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Abstract Background/Purpose: Accurate identification is important for effective treatment
because Enterococcus species have talents to cope with various antibiotics either by intrinsic
resistance or by acquisition of mobile genetic elements. The groEL gene is a permissive target
in identification of bacteria. We aimed to develop simple assays based on groEL for identifica-
tion of enterococci.
Results: We continued our previous work and determined groEL gene sequences of Enterococcus
species isolated from clinical specimens. Phylogenetic analysis based on groEL revealed that
each strain clustered well with their reference strains (bootstrap value 100%), in which Entero-
coccus faecium and Enterococcus gallinarum could be split into two clades. The divergence of E.
faecium was coincident with hospital-associated clade, known as clade A, and community-
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associated clade, known as clade B. A PCR-restriction fragment length polymorphism (PCR-RFLP)
assay was therefore designed to differentiate the two E. faecium clades, based on the specific
RsaI cutting sites present in the two clades. To differentiate 7 clinical relevant Enterococcus spe-
cies, the multiplex PCR assay was designed to identify Enterococcus avium, Enterococcus casse-
liflavus, Enterococcus faecalis, E. faecium, E. gallinarum, Enterococcus hirae and Enterococcus
raffinosus. Specificity was tested with other Enterococcus species including Enterococcus cecor-
um, Enterococcus durans and Enterococcus mundtii. None of these bacterial species generated
products of similar size to those of the seven Enterococcus species.
Conclusion: The simple PCR-RFLP and multiplex PCR assays on the basis of groEL gene provided
an alternative way to identify Enterococcus species.
Copyright ª 2018, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Enterococcus species are Gram-positive, catalase-negative,
facultatively anaerobic oval cocci and are part of the nat-
ural microbiota of the gastrointestinal tract in humans.1

They have emerged as leading causes of healthcare-
associated infections in recent years and also cause a va-
riety of community-associated infection from soft tissue
infections to intra-abdominal infections.1,2 According to
2011e2014 U.S. National Healthcare Safety Network data,
Enterococcus species were the top 10 most common path-
ogens of healthcare-associated infections.3 Among the
enterococcal infections, Enterococcus faecalis and
Enterococcus faecium are the most encountered species,
accounting up to 90% of the clinical isolates4; the remaining
are caused by other species such as Enterococcus avium,
Enterococcus casseliflavus, Enterococcus gallinarum,
Enterococcus hirae and Enterococcus raffinosus, and the
reported number of cases is progressively increasing.4,5

The resistance profile of enterococci is usually correlated
with the species. E. faecalis is intrinsically resistant to
quinupristin-dalfopristin, the combination of which is highly
active against E. faecium.6,7 Low level resistance to vanco-
mycin caused by chromosomally encoded VanC is found in E.
casseliflavus and E. gallinarum.8 VanA and VanB, which
display high level resistance to vancomycin, are predomi-
nantly acquired by E. faecalis and E. faecium.1,8

Vancomycin-resistant E. faecium has increased dramati-
cally worldwide at the turn of the century, and most of them
belonged to clonal complex 17 (CC17).9e12 Comparative
genomics further demonstrate the two distinct clades of E.
faecium: (i) clade A is hospital-adapted and is responsible
for the global emergence of vancomycin-resistant entero-
cocci (VRE), to which CC17 belongs; (ii) clade B is
community-associated and rarely causes disease to
humans.13e15 Therefore, rapid and accurate identification of
enterococci to species level or even to clades is important
for current diagnosis and for effective treatment.

Identification of enterococci by conventional culture
and biochemical tests is time-consuming and compli-
cated.16 Commercially standardized systems, which signif-
icantly reduce testing time such as API, Phoenix and VITEK
2, have been instead adopted in routine clinical microbi-
ology. However, some problems in identification of
enterococci with automated systems have been addressed,
particularly for the identification of non-faecalis and non-
faecium Enterococcus species.17e21 Recently matrix-
assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) has been introduced and
provides a rapid and feasible approach for identifying E.
faecalis, E. faecium, and less encountered species
including E. avium, E. casseliflavus, Enterococcus durans,
E. gallinarum, E. hirae and E. raffinosus.22e25 Neverthe-
less, the DNA-based approaches are still the reference
methods to access identification agreement while discor-
dant results are obtained with automated systems or
MALDI-TOF MS.24,26

The 16S rRNA gene-based species-specific assay is the
most common molecular approach method. However, dif-
ficulty to differentiate E. faecium from Enterococcus
mundtii and E. hirae, as well as E. casseliflavus from E.
gallinarum is noted, due to the high DNA sequence simi-
larity.27 Other molecular targets used for molecular diag-
nosis include ribosomal 16Se23S intergenic spacer
regions,28,29 D-alanine- D-alanine ligase gene,30,31 beta
subunit of RNA polymerase gene32 and superoxide dismut-
ase gene.33,34 Direct sequencing or array technique based
on the above target would be cost-ineffective or compli-
cated28,29,32,33; whereas the multiplex PCR assays described
above focus on limited Enterococcus species.30,31,34

The groESL genes (also known as hsp10/60), which
encode 10-kDa (GroES) and 60-kDa (GroEL) heat shock
proteins, are ubiquitous and evolutionarily highly conserved
among bacteria.35,36 Previously we developed a broad-
range PCR-restriction fragment length polymorphism
(PCR-RFLP) of groESL and direct sequencing of groES and
spacer region to identify clinically relevant Enterococcus
species.37,38 The aim of the study was to develop simple
PCR assays on the basis of groEL gene, providing an alter-
native way to identify frequently encountered Entero-
coccus species in clinical laboratory.

Materials and methods

Bacterial strains

The strains examined in this study include 14 reference
strains and 203 clinical isolates. The 14 reference strains

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Using groEL as the target for identification 257
were included E. avium ATCC 14025, E. casseliflavus ATCC
25788, E. casseliflavus ATCC 49996, Enterococcus cecorum
ATCC 43198, E. durans ATCC 19432, E. faecalis ATCC
19433, E. faecalis ATCC 29212, E. faecium ATCC 19434, E.
faecium ATCC 35667, E. gallinarum ATCC 49573, E. hirae
ATCC 8043, Enterococcus malodoratus BCRC 17125, E.
mundtii ATCC 43186 and E. raffinosus ATCC 49427 ob-
tained from American Type Culture Collection (ATCC) or
from Bioresource Collection and Research Center (BCRC).
Clinical isolates, including 9 E. avium, 16 E. casseliflavus,
3 E. cecorum, 14 E. faecalis, 141 E. faecium, 9 E. galli-
narum, 6 E. hirae and 5 E. raffinosus were collected from
Bacteriology Laboratory, National Taiwan University Hos-
pital between 1998 and 2003, and from Microbiology Lab-
oratory, Kaohsiung Medical University Hospital during
2014. Species identification of E. faecalis and E. faecium
were achieved by E. faecalis-specific PCR and E. faecium-
specific PCR.31,38 Other clinical isolates was confirmed by
16S rRNA gene sequencing or groESL sequencing. Antimi-
crobial susceptibility tests of E. faecium were performed
by the standard agar dilution method according to the CLSI
guidelines.39
Sequencing of the groESL genes in enterococci

Enterococcal genomic DNA was isolated and purified with a
DNA isolation kit (Puregene), according to the instructions
of the manufacturer. Degenerate PCR primers groES90F and
groEL1500R, which are complementary to conserved re-
gions of the groES and groEL genes, were designed and used
to amplify and to determine the sequences of a 198-bp
fragment of groES gene, the groESL spacer region, and a
1496-bp fragment of the groEL gene. PCR was carried out in
a Veriti 96-Well Thermal Cycler (Applied Biosystems) with
30 cycles of denaturation (94 �C, 30 s), annealing
(45e50 �C, 30 s) and extension (72 �C, 2 min) followed by a
final extension step (72 �C, 5 min). The PCR products were
purified and subsequently sequenced on an Applied Bio-
system model 3100 sequencing system (Applied Biosystems)
using the Taq BigDye-Deoxy Terminator cycle sequencing
kit (Applied Biosystems) according to the manufacturer’s
instructions.
Table 1 Primer sequences used in the multiplex PCR assay and

Primer aSequence (50/30)

groESL amplification
groES90F GCNAAAGARAAACCNCAAAC
groEL1500R GAACGHGTHACTTTNGTTGG
Multiplex PCR to differentiate enterococci
Uni-groEL610F ACWGAYAAYGAYAAAATGGAAG
flis-740R AATGATCAATAGTGGACGGCT
Egall831R2 TGGWGCTTTRACTGCYACG
Ehi894R CACTGTTCCGCCTGTTAG
Eca930R TTGCATCTTTCAACTCAAGG
raffi1020R GATCATTTCAACACGGTCAGTC
avium1210R AGCAGCACGTGTTGAGTTTAAG
faecium1297R CGTCTCCTTCTGCTTCTACAG

a N Z A þ T þ G þ C; R Z A þ G; H Z A þ T þ C; W Z A þ T; Y
PCR-restriction fragment length polymorphism
(PCR-RFLP)

To discriminate clades of E. faecium, the PCR products
amplified from E. faecium by primers groES90F and
groEL1500R were subsequently digested with the restriction
enzyme RsaI (New England Biolabes). After incubation at
37 �C for 1 h, the DNA fragments were subjected to gel
electrophoresis stained with ethidium bromide, and pho-
tographed under UV light.

Multilocus sequence typing (MLST)

MLST of E. faecium was performed as previously
described.40 The allele numbers of 7 loci (adk, atpA, ddl,
gdh, gyd, purK and pstS ) and sequence type (ST) were
assigned according to the program at the MLST website
(https://pubmlst.org/efaecium/). Clonal complex was
determined by using eBURST (http://eburst.mlst.net/).41

rpoB sequencing

The 19 E. faecium isolates were chosen for rpoB
sequencing. The nucleotide sequences of the primers used
in this experiment and PCR condition were described pre-
viously.32 A 740-bp fragment (nt 2404 to 3143 in the rpoB)
was obtained for sequencing.

Multiplex PCR

Based on the determined sequences, one forward primer
uni-groEL610F and seven species-specific reverse primers
were designed to amplify a target region with a different
amplicon size depending on the species (Table 1). The
multiplex PCR was performed in a 25-ml volume containing
the following: 1X PCR buffer (Takara), 0.25 mM dNTP
mixture (for each deoxynucleoside triphosphate), 0.4 mM
concentrations of primers Uni-groEL610F and avium1210R,
0.3 mM concentrations of primers raffi1020R, Egall831R2
and Eca930R, 0.2 mM concentrations of primers Ehi894R and
fils740R, 0.1 mM concentrations of primer faecium1297R,
0.5 U of rTaq (Takara) and template DNA. The PCR was
the expected sizes of the products.

Size (bp) Amplified species

1745 Enterococcus species

C
135 E. faecalis
222 E. gallinarum
285 E. hirae
322 E. casseliflavus
432 E. raffinosus
601 E. avium
688 E. faecium

Z A þ T.

https://pubmlst.org/efaecium/
http://eburst.mlst.net/
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carried out with 30 cycles of denaturation (94 �C, 30 s),
annealing (56 �C, 30 s), and extension (72 �C, 45 s) followed
by a final extension step (72 �C, 6 min). The amplification
products were then subjected to 2% agarose gel electro-
phoresis with 100 V for about 40 min, stained with ethidium
bromide, and photographed under UV light.

Phylogenetic relationships

DNA sequences were aligned using DNAMAN software (Lyn-
non Corporation). The phylogenetic relationships among
species were analyzed using the neighbor-joining method
listed in the MEGA (molecular evolutionary genetic analysis)
analytical package. For the neighbor-joining analysis, the
distance between the sequences was calculated using
Kimura’s two-parameter model. Bootstrap values were
obtained for 500 randomly generated trees.

Nucleotide sequence accession numbers

The groEL nucleotide sequences determined in this study
were submitted to GenBank under accession numbers
MH109095 to MH109130.

Results

Revised groESL broad-range PCR-RFLP

We previously developed a groESL broad-range PCR-RFLP to
differentiate Enterococcus species.38 In the present study,
PCR amplification was performed with revised primer pair
groES90F and groEL1500R to improve efficacy of PCR. The
PCR amplicons were subsequently digested by RsaI to
differentiate Enterococcus species as previously
described.38 Unexpectedly, two E. faecium strains, C4 and
81, showed atypical RFLP pattern, which was not consistent
with that of other E. faecium strains such as ATCC 19434T

and ATCC 35667 (Fig. 1). RsaI digested the 1744-bp PCR
product from most E. faecium strains into 126-bp, 148-bp,
235-bp, 254-bp, 354-bp and 627-bp fragments, but digested
the PCR product of the two E. faecium strains C4 and 81
into 80-bp, 126-bp, 174-bp, 236-bp, 354-bp and 775-bp
Fig. 1. RFLP analysis of groEL gene amplicons from E. fae-
cium. PCR products were digested with RsaI and separated by
electrophoresis through a 2% agarose gel. Lane 1: E. faecium
ATCC 19434; lane 2: E. faecium ATCC 35677; lane 3: E. faecium
C4; lane 4: E. faecium 81; lane M: 100-bp DNA ladder, the
bottom line is 100 bp.
fragments. BLAST analysis revealed that the groESL se-
quences of C4 and 81 showed the highest similarities to the
community-associated strains, also called clade B E. fae-
cium.13,42,43 Computer-assisted pattern analysis of groESL
sequences showed that the PCR-RFLP patterns of 14
reference clade B E. faecium strains (listed in Table 2) were
identical to that of C4 and 81.

Two clades of the E. faecium strains

In addition to C4 and 81, we randomly chose 17 strains and
compared with ATCC 19434T, ATCC 35667 and 14 clade B E.
faecium strains by MLST analysis to clarify the phylogenetic
relationships of the E. faecium strains of our collection.
Strain information was listed in Table 2. The phylogenetic
tree based on concatenated sequences of 7 housekeeping
genes for E. faecium MLST indicated that the 35 strains
clustered into two distinct groups, corresponding to clade A
and clade B E. faecium (Fig. 2). The 17 randomly chosen
strains and two ATCC reference strains formed a clade, in
which V22 and V52 was a subclade (bootstrap value 100%).
Except strain 89, the other 16 strains belonged to CC17,
which was reported to be the most important genetic
complex of global spreading hospital-derived isolates and
was assigned to clade A E. faecium.13,42,43 For C4 and 81,
they were clustered together with reference clade B E.
faecium strains and formed a stable clade (bootstrap value
100%). In addition, gene sequence analysis revealed that a
thymine at base-pair 61 out of 1569-bp 16S rRNA gene was
observed in C4 and 81, corresponding to the clade B-spe-
cific change that previously reported.42 The results further
supported that the strains showing atypical PCR-RFLP
pattern were compatible with clade B E. faecium strains.

groEL and rpoB gene sequencing of E. faecium

To evaluate the discriminative power in identifying the
two clades of E. faecium, groEL and rpoB gene sequences
were determined for the two ATCC reference strains and
the 19 strains in our collection or were obtained from
GenBank for the 14 clade B E. faecium strains. Compari-
sons of nucleotide identities among clade A and clade B E.
faecium strains were shown in Table 3. Most strains within
the same clade shared >99% sequence identity, except for
rpoB gene within clade B strains, which was due to strain
C4 sharing 99.7e100% sequence identity with clade A
strains but only 98.3e98.8% sequence identity with other
clade B strains. For the groEL (positions 1 to 1427), a total
of 60 variations were observed and would be classified into
9 groEL sequence types: Groups I to IV indicated the se-
quences found in various strains, and singletons 1 to 5
indicated unique sequences found in only one strain as
noted in Table 2. Table 4 listed the pairwise nucleotide
identities and numbers of different nucleotides for the 9
groEL sequences types. For inter-clade sequence identity,
groEL gene showed 96.4e97.2% in DNA sequence identity,
quite lower than intra-clade sequence identity
(99.0e100%) (Tables 3 and 4). For rpoB gene, inter-clade
sequence identity was 98.2e100% in DNA sequence iden-
tity or was 98.2e98.9% if strain C4 was excluded (Table 3).
Therefore, groEL gene has better discriminative power in



Table 2 Characteristics of E. faecium strains used for groESL and rpoB gene sequencing and MLST analysis.

Strain aMLST profile ST CC17 Clade bAlloted group
based on groEL

Accession number
of groEL

cResistance Reference

B6 15-1-1-1-1-20-1 203 Yes A II e E, G This study
B7 1-1-1-1-1-1-1 17 Yes A I e C, E, G This study
B8 7-1-35-1-5-1-1 340 Yes A I e None This study
C4 6-6-4-4-3-3-27 812 No B Singleton 1 MH109108 None This study
C5 7-1-1-1-1-7-1 359 Yes A I e ND This study
E09 1-1-1-1-1-1-1 17 Yes A II e E, S This study
E36 1-1-1-1-1-1-1 17 Yes A II e None This study
V18 7-1-1-1-5-7-1 262 Yes A I e E, G, V This study
V19 7-1-1-1-5-7-1 262 Yes A I e E, G, V This study
V22 1-1-1-1-1-3-1 NT1 Yes A I e E, V This study
V52 1-1-1-1-1-3-1 NT1 Yes A I e E, V This study
V68 15-1-1-1-1-1-1 78 Yes A I MH109129 E, S, V This study
V77 1-1-1-1-1-1-1 17 Yes A II e E, V This study
81 25-8-8-8-10-10-6 296 No B IV MH109127 None This study
89 9-2-1-3-1-7-5 NT2 No A Singleton 2 MH109130 E This study
92 1-1-1-1-1-7-1 202 Yes A I e E, S This study
94 1-1-1-1-1-7-1 202 Yes A I e E, S This study
4780e1 7-1-1-1-5-1-1 18 Yes A I e E, G, S This study
9091e2 7-1-1-1-5-7-1 262 Yes A I e E, G, S, V This study
ATCC 19434 4-3-1-27-1-1-1 160 Yes A II AY417582 ND Teng et al.38

ATCC 35667 4-3-1-27-1-1-1 160 Yes A Singleton 3 AY417584 ND Teng et al.38

1_141_733 25-13-9-15-10-9-6 327 No B III NZ_GG688465 ND Montealegre et al.14

com12 11-13-18-17-10-9-6 107 No B III NZ_GG670308 ND Montealegre et al.14

com15 5-8-14-22-8-26-6 583 No B Singleton 4 NZ_GG670328 ND Montealegre et al.14

E980 13-8-8-8-6-10-6 94 No B IV NZ_ABQA01000018 ND Montealegre et al.14

EnGen0003 5-13-9-15-8-37-6 163 No B III NZ_KB029693 ND Montealegre et al.14

EnGen0015 13-8-8-8-6-17-6 61 No B IV NZ_KB029496 ND Montealegre et al.14

EnGen0026 25-8-8-8-10-10-6 296 No B IV NZ_KB029917 ND Montealegre et al.14

EnGen0028 13-8-8-23-6-28-11 75 No B IV NZ_KB029699 ND Montealegre et al.14

EnGen0029 13-8-10-23-6-29-11 77 No B IV NZ_KB029708 ND Montealegre et al.14

EnGen0033 24-8-8-8-6-10-11 299 No B IV NZ_KB029905 ND Montealegre et al.14

EnGen0042 13-8-8-8-6-40-6 289 No B IV NZ_KB029865 ND Montealegre et al.14

EnGen0047 25-13-18-17-10-19-6 328 No B III NZ_KB029981 ND Montealegre et al.14

EnGen0056 25-13-9-15-10-19-6 327 No B Singleton 5 NZ_KB029968 ND Montealegre et al.14

LCT-EF90 13-8-10-23-6-28-11 76 No B IV NZ_JH636586 ND Montealegre et al.14

a Order of 7 loci of MLST: atpA, ddl, gdh, purK, gyd, pstS, adk.
b Identical groEL sequences were allotted into groups I to IV; unique groEL sequences were indicated as singletons 1 to 5.
c For gentamicin and streptomycin, only high-level resistance (>500 mg/ml and >2000 mg/ml, respectively) are listed. Abbreviation: C,

chloramphenicol; E, erythromycin; G, gentamicin; S, streptomycin; V, vancomycin. None, susceptible to antibiotics tested; ND, not
determined in this study.
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differentiating clade A and clade B E. faecium compared
with rpoB gene.

Phylogenetic analysis of Enterococcus species
based on groEL gene

Nearly full-length of groEL nucleotide sequences (positions
1 to 1427) for 77 strains of 12 different Enterococcus spe-
cies were determined to evaluate the applicability of the
groEL sequence in Enterococcus species identification. The
30 E. faecium strains with identical sequences were indi-
cated groups I to IV respectively (noted in Table 2) instead
of listing all of the strain numbers to condense the phylo-
genetic tree without changing the topology. The lowest
inter-species DNA sequence identity was 78.6% (E. cecorum
vs. Enterococcus gilvus), while the highest identity was
88.5% (E. raffinosus vs. E. malodoratus). The phylogenetic
tree based on groEL was presented in Fig. 3. Isolates of the
same species clustered together and formed stable groups
(bootstrap value 100%). Moreover, strains of E. faecium and
E. gallinarum could be further divided into two clades,
respectively. For E. gallinarum strains, the intra-clade
sequence variation was 99.8e100% in DNA sequence iden-
tity; the inter-clade sequence variation was 95.0e95.4% in
DNA sequence identity (66e71 different nucleotides),
which was lower than that for E. faecium.

Multiplex PCR to differentiate seven Enterococcus
species

Based on the determined groEL sequences, one universal
forward primer and seven species-specific primers were



Fig. 2. Neighbor-joining tree showing the relationships among E. faecium based on concatenated sequences of 7 housekeeping
genes of MLST. Numbers at nodes are confidence levels expressed as percentages of occurrence in 500 bootstrapped resamplings.
MLST type of the strain determined in this study was shown in bold. Parentheses indicate the groups or singletons based on the
groEL sequence as described in Table 2 and Fig. 3. The scale bar indicated 0.005 substitutions per nucleotide position.

Table 3 groEL and rpoB gene sequence identity among
clade A and clade B E. faecium strain.

E. faecium strains % Identity (no. of different nucleotides)

agroEL brpoB

Clade A to clade A 99.7e100 (0e4) 99.5e100 (0e3)
Clade B to clade B 99.0e100 (0e14) 98.3e100 (0e11)
Clade A to clade B 96.4e97.2 (40e52) 98.2e100 (0e12)

a The length of the sequence determined was 1427 bp, cor-
responding to nt 1 to 1427 in the groEL (whole length is
1626 bp).

b The length of the sequence determined was 660 bp, corre-
sponding to nt 2461 to 3120 in the rpoB (whole length is
3627 bp).
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designed to detect seven clinically relevant enterococcal
species including E. avium, E. casseliflavus, E. faecalis, E.
faecium, E. gallinarum, E. hirae and E. raffinosus (Table 1).
Different sizes of PCR amplification products ranging from
135 bp to 688 bp were produced according to species-
specific primers. Fig. 4 illustrated the multiplex PCR-
amplified products with the Enterococcus ATCC reference
strains following 2% agarose gel electrophoresis. Only the
corresponding strains showed the expected PCR amplifica-
tion products. Using strains other than the 7 Enterococcus
species such as E. cecorum, E. durans and E. mundtii as
template would not generate any PCR products (Fig. 4).

To assess the reproducibility of the multiplex PCR assay,
we extended our analysis to include 203 additional
enterococcal clinical isolates, including E. avium, E.



Table 4 The nucleotide sequence identities among the 9 groEL sequence types of the E. faecium strains.
aGroups or
singletons

Clade % nucleotide sequence similarity (lower left) and numbers of different nucleotides (upper right)

I II III IV S1 S2 S3 S4 S5

I A e 1 50 41 41 3 3 43 51
II A 99.9 e 49 40 40 2 2 42 50
III B 96.5 96.6 e 11 12 51 51 13 1
IV B 97.1 97.2 99.2 e 5 42 42 6 12
S1 B 97.1 97.2 99.2 99.6 e 42 42 7 13
S2 A 99.8 99.9 96.4 97.1 97.1 e 4 44 52
S3 A 99.8 99.9 96.4 97.1 97.1 99.7 e 44 52
S4 B 97.0 97.1 99.1 99.6 99.5 96.9 96.9 e 14
S5 B 96.4 96.5 99.9 99.2 99.1 96.4 96.4 99.0 e

a Groups were indicated I to IV and singletons were indicated S1 to S5 as noted in Table 2.
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casseliflavus, E. cecorum, E. faecalis, E. faecium, E. gal-
linarum, E. hirae and E. raffinosus. Complete agreement
was obtained with the species-specific primers used in the
present assay for all isolates examined.
Discussion

In this study, we used groEL as gene target to differentiate
the two E. faecium clades. The groEL gene displayed
96.4e97.2% for inter-clade nucleotide identities of E. fae-
cium and >99% intra-clade nucleotide identities (Tables 3
and 4), indicating that the groEL sequence variation is
conserved in the two E. faecium clades. Previous study
showed the inter-clade nucleotide identities of E. faecium
were 96.2e96.9% for concatenated MLST sequences and
93.9e95.6% in the average nucleotide identity (ANI) anal-
ysis achieved by whole genome sequencing.43 The groEL
sequence identity between the two E. faecium clades was
overlapping to that of concatenated MLST sequences but
slightly higher than ANI values, implying the similar
discriminatory power between groEL and MLST. The groEL
gene is one of the 1423 core genome MLST (cgMLST) target
genes to differentiate clade A and clade B E. faecium.44

The groES gene, which is adjacent to groEL and forms an
operon with groEL gene, has been chosen for phylogenetic
analysis of the concatenated 100 gene sequences because
of the clade distinction power.42 Therefore, the groEL gene
is a representative marker in screening two E. faecium
clades.

Only two strains C4 and 81 were identified to be clade B
out of 141 E. faecium clinical isolates. This is not surprising
because clade A, particular CC17, is predominant in the
hospital infection and usually confers resistance to multiple
antibiotics13; clade B is dominant in human gastrointestinal
commensal, rarely causes disease and is usually susceptible
to antibiotics.13,42,43 The two clade B strains were suscep-
tible to the five antibiotics tested (Table 2), the same with
previously reported. Unexpectedly, the C4 strain was
identified to be clade B E. faecium by MLST and groESL gene
sequencing, disagreement with the result of rpoB gene
sequencing (Fig. 2 and Table 3). E. faecium genome is
highly plastic. Howden et al. reported that a total of 1.3 Mb
(44%) of the chromosome underwent recombination
event.45 Even four MLST genes are located in the recom-
bination hot spots.46 Therefore, the discrepancy may be
due to recombination event occurring in rpoB gene.

The 9 E. gallinarum strains could be further divided into
two clades based on groEL sequence, similar to E. faecium
(Fig. 3). The inter-clade groEL sequence similarity of E.
gallinarum was lower than that of E. faecium (95.0e95.4%
vs. 96.4e97.2%). The divergence of E. faecium clades
represent a good example how gut commensal adapts to
hospital environment by the acquisition of new metabolic
capabilities and by the virtue of rendering many antibi-
otics.13,47,48 However, to the best of the authors’ knowl-
edge there are no reports exploring the diversification of E.
gallinarum. Further studies are needed to trace evolution
of E. gallinarum.

Little is known about the clinical epidemiology of non-
faecalis and non-faecium enterococcal infection. Tan et al.
reported that prevalence of enterococcal bacteremia
caused by non-faecalis and non-faecium enterococci was
9.6% during 2000e2008 at National Taiwan University Hos-
pital, and the top five species were E. casseliflavus
(n Z 59), E. gallinarum (n Z 58), E. avium (n Z 45), E.
hirae (n Z 9) and E. raffinosus (n Z 9) in 182 of these
patients.4 E. durans (n Z 2), E. cecorum (n Z 2) and
Enterococcus canintestini (n Z 1) were less encountered.4

As a result, we developed the multiplex PCR to differen-
tiate E. faecalis, E. faecium and the top five non-faecalis
and non-faecium species described above. Because auto-
mated system such as VITEK2 and Phoenix is less efficient in
detection of Enterococcus species other than E. faecalis
and E. faecium,17e21 the multiplex PCR we developed,
which efficiently differentiated the 7 most commonly
encountered Enterococcus species, would be beneficial for
decreasing the rate of misidentification.

In this study, we developed a PCR-RFLP assay based on
groESL gene to screen two E. faecium clades, and a
multiplex PCR assay targeting groEL gene to identify 7
clinically relevant Enterococcus species including E. avium,
E. casseliflavus, E. faecalis, E. faecium, E. gallinarum, E.
hirae and E. raffinosus. These assays are easy to perform



Fig. 3. Neighbor-joining tree showing the relationships among Enterococcus species based on groEL nucleotide sequences (nt 1 to
1427). Numbers at nodes are confidence levels expressed as percentages of occurrence in 500 bootstrapped resamplings. The groEL
sequences determined in this study were shown in bold. E. faecium strains showing identical groEL sequences were allotted into
group I to IV (also noted in Table 2). V. fluvialis ATCC 49515 was used as an outgroup. The scale bar indicated 0.02 substitutions per
nucleotide position. GenBank accession numbers are given in parentheses.
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Fig. 4. Multiplex PCR among the Enterococcus species
following 2% agarose gel electrophoresis. Lane M, 100-bp DNA
ladder; lane 1, E. avium ATCC 14025; lane 2, E. casseliflavus
ATCC 25788, lane 3, E. casseliflavus ATCC 49996; lane 4, E.
cecorum ATCC 43198; lane 5, E. durans ATCC 19432; lane 6, E.
faecalis ATCC 19433; lane 7, E. faecalis ATCC 29212; lane 8, E.
faecium ATCC 19434; lane 9, E. faecium ATCC 35667; lane 10,
E. gallinarum ATCC 49573; lane 11, E. hirae ATCC 8043; lane
12, E. mundtii ATCC 43186; and lane 13, E. raffinosus ATCC
49427.

Using groEL as the target for identification 263
and offer an alternative way to currently used automated
methods.
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