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Abstract

Background

Since the year 2000 there has been a sharp increase in the prevalence of healthcare-related

infections caused by extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli.
However, the high community prevalence of ESBL-producing E. coli isolates means that many

E. coli typing techniques may not be suitable for detecting E. coli transmission events. There-

fore, we investigated if High-throughput MultiLocus Sequence Typing (HiMLST) and/or Raman

spectroscopy were suitable techniques for detecting recent E. coli transmission events.

Methods

This study was conducted from January until December 2010 at Erasmus University Medi-

cal Center, Rotterdam, the Netherlands. Isolates were typed using HiMLST and Raman

spectroscopy. A genetic cluster was defined as two or more patients carrying identical iso-

lates. We used predefined definitions for epidemiological relatedness to assess healthcare-

related transmission.

Results

We included 194 patients; strains of 112 patients were typed using HiMLST and strains of

194 patients were typed using Raman spectroscopy. Raman spectroscopy identified 16

clusters while HiMLST identified 10 clusters. However, no healthcare-related transmission

events were detected. When combining data from both typing techniques, we identified

eight clusters (n = 34 patients), as well as 78 patients with a non-cluster isolate. However,

we could not detect any healthcare-related transmission in these 8 clusters.
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Conclusions

Although clusters were genetically detected using HiMLST and Raman spectroscopy, no

definite epidemiological relationships could be demonstrated which makes the possibility of

healthcare-related transmission events highly unlikely. Our results suggest that typing of

ESBL-producing E. coli using HiMLST and/or Raman spectroscopy is not helpful in detect-

ing E. coli healthcare-related transmission events.

Introduction
For many years, the spread of microorganisms expressing extended-spectrum beta-lactamase
(ESBL) genes was limited to those circulating in hospitals, with most isolates being Klebsiella
pneumoniae [1]. Since the year 2000 however, there has been a sharp increase in the preva-
lence of ESBL-producing microorganisms worldwide, whereby Escherichia coli has replaced
K. pneumoniae as the major carrier of ESBL encoding genes [2–6]. Worldwide, ESBL-produc-
ing Enterobacteriaceae carriage rates in the community range from <10% in Europe, to
>50% in Southeast Asia, with E.coli as the predominant colonizing species [7, 8]. In addition,
current research in the Netherlands shows that 5 to 7% of people in the Dutch community
carry ESBL-producing E. coli isolates, with ST 131 being the most dominant sequence type
[9–13]. E. coli is the most common agent associated with infections of the urinary tract and
bloodstream infections arising from these urinary tract infections. Importantly, an increase
in the number of antibiotic resistant bacteria in the community results in an increase in the
number of antibiotic resistant bacteria in patients admitted to hospitals. The monitoring and
prevention of healthcare-related infections requires the early detection and differentiation of
antibiotic resistant bacteria in order to identify possible sources of transmission. This then
allows suitable action to be taken in order to prevent future transmission events and infec-
tions [14].

Resistant isolates can be routinely compared to detect hospital transmission using molecular
typing methods–with Pulsed-field gel electrophoresis (PFGE) as the gold standard technique.
Although this technique has a good discriminatory power, it is too laborious to detect clones
on a routine basis. Therefore, investigations need to be performed to determine whether high-
throughput techniques such as High-Throughput Multilocus Sequence Typing (HiMLST) and
Raman spectroscopy are suitable techniques to be implemented in a routine setting. HiMLST is
a genotyping technique which classifies isolates based on the sequence variations of seven
housekeeping genes. While conventional MLST uses classical Sanger sequencing, HiMLST
employs next-generation sequencing (NGS) to generate MLST sequence data using a high–
throughput protocol [15]. Raman spectroscopy is an easy to use and rapid technique which
measures phenotypic expression profile differences between bacteria [16]. This publication
investigated whether either of these techniques, or a combination of both, could be used to dif-
ferentiate between recent ESBL-producing E. coli transmission events in hospitals by compar-
ing the output of the techniques with patients’ hospital admission history.

Methods

Ethics statement
Written approval to conduct the study was received from the medical ethics research commit-
tee of the Erasmus MC University Medical Center (Erasmus MC), Rotterdam, the Netherlands
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(MEC-2011-085). As per conclusion of our medical ethics research committee, written
informed consent from patients for acquiring data from clinical records was not needed. The
existing data from the electronic medical records could not be recorded anonymously as the
patient name is always visible when collecting data. Before data analyses however, the opt-out
list available at our department was consulted and patients were excluded when applicable.
Also before analyses, patient names were removed from the dataset by A.F. Voor in ‘t holt and
A.A. Wattel. The authors had no direct interaction with the patients during the study period
and no new patient data were collected for this study.

Design and setting
For this retrospective study patients were included from January until December 2010 at Eras-
mus MC, Rotterdam, the Netherlands. In this university hospital all medical specialties are
available. In 2010, 40,626 patients were admitted resulting in 292,209 admission days.

Bacterial collection and patient data
ESBL-producing E. coli isolates (according to the Clinical and Laboratory Standards Institute
(CLSI) criteria), were obtained from the bacterial biobanks of the Department of Medical
Microbiology and Infectious Diseases (MMIZ) at Erasmus MC (frozen stocks stored at -80°C)
[17]. Only the first E. coli isolate per patient was included in the study. All isolates were
obtained from clinical samples sent to MMIZ for analysis due to: 1) an assumed infection, or 2)
for surveillance purposes in the intensive care unit (ICU) and hematology departments of Eras-
mus MC. Patients admitted to ICU and hematology departments routinely receive selective
digestive tract decontamination and are tested for the presence of (antibiotic resistant) Gram-
negative bacteria twice weekly. If (antibiotic resistant) Gram-negative bacteria are detected,
affected patients are immediately moved to ‘contact’ or ‘contact-droplet’ isolation in single-
occupancy rooms. Healthcare workers wear gloves and gowns during patient care. No extra
active surveillance and/or contact investigation was performed for this study.

Patient data (e.g. age, gender, and region of residence), hospital admission data (e.g. period,
department, and patient room) and bacteriological data were obtained from electronic patient
records. The age of the patient was defined as his/her age on the day of detection of the first
ESBL-producing E. coli isolate. Mortality was defined as death from any cause within 28 days
after the day of detection of the first ESBL-producing E. coli isolate. Twenty-eight-day mortal-
ity data was obtained from electronic patient records.

High-throughput multilocus sequence typing
Due to availability and costs, a random selection of isolates were subjected to the standardized
MultiLocus Sequence Typing (MLST) scheme for E. coli as reported by Wirth et al., 2006,
using the High-Throughput MLST (HiMLST) strategy [15, 18]. PCR primers were modified to
reduce amplicon sizes, conserving the intact cores, and extended with universal tails to make
the isolates suitable for HiMLST use. The HiMLST primer sequences used in this publication
are shown in Table 1. Advantages of using the HiMLST technique in comparison to conven-
tional MLST is that it allows genotyping of large numbers of isolates, requires less labour per
isolate, and lowers overall costs [15]. MLST types were generated using BioNumerics v6.6 soft-
ware152 (Applied Math NV, Sint-Martens-Latem, Belgium), and by reference to the MLST
database hosted at the University of Warwick (http://mlst.warwick.ac.uk/mlst/mlst/dbs/Ecoli).
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Raman spectroscopy
Phenotypic relatedness was investigated via Raman spectroscopy using a SpectraCellRA
(SCRA) apparatus (RiverD International B.V., Rotterdam, The Netherlands). Raman spectros-
copy is a label-free, optical technology based on the inelastic scattering of light by molecules
[19]. The Raman spectrum displays molecule-specific changes in wavelength—so-called spec-
troscopic fingerprints [19]. These fingerprints reflect the overall molecular composition of a
sample [19]. The advantages of Raman spectroscopy are that this is an easy-to-use rapid tech-
nique. However, one disadvantage is that it is not currently a widely used technique. Cultures,
sample preparation and SCRAmeasurements were performed according to the operator
manual (version 1.7) [16]. Raman spectroscopy analyses and calculations were performed as
described previously [19].

Epidemiological relatedness
We defined a ‘cluster’ as two or more patients carrying identical isolates as indicated by HiMLST
and/or Raman spectroscopic analysis. Within clusters, a ‘primary patient’ was defined as the
first patient in time who was positive for an ESBL-producing E. coli isolate, while ‘secondary
patients’ were all subsequent patients who were positive for an ESBL-producing E. coli isolate
that was genetically or phenotypically related to the primary patient as identified by HiMLST
and/or Raman spectroscopy. Non-cluster (unique) patients were defined as primary patients.
The ‘transmission index’ was calculated for genotypically and phenotypically identical ESBL-
producing E. coli isolates and was calculated as the number of secondary patients divided by the
number of primary patients. To be able to distinguish community acquisition from healthcare-
related transmission, we defined ‘healthcare-related transmission’ as ESBL-producing E. coli
identified in a sample taken between 48 hours after admission and within 48 hours after
discharge.

Likelihood of healthcare-related transmission
To determine the likelihood of epidemiological relatedness of isolates within clusters we
defined 4 groups based on the likelihood of healthcare-related transmission: 1) ‘definite’, 2)
‘probable’, 3) ‘possible’, and 4) ‘impossible’ (Table 2). Patients were ‘definitely related’ if
patients shared the same patient room within the same admission period. If patients shared the
same patient room but did not have the same admission period, and if the second patient was
admitted within two months after the first patient was discharged, then patients were defined
as ‘probably related’. ‘Possibly related’ patients only shared the same department during the
same admission period. Alternatively, any second patient who was admitted within two
months after their first patient was discharged was also defined as ‘possibly related’. Patients
‘impossibly related’ were patients related neither in place nor in time. When using these

Table 1. High-throughput MultiLocus Sequence Typing primer sequences used in this publication.

Gene Forward primer Reverse primer

adk 5'—gacactatagattctgcttggcgctccggg—3' 5'—cactatagggccgtcaactttcgcgtattt—3'

fumc 5'—gacactatagggtatttagtccagtac—3' 5'—cactatagggatttaggcttgttgtctg—3'

gyrb 5'—gacactatagataactcctataaagtgtc—3' 5'—cactatagggaatgttgttggtaaagcag—3'

icd 5'—gacactatagccagccatgctgaaagtg—3' 5'—cactatagggcaccagagtcacagagtc—3'

mdh 5'—gacactatagtgcacgaaccagagacag—3' 5'—cactatagggatgtcgttcttatctctgc—3'

pura 5'—gacactatagcatgtccgctgatccttg—3' 5'—cactatagggcggtcgggaacggacctgc—3'

reca 5'—gacactatagacctttgtagctgtaccacg—3' 5'—cactatagggagcgtgaaggtaaaacctgtg—3'

doi:10.1371/journal.pone.0160156.t001

Epidemiology of ESBL-Producing Escherichia coli

PLOSONE | DOI:10.1371/journal.pone.0160156 July 27, 2016 4 / 14



definitions we assumed 1) that patients were not mobile outside their original ward and 2) that
people who were mobile between rooms and wards did not transmit the microorganism.

Models of transmission
We compared different categories using 4 different models in order to determine the likelihood
of healthcare-related transmission events (Table 2). In ‘model 1’, we combined hospital admis-
sion data of patients with isolates within the same cluster according to HiMLST. In ‘model 2’,
we combined hospital admission data of patients with isolates within the same cluster accord-
ing to Raman spectroscopy. In ‘model 3’ we combined 2 months of hospital admission data
from patients with isolates within the same cluster and further sub-divided HiMLST clusters
by adding data from Raman spectroscopy. ‘Model 4’ was identical to model 3, but the patient
data collected was extended to 3 months.

Statistical Analysis
A non-parametric test was performed using an independent samples median test in order to
compare median days of stay in the hospital before the detection of an ESBL-producing E. coli
between patients in clusters and non-cluster patients. A P value of<0.05 was considered statis-
tically significant and the analysis was performed using IBM SPSS version 21 (SPSS Inc., Chi-
cago, IL, USA).

Results

Selection of isolates and patients
In 2010, E. coli isolates were identified in 2,933 patients at Erasmus MC, including 204 patients
(7.0%) with an ESBL-producing E. coli. The ESBL-rate per 1,000 hospital admissions was calcu-
lated as being 0.50. One hundred and ninety-eight ESBL-producing E. coli isolates from 194
patients were stored in MMIZ biobanks at Erasmus MC and were available for this study. We
included 1 isolate per patient, except for 2 patients who were identified carrying 2 different
ESBL-producing E. coli isolates. This difference was determined by differences in their antibi-
otic resistance profiles. In total, we included 196 isolates—of which 33 belonged to ST 131—
representing 194 patients in the current study (Fig 1).

Model 1
The first model included 113 randomly selected isolates (from 112 patients) typed using
HiMLST (Figs 1 and 2). We identified 10 clusters (n = 65 isolates from 64 patients) with cluster
size ranging from 2 to 33 patients—the largest cluster being ST 131, and 48 primary patients
carrying a non-cluster, unique isolate ESBL (Table 3, Fig 2). After applying the definitions

Table 2. Definitions of likelihood of epidemiological relatedness.

Definition

Definite Probable Possible Impossible

Same patient room 1 1 0 0 0 0 0

Same department 1 1 1 1 0 1 0

Same period 1 0a 1 0a 1 0 0

Abbreviations: 0 = no; 1 = yes
aNot the same period but same patient room (probable) or department (possible) within 2 months after primary patient was discharged.

doi:10.1371/journal.pone.0160156.t002

Epidemiology of ESBL-Producing Escherichia coli

PLOSONE | DOI:10.1371/journal.pone.0160156 July 27, 2016 5 / 14



described in Table 2, we identified 3 possible healthcare-related transmission events within the
cluster representing ST 131 (Table 3). All other patients were impossible to relate to each other
with respect to time and place. For patients in the 10 clusters, 14 isolates (21.5%) were consid-
ered as healthcare-related transmission (Table 3) and the remaining isolates considered as
community acquired. Of the 2 patients previously described carrying 2 different ESBL-produc-
ing E. coli isolates, the isolates of a single patient were typed using HiMLST. Results showed
that these isolates had the same sequence type (ST 1137). This was the only patient present
with this sequence type.

Model 2
The second model of this study included 196 isolates (from 194 patients) typed using Raman
spectroscopy. We identified 16 clusters (n = 101 isolates), with cluster sizes ranging from 2 to
26 patients, and 95 patients with a non-cluster isolate (Table 4). When applying the definitions
as described in Table 2, only 1 patient was possibly related to another patient (Table 4). All
other patients were impossible to relate with respect to time and place. From the patients in the
16 clusters, 33.7% (34 patients) were considered as originating from healthcare-related trans-
mission events, and the remaining 66.3% considered as not originating from healthcare-related
transmission events. For the 2 patients previously described with 2 different ESBL-producing
E. coli isolates, both isolates from both patients showed different Raman spectroscopy cluster
numbers.

Fig 1. Flow diagram of the selection of isolates and patients identified with an ESBL-producing E. coli in 2010. The 113 isolates typed with
HiMLST were a random selection out of the study total of 196 isolates. Abbreviations: HiMLST; High-throughput MultiLocus Sequence Typing, ESBL;
extended-spectrum beta-lactamase.

doi:10.1371/journal.pone.0160156.g001
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Fig 2. Representative genotypic ESBL-producing E. coli clusters observed using High-throughput multilocus sequence
typing (HiMLST). The different colors represent different sequence types. 1 allele difference = thick solid line; 2 allele
differences = medium solid line; 3 allele differences = thin solid line; 4 allele differences = dashed line; >4 allele differences = dotted
line.

doi:10.1371/journal.pone.0160156.g002
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Model 3
The third model of this study included 113 isolates (from 112 patients) typed using both
HiMLST and Raman spectroscopy. The median age of the 112 patients was 53.2 years (ranging
from zero to 93) and 51 (45.5%) were male. The predominant sample site of the 113 isolates
was urine (64.6%), followed by rectum and throat samples (15.0%; Table 5). Overall, 41.1% of
patients lived in Rotterdam, the Netherlands. Data on city of residence was not available for 2

Table 3. Epidemiological relatedness of ESBL-producing E. coli isolates typed using HiMLST only.

Cluster no. Sequence type No. of patients Healthcare-relateda Model 1

Definite Probable Possible Impossible

1 38 5 3 0 0 0 5

2 131 33 3 0 0 3b 30

3 155 3 0 0 0 0 3

4 354 3 1 0 0 0 3

5 399 3 2 0 0 0 3

6 405 5 3 0 0 0 5

7 410 4 0 0 0 0 4

8 429 2 1 0 0 0 2

9 624 3 0 0 0 0 3

10 648 3 1 0 0 0 3

Total n.a. 64 14 0 0 3 61

Abbreviations: HiMLST, High-throughput MultiLocus Sequence Typing; n.a., not applicable
aPositive isolate identified between 48 hours after admission and within 48 hours after discharge.
bOf which one isolate was considered as healthcare-related

doi:10.1371/journal.pone.0160156.t003

Table 4. Epidemiological relatedness of ESBL-producing E. coli isolates typed using Raman spectroscopy only.

Cluster no. No. of patients Healthcare-relateda Model 2

Definite Probable Possible Impossible

1 3 0 0 0 0 3

2 9 8 0 0 0 9

3 3 0 0 0 0 3

4 3 1 0 0 0 3

5 2 2 0 0 1 1

6 2 1 0 0 0 2

7 2 1 0 0 0 2

8 2 1 0 0 0 2

9 22 6 0 0 0 22

10 26 5 0 0 0 26

11 4 2 0 0 0 4

12 2 0 0 0 0 2

13 5 5 0 0 0 5

14 12 2 0 0 0 12

15 2 0 0 0 0 2

16 2 0 0 0 0 2

Total 101 34 0 0 1 100

aPositive sample identified between 48 hours after admission and within 48 hours after discharge.

doi:10.1371/journal.pone.0160156.t004
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patients and only one patient lived abroad in Aruba (autonomy within the Kingdom of the
Netherlands).

We identified 8 clusters when combining the results of Raman spectroscopy and HiMLST,
—with cluster sizes ranging from 2 to 15 isolates (n = 34 patients, 30.4%), and 79 non-cluster
isolates (78 patients, 69.6%; Table 5). This resulted in 86 primary patients (76.8%) and 26 sec-
ondary patients (23.2%), and a transmission index of 0.30. Of the 79 non-cluster isolates only
36 isolates (32.1%) were unique isolates according to both typing techniques, 11 isolates (9.8%)
were part of a cluster according to Raman spectroscopy but not according to HiMLST, and 21
isolates (18.8%) were part of a cluster consistent with HiMLST but not consistent with Raman
spectroscopy. In cluster 1 to 4, 100% of isolates belonged to ST 131 (Table 6), in cluster 5 to 8,
no ST 131 isolates were identified.

Thirty-eight patients (33.9%) were detected with an ESBL-producing E. coli between 48
hours after admission and within 48 hours after discharge and were therefore considered as
healthcare-related transmission events. The median length of stay in the hospital of these
patients before detection was 11.5 days (ranging from three to 150 days). Of patients in clus-
ters (n = 12), the median length of stay in the hospital before detection was 16.0 days (ranging
from 3 to 49 days) and in patients with a non-cluster isolate (n = 26) the median length of stay
in the hospital before detection was 11 days (ranging from 3 to 150 days) (P value 0.727). In
total, 22 patients were identified with an ESBL-producing E. coli before admission, or within
48 hours after admission, and 52 patients had been discharged from hospital, or were outpa-
tients, when the first positive culture was identified. These 74 patients were considered as hav-
ing a community acquired ESBL-producing E. coli, though these 74 patients (66.1%) could
still be a potential source of transmission events to other patients. After applying the defini-
tions as described in Table 2, all patients were impossible to relate with respect to time and
place (Table 6).

Table 5. Characteristics of patients (n = 112) and isolates (n = 113) typed using HiMLST in combination with Raman spectroscopy.

No. of
patients

Median agea

(range)
Male
(%)

Crude Mortality
(%)b

No. of
isolates

Sample sites of isolates

Blood
(%)

Urine
(%)

Rectum/throat
(%)

Other
(%)c

Total 112 53.2 (0–93) 51
(45.5)

9 (8.0) 113 7 (6.2) 73 (64.6) 17 (15.0) 16 (14.2)

Cluster 1 4 51.8 (41–80) 1 (25) 1 (25) 4 0 (0) 4 (100) 0 (0) 0 (0)

Cluster 2 15 60.0 (2–86) 11
(73.3)

0 (0) 15 1 (6.7) 10 (66.7) 2 (13.3) 2 (13.3)

Cluster 3 3 45.7 (27–70) 1 (33.3) 0 (0) 3 0 (0) 2 (66.7) 0 (0) 1 (33.3)

Cluster 4 2 63.8 (62–66) 1 (50) 0 (0) 2 0 (0) 2 (100) 0 (0) 0 (0)

Cluster 5 2 68.3 (56–80) 1 (50) 0 (0) 2 0 (0) 1 (50) 0 (0) 1 (50)

Cluster 6 2 55.0 (39–71) 1 (50) 0 (0) 2 0 (0) 0 (0) 2 (100) 0 (0)

Cluster 7 3 86.4 (57–88) 3 (100) 1 (33.3) 3 0 (0) 1 (33.3) 2 (66.7) 0 (0)

Cluster 8 3 66.3 (47–69) 1 (33.3) 0 (0) 3 0 (0) 3 (100) 0 (0) 0 (0)

Non-cluster
isolates

78 55.3 (0–93) 31
(39.7)

7 (9.0) 79 6 (7.6) 50 (63.3) 11 (13.9) 12 (15.2)

Abbreviations: HiMLST, High-throughput MultiLocus Sequence Typing.
aAge at day of detection of ESBL-producing E. coli
bDeath from any cause within 28 days after first positive culture
cIncluding: pus, wound fluid, peritoneal cavity fluid

doi:10.1371/journal.pone.0160156.t005
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Model 4
In model 4, we included 113 isolates (from 112 patients) that were typed using both HiMLST
and Raman spectroscopy. This was identical to model 3, but patient data was collected over a 3
month period. Model 4 clusters and sizes were similar to those found in the previous word
using model 3. After applying the definitions as described in Table 2, only 1 patient was possi-
bly related to another patient. All other patients were impossible to relate in time and place
(Table 6).

Discussion
In this study, genetically and phenotypically defined clusters of ESBL-producing E. coli were
identified using HiMLST and Raman spectroscopy, but no epidemiological relationships could
be found between patients assigned to various epidemiological clusters of ESBL-producing E.
coli. The most prevalent sequence type was ST 131 (33/113; 29.2%), which was expected since
it is the most predominant sequence type circulating in the community in both The Nether-
lands and worldwide [20]. It was interesting that after sub-grouping the ST 131 isolates with
Raman spectroscopy, 24/33 of these isolates could be subdivided into 4 different clusters, and 9
were considered as non-cluster (unique) isolates (model 3). However, despite this extra level of
clustering, epidemiological relationships between these isolates and patients could still not be
identified.

In outbreak settings, newer typing techniques such as whole genome sequencing (WGS) are
proving to be helpful in healthcare- related transmission events settings, and are able to distin-
guish outbreak from non-outbreak bacterial strains [21, 22]. However, this technique still
needs threshold analyses for defining recent transmissions. Also, currently, the WGS technique
is not generally available for use in routine patient settings due to the fact that it is a complex,
laborious, time-consuming and expensive technique.

In this publication, clinical and molecular epidemiology (both genetic and phenotypic) data
have been combined in an attempt to detect healthcare-related transmission events in a non-
outbreak setting. In the Netherlands, recently introduced guidelines for multidrug-resistant
microorganisms stated that all ESBL-producing E. coli in Dutch hospitals should be typed in
order to better detect and manage healthcare-related transmission events [23]. However, the
exact definition of a ‘healthcare-related transmission event’ is not defined, and there are no

Table 6. Epidemiological relatedness of ESBL-producing E. coli isolates typed using HiMLST in combination with Raman spectroscopy.

Cluster
no.

No. of
patients

Healthcare-
relateda

ST 131
(%)

Model 3 Model 4

Definite Probable Possible Impossible Definite Probable Possible Impossible

1 4 1 4 (100) 0 0 0 4 0 0 0 4

2 15 4 15 (100) 0 0 0 15 0 0 0 15

3 3 2 3 (100) 0 0 0 3 0 0 0 3

4 2 0 2 (100) 0 0 0 2 0 0 0 2

5 2 0 0 (0) 0 0 0 2 0 0 0 2

6 2 2 0 (0) 0 0 0 2 0 0 0 2

7 3 3 0 (0) 0 0 0 3 0 0 1 2

8 3 0 0 (0) 0 0 0 3 0 0 0 3

Total 34 12 24 (70.6) 0 0 0 34 0 0 1 33

Abbreviations: HiMLST, High-throughput MultiLocus Sequence Typing.
aPositive sample identified between 48 hours after admission and within 48 hours after discharge

doi:10.1371/journal.pone.0160156.t006
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defined typing techniques that are currently recommended for use. Additionally, it is not clear
how any results obtained should actually be interpreted. Therefore, in this publication, the
authors developed their own definitions for ‘healthcare-related transmission event’ and ‘likeli-
hood of healthcare-related transmission’ (Table 2). In a systematic review, Kramer et al. deter-
mined how long E. coli can survive on inanimate surfaces, which differed from 1.5 hours up to
16 months [24]. As this range is not practical, we selected the reference that was most applica-
ble to the hospital setting when considering environmental contamination in our definitions of
epidemiological relatedness (Table 2). However, Neely at al. found that most E. coli isolates had
died in the environment only after 36 days [25]. Therefore, we extended our time frame up to 2
months and incorporated this within the definitions ‘probable’ and ‘possible’ in Table 2. In
case we still missed important links we extended the time frame used in model 3 from 2 to 3
months and used this time period in model 4 (Table 2). However, 33.9% of the 112 patients
were considered as culture positive for ESBL-producing E. coli via a healthcare-related trans-
mission event, but no healthcare-related transmission event was identified using our ‘likeli-
hood’ definition. The question therefore arises if some of the 112 patients should actually be
considered as ‘community acquired’, since there could still be some form of endogenous selec-
tion because of antibiotic use. This however is a subject for future research.

Limitations
This study has some limitations. Firstly, the routine surveillance cultures in our dataset were
obtained only from the adult ICU (3 different departments; 10 patients), children’s ICU (2 dif-
ferent departments; 2 patients) and hematology (1 department; 3 patients) while the remaining
cultures were obtained from clinical samples. Therefore, the presence of unidentified ESBL-
producing E. coli carrier patients cannot be ruled out. Also, the number of affected patients
may have been underestimated, which would mean that the lack of epidemiological relatedness
in this study could be a consequence of missing data. Secondly, we did not include the charac-
terization of the specific ESBL genes (e.g. blaCTX-M, blaSHV, blaTEM) and plasmids in our
analysis. It is known however that the IncFII plasmids harbor the CTX-M-15 enzyme, and that
CTX-M-15 is mostly carried by the most prevalent ESBL-producing E. coli strain ST 131,
which is also most prevalent in our study [26, 27]. Finally, the possibility of ESBL antibiotic
resistance gene transmission between other members of the Enterobacteriaceae and our E. coli
isolates was not investigated.

Though this publication suggests that determining ESBL-producing E. coli transmission
events is difficult using currently available, and high throughput, typing technologies the
spread of antibiotic resistant organisms within healthcare settings remains a serious problem.
For example, the isolation of hospitalized patients with ESBL-producing E. coli is a nationwide
policy in the Netherlands, and more studies are required in order to determine if, and when,
contact isolation is required or no longer indicated. Interestingly, Tschudin-Sutter et al.
showed that the rate of spread of ESBL-producing E. coli to roommates in hospitals was low
and suggested discontinuing contact isolation of infected or colonized patients. However,
these authors only included 93 patients in a study period of almost 12 years (June 1999
through April 2011) [8]. In any case, transmission prevention measures including antibiotic
stewardship, cleaning and disinfection, barrier precautions and hand hygiene, should ideally
be implemented in all healthcare settings [28, 29]. For example, Lautenbach et al. identified
prior antibiotic usage as the only independent risk factor for acquiring an infection with
ESBL-producing E. coli [28]. The fact that ESBL-producing E. coli transmission events are dif-
ficult to detect, means that the correct training of healthcare personnel in infection control
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procedures is extremely relevant. This in order to reduce the likelihood of transmission events
occurring at all.

Conclusion and clinical implication
ESBL-producing E. coli healthcare-related transmission events could not be successfully deter-
mined even when using predefined epidemiological definitions and both genotypic and pheno-
typic typing techniques (HiMLST and Raman spectroscopy). Even though the majority of
isolates belonged to ST 131, no epidemiological relatedness was identified between patients car-
rying ST 131 E. coli strains. We therefore conclude that only the general use and development
of more sensitive typing techniques (e.g. whole genome sequencing), coupled to increased
throughput, will generate useful data for identifying ESBL-producing E. coli transmission
events in healthcare environments. At the clinical level, the implementation of WGS should
ideally be coupled to the screening of all patients at admission to hospitals as previously sug-
gested [30].

Acknowledgments
We want to thank Karla S. Gutierrez, Denise M.C. De Jongh, René te Witt and Mireille van
Westreenen for their work and cooperation. We also want to thank employees of the diagnostic
laboratory and the infection control practitioners from the Department of Medical Microbiol-
ogy and Infectious Diseases from the Erasmus MC University Medical Center, Rotterdam, the
Netherlands.

Author Contributions
Conceived and designed the experiments: MVWG. Performed the experiments: AV AW SB
RJ. Analyzed the data: AV AW SB RJ JHWGMV. Contributed reagents/materials/analysis
tools: AV AW SB RJ JHWGMV. Wrote the paper: AV AW SB RJ JHWGMV.

References
1. Coque TM, Baquero F, Canton R. Increasing prevalence of ESBL-producing Enterobacteriaceae in

Europe. Euro Surveill. 2008; 13(47). PMID: 19021958.

2. Livermore DM. Fourteen years in resistance. Int J Antimicrob Agents. 2012; 39(4):283–94. Epub 2012/
03/06. S0924-8579(12)00044-1 [pii] doi: 10.1016/j.ijantimicag.2011.12.012 PMID: 22386741.

3. Livermore DM. Current epidemiology and growing resistance of gram-negative pathogens. The Korean
journal of internal medicine. 2012; 27(2):128–42. Epub 2012/06/19. doi: 10.3904/kjim.2012.27.2.128
PMID: 22707882; PubMed Central PMCID: PMC3372794.

4. Potz NA, Hope R, Warner M, Johnson AP, Livermore DM, London, et al. Prevalence and mechanisms
of cephalosporin resistance in Enterobacteriaceae in London and South-East England. J Antimicrob
Chemother. 2006; 58(2):320–6. PMID: 16735428.

5. Woodford N, Ward ME, Kaufmann ME, Turton J, Fagan EJ, James D, et al. Community and hospital
spread of Escherichia coli producing CTX-M extended-spectrum beta-lactamases in the UK. The Jour-
nal of antimicrobial chemotherapy. 2004; 54(4):735–43. Epub 2004/09/07. doi: 10.1093/jac/dkh424
PMID: 15347638.

6. Pitout JD, Laupland KB. Extended-spectrum beta-lactamase-producing Enterobacteriaceae: an
emerging public-health concern. Lancet Infect Dis. 2008; 8(3):159–66. PMID: 18291338. doi: 10.1016/
S1473-3099(08)70041-0

7. Woerther PL, Burdet C, Chachaty E, Andremont A. Trends in human fecal carriage of extended-spec-
trum beta-lactamases in the community: toward the globalization of CTX-M. Clin Microbiol Rev. 2013;
26(4):744–58. PMID: 24092853. doi: 10.1128/CMR.00023-13

8. Tschudin-Sutter S, Frei R, Dangel M, Stranden A, Widmer AF. Rate of transmission of extended-spec-
trum beta-lactamase-producing enterobacteriaceae without contact isolation. Clin Infect Dis. 2012; 55
(11):1505–11. PMID: 22955436. doi: 10.1093/cid/cis770

Epidemiology of ESBL-Producing Escherichia coli

PLOSONE | DOI:10.1371/journal.pone.0160156 July 27, 2016 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/19021958
http://dx.doi.org/10.1016/j.ijantimicag.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22386741
http://dx.doi.org/10.3904/kjim.2012.27.2.128
http://www.ncbi.nlm.nih.gov/pubmed/22707882
http://www.ncbi.nlm.nih.gov/pubmed/16735428
http://dx.doi.org/10.1093/jac/dkh424
http://www.ncbi.nlm.nih.gov/pubmed/15347638
http://www.ncbi.nlm.nih.gov/pubmed/18291338
http://dx.doi.org/10.1016/S1473-3099(08)70041-0
http://dx.doi.org/10.1016/S1473-3099(08)70041-0
http://www.ncbi.nlm.nih.gov/pubmed/24092853
http://dx.doi.org/10.1128/CMR.00023-13
http://www.ncbi.nlm.nih.gov/pubmed/22955436
http://dx.doi.org/10.1093/cid/cis770


9. al Naiemi N, Bart A, de Jong MD, Vandenbroucke-Grauls CM, Rietra PJ, Debets-Ossenkopp YJ, et al.
Widely distributed and predominant CTX-M extended-spectrum beta-lactamases in Amsterdam, The
Netherlands. J Clin Microbiol. 2006; 44(8):3012–4. Epub 2006/08/08. 44/8/3012 [pii] doi: 10.1128/JCM.
01112-06 PMID: 16891530; PubMed Central PMCID: PMC1594640.

10. Reuland EA, Overdevest IT, Al Naiemi N, Kalpoe JS, Rijnsburger MC, Raadsen SA, et al. High preva-
lence of ESBL-producing Enterobacteriaceae carriage in Dutch community patients with gastrointesti-
nal complaints. Clin Microbiol Infect. 2013; 19(6):542–9. Epub 2012/07/05. doi: 10.1111/j.1469-0691.
2012.03947.x PMID: 22757622.

11. van Hoek AH, Schouls L, van Santen MG, Florijn A, de Greeff SC, van Duijkeren E. Molecular charac-
teristics of extended-spectrum cephalosporin-resistant Enterobacteriaceae from humans in the com-
munity. PloS one. 2015; 10(6):e0129085. PMID: 26029910. doi: 10.1371/journal.pone.0129085

12. van der Bij AK, Peirano G, GoessensWH, van der Vorm ER, vanWestreenen M, Pitout JD. Clinical
and molecular characteristics of extended-spectrum-beta-lactamase-producing Escherichia coli caus-
ing bacteremia in the Rotterdam Area, Netherlands. Antimicrob Agents Chemother. 2011; 55(7):3576–
8. PMID: 21502612. doi: 10.1128/AAC.00074-11

13. Voets GM, Platteel TN, Fluit AC, Scharringa J, Schapendonk CM, Stuart JC, et al. Population distribu-
tion of Beta-lactamase conferring resistance to third-generation cephalosporins in human clinical Enter-
obacteriaceae in the Netherlands. PloS one. 2012; 7(12):e52102. PMID: 23284886. doi: 10.1371/
journal.pone.0052102

14. Diekema DJ, Beekmann SE, Chapin KC, Morel KA, Munson E, Doern GV. Epidemiology and outcome
of nosocomial and community-onset bloodstream infection. J Clin Microbiol. 2003; 41(8):3655–60.
Epub 2003/08/09. PMID: 12904371; PubMed Central PMCID: PMC179863.

15. Boers SA, van der ReijdenWA, Jansen R. High-throughput multilocus sequence typing: bringing
molecular typing to the next level. PloS one. 2012; 7(7):e39630. Epub 2012/07/21. doi: 10.1371/
journal.pone.0039630 PMID: 22815712; PubMed Central PMCID: PMC3399827.

16. Willemse-Erix DF, Scholtes-Timmerman MJ, Jachtenberg JW, van LeeuwenWB, Horst-Kreft D, Bakker
Schut TC, et al. Optical fingerprinting in bacterial epidemiology: Raman spectroscopy as a real-time typ-
ing method. J Clin Microbiol. 2009; 47(3):652–9. PMID: 19109462. doi: 10.1128/JCM.01900-08

17. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for antimicrobial suscepti-
bility testing. In: Twentieth Informational Supplement. Wayne, PA: Clinical and Laboratory Standards
Institute; 2010. p. M100–S20.

18. Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, et al. Sex and virulence in Escherichia coli: an
evolutionary perspective. Molecular microbiology. 2006; 60(5):1136–51. Epub 2006/05/13. doi: 10.
1111/j.1365-2958.2006.05172.x PMID: 16689791; PubMed Central PMCID: PMC1557465.

19. Willemse-Erix D, Bakker-Schut T, Slagboom-Bax F, Jachtenberg JW, Lemmens-den Toom N, Papa-
giannitsis CC, et al. Rapid typing of extended-spectrum beta-lactamase- and carbapenemase-produc-
ing Escherichia coli and Klebsiella pneumoniae isolates by use of SpectraCell RA. J Clin Microbiol.
2012; 50(4):1370–5. PMID: 22238437. doi: 10.1128/JCM.05423-11

20. Nicolas-Chanoine MH, Bertrand X, Madec JY. Escherichia coli ST131, an intriguing clonal group. Clin
Microbiol Rev. 2014; 27(3):543–74. PMID: 24982321. doi: 10.1128/CMR.00125-13

21. Veenemans J, Overdevest IT, Snelders E, Willemsen I, Hendriks Y, Adesokan A, et al. Next-generation
sequencing for typing and detection of resistance genes: performance of a new commercial method
during an outbreak of extended-spectrum-beta-lactamase-producing Escherichia coli. J Clin Microbiol.
2014; 52(7):2454–60. PMID: 24789184. doi: 10.1128/JCM.00313-14

22. Azarian T, Cook RL, Johnson JA, Guzman N, McCarter YS, Gomez N, et al. Whole-Genome Sequenc-
ing for Outbreak Investigations of Methicillin-Resistant Staphylococcus aureus in the Neonatal Inten-
sive Care Unit: Time for Routine Practice? Infect Control Hosp Epidemiol. 2015; 36(7):777–85. PMID:
25998499. doi: 10.1017/ice.2015.73

23. DutchWorking Group on Preventing Infections (WIP). Bijzonder resistente micro-organismen (BRMO).
2012.

24. Kramer A, Schwebke I, Kampf G. How long do nosocomial pathogens persist on inanimate surfaces? A
systematic review. BMC Infect Dis. 2006; 6:130. PMID: 16914034.

25. Neely AN. A survey of gram-negative bacteria survival on hospital fabrics and plastics. J Burn Care
Rehabil. 2000; 21(6):523–7. PMID: 11194806.

26. Peirano G, Pitout JD. Molecular epidemiology of Escherichia coli producing CTX-M beta-lactamases:
the worldwide emergence of clone ST131 O25:H4. Int J Antimicrob Agents. 2010; 35(4):316–21. PMID:
20060273. doi: 10.1016/j.ijantimicag.2009.11.003

27. Conlan S, Thomas PJ, Deming C, Park M, Lau AF, Dekker JP, et al. Single-molecule sequencing to
track plasmid diversity of hospital-associated carbapenemase-producing Enterobacteriaceae. Sci
Transl Med. 2014; 6(254):254ra126. PMID: 25232178. doi: 10.1126/scitranslmed.3009845

Epidemiology of ESBL-Producing Escherichia coli

PLOSONE | DOI:10.1371/journal.pone.0160156 July 27, 2016 13 / 14

http://dx.doi.org/10.1128/JCM.01112-06
http://dx.doi.org/10.1128/JCM.01112-06
http://www.ncbi.nlm.nih.gov/pubmed/16891530
http://dx.doi.org/10.1111/j.1469-0691.2012.03947.x
http://dx.doi.org/10.1111/j.1469-0691.2012.03947.x
http://www.ncbi.nlm.nih.gov/pubmed/22757622
http://www.ncbi.nlm.nih.gov/pubmed/26029910
http://dx.doi.org/10.1371/journal.pone.0129085
http://www.ncbi.nlm.nih.gov/pubmed/21502612
http://dx.doi.org/10.1128/AAC.00074-11
http://www.ncbi.nlm.nih.gov/pubmed/23284886
http://dx.doi.org/10.1371/journal.pone.0052102
http://dx.doi.org/10.1371/journal.pone.0052102
http://www.ncbi.nlm.nih.gov/pubmed/12904371
http://dx.doi.org/10.1371/journal.pone.0039630
http://dx.doi.org/10.1371/journal.pone.0039630
http://www.ncbi.nlm.nih.gov/pubmed/22815712
http://www.ncbi.nlm.nih.gov/pubmed/19109462
http://dx.doi.org/10.1128/JCM.01900-08
http://dx.doi.org/10.1111/j.1365-2958.2006.05172.x
http://dx.doi.org/10.1111/j.1365-2958.2006.05172.x
http://www.ncbi.nlm.nih.gov/pubmed/16689791
http://www.ncbi.nlm.nih.gov/pubmed/22238437
http://dx.doi.org/10.1128/JCM.05423-11
http://www.ncbi.nlm.nih.gov/pubmed/24982321
http://dx.doi.org/10.1128/CMR.00125-13
http://www.ncbi.nlm.nih.gov/pubmed/24789184
http://dx.doi.org/10.1128/JCM.00313-14
http://www.ncbi.nlm.nih.gov/pubmed/25998499
http://dx.doi.org/10.1017/ice.2015.73
http://www.ncbi.nlm.nih.gov/pubmed/16914034
http://www.ncbi.nlm.nih.gov/pubmed/11194806
http://www.ncbi.nlm.nih.gov/pubmed/20060273
http://dx.doi.org/10.1016/j.ijantimicag.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25232178
http://dx.doi.org/10.1126/scitranslmed.3009845


28. Lautenbach E, Patel JB, Bilker WB, Edelstein PH, Fishman NO. Extended-spectrum beta-lactamase-
producing Escherichia coli and Klebsiella pneumoniae: risk factors for infection and impact of resistance
on outcomes. Clin Infect Dis. 2001; 32(8):1162–71. PMID: 11283805.

29. Lee J, Pai H, Kim YK, Kim NH, Eun BW, Kang HJ, et al. Control of extended-spectrum beta-lactamase-
producing Escherichia coli and Klebsiella pneumoniae in a children's hospital by changing antimicrobial
agent usage policy. The Journal of antimicrobial chemotherapy. 2007; 60(3):629–37. PMID: 17599919.

30. Ohmagari N, Kurai H, Yamagishi Y, Mikamo H. Are strict isolation policies based on susceptibility test-
ing actually effective in the prevention of the nosocomial spread of multi-drug-resistant gram-negative
rods? Am J Infect Control. 2014; 42(7):739–43. PMID: 24969125. doi: 10.1016/j.ajic.2014.04.003

Epidemiology of ESBL-Producing Escherichia coli

PLOSONE | DOI:10.1371/journal.pone.0160156 July 27, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/11283805
http://www.ncbi.nlm.nih.gov/pubmed/17599919
http://www.ncbi.nlm.nih.gov/pubmed/24969125
http://dx.doi.org/10.1016/j.ajic.2014.04.003

