vogelmann, TUMa

2.912 Clinical isolate Roger Vogelmann, TUMa

2.913 Clinical isolate Roger Vogelmann, TUMa

2.914 Clinical isolate Roger Vogelmann, TUMa

2.915 Clinical isolate Roger Vogelmann, TUMa

2.916 Clinical isolate Roger Vogelmann, TUMa

2.917 Clinical isolate Roger Vogelmann, TUMa

2.918 Clinical isolate Roger Vogelmann, TUMa

2.919 Clinical isolate Roger Vogelmann, TUMa

2.921 Clinical isolate Roger Vogelmann, TUMa

2.922 Clinical isolate Roger Vogelmann, TUMa

2.923 Clinical isolate Roger Vogelmann, TUMa

2.924 Clinical isolate Roger Vogelmann, TUMa

2.925 Clinical isolate Roger Vogelmann, TUMa

2.926 Clinical isolate Roger Vogelmann, TUMa

2.927 Clinical isolate Roger Vogelmann, TUMa

2.928 Clinical isolate Roger Vogelmann, TUMa

2.929 Clinical isolate Roger Vogelmann, TUMa

2.930 Clinical isolate Roger Vogelmann, TUMa

2.931 Clinical isolate Roger Vogelmann, TUMa

2.932 Clinical isolate Roger Vogelmann, TUMa

2.933 Clinical isolate Roger Vogelmann, TUMa

2.934 Clinical isolate Roger Vogelmann, TUMa

2.935 Clinical isolate Roger Vogelmann, TUMa

2.936 Clinical isolate Roger Vogelmann, TUMa

2.937 Clinical isolate Roger Vogelmann, TUMa

2.947 Clinical isolate Roger Vogelmann, TUMa

E. faecium

2.938 Clinical isolate Roger Vogelmann, TUMa

2.939 Clinical isolate Roger Vogelmann, TUMa

2.940 Clinical isolate Roger Vogelmann, TUMa

2.941 Clinical isolate Roger Vogelmann, TUMa

2.942 Clinical isolate Roger Vogelmann, TUMa

2.943 Clinical isolate Roger Vogelmann, TUMa

2.944 Clinical isolate Roger Vogelmann, TUMa

2.945 Clinical isolate Roger Vogelmann, TUMa

Rog
This

A
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m
9
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r

2.946 Clinical isolate 

1.1045 Environmental isolate 

a Technische Universität München, Germany.

nalysis of whole cell mass spectral profile by MALDI-TOF-MS

All isolates were grown for 20 h on Columbia sheep blood agar
lates at 37 ◦C. Colonies were picked and resuspended in 300 �l of
utanolysin solution (20 u/ml) and incubated at 37 ◦C for 30 min.
00 �l of Ethanol abs. were added. The mixture was  centrifuged at
aximum speed for 2 min. After the supernatant was  discarded,

he pellet was centrifuged again. Residual Ethanol was  completely
emoved by pipetting and the pellet was allowed to dry at room
er Vogelmann, TUMa

 study

temperature. Subsequently 30 �l of formic acid (70%) were added
and mixed with the pellet by vortexting. Next 30 �l of acetonitrile
were added and mixed thoroughly. The solution was centrifuged
at maximum speed for 2 min  again and 1.5 �l of the supernatant
were spotted on the MALDI target plate (Bruker Daltonics, Bremen,

Germany) in two  replicates. Direct after drying 1.5 �l of the matrix
solution was added to each spot and allowed to air dry. The matrix
used was  a saturated solution of �-cyano-4-hydroxycinnamic acid
(Bruker Daltonics, Bremen, Germany) dissolved in 50% acetonitrile
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Table 2
PCR primers and products for detection of virulence determinants and CRISPR-associated genes.

Gene Primer Sequence (5′ to 3′) PCR-Product length (bp) Reference

ace
ace for CCGAATTGAGCAAAAGTTC

746 This study
ace  rev AGTGTAACGGACGATAA

as
TE3 AAGAAAAAGAAGTAGACCAAC

923
[5]

as rev ACCTACAGCGTCCCAATCAC This study

cob
TE49 AACATTCAGCAAACAAAGC

1405 [5]
TE50 TTGTCATAAAGAGTGGTCAT

cytolysin locus
cf GGTTGCCATTGAAAAATATCTTCTAGTGGAGTATCCAGG

8364 [11]
cr GTGATTGATTGGCTTATTTCATCATCATCACTTTTGAGC

efaAfs
TE5 GACAGACCCTCACGAATA

705 [5]
TE6 AGTTCATCATGCTGTAGTA

efaAfm
TE 37 AACAGATCCGCATGAATA

735 [5]
TE 38 CATTTCATCATCTGATAGTA

esp esp for GAGTTAGCGGGAACAGGTCA
617

This study
TE36 GCGTCAACACTTGCATTGCCGAA [5]

fsrB
fsrB  for GTTTGTCCCATCCATTGTCC

346 This study
fsrB rev TTTATTGGTATGCGCCACAA

gelE
gelE for AATTGCTTTACACGGAACGG

547 This study
gelE rev AGCCATGGTTTCTGGTTGTC

sprE
sprE for CTTGTCTGCAAATGCAGAAG

660 This study
sprE rev CGCCATTGGAATGAACACCA

CRISPR1-cas csn1, homologue
EFLG 01963

for CAGAAGACTATCAGTTGGTG
783 [28]

rev CCTTCTAAATCTTCTTCATAG

CRISPR1-cas
for GCGATGTTAGCTGATACAAC

315 [28]
rev CGAATATGCCTGTGGTGAAA

CRISPR2
for CTGGCTCGCTGTTACAGCT

Variable [28]
rev GCCAATGTTACAATATCAAACA

CRISPR3-cas csn1, homologue
EFKG 00787

for GCTGAATCTGTGAAGTTACTC
258 [28]

rev CTGTTTTGTTCACCGTTGGAT
TC

AA
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CRISPR3-cas
for GATCACTAGGTTCAGTTATT
rev CATCGATTCATTATTCCTCC

vol/vol) with 0.025% trifluoroacetic acid (vol/vol). Brukers Bac-
erial Test Standard (Bruker Daltonik GmbH, Bremen) was used
s mass calibration standard. Samples were then processed in
he MALDI-TOF-MS spectrometer (Microflex LT; Bruker Daltonics)
ith flex control software (Bruker Daltonics, Bremen, Germany).

ach spectrum was obtained by averaging 240 laser shots acquired
n the automatic mode at the minimum laser power necessary for
onization of the samples. The spectra were analysed in an m/z
ange of 2–20 kDa.

Data analysis was performed using LIMPIC for reduction of back-
round noise and the baseline drift. Multiple spectra (6–8) of each
train were processed on the basis of the peak detection rate (PDR)
f 0.6, expressed by the ratio between the number of spectra con-
aining the considered peak and the total number of analysed
pectra [25]. The obtained spectra were imported in BioNumericsTM

nd the cluster analysis was performed as described for the RAPD
nalysis.

esults

ccurrence of virulence determinants and CRISPR-cas genes

The virulence genes were detected in E. faecalis isolates only,
ith the exception of esp,  the Enterococcus surface protein, which
as present in 27 out of 52 E. faecalis isolates and also in 9 E. fae-

ium strains. Ace, which encodes an adhesin protein in E. faecalis
as found in 51 isolates and was the most frequent virulence gene

ound in the PCR tested strains. The gene encoding for endocarditis
ntigen EfaAfs was found in 34 E. faecalis strains whereas the equiv-
lent of E. faecium (efaAfm) was present in all 10 E. faecium strain
sed in this study. The pheromone encoding gene cob was only
resent in 22 E. faecalis isolates and was one of the less frequent

enes detected. The cytolysin operon was detected in 19 isolates,
hich all showed the phenotypic expression (�-haemolysis) on
orse blood agar plates, only with one exception (TMW 2.928). The
elatinase gene (gelE) was present in 38 E. faecalis strains.
224 [28]

The distribution of CRISPR-associated (cas) genes was tested
by the presence of following genes: CRISPR1-cas csn1, CRISPR3-
cas csn1 according to [28]. In parallel the absence of CRISPR1-cas
and CRISPR3-cas loci was  determined by the detection of the junc-
tion EF0672-0673 and EF1760-1759 [28]. The CRISPR2 locus was
detected by primers targeting the conserved position. We  detected
a PCR-product in 47 E. faecalis strains.

Eighteen E. faecalis strains were cas positive (CRISPR1-cas and
CRISPR3-cas) and negative for one of the junctions indicating the
CRISPR loci appear in the locations between EF0672 and EF0673
(CRISPR1-cas)  [3,28] or EF1760 and EF 1759 (CRISPR3-cas)  as com-
pared with the genome of V583 [28]. It was  found that strains
containing less virulence genes tended to have more frequently
detected cas genes (see Table 3). However, a statistically signifi-
cant correlation between the presence of CRISPR-cas loci and the
absence of a virulence gene could only be determined for the
cytolysin operon, cob encoding the pheromone, and as encoding
the aggregation substance (p-value < 0.01; analysed by the Fisher
exact test). According to Palmer and Gilmore [28] one CRISPR-cas
locus was identified in three E. faecium genomes. However, this
locus could not be detected in our ten E. faecium strains.

Gelatinase and cytolysin activity

A total of 24 strains showed a gelatinase phenotype that was
only detected in isolates possessing fsrB and gelE. Two strains did
not show a gelatinase phenotype although they possess fsrB and
gelE indicating that these genes may  be defective in their sequence
(TMW 2.923, TMW  2.933). A distinct expression of a �-haemolytic
activity was  detected using horse blood agar plates under anaerobic
conditions. Eighteen E. faecalis strains showed �-haemolysis.
RAPD-PCR analysis

The spectrum analysed by BioNumericsTM software, which uses
UPGMA for comparative analysis derived five major groups of
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Table 3
Summary of PCR screening results of virulence and CRISPR-associated genes. Strains are listed according to the number of detected virulence genes, from most present to
less  present virulence genes. Source of strains is marked: (a) clinical isolate, (b) environmental isolate and (c) food isolate (d) unknown. Strains marked with *, were tested
in  silico based on sequences published by Palmer and Gilmore (2010) with Broad Institute. For further explanations see text.

Strain Virulence genes CRISPR-cas and corresponding flanking regions

fsrB gelE sprE cytolysin operon ace efaAfs as esp cob CRISPR 1-cas CRISPR 1-cas flank CRISPR 3-cas CRISPR 3-cas flank

X98b,* + + + + + + + + + + +
JH1a,* + + + + + + + + + + +
2.929a + + + + + + + + + +
2.928a + + + + + + + + + +
2.927a + + + + + + + + + +
2.914a + + + + + + + + + +
2.915a + + + + + + + + + +
2.902a + + + + + + + + + +
T1d,* + + + + + + + + + +
Merz96a,* + + + + + + + + + +
HIP11701a,* + + + + + + + + + +
2.930a + + + + + + + + +
2.908a + + + + + + + + +
2.907a + + + + + + + + +
2.926a + + + + + + + + +
2.901a + + + + + + + + +
2.630c + + + + + + + + +
2.648c + + + + + + + + +
2.924a + + + + + + + + +
2.905a + + + + + + + + +
2.922a + + + + + + + + +
CH188a,* + + + + + + + + +
T2a,* + + + + + + + + +
T8a,* + + + + + + + + +
T11a,* + + + + + + + + +
D6b,* + + + + + + + +
AR01/DGb,* + + + + + + + + +
2.947a + + + + + + + +
2.354b + + + + + + + +
2.852a + + + + + + + +
2.815b + + + + + + + +
2.629c + + + + + + + +
2.921a + + + + + + + +
2.936a + + + + + + + +
2.798b + + + + + + + +
2.911a + + + + + + + +
2.932a + + + + + + + +
2.63c + + + + + + + +
2.900a + + + + + + + +
2.910a + + + + + + + +
2.925a + + + + + + + +
2.906a + + + + + + + +
2.937a + + + + + + + +
2.136b + + + + + + + +
T3a,* + + + + + + + +
E1Solb,* + + + + + + + +
Fly1b,* + + + + + + +
2.912a + + + + + + +
2.916a + + + + + + +
2.919a + + + + + + +
2.923a + + + + + + +
2.933a + + + + + + +
2.931a + + + + + + +
2.917a + + + + + + +
2.918a + + + + + + +
2.913a + + + + + + +
2.934a + + + + + + +
2.904a + + + + + + +
2.903a + + + + + + +
ATCC4200a,* + + + + + + +
DS5(ATCC14508)d,* + + + + + + +
2.622b + + + + + +
2.520b + + + + + +
2.647c + + + + + +
2.935a + + + + + +
2.645a + + + + + +
2.909a + + + + +
2.777b + + +
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Fig. 1. Cluster analysis of genetic fingerprints of 52 E. faecalis isolates and 10 isolates
of E. faecium generated by the use of RAPD-PCR. At a cut off level of 65% a species-
s
c
U

e
d
c
R
g

pecific clustering is shown (Cluster I–IV vs. Cluster V). Similarity coefficients were
alculated using the method of Pearson, and the clustering was  calculated using
PGMA approach.

nterococci (see Fig. 1I–V). At a cut-off level of 65% species-specific

ifferentiation of E. faecalis and E. faecium was achieved. While
luster III contained strains of various sources of isolation, the
APD-PCR fingerprint using the M13  V primer (cut-off level 70%)
enerated two clusters (I and II), which almost exclusively con-
lied Microbiology 34 (2011) 553– 560

tained clinical isolates, with only one exception in cluster I. Further,
one environmental isolate (TMW 2.798–designated as cluster IV)
showed a RAPD-PCR fingerprint, which did not match any of the
generated groups. Cluster V contained all E. faecium strains.

MALDI-TOF-MS analysis

The generated MALDI-TOF-MS spectra were analysed by
BioNumericsTM software, which uses UPGMA for comparative anal-
ysis. For the analysis only peaks that had a PDR of 0.6 were included.
This method clearly differentiated at strain level, and a general clus-
tering in five main groups was only feasible under a cut-off level of
10% (Fig. S1). Within these groups (I–IV) the isolates showed nei-
ther a relation of their phenotype of gelatinase or �-heamolysis nor
any relation to the origin of isolation. Even on species-specific basis
one exception (TMW 2.942) appeared as an independent group (see
Fig. S1: III).

Discussion

In  this study, E. faecalis and E. faecium strains of diverse origin
were typed by the use of RAPD-PCR, MALDI-TOF-MS, distribution of
established virulence factors and presence of CRISPR elements/cas
genes in search of a rationale for safety evaluation of strains
to be used in food related applications. While distribution of
most virulence factors, origin of isolation and typing patterns
did not reveal any rationale for E. faecalis strain safety evalua-
tion, the occurrence of CRISPR elements versus reduced number
of (specific) virulence factors suggests itself to promising candi-
date.

The application of MALDI-TOF-MS analysis has been used to
identify bacteria on genus, species [30] and strain level [29]. The
identification and characterisation of Enterococcus isolates in accor-
dance with their origin using the MALDI-TOF-MS has been subject
of recent studies [12,33].  In contrast to those studies our cluster-
ing of the isolates according to their MALDI-TOF-MS profiles did
not differentiate according to their origin of isolation. MALDI-TOF-
MS profiles and RAPD fingerprints enabled distinction at species
level, accounting for the validity of the method, and RAPD discrim-
inated even close to strain level. The occurrence of virulence genes
or the cas genes showed no distinct distribution neither within
the groups of MALDI-TOF-MS clustering nor within the groups of
RAPD-PCR clustering. While distribution of strains with various
origins was  random in MALDI-TOF-MS profiles, two RAPD clus-
ters nearly exclusively contained strains of clinical origin. This may
indicate some role of a diseased host in selecting for specific types
or some genotypes causing clinical infections with an increased
probability, while the biodiversity of E. faecalis is broader, also con-
taining commensal strains. In this context it is interesting to note
that these isolates clustering in together in RAPD analysis were
isolated from patients suffering from different diseases (e.g. renal
insufficiency, newborns with infection, patients with pneumonia,
endocarditis, bacteraemia, sepsis, and patients with different kinds
of cancer).

The tabulation of the sixty-two Enterococcus isolates showed a
multiple number of detected virulence genes, mostly within E. fae-
calis strains, whereas the E. faecium isolates were devoid of these
virulence genes except for esp and efaAfm.  This finding corroborates
the results of Eaton and Gasson [5] and Coque et al. [4] in which
esp appears to be more frequent in E. faecium than in E. faecalis.
Generally, studies have identified numerous virulence factors such

as gelatinase, collagen-binding protein, enterococcal endocarditis
antigen A or �-haemolysin, although there is no clear association
of a single gene or origin of isolation with pathogenicity [5,15,26].
The most investigated and clearly proven virulence traits (not only
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n enterococci) are gelatinase and �-haemolysin, which were phe-
otypically tested on corresponding agar plates in this study. The
ajority of positively tested phenotypes is comprised from clinical

solates, which is equivalent to other studies [24,34].  Still, the link
o the source of isolation may  not be as decisive as all isolates could
lso be simply considered as “faecal” or “intestinal” and virulence
enes are a common trait in Enterococcus from any source.

The results of the �-haemolytic activity were more intense by
he use of horse blood and the application of anaerobic incubation
onditions. These results are in agreement with the data of Gaspar
t al. [11], which verified a similar sensitivity of horse and human
rythrocytes against cytolysin produced by enterococci. The inci-
ence of this virulence trait could only be detected in E. faecalis
18 strains), which conforms to other studies that showed a higher
ncidence of �-haemolysin in this Entercoccus species [4,9]. Despite
he fact that 17 out of the 18 positive strains were from clinical ori-
in, a correlation could not be found in the clustering of RAPD or
ALDI-TOF-MS.
The prevalence of gelatinase activity among all isolates was

ssessed, and 24 strains possessed this phenotype. Out of the six
ood isolates three showed a positive gelatinase phenotype, which
as unexpected because of low numbers of food-associated strains

n comparison to the number of the tested isolates from clinical
rigin. Mostly, gelatinase-positive food strains are originated from
heese, and possibly this is due to the protein-rich environment to
tilize cheese protein as a source of amino acids [9].

Taken together, we suggest that any E. faecalis isolate should
ust be considered as intrinsically “faecal” irrespective of the spe-
ific source of isolation for a single strain, which appears as rather
rrelevant in judging its virulence.

The CRISPR system is a diverse defence mechanism towards
nvading nucleic acids. CRISPR motives are typically located near
RISPR-associated (cas) genes [20,39].

No cas genes could be detected in the tested E. faecium isolates. E.
aecium is generally judged as the less virulent species as compared
o E. faecalis,  and all strains of this species typically contain much
ess of the established Enterococcus virulence factors. This should
referably be attributed to a different lifestyle of this species or
ther mechanisms limiting virulence factor presence or acquisition
ay  be involved.
Recently, a significant correlation of the absence of CRISPR-cas

oci and the presence of antibiotic-resistance genes was reported
or E. faecalis [28]. We  could not find such a general inverse cor-
elation between cas and genes encoding virulence traits, which is
robably due to the fact that there is no selective force for the viru-

ence traits as it can be expected from the application of antibiotics
owards selection of antibiotic resistance. However, we found that
he distribution of cas genes correlates inversely with the presence
f the cytolysin operon, cob and as.  The cytolysin operon, cob and esp
re reported to reside on the same pathogenicity island, which was
ound in large, pheromone-responsive plasmids or in the chromo-
ome [35,36],  however, we could not find a respective correlation
or esp.  The cob and as genes promote pheromone production and
ggregation promotion, respectively, and thus enhance the prob-
bility of genetic exchange. This negative correlation shows that
ounteraction of a CRISPR-cas defence system versus enhanced
enetic flexibility in the presence of cob and as is minimized in
hese strains, and suggests that CRISPR-cas has a role in acquisition
revention of (parts of) the respective pathogenicity island. The
bsence of virulence factors and also CRISPR-cas probably results
rom the fact that some strains did not at all have the opportunity
o pick up these virulence factors from others. While the molecu-

ar background is yet to be confirmed by demonstration of active
RISPR-cas systems, this view is further supported by the finding
hat cob and as negative strains generally have less virulence traits.
hus, testing for absence of the cytolysin operon, cob and as in a cas

[

[

lied Microbiology 34 (2011) 553– 560 559

positive environment suggests itself as promising for strain eval-
uation towards minimizing risks in food fermentation or use as
probiotics.

Acknowledgments

We thank Ulrich Busch, Bayerisches Landesamt für Gesund-
heit und Lebensmittelsicherheit, for the possibility to use the
MALDI-facility in his lab, and Roger Vogelmann (Technische Uni-
versität München, Germany), Gerhard Reuter (Freie Universität
Berlin, Germany), Barbara Murray (University of Texas, USA), and
Michael S. Gilmore, Harvard University, Cambridge, USA for provid-
ing strains. We  appreciate the sharing of information on CRISPR in
the genomes of enterococci by Michael S. Gilmore prior to publica-
tion. This work was supported by GRK 1482 of the German Research
Foundation (DFG).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.syapm.2011.05.002.

References

[1] Balish, E., Warner, T. (2002) Enterococcus faecalis induces inflammatory bowel
disease in interleukin-10 knockout mice. Am. J. Pathol. 160, 2253–2257.

[2] Basualdo, J., Sparo, M.,  Chiodo, P., Ciarmela, M.,  Minivielle, M.  (2007) Oral treat-
ment with a potential probiotic (Enterococcus faecalis CECZ 7121) appears to
reduce the parasite burden of mice infected with Toxocara canis. Ann. Trop.
Med. Parasitol. 101, 559–562.

[3] Bourgogne, A., Garsin, D.A., Qin, X., Singh, K.V., Sillanpaa, J., Yerrapragada, S.,
Ding, Y., Dugan-Rocha, S., Buhay, C., Shen, H., Chen, G., Williams, G., Muzny,
D.,  Maadani, A., Fox, K.A., Gioia, J., Chen, L., Shang, Y., Arias, C.A., Nallapareddy,
S.R., Zhao, M.,  Prakash, V.P., Chowdhury, S., Jiang, H., Gibbs, R.A., Murray, B.E.,
Highlander, S.K., Weinstock, G.M. (2008) Large scale variation in Enterococcus
faecalis illustrated by the genome analysis of strain OG1RF. Genome Biol. 9,
R110.

[4] Couque, T.M., Willems, R., Canton, R., Del Campo, R., Baquero, F. (2002) High
occurrence of esp among ampicillin-resistant and vancomycin-susceptible
Enterococcus faecium clones from hospitalized patiens. J. Antimicrob.
Chemother. 50, 1035–1038.

[5] Eaton, T.J., Gasson, M.J. (2001) Molecular screening of Enterococcus virulence
determinants and potential for genetic exchange between food and medical
isolates. Appl. Environ. Microbiol. 67, 1628–1635.

[6] Ehrmann, M.A., Müller, M.R., Vogel, R.F. (2003) Molecular analysis of sourdough
reveals Lactobacillus mindensis sp. nov. Int. J. Syst. Evol. Microbiol. 53, 7–13.

[7] Flahaut, S., Frere, J., Boutibonnes, P., Auffray, Y. (1996) Comparison of the bile
salts and sodium dodecyl sulfate stress responses in Enterococcus faecalis. Appl.
Environ. Microbiol. 62, 2416–2420.

[8] Flahaut, S., Hartke, A., Giard, J.C., Auffray, Y. (1997) Alkaline stress response in
Enterococcus faecalis: adaption, cross-protection, and changes in protein syn-
thesis. Appl. Environ. Microbiol. 64, 812–814.

[9] Franz, C.M., Muscholl-Silberhorn, A.B., Yousif, N.M., Vancanneyt, M.,  Swings,
J.,  Holzapfel, W.H. (2001) Incidence of virulence factors and antibiotic resis-
tance among Enterococci isolated from food. Appl. Environ. Microbiol. 67,
4385–4389.

10] Galli, D., Wirth, R., Wanner, G. (1989) Identification of aggregation substances
of  Enterococcus faecalis cells after induction by sex pheromones. An immuno-
logical and ultrastructural investigation. Arch. Microbiol. 151, 486–490.

11] Gaspar, F.B., Crespo, M.T., Lopes, M.F. (2009) Proposal for a reliable entero-
coccal cytolysin production assay avoiding apparent incongruence between
phenotype and genotype. J. Med. Microbiol. 58, 1122–1124.

12] Giebel, R., Worden, C., Rust, S.M., Kleinheinz, G.T., Robbins, M.,  Sandrin, T.R.
(2010) Microbial fingerprinting using matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry (MALDI-TOF MS) applications and
challenges. Adv. Appl. Microbiol. 71, 149–184.

13] Gilmore, M.S., Segarra, R.A., Booth, M.C., Bogie, C.P., Hall, L.R., Clewell, D.B.
(1994) Genetic structure of the Enterococcus faecalis plasmid pAD1-encoded
cytolytic toxin system and its relationship to lantibiotic determinants. J. Bac-
teriol. 176, 7335–7344.

14] Haft, D.H., Selengut, J., Mongodin, E.F., Nelson, K.E. (2005) A guild of 45
CRISPR-associated (Cas) protein families and multiple CRISPR/Cas subtypes
exist in prokaryotic genomes. PLos Comput. Biol. 1, e60.
15] Hew, C.M., Korakli, M.,  Vogel, R.F. (2007) Expression of virulence-related genes
by  Enterococcus faecalis in response to different environments. Syst. Appl.
Microbiol. 30, 257–267.

16] Horvath, P., Romero, D.A., Coute-Monvoisin, A.C., Richards, M.,  Deceau, H.,
Moineau, S., Boyaval, P., Fremaux, C., Barrangou, R. (2008) Diversity, activ-

http://dx.doi.org/10.1016/j.syapm.2011.05.002


5 d App

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

60 A.G. Lindenstrauß et al. / Systematic an

ity,  and evolution of CRIPSR loci in Streptococcus themophilus. J. Bacteriol. 190,
1401–1412.

17] Horvath, P., Barrngou, R. (2010) CRISPR/cas, the immune system of bacteria and
archaea. Science 327, 167–170.

18] Ike, Y., Hashimoto, H., Clewell, D.B. (1984) Hemolysin of Streptococcus fae-
calis  subspecies zymogenes contributes to virulence in mice. Infect. Immun. 45,
528–530.

19] Jett, B.D., Jensen, H.G., Nordquist, R.E., Gilmore, M.S. (1992) Contribution of
pAD1-encoded cytolysin to the severity of experimental Enterococcus faecalis
endophthalmitis. Infect. Immun. 60, 2445–2452.

20] Koonin, E.V., Makarova, K.S. (2009) CRISPR-Cas: an adaptive immunity system
in  prokaryotes. F1000 Biol. Rep. 1, 95.

21] Lenz, C.A., Hew Ferstl, C.M., Vogel, R.F. (2010) Sub-lethal stress effects on viru-
lence gene expression in Enterococcus faecalis. Food Microbiol. 27, 317–326.

22] Maekawa, S., Habadera, S. (1996) Comparative distribution of the serotypes of
Enterococcus faecalis isolated from the urine of patients with urinary tract infec-
tions and the feces of healthy persons as determined by the slide agglutination
reaction. Kansenshogaku Zasshi 70, 168–174.

23] Makinen, P.L., Clewell, D.B., An, F., Makinen, K.K. (1989) Purification and sub-
strate specificity of a strongly hydrophobic extracellular metalloendopeptidase
(“gelatinase”) from Streptococcus faecalis (strain OG1-10). J. Biol. Chem. 264,
3325–3334.

24] Mannu, L., Paba, A., Daga, E., Comunian, R., Zanetti, S., Dupre, I., Sechi, L.A. (2003)
Comparison of the incidence of virulence determinants and antibiotic resis-
tance between Enterococcus faecium strains of dairy, animal and clinical origin.
Int. J. Food Microbiol. 88, 291–304.

25] Mantini, D., Petrucci, F., Pieragostino, D., Del Boccio, P., Di Nicola, M., Di Ilio, C.,
Federici, G., Sacchetta, P., Comani, S., Urbani, A. (2007) LIMPIC: a computational
method for the separation of protein MALDI-TOF-MS signals from noise. BMC
Bioinformatics 8, 101.

26] Martin, B., Garriga, M.,  Hugas, M.,  Aymerich, T. (2005) Genetic diversity and
safety aspects of enterococci from slightly fermented sausages. J. Appl. Micro-
biol. 98, 1177–1190.

27] Nallapareddy, S.R., Qin, X., Weinstock, G.M., Hook, M.,  Murray, B.E. (2000) Ente-
rococcus faecalis adhesion, ace, mediates attachment to extracellular matrix
proteins collagen type IV and laminin as well as collagen type I. Infect. Immun.
68,  5218–5224.

28] Palmer, K.L., Gilmore, M.S. (2010) Multidrug-resistant enterococci lack
CRISPR-cas. MBio 1 (4), e00227-10.
29] Pignogne, M.,  Greth, K.M., Cooper, J., Emerson, D., Tang, J. (2006) Identification
of mycobacteria by matrix-assisted laser desorption ionization-time-of-flight
mass spectrometry. J. Clin. Microbiol. 44, 1963–1970.

30] Pribil, P., Fenselau, C. (2005) Characterization of enterobacteria using
MALDI-TOF mass spectrometry. Anal. Chem. 77, 6092–6095.

[

lied Microbiology 34 (2011) 553– 560

31] Qin, X., Singh, K.V., Weinstock, G.M., Murray, B.E. (2001) Characterization of fsr,
a  regulator controlling expression of gelatinase and serine protease in Entero-
coccus faecalis OG1RF. J. Bacteriol. 183, 3372–3382.

32] Qin, X., Singh, K.V., Weinstock, G.M., Murray, B.E. (2000) Effects of Enterococ-
cus  faecalis fsr genes on production of gelatinase and a serine protease and
virulence. Infect. Immun. 68, 2579–2586.

33] Reynaud af Geijersstam, A., Culak, R., Molenaar, L., Chattaway, M.,  Roslie,
E.,  Peciuliene, V., Haaspasalo, M.,  Shaa, H.N. (2007) Comparative analysis
of  virulence sterminants and mass spectral profiles of Finnish and Lithua-
nian endodontic Enterococcus faecalis isolates. Oral Microbiol. Immunol. 22,
87–94.

34] Semedo, T., Santos, M.A., Lopes, M.F., Figueiredo Marques, J.J., Barreto Crespo,
M.T., Tenreiro, R. (2003) Virulence factors in food, clinical and reference Ente-
rococci: a common trait in the genus? Syst. Appl. Microbiol. 26, 13–22.

35] Shankar, N., Lockatell, C.V., Baghdayan, A.S., Drachenberg, C., Gilmore, M.S.,
Johnson, D.E. (2001) Role of Enterococcus faecalis surface protein Esp in
the pathogenesis of ascending urinary tract infection. Infect. Immun. 69,
4366–4372.

36] Shankar, N., Coburn, P., Pillar, C., Haas, W.,  Gilmore, M.S. (2004) Enterococcal
cytolysin: activities and association with other virulence traits in a pathogenic-
ity  island. Int. J. Med. Microbiol. 293, 609–618.

37] Sifri, C.D., Mylonakis, E., Singh, K.V., Qin, X., Garsin, D.A., Murray, B.E., Ausubel,
F.M., Calderwood, S.B. (2002) Virulence effect of Enterococcus faecalis protease
genes and the quorum-sensing locus fsr in Caenorhabditis elegans and mice.
Infect. Immun. 70, 5647–5650.

38] Singh, K.V., Nallapareddy, S.R., Nannini, E.C., Murray, B.E. (2005)
Fsr-indipendent production of protease(s) may explain the lack of attenuation
of  an Enterococcus faecalis fsr mutant versus a gelE-sprE mutant in induction
of  endocarditis. Infect. Immun. 73, 4888–4894.

39] Sorek, R., Kunin, V., Hugenholtz, P. (2008) CRISPR–a widespread system that
provides acquired resistance against phages in bacteria and archaea. Nat. Rev.
Microbiol. 6, 181–186.

40] Svec, P., Sedlacek, I. (1999) Occurrence of Enterococcus spp. in waters. Folia
Microbiol. (Praha) 44, 3–10.

41] Toledo-Arana, A., Valle, J., Solano, C., Arrizubieta, M.J., Cucarella, C., Lamata, M.,
Amorena, B., Leiva, J., Penades, J.R., Lasa, I. (2001) The enterococcal surface pro-
tein, ESP, is involved in Enterococcus faecalis biofilm formation. Appl. Environ.
Microbiol. 67, 4538–4545.

42] Wells, V.D., Wong, E.S., Murray, B.E., Coudron, P.E., Williams, D.S.,

Markowitz, S.M. (1992) Infections due to beta-lactamase-producing, high-level
gentamicin-resistant Enterococcus faecalis. Ann. Int. Med. 116, 285–292.

43] Zeng, J., Teng, F., Murray, B.E. (2005) Gelatinase is important for translocation
of Enterococcus faecalis across polarized human enterocyte-like T84 cell. Infect.
Immun. 73, 1606–1612.


	Comparison of genotypic and phenotypic cluster analyses of virulence determinants and possible role of CRISPR elements tow...
	Introduction
	Materials and methods
	Bacterial strains
	Gelatinase activity
	Cytolysin activity
	DNA isolation
	Detection of virulence associated genes and cas genes
	Analysis of genetic fingerprinting by RAPD-PCR
	Analysis of whole cell mass spectral profile by MALDI-TOF-MS

	Results
	Occurrence of virulence determinants and CRISPR-cas genes
	Gelatinase and cytolysin activity
	RAPD-PCR analysis
	MALDI-TOF-MS analysis

	Discussion
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


