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Enhanced precision of epidemiological typing in clinically suspected nosocomial outbreaks is crucial. Our aim was
to investigate whether single nucleotide polymorphism (SNP) analysis and core genome (cg) multilocus sequence
typing (MLST) of whole genome sequencing (WGS) data would more reliably identify a nosocomial outbreak,
compared to earlier molecular typing methods. Sixteen isolates from a nosocomial outbreak of ESBL E. coli ST131 in southeastern Sweden and three control strains were subjected to WGS. Sequences were explored by SNP
analysis and cgMLST. cgMLST clearly diﬀerentiated between the outbreak isolates and the control isolates (>1400
diﬀerences). All clinically identiﬁed outbreak isolates showed close clustering (≥2 allele diﬀerences), except for two
isolates (>50 allele diﬀerences). These data conﬁrmed that the isolates with >50 diﬀering genes did not belong to
the nosocomial outbreak. The number of SNPs within the outbreak was ≤7, whereas the two discrepant isolates
had >700 SNPs. Two of the ESBL E. coli ST-131 isolates did not belong to the clinically identiﬁed outbreak. Our
results illustrate the power of WGS in terms of resolution, which may avoid overestimation of patients belonging
to outbreaks as judged from epidemiological data and previously employed molecular methods with lower discriminatory ability.
Key words: Epidemiological typing; whole genome sequencing; Escherichia coli ST-131; single nucleotide
polymorphism; cgMLST.
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Severe bacterial infections are a major cause of
morbidity and mortality (1) and thus a major threat
to human health (2). Early identiﬁcation of nosocomial outbreaks is crucial, especially the spread of
high-risk clones that have accumulated mutations
enabling multiresistance and increased pathogenicity (3). Current methods for analyzing epidemiological linkage between bacterial isolates include pulse
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ﬁeld gel electrophoresis (PFGE) (4), multilocus
sequence typing (MLST) (5, 6), diﬀerent PCRbased methods such as ligation-mediated qPCR
high-resolution melt analysis (LMqPCR HRMA)
(7, 8) and more recently whole genome sequencing
(WGS) (9, 10). WGS does not only provide information about epidemiological linkage but can also
identify known antibiotic resistance genes (11) and
virulence factors (12, 13). Furthermore, WGS also
allows for the detection of plasmids (14).
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Escherichia coli is a gram-negative rod and classiﬁed both as a commensal and as a human
pathogen. Each E. coli genome encodes up to
5000 genes, of which approximately 2200 are part
of the core genome (cg), and the remainder consists of a highly variable accessory genome (15–
17), allowing for an extensive genomic diversity.
E. coli genome size can vary up to 1 Mb, due to
horizontal gene transfer with acquisition or loss
of pathogenic islands or other genetic elements
(18). A new widespread sequence type (ST) E. coli
(ST-131), producing extended spectrum b-lactamases (ESBL), was identiﬁed in 2008 and has
since then been reported to cause outbreaks over
the entire globe (19, 20).
Comparison of clonal dissemination of E. coli
using WGS has previously been performed by single nucleotide polymorphism (SNP) analysis by
Mellmann et al. (10) and core genome (cg) MLST
by Fischer et al. (21) and Kaas et al. (17, 22).
We have previously investigated a clinically
deﬁned nosocomial outbreak of ESBL-producing
E. coli, but some of the isolates were diﬃcult to
evaluate by earlier generations of molecular methods such as high-resolution melt (HRM) analysis of
PCR products and PFGE due to the limited resolution of the methods used (7). Thus, our aim was to
investigate whether cgMLST and/or SNP analysis
of WGS data could resolve whether or not the isolates belonged to the nosocomial outbreak.

MATERIALS AND METHODS
Selection of bacterial isolates
Sixteen isolates, from a clinically well-characterized nosocomial outbreak of ESBL-producing E. coli of type
ST-131, and three, random, outbreak unrelated isolates of
ESBL-producing E. coli of diﬀerent ST-types (Table 1 and
Fig. S1) were collected during 2008–2009, at the Department of Clinical Microbiology, Kalmar County Hospital,
Sweden (7). The nosocomial outbreak isolates had an unusual susceptibility pattern for that geographical region
(ESBL-producing E. coli with resistance to gentamicin
and ciproﬂoxacin but susceptibility to trimethoprim-sulfamethoxazole), were related in time and place and thus
hypothesized to belong to the same outbreak. The majority of the ST-131 isolates were collected from urine samples from elderly patients at a medical department and
one nursing homes within Kalmar County. Eleven of sixteen were clinical cultures and ﬁve colonization cultures
(isolate 3, 4, 6, 9 and 10). Two patients (carriers of isolates
1 and 2, respectively) suﬀered from septicemia caused by
the isolate.

Sample preparation and WGS
DNA was extracted using either DNA tissue kit and the
BioRobot EZ1 (Qiagen AB, Sollentuna, Sweden) (isolates
1, 6, 8 and 13) or MagNA Pure Compact system (Roche
Diagnostics Scandinavia AB, Bromma, Sweden) (isolates
2–5, 7, 9–12, 14–18 and 23) according to the manufacturer’s instructions. DNA concentrations were measured
using Qubit dsDNA BR Assay system (Thermoﬁsher Scientiﬁc, Waltham, MA, USA), and samples were diluted to

Table 1. The isolates included in the study with epidemiology, source of collection and sequence type
Source
MLST
Isolate
Epidemiology
Date isolated
Community/Hospital
Suspect
acquired
outbreak
isolate
1
Medical ward, H1
2008 May
HA
Y
Blood
ST-131
2
Emergency, H1
2008 May
HA
Y
Blood
ST-131
3
Surgery ward, H1
2008 January
HA
Y
Feces
ST-131
4
Geriatric nursing home D
2008 October
CA
Y
Feces
ST-131
5
ICU, H1
2009 January
HA
Y
Urine
ST-131
6
ICU, H1
2008 October
HA
Y
Secretion
ST-131
7
HCC2
2008 May
CA
Y
Ulcer
ST-131
8
OB, H1
2008 August
HA
Y
Unspeciﬁed
ST-131
9
Geriatric nursing home D
2008 October
CA
Y
Feces
ST-131
10
Geriatric nursing home D
2008 October
CA
Y
Feces
ST-131
11
Geriatric nursing home D
2008 July
CA
Y
Urine
ST-131
12
Geriatric nursing home D
2008 September
CA
Y
Urine
ST-131
13
Medical ward, H1
2008 October
HA
Y
Urine
ST-131
14
Rehab/Geriatric ward, H1
2007 December
HA
Y
Urine
ST-131
15
HCC1
2008 December
CA
Y
Urine
ST-131
16
Emergency, H1
2009 May
HA
Y
Urine
ST-131
17
Rehab/Geriatric ward, H1
2008 January
HA
N
Secretion
ST-624
18
Medical ward, H2
2008 November
HA
N
Urine
ST-69
21
Surgery ward, H1
2009 January
HA
N
Urine
ST-410
H, Hospital; ICU, intensive care unit; HCC, Healthcare center; OB, Obstetrics and gynecology; Y, yes; N, no; HA, Hospital acquired; CA, Community acquired. Isolates 17 and 21 are unrelated control isolates from the same hospital and time
period as isolates 1–16. Isolate 18 is an unrelated control isolate from the same time period but another hospital as isolates
1–16.

1118

© 2017 APMIS. Published by John Wiley & Sons Ltd

CGMLST ANALYSIS OF E. COLI ST-131

0.2 ng/lL using 10 mM Tris-HCl, pH 8.5. DNA concentrations of the diluted samples were conﬁrmed by renewed
measurements.
Sequencing libraries were prepared according to the
manufacturer’s instructions using the Nextera XT DNA
Library Preparation Kit (Illumina, San Diego, CA, USA),
and indexed to allow pooling of libraries.
The ampliﬁed and indexed libraries were puriﬁed using
Agencourt AMPure XP beads (Beckman Coulter, Indianapolis, IN, USA), according to instructions for the Nextera XT DNA Library Preparation Kit (Illumina), and the
size distributions of the puriﬁed libraries were assessed
using Agilent High Sensitivity DNA chip (Agilent Technologies Inc., Santa Clara, CA, USA).
Normalized libraries were pooled in equal volumes, and
sequenced as 12-plex using the MiSeq v3 chemistry and
the MiSeq desktop sequencer (Illumina). All libraries were
sequenced using a 2 9 300 bp, paired-end workﬂow. Base
calling, demultiplexing and adapter trimming were conducted using MiSeq Reporter version 2.5.1 (Illumina). Isolates 1, 6, 8 and 13 were subjected to paired-end WGS
using the Illumina HiSeq system. Sequencing libraries
were prepared from 1.5 lg of DNA using the TruSeq
DNA sample prep kit v2 (Illumina) according to the manufacturer’s instructions (guide # 15026486 revA). Pairedend sequencing with 100 bp read length was performed on
a HiSeq2000 instrument (Illumina) with v3 sequencing
chemistry according to the manufacturer’s instructions
(HiSeq control software 1.5.15.1/RTA 1.13.48). Sequencing was performed by the SNP&SEQ Technology Platform in Uppsala, Sweden www.sequencing.se.
Quality control, trimming and de novo assembly were
performed using CLCbio Genomics workbench 7.5 (23)
with default settings. The sequences reported in this study
have been deposited in European Nucleotide Archive
Sequence
Read
Archive
under
study
number
PRJEB15588.

In silico MLST, SNP analysis and detection of
plasmids and resistance genes using the Center for
Genomic Epidemiology server
Contigs were uploaded to Center for Genomic Epidemiology (CGE) server (www.genomicepidemiology.org, April
16, 2016) and analyzed using MLST E. coli #1 (24, 25),
PlasmidFinder (26) and ResFinder (11) using default settings. Phylogeny was inferred using the default settings
(except that the minimum depth at SNP position was set
to 20x) of the CSI Phylogeny service (22) and the original
fastq-ﬁles, by calling SNPs with respect to either a wellcharacterized ST-131 reference sequence (JJ1886, accession
number NC_022648.1) (27) or the contigs from a de novo
assembly of the index isolate (isolate 14). Also JJ1886 was
included in the analysis when the index isolate was used
as reference.

MLST and cgMLST analysis using SeqSphere
SeqSphere+ (3.2.1 64-bit, Ridom GmbH, M€
unster, Germany) (28) was used in pipeline mode to implement a
workﬂow consisting of read trimming, de novo assembly
using Velvet (29) and conventional MLST (5) and
cgMLST. The cgMLST scheme was developed from 181
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genomes (Table S1), rendering 1602 targets for cgMLST.
Minimum spanning trees were created after the exclusion
of targets not found or failed. The reference sequence of
the
outbreak
unrelated
ST-131
isolate
JJ1886
(NC_022648.1) was included in the analysis.

Visualization of isolate diﬀerences using BRIG
All isolates were aligned to the ST-131 reference sequence
(NC_022648.1) of E. coli JJ1886 using NCBI BLASTn+
and BLAST Ring Image Generator (BRIG) (30).

RESULTS
Analysis of resistance genes, plasmid typing and in
silico MLST analysis

All isolates carried the aac(60 )Ib-cr gene-mediating
resistance to aminoglycosides and ﬂuoroquinolones,
and gene-encoding resistance to b-lactam antibiotics
(blaOXA-1 and blaCTX-M-15 as well as blaTEM1B), expect for 8 and 13, which lacked the
blaTEM-1B gene. All isolates carried the Inc FII
plasmid, and all but one of the non-ST131 isolates
carried plasmids belonging to the Inc FIA type.
Isolates 8, 13, 17, 18 and 21 also carried Inc FIB
plasmids. All of the suspected outbreak isolates
were of the ST-131 type (Table 1; isolates 1 – 16),
and the control isolates were of type ST-624, ST-69
and ST-410, respectively (Table 1; isolates 17, 18
and 21).
Comparison between clinically deﬁned nosocomial
outbreak isolates and epidemiological clustering with
cgMLST

Forty-one of 1602 cgMLST targets were excluded,
due to the presence of failed comparisons between
the WGS data and the target genes, from the cluster analysis (Table S2). Among the suspected outbreak isolates, except isolate 8 and 13, there were
0–2 allele diﬀerences per isolate in the cgMLST
analysis (Fig. 1). Using cgMLST, isolates 8 and 13
diﬀered by 79 and 53 alleles, respectively, from the
outbreak isolates. The ST-131 reference isolate
JJ1886 had 30 allele diﬀerences to the nosocomial
outbreak. The three non-ST-131 control isolates
diﬀered at >1400 genes from the suspected outbreak
isolates of type ST-131 (Fig. 1).
Comparison between clinically deﬁned nosocomial
outbreak isolates and epidemiological clustering with
SNP analysis

The SNP analysis using CSI Phylogeny and the earliest isolated outbreak isolate (isolate 14) as a reference showed that the three control non-ST-131
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Fig. 1. Minimum spanning tree of all sequenced isolates and JJ1886 as analyzed by cgMLST. The numbers on the connecting lines give the number of diﬀering genes.

Fig. 2. Rectangular tree over SNP analysis performed on all sequenced isolates (A) and only the ST-131 isolates (B). The
SNP analysis identiﬁed ≥28 374 SNPs between the three control non-ST-131 isolates and the index isolate 14 (A). Within
the ST-131 group (B), isolates 8 and 13 deviated with a high number of SNPs compared to the index isolate 14 (>700),
compared to <7 SNPs between the other ST-131 outbreak isolates (isolates 1–7, 9–12 and 15–16) and isolate 14.

isolates (isolates 17, 18 and 21) diﬀered by at least
28374 SNPs from the ST-131 group of isolates
(Fig. 2A). Within the group of suspected outbreak
isolates (ST-131), isolates 8 and 13 clearly deviated
with a high number of SNPs compared to isolate
1120

14 (743 and 719, respectively) (Fig. 2B). A maximum of seven SNPs were identiﬁed between the
other ST-131 outbreak isolates (isolates 1–7, 9–12
and 15–16) and isolate 14 (Fig. 2B). The ST-131
reference genome JJ1886 not belonging to the
© 2017 APMIS. Published by John Wiley & Sons Ltd
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Fig. 3. BLAST comparisons of isolates 1–16 (A) and isolates 17, 18 and 21 (B) against JJ1886, respectively. Gene absence/
presence and divergence are visualized as the color represents sequence identity on a sliding scale, the brighter the lower
percentage identity.

nosocomial isolates diﬀered at 14 positions from
isolate 14. Similar results were obtained using the
outbreak
unrelated
ST-131
isolate
JJ1886
(NC_022648.1) as reference, as the number of SNPs
between isolates 1–7;9–12;14–16 and isolates 8 and
13 were >20 and within isolates 1–7;9–12;14–16
were <5 (data not shown). Furthermore, using
JJ1886 as reference the number of SNPs between
the ST-131 isolates and the non-ST-131 isolates was
>11 700 (data not shown). By visualization using
BRIG, it was clear that isolates 8 and 13 were more
diﬀerent to JJ1886 than the other ST-131 isolates
as they display more point-wise diﬀerences
(Fig. 3A). The control isolates 17, 18 and 21 contained several regions with less similar sequences
spread throughout the genome (Fig. 3B).

DISCUSSION
Using cgMLST analysis from WGS data when
investigating a clinically identiﬁed nosocomial outbreak of E. coli ST-131, we were able to clearly
identify two isolates (8 and 13) not belonging to
the outbreak. In a previous analysis of the clinically
deﬁned epidemiological outbreak (7), PFGE and
LMqPCR HRMA were able to diﬀerentiate

© 2017 APMIS. Published by John Wiley & Sons Ltd

between ST-131 isolates and non-ST-131 isolates
but had diﬃculties in judging on diﬀerences
between isolates 8 and 13 and the rest of the
ST-131 suspected outbreak isolates. This prompted
us to proceed to WGS followed by cgMLST and
SNP analysis, where isolates 8 and 13 were clearly
diﬀerentiated from the other ST-131 isolates. Isolate 8 and 13 were collected at the same hospital as
the other ST-131 isolates, which had an epidemiological connection and all showed the same resistance pattern, which at the time, was unusual for
that area. The isolates concluded to belong to the
outbreak are all isolated from patients with possible
links to the rehabilitation and geriatric clinic at
hospital 1 or a geriatric care facility (Fig. S1). Isolate 8 was collected from an obstetric clinic at hospital 1, where, to our knowledge, no other patients
with ST-131 had been identiﬁed. Isolate 13 was collected at the medical clinic, but the cgMLST and
SNP strongly indicated that this isolate was not
connected to the other isolates and there was no
strong epidemiological link such as in the geriatric
health facility.
Our results contribute to the knowledge of
molecular typing methods as it applies modern
WGS-based methods on a nosocomial outbreak of
clinical relevance where data on earlier generation
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molecular typing methods were available (7). Additionally, there is still a need to establish cgMLST
as a tool in clinical practice and standardization of
cgMLST is urgently needed. To our knowledge,
there are no systematic studies investigating the
utility of cgMLST in well-established nosocomial
outbreaks for the successful clone, E. coli ST-131.
As suggested by others, residents in nursing
homes comprise a reservoir of E. coli ST-131 with
high carriage and infection level (20). As transmission between humans is readily reported (31, 32),
standardized, fast, simple and preferably automated methods for the evaluation of possible outbreak scenarios are warranted. In addition, as
WGS by massive parallel sequencing is becoming
the new standard for investigating bacterial outbreaks, standardized analysis pipelines are
required. Furthermore, ways of communicating
typing results between laboratories using an international standard such as MLST are desirable.
This automation is to some part possible with
programs such as SeqSphere (28) or BacTyper
(33) using a pipeline mode where all sequences
designated to a pre-set folder can be subjected to
assembly and subsequently outbreak analysis. In
fact, Mellmann et al. (34) performed real-time
microbial WGS on multi-drug-resistant (MDR)
E. coli from a tertiary care hospital. In that study,
real-time epidemiological typing was performed by
WGS and subsequent cgMLST analysis, which
could avoid unnecessary isolation of MDR E. coli
from the clinical judgement only. They did not
observe any increase in MDR E. coli transmission,
and the costs were reduced due to avoided costs
of isolation (34).
By including the genome sequence of the nonrelated reference isolate JJ1886 with the same
MLST type (ST-131) in the cgMLST analysis, it
was possible to suggest a threshold of diﬀering
alleles within a cluster. A previous study has
shown a threshold of ≤10 diﬀering alleles in the
core genome for E. coli. (33) As isolate 8 and 13
had >40 diﬀering alleles from the outbreak isolates,
they were judged as non-related both to each other
and to the outbreak.
Both cgMLST and SNP analysis resulted in the
same clustering, with the exception of higher differentiation within the cluster of outbreak isolates
using SNP analysis (Figs 1 and 2). Nevertheless,
the reference-based SNP analysis of E. coli might
not be the most comprehensible approach as
E. coli is a very diverse organism with a high level
of recombination (35), which may result in falsenegative clustering because short non-allelic
sequences may be incorrectly incorporated during
assembly
and
then
misinterpreted
as
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polymorphisms (17, 36). In contrast to using the
index isolate (14) for comparison in the SNP analysis, using JJ1886 resulted in fewer diﬀerences
between isolate 8 and 13 and the rest of the ST131 isolates. This is probably due to the fact that
a large part of the sequences from the outbreak
suspected ST-131 isolates is not present in JJ1886
(data not shown). Hence, the SNP analysis using
JJ1886 as reference would be based on a smaller
amount of data. Thus, using a universal reference
could decrease the resolution, while using only
local isolates would allow for only local comparisons and not between diﬀerent outbreaks and laboratories. For bacteria such as M. tuberculosis
with a more clonal evolution, SNP analysis might
be favorable. However, as some of the SNPs will
depend on the methodology and assembly processes (22), results may not be comparable
between laboratories or over time. As both
approaches of analysis (SNP vs cgMLST) resulted
in the same clustering, our results indicate that
they are not biased by the methodology selected.
Our study have several limitations. The sample
investigated is small and is restricted to the isolates
in the nosocomial outbreak. Furthermore, sequencing was not performed for all isolates at the same
time and two diﬀerent Illumina platforms were
used, which may cause diﬀerences in sequence
errors aﬀecting downstream analysis.
Most studies today (9, 13, 28) analyze a single
colony when performing epidemiological analyses,
which may lead to a biased interpretation as
heterogeneities in the strains giving rise to the
infection may not be represented (37). Furthermore, for epidemiological purposes and due to
the lateral gene transfer within Enterobacteriacae,
it should be considered that the resistance genecontaining plasmids should be primarily targeted in
addition to the bacterial core genome (38).
In this study, we introduced WGS-based methods such as cgMLST analysis to conﬁrm epidemiologic links (Fig. S1) within a clinically identiﬁed
nosocomial outbreak of E. coli ST-131 previously
investigated using old generation typing methods
such as PFGE. Even if WGS-based methods lack
standardized analysis protocols, cgMLST and SNP
analyses did ﬁnally resolve the epidemiological links
within the nosocomial outbreak due to improved
discriminatory power.
Part of the sequencing was performed by the SNP&SEQ
Technology Platform in Uppsala. The facility is part of
the National Genomics Infrastructure (NGI) Sweden and
Science for Life Laboratory. The SNP&SEQ Platform is
also supported by the Swedish Research Council and the
Knut and Alice Wallenberg Foundation.
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