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Abstract

Multiresistant Emnterococcus faecium is a major cause of hospital acquired
infections and outbreaks. Here, we describe the development of multiple-locus
variable-number tandem repeat (VNTR) analysis (MLVA) as a novel typing
method to assess the genetic relatedness of E. faecium isolates. Six VNTR loci were
used to genotype 392 isolates recovered from different animals and human
community, hospital survey, and clinical isolates. From 3 to 13 alleles were found
per locus, resulting in 127 different MLVA profiles. Clustering of MLVA profiles
confirmed the host-specific genogroups found by multilocus sequence typing
(MLST) and showed the grouping of clinical and epidemic isolates that belonged
to the MLST-C1 cluster in a distinct MLVA-C1 cluster (sensitivity of 97% and
specificity of 90%). Furthermore, the discriminatory power of MLVA is
comparable to MLST. MLVA profiles appeared to be relatively stable, since
isolates from a single outbreak shared the same MLVA profile, which is a
prerequisite when MLVA is used to study hospital outbreaks. Our data show that
MLVA is a highly reproducible and portable typing method; in contrast to MLST,
it is fast, relatively cheap, and easy to perform. Furthermore, it has the abilities of
MLST to recognize genetically related and potential epidemic isolates. Submission
of MLVA profiles is possible via a Web-based database for international
comparison.

Introduction

During the last decade, vancomycin-resistant Enterococcus faecium (VREF) has
emerged as an important cause of nosocomial infections, especially in
immunocompromised patients (20). VREF are often resistant to almost all
available antibiotics, seriously hampering treatment of infections. Emergence of
ampicillin resistance in E. faecium in the United States in the early 1980s preceded
the rapid increase of vancomycin resistance (10, 18, 20). Nowadays, VREF is
endemic in many hospitals in the United States, and prevalence rates in European
hospitals are rising, with VRE rates above 10% in at least six European countries
(3, 4, 9, 15, 26, 32; Annual report of the European Antimicrobial Resistance
Surveillance System, 2002 [www.earss.rivm.nl]).

Molecular epidemiological studies of both human- and animal-derived E.
faecium isolates with amplified fragment length polymorphism (AFLP) and
multilocus sequence typing (MLST) revealed the existence of host-specific
genogroups (12, 34). Furthermore, a specific genetic lineage (C1), associated with
nosocomial outbreaks and infections and clearly distinct from lineages composed
of human community- and animal-derived isolates, was identified. This so-called
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epidemic genetic lineage, C1, was further characterized by ampicillin resistance
and the presence of the esp virulence gene (3, 4, 18). The esp gene encodes the
enterococcal surface protein (Esp), which was first described for Emnterococcus
faecalis and is thought to be an adhesin involved in colonization of the urinary
tract (24, 27). The esp gene is located on a pathogenicity island in E. faecalis as well
as in E. faecium (17, 23).

Important for infection control is to improve recognition and early detection of
the potential epidemic isolates as determined by AFLP and MLST. A low-cost
typing scheme that is rapid, reproducible, easy to perform, with the portable
character of MLST and the ability to recognize the epidemic MLST-C1 genogroup
isolates would therefore be a useful tool for outbreak management. AFLP,
although rapid, has a poor rate of reproducibility, and interlaboratory data
exchange is not possible. In contrast, MLST is highly reproducible and is
appropriate for data exchange via the Internet (www.mlst.net). However, this
method is labor intensive and therefore time consuming and rather expensive.
Multiple-locus variable-number tandem repeat analysis (MLVA) is based on
differences in the variable number of tandem repeats (VNTR) on multiple loci on
the chromosome of bacteria, which can rapidly be detected by PCRs with specific
primers based on the flanking regions of the tandem repeats. MLVA fulfills the
previously mentioned criteria. Since MLV A types (MTs) are discriminated by gain
and loss of discrete repeats, MLVA also provides an unambiguous assignment
and nomenclature of genotypes, making it a portable technique suitable for data
exchange.

In this study, a MLVA typing scheme based on six different tandem repeat loci
was developed for E. faecium. Here, we show that MLVA typing is as
discriminatory as MLST and able to recognize previously identified host-specific
genogroups.

Materials and methods

Bacterial isolates

MLVA was performed with 392 isolates, including isolates from clinical sites
like blood, urine, and wounds (126 isolates); hospital surveys (68 isolates); 25
different documented hospital outbreaks (111 isolates); community surveys (17
isolates); and samples from various animals, food, and the environment (70
isolates) (Table 1). Hospital and community survey isolates were derived from
fecal samples, and none of these were associated with hospital outbreaks.
Hospital outbreak isolates were recovered from clinical sites like blood and urine,
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Table 1. Isolates used in this study

Source’ No. of isolates MLVA genogroup Reference or Source
Community surveillance 17 12A, 3B, 2C 30, 31, 33-35
Clinical isolates 126 3A,17B, 18C, 84C1, 4R 1, 4-6, 14, 18,22, 32-35
Hospital surveillance 68 17A,7B,17C, 24C1, 3R 4, 14, 19, 26, 32-35
Hospital outbreak Australia-1 2 C1 1,33
Hospital outbreak Australia-2 2 C1 W. Grubb’
Hospital outbreak DK-1 1 C1 25

Hospital outbreak DK-2 1 C1 25

Hospital outbreak DK-3 1 C1 25

Hospital outbreak GR-1 2 C1 21

Hospital outbreak GR-2 3 Cc1 21

Hospital outbreak GR-3 2 Cc1 21

Hospital outbreak NL-1-1 32 C1 32

Hospital outbreak NL-1-2 7 C1 32

Hospital outbreak NL-2-1 18 C1 19

Hospital outbreak NL-2-2 4 C1 19

Hospital outbreak NL-3-1 4 R 26

Hospital outbreak NO-1 1 C1 15

Hospital outbreak TZA-1 5 C1 B. Blomberg"
Hospital outbreak UK-1 4 Cc1 14

Hospital outbreak US-1 10 C1 5

Hospital outbreak US-2-1 1 C1 2

Hospital outbreak US-2-2 1 C1 2

Hospital outbreak US-2-3 1 C1 2

Hospital outbreak US-2-4 1 Cc1 2

Hospital outbreak US-2-5 1 Cc1 2

Hospital outbreak US-2-6 1 C1 2

Hospital outbreak US-2-7 1 C1 2

Hospital outbreak US-3 5 C1 S. Slaughter’
Poultry 13 B 14, 31

Pig 20 16A, 3B, 1C 8,14, 30
Domestic pet 6 3B, 3C 29

Calf 19 B 34
Miscellaneous 12 1A, 2B, 4C, 3C1, 2R 8,34

Total 392

“ Abbreviations: DK, Denmark; GR, Greece; NL, The Netherlands; NO, Norway; TZA, Tanzania; UK,
United Kingdom; US, United States.
? Personal communication.

as well as from feces. Computer and statistical analyses were performed on all
isolates, including one representative isolate from each outbreak (306isolates).
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Tandem repeat search

A search for tandem repeats in the unfinished genome sequence of E. faecium
published on the Internet site of the DOE Joint Genome Institute
(http://www jgi.doe.gov/JGI_microbial/html/index.html) was performed using the
program repeat finder (http://tandem.bu.edu). From the list of tandem repeats, a
selection of 10 different loci was made. This selection was based on the following
criteria: (i) minimum repeat size of 20 bp, allowing differentiation of the
polymorphic VNTR loci by size on agarose gels, (ii) conservation between the
tandem repeats (>90%), and (iii) presence in noncoding regions. Initially the 10
VNTR loci were tested on a set of 72 isolates from different origins designated
VNTR-1 to VNTR-10. Eventually, six VNTR loci were used and their
characteristics are listed in Table 2.

Table 2. VNTR characteristics and specific primers used in MLVA

Locusname Repeatlength Rangeno. No. of % Primer sequence PCR program  Estimated size %

(bp) repeats  alleles  Conservation temperature  range (bp)  Agarose gel

VNTR-1 123 08 8 95 F: CTGTGATTTGGAGTTAGATGG 30 cycli, 52°C 2501012 2
R: CATTGTCCAGTAGAATTAGATTTG

VNTR-2 279 1-14 13 9% F: GATGCTTATTTCCACTGCTTGTTG D, 70-60°C 724-4351 1
R: GTTTTACCCTCTCTTTTAAGGTCAATG

VNTR-7 121 17 7 98 F: CTATCAGTTTCAGCTATTCCATC D, 65-55°C 416-1021 2
R: CTGGTACGAATCAAATCAAGTG

VNTR-8 121 17 7 9% F: GGGGAGTGGCAAAAAATAGTGTG D, 70-60°C 237-963 2
R: CAGATCATCAACTATCAACCGCTG

VNTR-9 121 13 3 93 F: CTGCATCTAATAACAAGGACCCATG D, 70-60°C 205-447 2
R: ACATTCCGATTAACGCGAAATAAG

VNTR-10 121 0-3 4 96 F: CCTACAGAAAATCCAGACGG TD, 65-55°C 174-474 2

R: TTTTTTCCATCCTCT TGAATTG

DNA preparation and VNTR PCR

Bacterial isolates were grown overnight on Columbia blood agar plates. Three
colonies of bacterial cells were suspended in 20 ul of lysis buffer (0.25% sodium
dodecyl sulfate, 0.05 N NaOH) and incubated at 95°C for 5 min. The cell lysate
was spin by short centrifugation and diluted with 180 ul of buffer (10 mM Tris-
HCI [pH 8.5]). After the lysate was thoroughly mixed, another centrifugation for 5
min at 16,000 x ¢ was performed to remove cell debris. Supernatants were frozen
at —20°Cuntil further use.

A total of 2.5 pl of lysate was used in the PCR. Chromosomal DNA was
extracted from isolates that did not yield a PCR product with the QiaAmp Blood
kit (QIAGEN, Inc., Valencia, Calif.) according to the manufacturer's instructions
for gram-positive bacteria, with some minor changes in the lyses of the bacteria.
From an overnight culture, 1.5 ml was spin for 2 min, suspended in 200 pul of 10
mM Tris-1 mM EDTA (pH 8.0) and 10 pl of a 50-mg/ml solution of egg white
lysozyme (Roche), and incubated at 37°C for 15 min. The bacteria were lysed by
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the addition of 30 ul of 10% sodium dodecyl sulfate and 20 pl of a 20-mg/ml
proteinase K (Merck) solution and subsequently incubated at 65°C for 1 h.
Subsequently, the protocol according to the manufacturer's instructions was used.
The PCR conditions were not the same for all of the amplification reaction
mixtures (Table 2). In all cases, initial denaturation was at 95°C for 15 min, and a
final extension step consisted of 5 min at 72°C. For VNTR-1, 35 cycles, each
consisting of 30 s at 94°C, 30 s at 52°C, and 30 s at 72°C, were performed. For
VNTR-2, VNTR-8, and VNTR-9, a touchdown (TD) PCR was used that included
10 cycles, each consisting of 30 s at 94°C, 30 s at 70°C down to 60°C, and 30 s at
72°C. The annealing temperature during the first cycle was 70°C and decreased
1°C at each cycle during the next nine cycles. During the remaining 25 cycles, an
annealing temperature of 60°C was used. For VNTR-7 and VNTR-10, the initial
annealing temperature was 65°C and was decreased to 55°C. Reactions were
performed in 25-pl volumes with HotStar Tag polymerase and HotStar master
mix buffers from QIAGEN. PCR fragments were separated on 1 or 2% agarose
gels with a 50-bp, 100-bp, or 1-kbladder as a size marker (Invitrogen) (Table 2).

Computer analysis of MLVA data

An MLVA profile was created from the number of repeats for each of the
VNTR loci. For each MLVA profile, an MT was assigned. Clustering of the MLVA
profiles was performed with BioNumerics software (version 3.5; Applied Maths)
by the unweighted pair group method using arithmetic averages (UPGMA) with
the categorical coefficient of similarity and with the eBURST algorithm described
by Feil et al. (7), initially developed for MLST but also suitable for MLVA. This
algorithm is implemented as a Java applet at http://eburst.mlst.net.

Statistics

To compare the discriminatory ability of MLVA, MLST, and AFLP, Simpson's
index of diversity (D) and 95% confidence intervals (CI) were calculated for 78
isolates typed by MLST, MLVA, and AFLP according to the formulas described
by Grundmann et al. and Hunter et al. (11, 13). To determine whether MLV A was
able to identify E. faecium genotypes belonging to the epidemic MLST-C1
genogroup, the sensitivity and specificity of MLVA were calculated with a set of
291 isolates. In addition, positive and negative predictive values (PPVs and NPVs)
of different MLVA profile combinations were calculated to determine to what
extent isolates belonging to the MLST-C1 genogroup were identified.

Isolate characterization using MLVA via the Internet

Comparable to the MLST Internet site (http://www.mlst.net), an Internet site
has  been  developed for the E.  faecium  MLVA  scheme
(http://www.mlva.umcutrecht.nl). Through this site, submission of MLVA
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profiles and assignment of MLVA types are possible. Furthermore, a database
with MLVA profiles and strain information can be queried.

Results

Characteristics of VNTR loci

An MLVA scheme for the molecular typing of E. faecium was developed. All 10
VNTR loci were initially tested with a set of 72 isolates of different origins. PCRs
were performed on crude bacterial lysate with the exception of the VNTR-2 PCR,
which was also performed on QiaAmp-purified DNA. None of the 10 VNTR
PCRs yielded PCR products when E. faecalis DNA was used as a template. Four of
the 10 VNTR loci were unsuitable for typing purposes, due to insufficient
polymorphism (one locus) and absence in a number of isolates (three loci). The
remaining six VNTR loci were used to type the entire strain set. None of the six
VNTR loci were found within open reading frames, and they were present on
different contigs of the preliminary genome sequence, indicating that the six
VNTR loci are probably scattered over the chromosome. The repeat size of the six
VNTR loci ranged from 121 to 279 bp, and the number of alleles ranged from 3 for
VNTR-9 up to 13 for VNTR-2 (Table 2). The percentage of sequence conservation
of the repeats was above 90% for each VNTR locus.

Genogrouping of MLVA profiles

MLVA typing of 392 isolates resulted in 127 different MTs. An UPGMA
clustering of the MLVA profiles revealed the existence of five MLVA genogroups
(A, B, C, C1, and R) (Figure 1). Isolates within each group shared repeat numbers
in at least two of the six loci (>33%). Naming of the MLVA genogroups was based
on MLST and AFLP classifications (12, 34). The majority of isolates (74%)
clustered similarly when typed by either MLVA, MLST, or AFLP (Figure 1). With
MLVA, the majority of community survey isolates (12 of 17) and pigs (16 of 20)
clustered in genogroup A. Isolates from poultry (13 of 13) and calf (19 of 19)
clustered in genogroup B, clinical infection isolates (102 of 126) clustered in
genogroups C and C1, and all but 1 hospital outbreak isolate (24 of 25) clustered
in genogroup C1. The hospital survey isolates were proportionally represented
among genogroups A (17 isolates), B (7 isolates), C (17 isolates), and C1 (24 of 68
isolates). Finally, a small number of isolates of miscellaneous origin clustered in
genogroup R (Table 1). The UPGMA clustering of MLVA profiles confirmed
clustering of isolates that belonged to the MLST-C1 group (12 isolates) into one
MLVA-C1 group with the exception of a single hospital outbreak clone, NL-3-1
(MT-22) (Table 1 and Figure 1). In addition, three outbreaks —GR-3 (MT-5), NL-2-2
(MT-25), and US-1 (MT-1)—that did not cluster in the epidemic C1 genogroup by

55



Chapter 3

el Lar Do TarTartarTor Tap Tartap Tar Tap Tap Tap Top Tup Tas Tap Tt torTap T Top Tap o D T Tor Top Lok pl e [ Tar Top Tap Rl T Top T Tap TorTap Tap Tar Tat i Tar T Tar T Tap Rl s Tup Tan Tap T Tap Tap T
q’ OO = = = O CI I OI IO OO O OO O O O = = = OO 00 OO 00 OO O O = = = O O O O = = = OO O = CIOICI O I = e e v e v e
flo OO =TT (OO O OO OO O OO O CN O OO0 OO C0 0T 0N 00 0 00 = CNICNCS ONECD O 000 O 0N 00 000D ON 00 s s s s O S s s (O (0
l“:— == OO0 O 0 O 0T OO OO O O O O O 0RO O O 0T OO 0T 00T O O 0D O UMD v v e P G0 OIS O W (O O O LD LD (DD D
3] hhhhmhhmh@l‘hhhhh@mvI*-l*-—thDOI*-—u‘lwﬂhvﬂ‘mﬂ‘vvﬂ‘hNﬁNwmmNmmhmehl‘hml‘hhI“-l‘-!—l"-l*-|‘--mml*-

— T OWMMRODOOUED MO QOO U D UANDUHO D (OO O OO OO (OO (© M WDM D P O PO W0 R s O < CI0O0W0 O MIWnWn OO << <t

MLST AFLP WNTRVNTR VNTRVNTRWVNTRWVNTR

o
S DUTTDTTUTYD0TD 00Ty 8, D00, D0, B0 00D D00 DU U DT, U0, D0 TT, 00,0 T
=)
s
Tooooo- . e g OO OT O OTh, TTUTOTTOTD, T, oo, o
%CCCCCCUEUUUOEOOUOUUUUUCmCCOUCOUCOCCCDmQCCCCCCCCCQUCUUQCCUCUUUC
=
g
f =4
-
[
-
o
]
-
)
= &
17 2
5 g
« =1
= e
=
@
o
=1
@
8
&
‘D.-—-\
=11}
NG
w P
& e -
r': - Do 2 g"(e =
- 7 e £ = - . T
. 9 Pt —~ = o o €
o 4= c - o oI -
5 3 e 9" & _c o _ &
Noymo - [roia it I~ o @ wdm w_ oD A=
D O~ 0 0 000 I~ O = B O 1~~~ (D {0 P DG 00 DH B T~ PN TN NONO— N TO D o= O NN = O = =T
"~ O T T B B SO B 0T (O IO O e e £
- w
o
P Rt S e T e L N e (e T T O T (Y
Z%
<
3 £ o o om0 o0 T i i cugh o feoo (0T 0O P~ G100 O O W P~ (D@D SO P~ (4 T DO T OO (U0 DO [~ 00 (VD
R e O IO ()00 0 GO T T 0 = F = T (000 = (DO W (DO =

G

|
| O —

C1

56



Novel typing scheme to study E .faecium

e e £ £ = OO CAC OO O O O E0 O O = e = e O O = 0 O O C 00 €90 = 07 09 0 O D 1 (] e e e e = (D)

NI OICI OO O o I (') (o e}
CNONCI O OO O =1 s = s =1 00 00 00D 0D CN0N 7= == O OO0 = DI OO O O ONOY CI OO CI O IO I O O O O e = = e v e s S s e e WD S =t
PO S =S OO OO0 (OO0 v (e v (OO e vt S S S S S S O OO MU S S S S S S O M O O O 0 (O OO0 O e e (O
WD CILCHD ST WD WO WL (00 (0 GO0 LD LOHLOHD O U0 0O 00000 (0 0900 030000 O30 0O 00 00 S S S LOLOAD WO0HOD (OO O = =1 00 00T f
o2 P¥EREERoonnRYYRRTRO TR« TRn Yo inn P nn Y R R R En PR« RC2< 2R TR« 2TTTE

TOVTHT, Ty DT T, TORTOTATT, eyl Ty PO s P Py oV T, TTT
561:‘:CCmCODDDDDEoCEECEECEEm{CCmECCmCCmmCCmmCOCmCCCmCC{EC{C‘qECCCqCCCEC

T

=

— o~

o P~ —

— (]

= 2 @

=T g N -

3 = - w0 = -

5? — % g (= =< - w0

© @ T - o ofl © — = = ey MO o O

(DtDD‘—CYJO%NN - mmNNV)NP\N%WMm - _WOM~0 . O =W WDTCICNT O ALY O P P L P P =0
= e D= LT 0 e OO O S Q00 00 v MO Y F = DRO - ONOOMFR (N Or CO™ Crir 00O~ <0 0O

M e e e e S e T T T S e e e e M e e e O MO T T e N e e S e e e O e e e e e

- — U= UMD S Oy o ey = IO 4 LD GO [~ D0 T D IO OO T G — D

U7 = O O D LD (0 O 0D 60(0) furiat) o et et N e I B 2 NOOO G — O T T~ (080 (DD
IO CICICY oon O rO000 T rO0OrO

U O = 10 (DD~ (OO O NRERS L INCERE PSS et

04

<

oM’ [

Figure. 1. UPGMA clustering of the 127 different MLVA profiles with a categorical similarity
coefficient. For each MT, the number of isolates, MLST sequence types, MLST and AFLP
genogroups, and MLVA profile are depicted. C1, epidemic isolates (24 of 25 isolates); C and
C1, clinical infection (102 of 126 isolates); B, calf (19 of 19 isolates) and poultry (13 of 13
isolates); A, community survey (12 of 17 isolates) and pigs (16 of 20 isolates). A (17 isolates), B
(7 isolates), C (17 isolates), and C1 (24 of 68 isolates), hospital survey; R, miscellaneous origin.
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MLST (data not shown) grouped within the MLV A-C1 cluster. UPGMA clustering
was used to assess the genetic relationship of MLVA profiles and to define and
compare genogroups by MLST and AFLP. UPGMA was not suitable for obtaining
insight in the evolutionary descent of E. faecium MTs. For this purpose, the
eBURST algorithm was used. eBURST was originally developed for the analysis
of large MLST data sets to reveal biologically meaningful clusters of sequence
types and patterns of evolutionary descent from predicted founder types (7). As
both MLST and MLVA profiles are based on a combination of numbers, eBURST
should also be suitable for cluster analysis of MLVA profiles (Figure 2). In Figure
2, the dotted circle surrounds all MLVA profiles belonging to the MLVA-C1
genogroup based on UPGMA clustering except for MT-33, MT-34, MT-35, and
MT-37, which are double-locus variants and therefore not connected to the
MLVA-C1 complex. The eBURST clustering suggested that MT-1 is the primary
founder of the other MLV A-C1 types. In the MT-1 group, 12 of the 25 documented
hospital outbreak isolates, 36 clinical infection isolates, and 12 hospital survey
isolates were found. These 60 isolates originated from geographically widespread
regions (the United States, Europe, Israel, Tanzania, and Brazil).

~~ Primary founder
S\ MT1 6

70
68

» Hospi.fal outbreak

NL-3-1
Figure 2. eBURST clustering of the 127 different MLVA profiles. In the eBURST algorithm,
each MT is represented as a node (solid black dot). For clarity, only clusters or clonal
complexes of related MTs are depicted. Dark-gray dot, primary founder. Light-gray dots,
subgroups or secondary founders. The clinical relevant genogroup MLVA-C1 based on the
UPGMA clustering is surrounded with a dotted circle.
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Comparing the level of discrimination of MLVA, MLST, and

AFLP

The discriminatory ability of MLVA, MLST, and AFLP was determined and
compared by calculating the genetic diversity (D) with 95% Cls of 78 isolates
typed by all three methods. MLVA showed the same level of discrimination as
MLST and AFLP (Table 3). When the D values of different combinations of VNTR
loci and the complete MLVA scheme of 291 isolates were compared to MLST, the
genetic diversity of MLST and the complete MLV A were comparable. The D value
of MLVA based on combinations of a limited number of VNTR loci was lower
(Table 3). One exception was the combination of VNTR loci 1, 7, 8, and 10, in
which the 95% CI of the genetic diversity of this profile just overlapped with that
of MLST. Using MLST as a reference, sensitivities of individual VNTR loci and
profiles of different VNTR loci combinations to identify isolates that belong to the
MLST-C1 cluster ranged from 76% for typing based on VNTR-8 to 97% for MLVA
of the complete set of loci. Remarkably, 97% of the MLST-C1 isolates appeared to
have three repeats for VNTR-7. The specificity for VNTR-7 was the lowest 65%,
but increased to 90% for MLVA on the complete set of loci and for MLVA with
combinations of VNTR loci 7, 8, and 9 or VNTR-7, VNTR loci 8, 9, and 10 (Tables 3
and 4). The PPVs and NPVs to identify the MLST-C1 cluster were calculated for
the complete MLVA profile and for a combination of either VNTR loci 7, 8, 9, and
10 or VNTR loci 7, 8, and 10. The PPV was 87% and the NPV was 97% for all three
VNTR locus combinations analyzed (Table 4).

Stability of tandem repeats in outbreaks and in vitro

To analyze the stability of MLVA profiles, MLVA profiles of isolates recovered
during two related outbreaks in the years 2000 to 2003 were determined. The
collection comprised 32 isolates collected during hospital outbreak NL-1-1 and 18
isolates collected during hospital outbreak NL-2-1. With the exception of two
isolates, all isolates from both outbreaks were shown to have MT-16. One patient
carried the outbreak strain for more than 2 years. The MLVA profiles of the
isolates recovered from this patient remained unchanged (data not shown). These
data suggest that MLVA profiles are stable among strains that are recovered
during a hospital outbreak. Two patients from outbreak NL-2-1 acquired
colonization with a VREF belonging to MT-17, which is a single-locus variant of
MT-16, in which VNTR-1 changed from five to six repeats. The stability of the
MLVA profiles in vitro was determined by repeated subculturing of various
isolates with a known MLVA profile; no change in MLVA profiles was observed
in any case (data not shown).
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Table 3. Comparison of Simpson's index of diversity (D) and 95% confidence interval (CI)

Isolates typed by:
AFLP, MLST and MLVA?® MLST and MLVA®

Typing Method D Cl D CI

AFLP 0.94 0.90-0.97

MLST 0.94 0.91-0.97 0.96  0.95-0.97
MLVA 0.93  0.90-0.97 095  0.92-0.97
VNTR loci 1-7-8-9-10 093  0.91-0.95
VNTR loci 1-7-8-10 091  0.89-0.93
VNTR loci 2-7-8-10 0.90 0.87-0.93
VNTR loci 7-8-9-10 091  0.89-0.93
VNTR loci 7-8-10 0.86  0.83-0.89
VNTR loci 1-8-10 0.90  0.88-0.92
VNTR loci 1-8-9 0.90  0.88-0.92
VNTR loci 2-7-10 0.86  0.82-0.90

A total of 78 isolates were tested.

PA total of 291 isolates were tested.

Discussion

The availability of a fast, reproducible, cheap, and highly discriminatory
bacterial typing method is essential for hospital epidemiology. MLVA is a typing
technique that combines these characteristics and has been used to type and
study the transmission of various bacterial species (16, 28). In this study, we have
developed an MLVA typing scheme for E. faecium and compared its
discriminatory ability to that of AFLP and MLST. The data presented here show
that MLVA is extremely useful for studying the genetic relatedness of E. faecium
isolates. Furthermore, MLVA can be used to study the local and global
epidemiology of E. faecium.

The comparison of Simpson's index of diversity revealed that MLVA achieved
the same degree of discrimination as MLST or AFLP. Moreover, UPGMA cluster
analysis of MLVA profiles showed a degree of clustering of isolates in
genogroups previously found by AFLP and MLST (12, 34). One specific MLVA
genogroup designated MLVA-C1 harbored the majority of clinical isolates and all
but one of the hospital outbreak-associated isolates. This genogroup was highly
comparable to the MLST-C1 genogroup, which contained epidemic and clinical
isolates (12). One hospital outbreak did not cluster in both the MLVA-C1 and the
AFLP-C genogroup. Isolates from this outbreak clustered together with the other
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Table 4. MLVA of 291 isolates to identify isolates belonging to the MLST-C1 group

Procedure (no. of repeats) Result Profiles indicative of MLST-C1¢
Sensitivity (%)  Specificity (%) PPV® NPV’ VNTR7 VNTR-8 VNTR-9 VNTR-10

Complete MLVA 97 90 87 97

MLVA with VNTR loci 7-8-9-10 97 90 87 97 3 3 2 3
3 2 2 3
3 3 2 2
4 3 2 3
3 3 3 3
3 3 1 3
3 4 3 3
3 3 3 1
4 3 3 3
4 2 3 3
3 1 2 3
3 4 1 3

MLVA with VNTR loci 7-8-10 97 90 86 97 3 3 3
3 2 3
3 3 2
4 3 3
3 4 3
4 2 3
3 3 1

VNTR-1 (5) 82 66 63 84

VNTR-2 (6,7) 92 68 66 93

VNTR-7 (3) 96 65 65 96

VNTR-8 (3) 75 82 74 83

VNTR-9 (2) 79 83 76 85

VNTR-10 (3) 92 66 65 93

* PPVs are the number of MLST-C1 and MLVA-Cl1 isolates divided by the number of MLST-C1 and MLVA-C1 plus MLST-nonC1 and MLVA-
Cl1 isolates.

® NPVs are the number of MLST-nonC1 and MLVA-nonCl negative isolates divided by the number of MLST-nonC1 and MLVA-nonCl plus
MLST-C1 and MLVA-nonCl isolates.

¢ Values are the number of repeats.

outbreak-associated isolates only by MLST. In contrast, three other hospital
outbreak isolates with three different MLST sequence types that clustered outside
the MLST-C1 group did group within MLVA-C1. eBURST confirmed the
grouping of clinical relevant isolates in the MLVA-C1 cluster and revealed that
MT-1 was the primary founder of this cluster. The existence of a cluster of clinical
and epidemic E. faecium isolates was also reported previously (12, 18, 34).

We determined the sensitivity, specificity, PPV, and NPV of MLVA based on
combinations of various VNTR loci to identify isolates that belong to the MLST-
C1 cluster. It appeared that a single VNTR locus, VNTR-7, yielded the same
sensitivity (97%) in identifying genotypes belonging to MLST-C1 as the complete
MLVA profile, yet specificity and PPV were rather low (65%). Addition of the
VNTR loci 8, 9, and 10 increased specificity to 90% and PPV to 87%, comparable
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to the complete MLVA profile. Consequently, for rapid screening to identify
epidemic isolates, a multistage approach can be used, starting with a single PCR
to determine the number of repeats in VNTR-7. Subsequent PCRs with VNTR loci
8, 9, and 10 can confirm the potential epidemic nature of the isolates, when the
single PCR revealed three repeats for VNTR-7. However, for library typing and
study of the epidemiology of E. faecium, it is recommended that MTs be assigned
that based on all six VNTR loci, since the index of diversity decreased strongly
when loci were excluded from the full MLVA profile.

MLVA of multiple isolates from two hospital outbreaks (NL-1-1 and NL-2-1)
(19, 32) were used to analyze the stability of the tandem repeats and thus the
MLVA profiles; such analysis is a prerequisite for identifying and studying
hospital outbreaks. The first isolates from these outbreaks date from 2000 and
were found in patients from the nephrology departments of both hospitals. Most
of the patients were hemodialysis patients who came to the hospital on a regular
basis and were often treated with antibiotics, including vancomycin. From the 50
isolates collected during a 3-years period, only 2 isolates isolated from two
different patients were found to have a divergent MLVA profile. However, this
was only due to the addition of a single repeat in one of the six VNTR loci. This
means that MLVA profiles generally remain unchanged during hospital
outbreaks, demonstrating that MLV A can be used to study local outbreaks.

The MLVA method described in this study is much faster and cheaper than
MLST, because it is a PCR-based method that utilizes simple agarose gels for
analysis. AFLP is also considered a fast typing method, but the reproducibility
and portability of AFLP are problematic. The fact that this MLVA uses agarose
gels to detect and size amplicons also makes it an attractive typing method for
use in local laboratories to determine patient-to-patient transmission and to
identify potential epidemic isolates. MLVA profiles can easily be stored in a
database, facilitating the exchange of MLVA typing data through a Web-based
database. Therefore, an Internet site (http://www.mlva.umcutrecht.nl) has been
developed for the submission of MLVA profiles to assign the MTs. Furthermore,
a strain database is available on the Web site, which contains MTs as well as
strain characteristics like MLST sequence type, isolate source, and country of
isolate origin.

In the E. faecium MLVA scheme, tandem repeat loci were chosen that,
according to the partially annotated E. faecium genome sequence
(http://genome.ornl.gov/microbial/efae/), were not located within known open
reading frames. Therefore, we assume that changes in repeat numbers are not the
result of selective pressure, which means that MLVA data can also be used to
study the phylogeny of E. faecium. However, since the E. faecium genome
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sequence is not yet annotated completely, we cannot exclude that some of the loci
are located within coding or regulatory regions.

In conclusion, we developed a fast, reproducible, cheap, and portable typing
method that can be used as a tool to study the epidemiology of E. faecium in
general and to rapidly detect potential epidemic isolates. We suggest using
MLVA as an initial method to screen and type E. faecium in hospital laboratories.
Subsequently, MLVA profiles could be added to a Web-based database for
international comparison, and representative isolates could be subjected to MLST
to gain insight into the global epidemiology of particular MLVA profiles.
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