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Abstract Rapid bacterial typing is a valuable and necessary
tool in the prevention and detection of outbreaks. The pur-
pose of this study was to adapt a multilocus variable number
of tandem repeats analysis (MLVA) for analysis on a bench-
top capillary electrophoresis instrument and compare the
modified assay with multilocus sequence typing (MLST)
for typing cefpodoxime-resistant Escherichia coli (E. coli).
Further, we identified the causative resistance mechanisms
and epidemiological type of infection for isolates producing
extended-spectrum β-lactamases (ESBLs). A collection of
E. coli resistant to cefpodoxime was typed by MLST and a
modified MLVA assay using a benchtop capillary electro-
phoresis instrument. Resistance mechanisms were identified
by polymerase chain reaction (PCR) and sequencing. Patient
history was examined to establish the epidemiological type
of infection for ESBL-producing E. coli. MLVA yielded
typing results homologous with MLST and it correctly iden-
tified E. coli sequence type (ST) 131 that was accounting for
45 % of all ESBL-producing isolates in the sample collec-
tion. The majority (76.7 %) of ESBL-producing isolates was
healthcare-related and only 23.3 % of the ESBL-producing
isolates were community-onset infections (COI), regardless
of the ST. Patients with COI were significantly more often

of female gender and younger age compared to healthcare-
associated infections (HCAI) and hospital-onset infections
(HOI). In conclusion, the modified MLVA is a useful tool
for the rapid typing of E. coli and it identified ST131 as the
predominating ESBL-producing lineage in Copenhagen.
Healthcare-related infections were the predominant infec-
tion setting of ESBL-producing E. coli and the demographic
characteristics differed between patients with COI and
healthcare-related infections.

Introduction

Bacterial typing is a valuable tool in both outbreak investi-
gation and epidemiological surveillance. Multilocus se-
quence typing (MLST) is an excellent tool for longitudinal
epidemiological surveillance [1]. The method is, however,
laborious. Multilocus variable number of tandem repeats
analysis (MLVA) provides many of the benefits of MLST
at lesser economic and labor cost, and still fulfils essential
criteria for typing methods, such as high discriminatory
power, high typability, and reproducibility [2]. Several
MLVA protocols have been developed for the typing of
enterohemorrhagic Escherichia coli (E. coli) O157 [3, 4],
as well as MLVA protocols designed to detect all serogroups
of E. coli [5, 6]. However, all the typing methods described
rely on fragment analysis using sequencing apparatuses.
Benchtop capillary electrophoresis instruments are increas-
ingly used as an alternative to agarose gel electrophoresis.
This method allows automation and offers increased accu-
racy of size determination and high throughput compared to
gel electrophoresis, and may provide an alternative to more
expensive sequence apparatuses in MLVA protocols.
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Enterobacteriaceae producing extended-spectrum β-
lactamases (ESBLs) constitute a major global health con-
cern [7]. E. coli sequence type (ST) 131 expressing
blaCTX-M-15 is of particular concern, as this lineage has
been established worldwide and has been reported as a
pathogen capable of efficient transmission both within the
community and in care-providing settings [8–11]. Further,
ESBL-producing E. coli has been described to be an impor-
tant cause of community-onset infections (COI) [12].

In Denmark, we have observed that the frequency of
ESBL-producing E. coli and Klebsiella pneumoniae (K.
pneumoniae) has risen during the last decade [13]. Earlier,
we described an outbreak of ESBL-producing K. pneumo-
niae, where two clones that both carried blaCTX-M-15 were
responsible for 77 % of all infections caused by ESBL-
producing K. pneumoniae [14]. In contrast, little informa-
tion is available on whether the increase observed in E. coli
is caused by specific lineages or several unrelated clones, or
on the epidemiological setting in which these infections are
acquired.

In the present study, we evaluated an MLVA assay for the
rapid typing of cefpodoxime-resistant E. coli using a bench-
top capillary electrophoresis instrument for size determina-
tion. We compared the typing results obtained using MLVA
with the distribution obtained using MLST. Furthermore,
mechanisms accounting for cefpodoxime resistance were
identified in all isolates using polymerase chain reaction
(PCR) and sequencing. Finally, patient histories were
reviewed to establish the epidemiological setting of infec-
tions with ESBL-producing E. coli.

Materials and methods

Strain collection

All cefpodoxime-resistant E. coli were collected at the
Department of Clinical Microbiology, Hvidovre Hospital,
providing diagnostic services for five hospitals and general
practice in the Copenhagen area, in October 2009 (N067).
Only a single isolate from each patient was included in the
strain collection. All isolates originated from urine samples
(n066), except for one that originated from a blood culture.
E. coli resistant to cefpodoxime was identified using the
disk diffusion method and all cefpodoxime-resistant isolates
were further confirmed to be ESBL- or AmpC-producers
using Mast D68C disks (Mast Group), following the direc-
tions of the manufacturer.

Epidemiology of ESBL-producing isolates

Patient history was reviewed using laboratory databases, the
hospital information system, and demographic data. On this

basis, infections were classified as community onset (COI),
hospital onset (HOI), or healthcare-associated (HCAI) [15].
HOI was defined by the culture of an ESBL-producing E.
coli from a sample obtained from a patient hospitalized for
48 h or longer. HCAI was defined by the culture of an
ESBL-producing E. coli from a sample obtained from a
patient in general practice or within 48 h after hospital
admission and one or more of the following criteria have
been fulfilled by the patient: (1) admitted to hospital for
more than 2 days within the preceding 3 months; (2)
attended an outpatient clinic within the preceding 30 days;
(3) received specialized nursing care at home; (4) residence
in a nursing home or long-term care facility. COI was
defined by the culture of an ESBL-producing E. coli
obtained from a patient in general practice or within 48 h
after hospital admission where none of the criteria for HCAI
were met [15].

For 15 patients, cultures prior to the one included in this
study had yielded ESBL-producing E. coli. In these cases,
epidemiological classification was done from the first
culture yielding an ESBL-producing E. coli. The median
interval between the first culture yielding an ESBL-
producing E. coli and the isolate included in this study
was 96.5 days (range 15–965 days).

β-Lactamase characterization

Phenotypic ESBL-producing isolates were screened by PCR
for the presence of blaCTX-M, blaSHV, and blaTEM. PCR
and sequencing were performed to identify specific genes,
as previously described [16]. Phenotypic AmpC-producing
isolates were screened for the presence of plasmid-mediated
ampC (pAmpC) genes by multiplex PCR [17], followed by
sequencing to identify the exact genotype. The promoter of
the chromosomal ampC (cAmpC) gene was sequenced in all
isolates with an AmpC phenotype and for which a pAmpC
gene could not be detected by PCR in order to identify
mutations associated with hyperproduction, as previously
described [16].

MLVA

All isolates were typed using a modified MLVA assay
originally described by Manges et al. [5]. This MLVA is
based on multiplex PCR detection and size determination of
eight variable number of tandem repeats (VNTR) loci using
labeled primers, followed by size determination on a se-
quencing instrument. In this study, PCR for all targets were
performed as described [5], with the exception that all
reactions were done as singleplex PCR amplifications
using unlabeled primers and the size of the amplified
fragments was determined using an automated benchtop
capillary electrophoresis system (QIAxcel, Qiagen), using a
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high-resolution cartridge and the accompanying BioCalculator
software.

The exact sizes of the flanking regions of each locus were
determined by the sequencing of MLVA PCR products from
each VNTR region from selected isolates. Tandem repeats
were identified by manual inspection of sequences or by the
use of the tandem repeats finder [18]. The number of tandem
repeats was calculated using the following equation: number
of repeats 0 (amplicon size − flanking region)/repeat size.
The isolates were sorted manually into groups according to
their number of repeats. The same number of repeats in each
individual locus was assigned the same value, and this was
done for all loci, hereby, generating a numeric MLVA code
for each isolate.

MLST

All isolates were also typed by MLST, as previously
described [19]. Allele profiles and STs were assigned at the
E. coli MLST homepage (http://mlst.ucc.ie/mlst/dbs/Ecoli).

Results

Validation of MLVA

PCR amplifications of all eight MLVA alleles were carried
out and the size of the resulting PCR products was deter-
mined using the QIAxcel capillary electrophoresis system.
For each locus, the distribution of size determinations was
analyzed using frequency plots and the results were sorted
into seemingly normally distributed data. The coefficient of
variation (CV) for the largest clusters of data showed CV
ranging between 0.7 % for VNTR-5 (mean size for the
cluster: 368 bp) and 1.2 % for VNTR-1 (mean size for the
cluster: 210 bp). From this analysis, it was apparent that the
accuracy of the size determination using the QIAxcel system
was inadequate for determining repeat numbers for locus
O157-11 (repeat size: 6 bp) and O157-56 N (repeat size:
5 bp). These loci were, therefore, excluded from further
analysis. The remaining six loci had repeat sizes between
12 and 95 bp.

MLVA

Using this abbreviated MLVA (a-MLVA) scheme to type the
strain collection, 67/67 (100 %) isolates were typable. In
all, 27 different a-MLVA types were identified and the
largest cluster contained 25 isolates (37.3 %) (Table 1).
Within this cluster, 22 isolates contained blaCTX-M-15,
and the remaining three isolates contained blaCTX-M-14,
blaCTX-M-27, and hyperproduced cAmpC, respectively
(Online resource 1).

MLST

MLST was performed on the collected isolates. Using this
method, 67/67 (100 %) isolates were typed and the results
are summarized in Table 1. The isolates belonged to 25
different STs. The largest sequence type, ST131, contained
28 isolates (41.8 %). A number of smaller clusters were
also identified. Of these, the three largest were ST405,
ST448, and ST10, containing six, four, and three isolates,
respectively.

When comparing a-MLVA and MLST, homologous
results were found (Table 1). The major ST131 cluster
identified by MLST included all the isolates identified in

Table 1 Typing results of cefpodoxime-resistant Escherichia coli
typed by abbreviated multilocus variable number of tandem repeats
analysis (a-MLVA) and multilocus sequence typing (MLST)

Sequence type (ST) a-MLVA code Number of isolates (N067)

ST10 132251a n02

132214 n01

ST12 266562 n01

ST38 173052 n01

ST59 161370 n01

ST69 173287 n02

ST88 132261a n02

ST101 131261a n01

ST131 153562 n025

153526 n03

ST144 224652 n01

ST167 132251a n01

ST394 171787 n01

ST401 132231 n01

ST405 121250 n01

121252 n04

121254 n01

ST410 132261 n01

ST443 131217 n01

ST448 131216 n02

131261a n02

ST517 131291 n01

131217 n01

ST538 152366 n01

ST624 161162 n01

ST648 161160 n01

161166 n01

ST657 253263 n01

ST998 224665 n01

ST1193 124645 n01

ST2574 151432 n02

ST2673 132261a n01

a Signifies a-MLVA codes shared between different STs
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the major a-MLVA cluster (153562), together with three
isolates, all with another a-MLVA code (153526). These
two a-MLVA codes were found exclusively within the
ST131 cluster. Eighteen of 25 STs had unique a-MLVA
codes, i.e., the a-MLVA code was not shared with isolates
with another ST. Three isolates of ST10 displayed two
different a-MLVA codes; two isolates shared their a-MLVA
code with the single isolate of ST167. ST167 is a single-
locus variant of ST10. Two isolates of ST88 shared a-MLVA
codes with the single ST410 isolate and the single ST2673
isolate. ST410 is a single-locus variant of ST88 and ST2673
is a double-locus variant of ST88. Finally, four ST448 iso-
lates displayed two different a-MLVA codes. Two of the
isolates shared their a-MLVA code with the single ST101
isolate. ST101 and ST448 are unrelated by MLST, sharing
only a single allele.

Resistance mechanisms

Eleven different mechanisms of cefpodoxime resistance
were identified (Table 2). Of these, blaCTX-M-15 and
blaCTX-M-14 were the most commonly detected in 42/67
(62.7 %) and 7/67 (10.4 %) of the isolates, respectively.
AmpC enzymes accounted for resistance in 7/67 (10.5 %) of
the isolates, with cAmpC being more common [5/67
(7.5 %)] than blaCMY-2 [(2/67 (3.0 %)] (Table 2).

Epidemiology of ESBL-producing isolates

Infections caused by ESBL-producing E. coli were classi-
fied as HOI, HCAI, and COI. In all, 42/60 (76.7 %)

infections were classified as healthcare-related (HCAI or
HOI) and only 18/60 (23.3 %) were classified as COI
(Table 3). Patients with COI were significantly younger
(median age 38 years; p<0.001, Mann–Whitney U-test)
and more often female (13/14; p<0.01, Fisher’s exact prob-
ability test) than patients with HCAI (median age 77 years
and 12/28 females) or HOI (median age 78 years and 11/18
females) (Online resource 1). If stratified into infections
caused by E. coli ST131 and E. coli non-ST131, the two
groups did not differ in the epidemiological type of infection
(Table 3).

Discussion

Typing methods that provide rapid and reliable typing
results are valuable and necessary tools in the prevention
and detection of outbreaks. However, many of today’s
typing methods, such as pulsed-field gel electrophoresis
(PFGE) and MLST, are laborious [14]. The a-MLVA
described here can be used as a high-throughput assay
and can provide rapid typing results compared to MLST
and PFGE.

The exclusion of two loci affected the discriminatory
power of the MLVA assay, making it less discriminatory
than the original assay. When comparing a-MLVA typing
results with MLST results, similar typing patterns were
obtained, although, occasionally, more than one ST was
found within an a-MLVA code. Including additional VNTR
loci of sufficient repeat size can increase the discriminatory
power of the MLVA assay and could possibly resolve these
discrepancies. In a recently published MLVA protocol, the
addition of three VNTR loci to a total of ten loci increased
the number of different genotypes from 296 to 507 in a
collection of 794 E. coli [20].

The a-MLVA divided the predominant ST131 lineage
into two subtypes that were unique for ST131. The subdi-
vision of ST lineages was not unexpected, as studies com-
paring more discriminative methods, such as PFGE with
MLST, have identified several different PFGE clones within
the same ST [21, 22]. As ST131 is highly prevalent, typing

Table 2 Resistance genes identified and their distribution on sequence
types (STs)

Resistance gene Number of isolates
(N067)

STs

CTX-M-1 2 (3 %) ST10a

CTX-M-9 1 (1.5 %) ST38

CTX-M-14 7 (10.4 %) ST10a, ST131a, ST144,
ST167, ST538, ST2574

CTX-M-15 42 (62.7 %) ST12, ST69, ST131a, ST394,
ST405a, ST410, ST443,
ST448, ST517, ST648a

CTX-M-27 3 (4.5 %) ST131a, ST405a

CTX-M-55/57/79 1 (1.5 %) ST648a

SHV-2 1 (1.5 %) ST101

SHV-12 2 (3 %) ST88a, ST401

TEM-52 1 (1.5 %) ST624

CMY-2 2 (3 %) ST657, ST1193

cAmpC 5 (7.5 %) ST59, ST131a, ST998,
ST88a, ST2673

a Signifies that different resistance genes are present within this ST

Table 3 Epidemiological classification of infections with extended-
spectrum β-lactamase (ESBL)-producing E. coli

HOI HCAI COI Total

ST131 9 14 4 27 (45.0 %)

Non-ST131 9 14 10 33 (55.0 %)

Total 18 (30.0 %) 28 (46.7 %) 14 (23.3 %) 60 (100 %)

The type of infection was classified as hospital-onset infections (HOI),
healthcare-associated infections (HCAI), or community-onset infections
(COI)
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methods that are capable of subdividing this ST are desirable
from an epidemiological point of view.

The major cause of cefpodoxime resistance in the study
collection was blaCTX-M-15. This gene has also been
shown to be the major cause of ESBL production in K.
pneumoniae in the same region [14], and has been described
worldwide to be a dominating ESBL gene [12, 23–26].
Interestingly, several cases were found where different
resistance mechanisms were identified within the same
STs, which could support that several different subclones
within the same ST are circulating.

The epidemiological data of this study indicated the
presence of two different transmission routes. Healthcare-
related infections (HOI and HCAI) accounted for over three
out of four ESBL-producing E. coli infections. This distribu-
tion is in contrast to a recent Canadian study, where it was
reported that 130 of 209 isolates (62 %) were submitted from
community collection sites, 63 (30 %) were from hospitals,
and 16 (8 %) were from nursing homes [12]. However, this
study did not investigate the patient history data to determine
if the patients had prior hospital association, which could,
together with the different geographical settings, explain the
discrepancy in observed infection settings.

The different demographic characteristics of COI and
healthcare-related infections may indicate that different risk
factors are present in the two settings. Risk factors for
infection due to ESBL-producing E. coli, such as hospital-
ization within the previous 3 months, age ≥65 years, male
gender, comorbidity, and prior receipt of antibiotics, have
been described [27–29]. However, these risk factors are
mainly healthcare-related and other risk factors may be
relevant for COI. Foreign travel has been identified as a risk
factor for subsequent colonization and infection with ESBL-
producing E. coli [30, 31]. A significant difference in the
frequency of fecal carriage of ESBL-producing E. coli
among different ethnic populations has also been reported
[32]. This may be caused by high travel rates to and from
regions with high rates of ESBL-producing E. coli [33] or
differences in lifestyle or dietary habits. Studies investigating
COI may, therefore, likely identify other risk factors and
exposure routes than studies conducted in a hospital setting.
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