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Extended-spectrum beta-lactamase (ESBL)-producing bacterial isolates are emerging

within the last years. To understand this emergence, a thorough genome-based

analysis of ESBL isolates from different sources (One Health approach) is needed.

Among these, analysis of surface water is underrepresented. Therefore, we performed

a genome-based analysis of ESBL-producing Escherichia coli isolates from surface

water samples. Water samples were collected from eleven different surface water sites

(lakes, river). ESBL-producing E. coli were recovered from these samples using filters

and chromogenic media. Whole-genome sequencing of ESBL-producing E. coli was

performed followed by determination of the multilocus sequence type (ST), ESBL-type,

and virulence genes. Phylogenetic analysis was done using single nucleotide analysis.

From all water samples taken, nineteen ESBL-producing E. coli were recovered. All of

them harbored an ESBL gene. Nine different multilocus STs were determined, among

which ST-949 was the ST detected most frequently. Phylogenetic analysis of ST-949

isolates revealed that all those isolates were closely related. In addition, they harbored an

identical chromosomal insertion of blaCTX−M−15, indicating a clonal relationship among

these isolates. Genetic comparison with isolates from all over the world revealed that

these isolates were closely related to human clinical isolates derived from New Zealand

and Sweden. An ESBL-producing E. coli ST-949 clone was detected in German surface

waters. Its close relationship to human clinical isolates suggests its ability to colonize or

even infect humans. Our findings reveal that water sources indeed may play a hitherto

underreported role in spread of ESBL-producing isolates.

Keywords: CTX-M-15, ST-949, ESBL-E. coli, water samples, WGS

INTRODUCTION

Extended-spectrum beta-lactamase (ESBL)-producing bacterial isolates are emerging in the last
years (Peirano and Pitout, 2019). The spread of ESBL-producers is a clear One Health issue, as they
have been found to be present in different sources, animals, humans, and environment (Hooban
et al., 2020). This is true for Germany as well. In Germany, 6.3% of humans are colonized with
ESBL-producing Escherichia coli isolates (Valenza et al., 2014). In diseased food-producing animals,
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the prevalence of ESBL-producing E. coli ranges between 0.8 and
11.2% depending on the animal species (Michael et al., 2017).

The commonly accepted opinion is that all different sources
play a role in the spread of ESBL-producing bacteria. To be
able to track the transfer routes of ESBL-producers among
different sources, a thorough understanding of the epidemiology
of these bacteria is needed. The method of choice to perform
an in-depth epidemiological analysis is to use whole genome
sequence-based methods. They have been used a lot in human
and veterinary medicine (in particular to track outbreaks),
but genome-based data from water sources are still very
rare. Few epidemiological studies have been performed to
analyze the genomes of ESBL-producing isolates from water
samples. These studies showed a high identity between ESBL
producers from water samples and clinical samples indicating
a spread from either clinical to water sources or vice versa
(Fagerström et al., 2019).

In order to gain more insight into this topic, an investigation
was performed that included water samples from official and
unofficial bathing sites at lakes and a river in Hesse, Germany.

MATERIALS AND METHODS

Sampling Procedure
During the bathing season 2018, samples were taken from
swimming lakes in Hesse (n = 10). According to the European
Bathing Water Directive (BWD; EG 2006/7) the sites were
checked at least monthly for the presence of coliform bacteria.
Additionally, samples from unofficial bathing sites of the Hessian
river Lahn around Marburg and Giessen were taken (n = 9).
Procedures for sampling as well as preparation, filtration, and
enumeration were performed conforming with the DIN EN ISO
9308-2 (K6-1) 07-2014, DIN EN ISO 19458 (K19), DIN EN
ISO 8199 (K20) 01-2008, and DIN EN ISO 9380-1: 2014 (K12)
regulations within 24 h.

Characterization of ESBL-Producing
Isolates
For detection of ESBL-producing isolates, water samples
were filtered and the filters put onto BrillianceTM ESBL
chromogenic medium (OXOID, Wesel, Germany). For isolates
growing on the chromogenic agar, species confirmation was
performed using MALDI-TOF-MS (Biomérieux, Nürtingen,
Germany). Antibiotic susceptibility testing and ESBL phenotype
confirmation was performed using the VITEK 2 System (AST-
N263 cards, Biomérieux, Nürtingen, Germany). Classification of
the antibiotic resistance/susceptibility was performed according
to EUCAST criteria1.

Whole-Genome Sequencing
Short-read whole genome sequencing was performed for
all E. coli isolates growing on the chromogenic medium
(n = 21). DNA from overnight cultures was isolated using

1https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_
tables/v_11.0_Breakpoint_Tables.pdf

the Purelink genomic DNA kit (ThermoFisher, Dreieich,
Germany). Short read sequencing was performed on a NextSeq
500 machine (Illumina, Eindhoven, Netherlands) using a
Nextera XT sequencing library with an average read length of
115 nt and an average coverage of 33.5 x. Raw reads were
processed using the ASA3P pipeline using default parameters
(Schwengers et al., 2020).

Long-read sequencing of a representative E. coli ST-949 isolate
(EDCC5518) was performed using the Nanopore technology.
The library was prepared using the native barcoding kit
(EXP-NBD103, Oxford Nanopore Technologies Ltd., Oxford,
United Kingdom) and 1D chemistry (SQK-LSK108). Sequencing
was performed using the SpotON Flow Cell Mk I R9 Version
(FLO-MIN106) on a MinION/MinIT machine with an average
read length of 4,137 nt. Basecalling was performed directly on the
MinIT machine. Demultiplexing was performed using Porechop
(v. 0.2.32). Hybrid assembly was performed using Unicycler (v.
0.4.7) (Wick et al., 2017) and the short and long reads with
default parameters.

Genome-Based Analyses
In silico multilocus sequence typing of E. coli isolates was
performed using the scheme presented by Wirth et al. (2006).
Antibiotic resistance genes, plasmid incompatibility groups and
fimH types were determined using the bacterial analysis pipeline
of the Center for Genomic Epidemiology3. Insertion elements
were determined using ISFinder (Siguier et al., 2006). Virulence
gene determination was performed using ASA3P (Schwengers
et al., 2020). Comparative genome analysis was performed
using the HarvestSuite package (Treangen et al., 2014). Publicly
available assembled E. coli genomes of the multilocus sequence
type (ST) ST-949 were downloaded using Enterobase (as of
8th June 2020, Supplementary Table 1) (Zhou et al., 2020).
Geographical representation of sampling sites was visualized
using MicroReact (Argimón et al., 2016).

RESULTS AND DISCUSSION

Detection and Phenotypic
Characterization of ESBL-Producing
Escherichia coli Samples
During the bathing season of 2018 (June–August), fifty-five
samples from nineteen sampling sites were collected. Of
these samples, forty-four did not show growth of isolates on
ESBL chromogenic agar. Notably, the 2018 summer was a
comparatively hot summer4 resulting in low water levels. From
the remaining water samples (n = 11, Figure 1), nineteen ESBL-
producing bacterial isolates were detected (Table 1). Only E. coli
isolates were detected. Environmental data and characterization
of the sampling sites are shown in Table 1.

For all E. coli isolates growing on the chromogenic
plates, the ESBL phenotype was confirmed. Phenotypic

2https://github.com/rrwick/Porechop
3http://www.genomicepidemiology.org/
4http://www.dwd.de and http://www.wetter.de

Frontiers in Microbiology | www.frontiersin.org 2 April 2021 | Volume 12 | Article 617349



Falgenhauer et al. Clonal CTX-M-15-Producing Escherichia coli ST-949

FIGURE 1 | Distribution of sampling sites. The figure was generated using microreact (Argimón et al., 2016).

resistance to antibiotics other than beta-lactams was detected
very seldom and included resistance to fluoroquinolones
(4/21) and trimethoprim/sulfamethoxazole (5/21)
(Supplementary Table 2). The isolates were not resistant
to carbapenems. According to the classification proposed
by Magiorakos et al. (2012), all isolates were multidrug-
resistant (resistant to ≥3 different antibiotic classes;
Supplementary Table 2).

Genome-Based Analysis of Escherichia

coli Isolates
All E. coli isolates harbored an ESBL gene (Table 2). The
most common ESBL gene detected was blaCTX−M−15

(n = 17) followed by blaCTX−M−1 (n = 2) and blaCTX−M−27

(n = 2). The predominance of blaCTX−M−15 in our study
is concordant with the results in other studies performed
in Europe (Kittinger et al., 2016; Jorgensen et al., 2017).
The E. coli isolates encoded other antibiotic resistance
genes conferring resistance to aminoglycosides (7/21),
fluoroquinolones (15/21, qnrS1), sulfonamide (5/21),
trimethoprim (5/21), and tetracycline (2/21) (Table 2). In
concordance with previous reports (Rodríguez-Martínez
et al., 2011), the presence of qnrS1 did not lead to
high-level fluoroquinolone resistance (MIC > 0.5 mg/L)
in our isolates.

Multilocus sequence typing revealed that nine different STs
were present (Table 2 and Figure 2). Of these, three were detected
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more than once: ST-949 (n = 11), ST-131 (n = 2), and ST-
1431 (n = 2). E. coli ST-949 and ST-1431 isolates harbored
blaCTX−M−15, while E. coli ST-131 isolates harbored blaCTX−M−15

or blaCTX−M−27.
To our knowledge, E. coli ST-949 have been reported in

only five publications worldwide, indicating that this ST is less
frequent and might represent an emerging clone (Oh et al., 2014;
Potron et al., 2017; Potel et al., 2018; Fagerström et al., 2019;
Sedrati et al., 2020). The total number of publicly available E. coli
ST-949 isolates in the Enterobase database is 41 [as of 11th
August 2020 (Zhou et al., 2020)], a very low number compared
with frequent multilocus STs as e.g., ST-131 (n = 9202, as of
11th August 2020).

ESBL-producing ST-1431 E. coli isolates have been detected
more often in animal sources (livestock, pets, wild animals) than
in humans (Rocha-Gracia et al., 2015; Bachiri et al., 2017; Seiffert
et al., 2017).

In this study, we detected two ST131 isolates. E. coli ST-
131 are frequently associated with human clinical infections
(Nicolas-Chanoine et al., 2014), in particular those depicting
the fimH type H30 and harboring CTX-M-15 or CTX-M-27
(Nicolas-Chanoine et al., 2014; Stoesser et al., 2016). EDCC5529
depicted the fimH41 fimH-type and harbored blaCTX−M−15.
EDCC5535 depicted a fimH30 fimH type and characteristic
properties of the ST-131 C1-M27 clade (Matsumura et al.,
2016): blaCTX−M−27, the GyrA S83L/D87N and ParC S80I/E84V
mutations leading to fluoroquinolone resistance and theM27PP1
phage. Therefore, it is a member of the C1-M27 clade
usually associated with human isolates (Matsumura et al., 2016;

Ghosh et al., 2017). Thus, EDCC5535 might have originated
from human sources.

Deeper Analysis of Escherichia coli

ST-949 Isolates
The most common ST within the ESBL E. coli was ST-949
(Table 2 and Figure 2). Therefore, we analyzed these isolates
in more detail. E. coli ST-949 is known to be associated with
carbapenem-resistance (Potron et al., 2017; Potel et al., 2018) or
ETEC pathotypes (Oh et al., 2014). They have been isolated from
environmental samples (water samples) collected in Sweden,
where the authors could show that the water isolates were highly
related with isolates derived from a hospital that was adjoining
the water source (Fagerström et al., 2019).

Because E. coli ST-949 are known to be pathogenic (Oh
et al., 2014), we analyzed all available E. coli ST-949 isolates for
the presence of virulence genes. The ST-949 isolates from this
study harbored only ExPEC virulence genes (e.g., iron acquisition
genes, Enterobactin, Supplementary Figure 2). The isolates
detected in New Zealand and Sweden harbored the same sets of
virulence genes. Other ST-949 harbored also toxins (Shigatoxin)
and hemolysins indicating that ST-949 isolates differ widely in
their virulence capabilities.

A whole-genome-based analysis of the E. coli ST-949 isolates
from this study and those from Enterobase revealed two different
findings (Figure 3 and Supplementary Table 1): Firstly, ST-
949 isolates are divided into two different clusters. Cluster A
(including our isolates) consists of isolates found in water,

TABLE 1 | Environmental data and enumeration results of sampling sites with ESBL-positive samples.

Sampling

site #

Isolate # Species Site E. coli*

[CFU/100 ml]

Enterobacter*

[CFU/100 ml]

Temperature

air [◦C]

Temperature

water [◦C]

Sampling

date

Sampling time

1 EDCC5518 Escherichia coli Bathing lake 77 15 21 20 19.06.18 09:20

EDCC5519 Escherichia coli

EDCC5520 Escherichia coli

EDCC5522 Escherichia coli 15 46 23 24 17.07.18 09:00

2 EDCC5521 Escherichia coli Bathing lake <15 15 23 24 16.07.18 09:30

6 EDCC5523 Escherichia coli Bathing lake 109 161 28 27 07.08.18 10:00

EDCC5524 Escherichia coli

10 EDCC5525 Escherichia coli River <15 <15 27 21 08.08.18 9:41

11 EDCC5526 Escherichia coli River 30 <15 28 22 08.08.18 10:21

13 EDCC5527 Escherichia coli River 1,509 144 27 19 08.08.18 11:38

14 EDCC5528 Escherichia coli River 1,749 94 25 19 08.08.18 12:09

EDCC5529 Escherichia coli

EDCC5530 Escherichia coli

15 EDCC5531 Escherichia coli River 5,352 640 28 23 08.08.18 12:31

16 EDCC5532 Escherichia coli River 1,931 197 32 23 08.08.18 12:58

EDCC5533 Escherichia coli 1,931 197 32 23 08.08.18 12:58

17 EDCC5534 Escherichia coli River 110 <15 32 24 08.08.18 13:36

EDCC5535 Escherichia coli 110 <15 32 24 08.08.18 13:36

19 EDCC5536 Escherichia coli River 77 <15 32 24 08.08.18 15:53

EDCC5537 Escherichia coli

EDCC5538 Escherichia coli

*Enumeration performed based on DIN EN ISO 9308-2 (K6-1) 07-2014 regulation; EDCC, ED culture collection.
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TABLE 2 | Results of the genome-based analysis of the ESBL-producing E. coli isolates.

Isolate ST Aminogly

coside

Beta-

lactam

Macrolide Phenicol Quinolone Sulfonamide Tetracycline Trime

thoprim

fimH

type

Plasmid

incom

patibility

groups

EDCC5518 949 blaCTX−M−15 qnrS1 H121 IncI1 and

p0111

EDCC5519 949 blaCTX−M−15 qnrS1 H121 IncI1

EDCC5520 949 blaCTX−M−15 qnrS1 H121 IncI1 and

p0111

EDCC5521 3,246 blaCTX−M−1 H65 IncFIA,

IncI1,

IncFIB

(AP00

1918),

IncFII(29),

and

ColRNAI

EDCC5522 949 blaCTX−M−15 qnrS1 H121 IncI1 and

IncA/C2

EDCC5523 949 blaCTX−M−15 qnrS1 H121 IncI1

EDCC5524 949 blaCTX−M−15 qnrS1 H121 IncI1

EDCC5525 949 blaCTX−M−15 qnrS1 H121 IncI1

EDCC5526 949 blaCTX−M−15 qnrS1 H121 IncI1

EDCC5527 1,490 aadA1 blaCTX−M−15 qnrS1 dfrA1 H25 IncFII,

IncFIB

(AP00

1918),

IncFII

(pCoo), and

IncB/O/K/Z

EDCC5528 2,797 blaCTX−M−15 qnrS1 H54 IncFII

(pHN7A8)

and

IncB/O/K/Z

EDCC5529 131 strA, strB blaCTX−M−15,

blaTEM−1B

mph(A) sul2 tet(A) H41 IncFII(29),

IncFIB

(AP00

1918),

and Col156

EDCC5530 155 aadA5 blaCTX−M−1 sul2 dfrA17 N.D. IncI1 and

IncFII(pCoo)
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TABLE 2 | Continued

Isolate ST Aminogly

coside

Beta-

lactam

Macrolide Phenicol Quinolone Sulfonamide Tetracycline Trime

thoprim

fimH

type

Plasmid

incom

patibility

groups

EDCC5531 226 aadA1 blaCTX−M−15,

blaOXA−1

catA1 tet(B) H41 IncFII,

ColRNAI,

and

Col(MG828)

EDCC5532 949 blaCTX−M−15 qnrS1 H121 IncI1

EDCC5533 949 blaCTX−M−15 qnrS1 H121 IncI1,

Col8282,

ColRNAI,

Col156,

and

Col(MG828)

EDCC5534 949 blaCTX−M−15 qnrS1 H121 IncI1

EDCC5535 131 blaCTX−M−27 H30 IncFII

(pRSB107),

IncFIA,

IncFIB(AP

001918),

Col8282,

Col156,

and

Col(MG828)

EDCC5536 295 aadA5 blaCTX−M−27,

blaTEM−1B

mph(A) sul1 dfrA17 H54 IncFII

(pRSB107),

IncFIB

(AP00

1918),

IncFII

(pCoo),

IncY,

and

ColRNAI

EDCC5537 1,431 aadA1, aadA2,
strA, strB

blaCTX−M−15,

blaTEM−1B

cmlA1 qnrS1 sul2, sul3 dfrA12 H32 IncI1,

IncX1, IncY,

and Col156

EDCC5538 1,431 aadA1,aadA2,
strA, strB

blaCTX−M−15,

blaTEM−1B

cmlA1 qnrS1 sul2, sul3 dfrA12 H32 IncI1,

IncX1, IncY,

and Col156

EDCC, ED culture collection; N.D., not detected.
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FIGURE 2 | Core-genome-based comparison of the E. coli isolates analyzed in this study. Boxes depict the ESBL gene present in these isolates. For a

representation of the isolate geographical location and the phylogeny, please see the following link: https://microreact.org/project/bELapwXL1Fi8ZdznzZHF1H.

human, and livestock samples, while cluster B includes also
isolates from companion animals. Secondly, only cluster A
isolates contain CTX-M-15, while Cluster B isolates harbor either
CTX-M alleles other than CTX-M-15, or AmpC beta-lactamases.
Cluster B harbored two ST-949 isolates from Germany from
livestock and an unknown source.

The E. coli ST-949 isolates from this study (Cluster A,
n = 11) were highly related to ST-949 isolates found in
New Zealand (ESC_FB9670AA_AS, human isolate) and
Sweden (n = 4, water and human isolates, Figure 3). All
these 16 isolates harbored a complex antibiotic resistance
gene region including not only the blaCTX−M−15 gene, but
also the fluoroquinolone resistance gene qnrS1 and several
different insertion sequences (Supplementary Figure 3). The
antibiotic resistance region was inserted in the chromosome
at an identical location in the isolates from this study

and the isolates from New Zealand, while the isolates
from Sweden harbored the identical region inserted at a
different location of the chromosome. This finding indicates
that the acquisition of blaCTX−M−15 in the two different
clones was presumably from a different source and was
independent in both clones.

The epidemiological link between Germany and New Zealand
is not clear. It may indicate that the ST-949 clone found in
Germany is present worldwide, but this is only an assumption as
the total number of ST-949 isolates throughout the world is very
low. It remains to be clarified whether ST-949 is an emerging ST
and whether it is present in other sources.

The epidemiological link between ST-949 isolates from our
study is partly explainable. All ST-949 river isolates originate
from the same river (sampling sites 10, 11, 16, and 17),
indicating a common source of contamination. Possible sources
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FIGURE 3 | Core-genome-based phylogenetic tree of E. coli ST-949 isolates from this study and Enterobase (as of 8th June 2020). For a representation of the

isolate sampling site, please see Supplementary Figure 1.

of contamination along the river might be either agriculture,
two large university hospitals whose cleared wastewater end up
in the river itself or human influence through tourism, as the
river is frequently used for recreational purposes. Sampling site
6 is located close to the sampled river, indicating a possible
contamination through the river by flooding. What is not
completely clear, is the epidemiological link between sampling

site 1 and the other sites. They are not interconnected by any
water flows. A possible connection between those might have
been movement of humans or animals (in particular birds).

ST-949 isolates have never been reported in Germany.
Therefore, this is the first study detecting ST-949 E. coli in
Germany. Its predominance in our study indicates that either
ST-949 E. colimight resemble E. coli isolates only present in water

Frontiers in Microbiology | www.frontiersin.org 8 April 2021 | Volume 12 | Article 617349
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sources or a new emerging multilocus ST in Germany. To prove
this hypothesis, more studies are required.

CONCLUSION

In this study, we characterized ESBL-producing E. coli isolates
from water samples. Our results show that the main MLST
type is ST-949, reported in only a few number of very
recent publications. In addition, it has been associated with
human disease. This indicates that it might be an emerging
ST with human pathogenic potential that could spread
through water sources.
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Sir,
Antimicrobial-resistant Gram-negative bacteria are an emerging
problem worldwide. ESBL producers, especially those harbouring
blaCTX-M genes, have been detected in increasing numbers world-
wide, including on the African continent.1 In Nigeria, there is little
information on ESBL-producing Escherichia coli in poultry farms
with respect to their phylogenetic relationships. Here, we charac-
terized isolates collected from faecal samples of healthy chicken
from 11 small commercial poultry farms in five states in
Southwestern Nigeria using phenotypic and genotypic methods
[see Supplementary Materials and methods and Tables S1 and S2
(available as Supplementary data at JAC Online)]. Ethics approval
was not needed because faecal samples were collected in a ran-
domsampling exercise andnot from individual birds.

Samples were collected between September 2015 and
February 2016 (n"240). ESBL-producing E. coli isolates (n"52)
were detected in 21.6% of the samples and in 90% of the farms
(n"11). All isolates were susceptible to fosfomycin, glycylcyclines
and carbapenems (Figure S1). High resistance rates to aminogly-
cosides (96.2%) and trimethoprim/sulfamethoxazole (80.8%)
were detected. Resistance to quinolones differed for the two
compounds tested (ciprofloxacin 65.4%,moxifloxacin 96.2%).

One isolate (fuy0210) did not harbour any ESBL genes and was
excluded from further analysis. A total of seven different E. coli
MLST types were found (Figure S2a; Table S3). The most prevalent
ST was ST206 (n"35, 68.6%), followed by ST10 (n"5, 9.8%) and

ST3580 (n"3, 5.9%). ST206, ST155 and ST226 were detected in
multiple farms (Figure S2b).

Only two different ESBL alleles were detected (Table S3):
blaCTX-M-27 (37/51) and blaCTX-M-15 (15/51). One isolate harboured
two ESBL alleles (fuy0232). CTX-M-15 was present in different STs
(Figure S2) and is frequently detected in African isolates from
different sources, indicating its circulation through transferable
plasmids and/or as bacterial clones.2–4

CTX-M-27 was almost exclusively found in ST206 isolates.
CTX-M-27-producing E. coli have been detected previously in only
two other studies performed on the African continent, including
one study from Nigeria.5,6 CTX-M-27 is an CTX-M-14 variant with a
broader substrate spectrum and its increased presence, particu-
larly in isolates from Japan and Europe, suggest a recent shift in
the epidemiology of CTX-M enzymes.1,7

As blaCTX-M-27-encoding E. coli ST206 isolates have not been
reported before (to our knowledge), we performed an in-depth
analysis of them. All isolates harboured a chromosomal insertion
of blaCTX-M-27 (insertion site pseudogene yneO, reference genome
E. coli MG1655). It was located within a region harbouring a com-
plex antibiotic resistance element (Figure S3) and was flanked by
5bpDRs (AGTAA).

In addition to blaCTX-M-27, the Nigerian isolates also harboured a
core set of genes conferring resistance to aminoglycosides
[aac(3)-IIa, strA, strB], tetracycline [tet(A)], sulphonamides [sul2
(Table S4)], fluoroquinolones (qnrS1) and the b-lactamase
blaTEM-215 on an IncN plasmid of the pMLST type ST3 (Figure S4).
This plasmid was conserved in all isolates except fuy0057, which
carried a deletion of the region including qnrS1 and blaTEM-215.
TEM-215 has been reported only once previously.8

Two subclones were identified (Figure1; Tables S4, S5; Figure
S4). Subclone 1 harboured the above-mentioned antibiotic resis-
tance genes and plasmids while subclone 2 had an additional
IncHI2/IncQ1 hybrid plasmid with the pMLST type ST4 and 12 to
14 additional antibiotic resistance genes (e.g. aadA1, dfrA12,mphE
and sul1).

The E. coli ST206/blaCTX-M-27 isolateswere closely related, exhib-
iting an average difference of 36 SNPs (Table S6). The number of
SNPs was independent of the sampling site, date of isolation and
the subclone (Table S6) indicating that the subclones were gener-
ated by the acquisition of different plasmids, rather than changes
within the chromosome.Moreover, both subcloneswere present in
4/9 farms harbouring E. coli ST206/blaCTX-M-15 (Figure S5). These
findings suggest the spread of E. coli ST206/blaCTX-M-27 isolates
from a common source (e.g. hatchery) to the different farms and
indicate the presence of both subclones in this common source.

To set these results into a global perspective and to estimate
possible public health consequences thereof, genomes of 222 pub-
licly available E. coli ST206 isolates were analysed for the presence
of blaCTX-M-27 (Table S7).

9Only 5/222 isolates harboured blaCTX-M-27

(Table S8). Thesewere isolated in Vietnambutweremore distantly
related (4292–4293 SNPs, Table S8) and had a different chromo-
somal location of blaCTX-M-27. One of these isolates originated from
ahuman sample.
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The closest related African E. coli ST206 isolate was an avian
isolate detected in Kenya (ESC_MA8301AA, 1893 SNPs, Table S7).
The closest Nigerian E. coli ST206 isolates differed from the clones
described here by 3033 and 3057 SNPs, indicating an even more
distant relationship (ESC_OA8177AA, human; ESC_OA7828AA,
poultry litter, Table S7).

The presence of ST206 E. coli isolates in animal and human
sources (EnteroBase, Table S7)9 indicates their potential for dis-
semination andpersistence in different environments. Twohuman
sampleswere associatedwith disease, indicating a pathogenic po-
tential of these isolates.

In conclusion, to our knowledge,we report on the first detection
of E. coli ST206/blaCTX-M-27-encoding isolates in livestock. Further
studies are warranted to determine whether they have already
spread to the human population.
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Sir,
Ceftazidime/avibactam has been considered a promising b-
lactam/b-lactamase inhibitor combination with activity against
serine b-lactamases, including Klebsiella pneumoniae carbapene-
mases (KPCs). Despite limited use of ceftazidime/avibactam on a
worldwide scale, ceftazidime/avibactam resistance has been
reported in a patient with no history of ceftazidime/avibactam
therapy1 and in patients after short periods of ceftazidime/avibac-
tam exposure.2 In a recent study, we described our experience
with ceftazidime/avibactam at the China-Japan Friendship
Hospital in treating nine lung transplant patients with KPC-
producing K. pneumoniae (KPC-Kp) infections.3 Although ceftazi-
dime/avibactam treatment for KPC-Kp infection in lung transplant
patients is associated with high rates of clinical success, survival
and safety, after 13–22days of treatment, ceftazidime/avibactam
resistance was found in the isolates from four out of the nine
patients. Demographic and antimicrobial therapeutic details of the
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S U M M A R Y

Background: Vancomycin-resistant Enterococcus faecium (VREfm) are an emerging threat

worldwide. In Germany, a VRE-belt with higher VREfm prevalences transversing its central

east-west axis and including the state of Hesse was previously described. Recently, we

detected a predominant VREfm clone in hospitals throughout the Rhine-Main metropolitan

area of Hesse.

Aim: Here we expanded our study on VREfm to a regional neurological acute hospital

outside of the metropolitan area with patient referrals from throughout Hesse and the

neighboring federal state of Rhineland-Palatinate.

Material/Methods: VREfm isolates obtained between 2016-2018 from a regional neuro-

logical acute hospital with intensive care and early rehabilitation units were investigated

(n¼55). Patient data was collected and analyzed together with whole-genome sequencing

data to investigate antibiotic resistance and virulence determinants of the VREfm. The

population structure of VREfm was investigated using the Core genome-based multilocus

sequence typing (cgMLST).
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Findings: The average age of the patients was 67.1 years. For 96% of the patients, a

previous hospital stay was reported. 64% of the patients were treated with antibiotics.

All VREfm harbored the vanB vancomycin resistance gene. The multilocus sequence

types (STs) detected changed abruptly from four different STs in 2016 to a predominant

ST in 2017 and 2018 (ST117). Most of the ST117 isolates were members of the cgMLST

type CT71.

Conclusion: The results indicate a sudden shift of the VREfm population structure from a

semi-heterogeneous population to a pre-dominant clone within an interval of two years.

Further investigations are warranted to understand the epidemiology and emergence of

this clone.
ª 2021 The Authors. Published by Elsevier Ltd

on behalf of The Healthcare Infection Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Vancomycin-resistant Enterococci (VRE) are an increasing
problem in hospitals in many European countries, as well as in
Germany [1e6]. In 2017, WHO has listed vancomycin-resistant
Enterococcus faecium (VREfm) as a pathogen with high priority
in its global priority list of antibiotic-resistant bacteria,
emphasizing the paucity of available and effective treatment
options. The clinical outcome of patients with VRE infections is
significantly poorer [7,8] when compared to infections with
non-resistant enterococci, with increased costs for treatment
of hospitalized infections [9].

The population structure of VRE-associated infections has
changed in recent years in Germany. The German National
Reference Center for Staphylococci and Enterococci reported a
shift in the predominance of the VRE species from Enterococcus

faecalis to E. faecium and from vanA to vanB. In addition, the
rate of E. faecium isolates resistant to vancomycin (VREfm) is
increasing [10e14]. This increase has been particularly “dom-
inant” in the central states of Germany, designated the “VRE-
belt” [15]. Such an emergence of VREfm could coincide with an
expansion of a specific lineage.

This hypothesis has been addressed by studies from some
areas within the VRE-belt. In a study at an acute care hospital
Weber et al. reported recent emergence of the VREfm multi-
locus sequence type ST117 almost entirely associated with the
cgMLST type CT71 [16]. A genome-based analysis of entry
screening VREfm specimens collected from 17 hospitals in
2017/2018 and covering a catchment area of 5,000 km2 and
three million inhabitants in the Rhine-Main metropolitan
region, also revealed near ubiquitous presence of clonal
ST117/CT71 isolates [17]. A predominance of this VREfm type
had not been reported until that time.

In the present manuscript, we have extended our studies to
include data from a regional referral neurological hospital with
units for intensive care and early rehabilitation. Such institu-
tions receive severely debilitated patients with neurological
symptoms and provide continued intensive and intermediate
care treatment, for in-house patients, and those patients from
other acute-care hospitals who no longer require specialized
interventions. Clinical specimens were collected from
admission-based- and routine-screening from patients admit-
ted from throughout the state of Hesse. Isolates from between
2016 to 2018 were examined to enable a study within a broader
geographical range and time.

Materials and methods

Sample inclusion

The regional neurological hospital is located in Weilmünster
(50.4310� N, 8.3784� E), in central Hesse, outside of the Rhine-
Main metropolitan region. The recruiting area of patient
referrals covers the entire State (size: 21.115 km2) and the
neighboring federal state of Rhineland-Palatinate.

All patients, newly admitted to either a neurological
intensive care- or early rehabilitation-unit, were screened for
VRE on admission (“screening <48h after admission”). Pre-
selection of patients for <48h screening based on risk factors
was not performed. Additional screening was performed,
whenever patients were transferred between wards and when
the initial screening had either not been carried out, was not
recent, or when a patient had been previously housed in a room
with other patients (“screening >48h after admission”). Data
on gender, age, major underlying diseases, place of residence,
previous hospital stays, and previous antimicrobial therapies
were derived from patient’s health records.

Isolate characterization

The collection of VRE isolates was performed from patients
in the early neurological rehabilitation unit as well as the
intensive care unit between January 2016 and December 2018.
Colonies were identified using selective media and species
determination made using MALDI/TOF. A random selection of
these VRE isolates (n¼55) was subjected to whole genome
sequencing as reported before [17]. Sequencing was performed
on an Illumina NextSeq to obtain an average read length of 125
nt and an average coverage of 206x. Quality control and
assembly of the raw sequencing data was performed using
ASA3P [18]. Resistance gene prediction and multilocus
sequence typing was performed applying goseqit (https://
www.goseqit.com/). Further differentiation of the ST117 iso-
lates was performed using a core-genome MLST (cgMLST) typing
(Ridom SeqSphereþ v. 5.1.0., Ridom GmbH, Münster, Germany;
Enterococcus faecium scheme developed by de Been et al.

[19]). Comparative analysis with a representative isolate of the
previous study on VREfm was performed using the isolate VRE-
11-02-s and the Ridom software [17].

The raw sequencing data is available in the SRA archive,
under the project number PRJNA631114.
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Statistical analysis

Statistical analysis was performed using the Fisher’s exact
test.

Results

Patients’ characteristics

Within the study period (January 2016eDecember 2018),
patient screening for the presence of VRE on admission (<48h
hospital stay) or upon ward transfer (>48h hospital stay) was
performed.

The average age of the 55 patients included was 67.1 years
with a range of 33e87 years. Fifty-five percent of the patients
were male. Sixty-four percent of the participants lived in the
region of the MDRO network Rhine-Main (Frankfurt am Main
included). The remaining patients lived either outside the
Rhine-Main-region of Hesse (n ¼ 17) or in the neighboring
federal state of Rhineland-Palatinate (n¼ 3, Table I, Table A1).
Ninety-six percent of the patients had previously been treated
at other hospitals including those within the city of Frankfurt/

Main (n ¼ 33). Nine of the 55 patients were treated in the
Rhine-Main region excluding the city of Frankfurt/Main, while
ten patients were from outside the Rhine-Main-region, and one
patient from Rhineland-Palatinate. For 4% of the participants,
no previous hospital stay was reported. For 64% of the partic-
ipants, previous antimicrobial therapy had been reported,
most often with Piperacillin/Tazobactam (35%), followed by
Carbapenems (29%), and Vancomycin (27%) (Table I).

Isolate characteristics

A random selection of the collected VREfm isolates was
sequenced (n¼55) to enable a genome-based epidemiological
analysis of these VRE. Fifty-five E. faecium VRE isolates from
2016-2018 were analyzed (2016: n¼11; 2017: n¼34; 2018:
n¼10).

All isolates were derived from screening samples (combined
nasal/rectal swabs, n¼51; tracheal secretion, n¼1, urine, n¼2,
unknown: n¼1). Thirty-four isolates derived from screenings
performed<48h hours after admission, while 21 isolates derived
from screenings >48h after admission. All these isolates enco-
ded the vancomycin resistance determinant vanB.

Table I

Participants’ and isolate data

2016e2018 2016 2017 2018

Year of collection Patients per year 55 11 34 10

Sex male 30 7 16 7

female 25 4 18 3

Age (year) X � sdev 67.1 � 12.8 71.3 � 13.5 65.9 � 12.9 66.0 � 10.6

min - max 33e87 39e86 33e87 46e82

Place of residence Frankfurt am Main (Region 1) 14 2 10 2

Rhine-Main-region without

Frankfurt (Region 2)

21 5 12 4

Hessen without Rhine-Main and

Frankfurt (Region 3)

17 2 12 3

Rhineland-Palatinate (Region 4) 3 2 0 1

Place of previous

hospital stay

Frankfurt am Main (Region 1) 33 6 20 7

Rhine-Main-region without

Frankfurt (Region 2)

9 4 4 1

Hessen without Rhine-Main and

Frankfurt (Region 3)

10 0 9 1

Rhineland-Palatinate (Region 4) 1 1

no previous hospital stays reported 2 0 1 1

Previous antimicrobial

therapy

Vancomycin 15 2 8 5

Piperacillin/Tazobactam 19 3 10 6

Carbapenems 16 3 8 5

other 19 7 11 1

not reported 20 4 15 1

Sequence type ST117 51 7 34 10

NEW 1 1 0 0

ST18 2 2 0 0

ST262 1 1 0 0

Sequence type/cgMLST

combination

ST NEW, CT NEW 1 1

ST117, CT NEW 3 1 1 1

ST117, CT36 3 3

ST117, CT71 45 3 33 9

ST18, CT NEW 2 2

ST262, CT1815 1 1
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Only four MLST sequence types (STs) were detected, with a
significant year-wise trend in both screening settings (<48h,
>48h) (Figure 1). In 2016, four different STs were detected
with a predominance of ST117 (n¼7) followed by ST18 isolates
(n¼2), together with two individual isolates, one exhibiting
ST262 and the other a new MLST type (Figures 1 and 2). In 2017
and 2018, only ST117 isolates were detected (2017: n¼34;
2018: n¼10). Among the ST117 isolates, a significant year-wise
trend to the cgMLST type CT71 was detected: In 2016, CT36 and
CT71 were found in equal numbers (n¼3 each), while in 2017

and 2018 CT36 disappeared and CT71 was detected predom-
inantly (Figure 2).

All of the ST117 isolates (n¼51) analyzed harbored a chro-
mosomal insertion of the vanB operon. The location of the
insertion was dependent on the cgMLST type. In CT71 isolates,
the insertion was in an hypothetical gene HMPREF0351_10592,
as reported earlier [20], while the CT36 isolates carried an
insertion into the araA locus, encoding a putative L-arabinose
isomerase (Table II). Forty-nine ST117 isolates (96%) harbored
the virulence genes hylEfm, efaAfm and acm (Table II).
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Figure 1. Year-wise depiction of detected STs.
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Table II

Isolate characteristics. High relatedness to the Rhine-Main clone indicates a cgMLST allele difference of �10 cgMLST alleles

ID MLST CT van

allele

Acquired/

Imported

Integration site

of Van*

virulence genes Cluster Highly related to

Rhine-Main clone

ING-1 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 5 no

ING-10 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-11 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-12 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 5 no

ING-13 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 1 yes

ING-14 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 3 no

ING-15 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 2 no

ING-16 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-17 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-18 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-19 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 1 yes

ING-2 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-20 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-22 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-23 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 1 yes

ING-24 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-25 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 2 no

ING-26 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 1 yes

ING-27 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-28 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-29 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-3 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 1 yes

ING-30 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 2 no

ING-31 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 1 yes

ING-32 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 1 yes

ING-34 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 2 no

ING-35 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-36 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm none no

ING-37 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-38 18 NEW vanB Imported ND hylEfm, efaAfm, acm NA NA

ING-39 262 1815 vanB Acquired 10592 efaAfm, acm NA NA

ING-4 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-40 117 71 vanB Acquired 10592 efaAfm, acm 1 yes

ING-41 117 NEW vanB Acquired araA hylEfm, efaAfm, acm NA NA

ING-42 18 NEW vanB Acquired ND hylEfm, efaAfm, acm NA NA

ING-43 117 36 vanB Acquired araA hylEfm, efaAfm, acm NA NA

ING-44 NEW NEW vanB Imported araA hylEfm, efaAfm, acm NA NA

ING-45 117 36 vanB Imported araA efaAfm, acm NA NA

ING-46 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-47 117 36 vanB Acquired araA efaAfm, acm NA NA

ING-48 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm none no

ING-49 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 4 no

ING-5 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-50 117 NEW vanB Imported 10592 hylEfm, efaAfm, acm NA NA

ING-51 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm none no

ING-52 117 71 vanB Imported 10592 efaAfm, acm none no

ING-53 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 3 no

ING-54 117 71 vanB Acquired 10592 hylEfm, efaAfm, acm 2 no

ING-55 117 71 vanB Imported 10592 hylEfm, efaAfm, acm none no

ING-56 117 71 vanB Acquired 10592 hylEfm, acm, efaAfm 4 no

ING-57 117 71 vanB not

determined

10592 hylEfm, efaAfm, acm 2 no

ING-6 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 3 no

ING-7 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 1 yes

ING-8 117 71 vanB Imported 10592 hylEfm, efaAfm, acm 3 no

ING-9 117 NEW vanB Imported 10592 hylEfm, efaAfm, acm NA NA
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Statistical analysis on the ST117/CT71 isolates was per-
formed to determine possible correlations of this clone with
the place of residence or the year of isolation. It was shown
that the presence of ST117/CT71 isolates was dependent on
the year of isolation (P-value < 0.001), and not (for example)
dependent on the patients’ place of residence (P-value ¼

0.75).

Comparative analysis with the common Rhine-Main

ST117/CT71 clone

As ST117/CT71/vanB isolates were detected in the Rhine-
Main area in an earlier study [17], a comparative analysis
with a representative isolate from this study was performed.
Among the ST117/CT71 isolates, five clusters with <10 cgMLST
differences were detected (Figure 3). “Cluster 1” comprises of
15 isolates predominantly isolated in 2017 together with a
representative isolate from the earlier Rhine-Main study iso-
lated in 2018 (Figure 3). The cluster harbored isolates from all
three regions of Hesse.

Among the lesser-related isolates, four clusters were
detected. Cluster 2 (n ¼ 7) and Cluster 3 included isolates from
2018 and 2017, while Cluster 4 included only isolates from
2018. Cluster 5 included two isolates from 2017. These findings

indicate that VREfm ST117/CT71/vanB from Hesse are con-
stantly evolving.

Discussion

Specialist regional neurological hospitals that have intensive
care units and cater for early neurological and neuro-surgical
rehabilitations form the bulwark of intermediate and inten-
sive care treatment of patients in Germany. Recent studies
have suggested that nearly 25% of all patients entering such
facilities are either colonized or infected with multi-drug
resistant bacteria [21].

Surveillance studies indicated an increase in VRE from
screening- and clinical-samples in the regional neurological
specialty hospital [21]. Detailed analysis of isolates using WGS
indicated emergence of VREfm MLST type ST117, cgMLST type
CT71 with the vancomycin resistance determinant vanB

(Figure 3). As the neurological hospital with intensive care and
early rehabilitation serves the entire federal state of Hesse and
neighboring federal state of Rhineland-Palatinate, it was
regarded as a representative sentinel point for statewide
epidemiology.

Our results reflect the changing VREfm epidemiology in
Germany. The national reference center for Staphylococci and

Figure 3. Comparative analysis of VREfm isolates with a representative isolate from the Rhine-Main study (marked with an asterisk).

Clusters with a difference of �10 cgMLST alleles are marked with shading. Names of those isolates derived from screening performed

>48h are marked with bold font.
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Enterococci has detected a supra-regional shift in VREfm MLST
types, with the emergence of ST117. The total numbers of this
ST type have doubled in 2018 as compared to 2016. ST117/CT71
has been detected in ten federal states in Germany [13]. A
study performed at a large university hospital in Berlin com-
prising VREfm isolates from 2008, 2013, 2015 and 2018 [16] has
reported a similar shift. From our study here, we document
that this shift in the region studied occurred sometime
between 2016 and 2017. Unlike the study from Berlin, a shift of
vanA to vanB in the ST117/CT71 isolates was not detected. This
could be the result from the shorter period during which the
isolates were obtained here. Following our data, VREfm ST117/
CT71 replaced other STs and was the predominant clone iso-
lated from the neurological patients of this hospital. This sub-
cluster was previously observed in other acute care clinics in
the Rhine-Main-region from samples obtained in 2018, where
ST117/CT71/vanB was detected in patients from intensive
care, as well as from hematological and transplantation units
[17]. Even though a shift to ST117 could have been expected
from previous studies [13,16], the unique predominance of one
VREfm sub-cluster type was unexpected.

The predominance of a single sub-cluster type in area with
many hospitals is unusual, as VREfm outbreaks are generally
oligo- or polyclonal in nature (e.g. Australia [22], UK [23],
Germany [24,25]), and clonal outbreaks are only seldom
reported (i.e. Turkey [26]). Whenever present, the analysis of
the cgMLST types exhibit a broad range of variety of different
ST/CT-clones, thus arguing against primary intra-hospital
transmission, but rather for the import of new and emerging
types [25]. Compared to this diversity, the detection of a single
ST117/CT71/vanB clone in two independent studies, including
in the over 40 isolates in this study which were from patients
with geographically distinct places of residence and where
previous hospital stays were in institutions from all over Hesse
or even in cases without any known previous hospital stay [17],
was unexpected and is remarkable. The ubiquitous presence of
this clone from widely separated referral institutions clearly
suggests inter-hospital spread but could also implicate other
hitherto unrecognized vectoral components. It might be
hypothesized that this clone has highly adaptive properties for
the colonization of the gastrointestinal tract and for effective
transmission and persistence stability within the hospital
environment. Indeed, ST117/CT71/vanB VREfm isolates harbor
elements associated with persistence and colonization, such as
the collagen-binding gene acm, the enterococcal surface pro-
tein Esp, required for promoting biofilm formation and the
PTSclin phosphotransferase system associated with colonization
potential of clinical isolates [27]. Further studies are war-
ranted to understand the impact of these and hitherto undis-
covered genes in the distribution and the emergence of the
ST117/CT71/vanB clone.

Conclusions

The population structure of VREfm at a neurological hospital
with intensive care and early rehabilitation changed dramati-
cally within a short time-period. A predominant VREfm type
(ST117/CT71/vanB) emerged and is currently present
throughout Hesse as well as in many regions in Germany. Fur-
ther studies are needed to understand the epidemiology and
emergence of this specific VREfm clone, as well the

contribution of other sources (e.g. water, food, animals) to its
spread.

Limitations of the study

There are several limitations to our study. Only a repre-
sentative collection of isolates were sequenced (n¼55). The
design of the study was retrospective, so that anamnestic data
could only be derived from the prior patients’ documentation
and was not queried individually. While data for sex, age, place
of residence and previous hospital stay are correct and com-
plete, data on previous antibiotic therapies may have been less
so. A further limitation of the study is that the overall number
of isolates examined is relatively small.
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[5] Remschmidt C, Schröder C, Behnke M, Gastmeier P, Geffers C,
Kramer TS. Continuous increase of vancomycin resistance in
enterococci causing nosocomial infections in Germany -10 years
of surveillance. Antimicrob Resist Infect Control 2018;7.

[6] Huebner NO, Dittmann K, Henck V, Wegner C, Kramer A. Epi-
demiology of multidrug resistant bacterial organisms and Clos-

tridium difficile in German hospitals in 2014: Results from a
nationwide one-day point prevalence of 329 German hospitals.
BMC Infect Dis 2016;16:1e10.

[7] Weber S, Hogardt M, Reinheimer C, Wichelhaus TA, Kempf VAJ,
Kessel J, et al. Bloodstream infections with vancomycin-resistant
enterococci are associated with a decreased survival in patients
with hematological diseases. Ann Hematol 2019;98:763e73.

[8] Gudiol C, Ayats J, Camoez M, Domı́nguez MA, Garcı́a-Vidal C,
Bodro M, Ardanuy C, et al. Increase in Bloodstream Infection Due
to Vancomycin-Susceptible Enterococcus faecium in Cancer
Patients: Risk Factors, Molecular Epidemiology and Outcomes.
PLoS One 2013;8:1e8.

[9] Puchter L, Chaberny IF, Schwab F, Vonberg RP, Bange FC,
Ebadi E. Economic burden of nosocomial infections caused by
vancomycin-resistant enterococci. Antimicrob Resist Infect Con-
trol 2018;7:1e7.

[10] Klare I, Werner G, Witte W, Fahr AM, Vonberg RP. Vancomycin-
resistente Enterokokken in deutschen Krankenhäusern 2006/
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Near-ubiquitous presence of a vancomycin-
resistant Enterococcus faecium ST117/CT71/
vanB –clone in the Rhine-Main metropolitan
area of Germany
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Abstract

Whole-genome sequencing analysis of Vancomycin-resistant Enterococcus faecium isolates from the Frankfurt

metropolitan region revealed that 78/94 isolates were MLST type ST117, cgMLST complex type CT71 with a

common vanB chromosomal insertion site. This indicates circulation of a single VRE clone in a catchment area of 5,

000-km2 with 3 million inhabitants.

Keywords: VRE, ST117, cgMLST, WGS

Background

Vancomycin-resistant Enterococcus faecium (VREfm) are

an important cause of nosocomial infections worldwide

[1]. The WHO ranks VREfm on its high priority list of

multidrug-resistant microorganisms because of increas-

ing prevalence and transmission rates in community and

healthcare settings [2]. Since 2014 there has been a dra-

matic increase of VREfm prevalence among clinical sam-

ples in Germany. Marked regional differences have been

noted, with high VREfm prevalence within an east-west

axis in central Germany (“VRE-belt”), that includes the

German federal state of Hesse [3, 4].

The presence and impact of epidemic VREfm on indi-

vidual patients entering the healthcare system particu-

larly within the “VRE-belt” is poorly understood. Here

we report on the genome-based analysis and comparison

of VREfm isolated from patients with or without a prior

history of hospitalization during admission to intensive

care units or other wards with patients at risk for VREfm

colonization/infection i.e. hemato-oncological and trans-

plantation units.

Sampling area, patient characteristics

Sampling was performed between November 2017 and

June 2018 in 17 hospitals within the Frankfurt am Main

metropolitan region, all of whom are members of the

Network on multidrug-resistant organisms in the Rhine-

Main area (MDRO Network Rhine-Main). The size of

hospitals varied between 100 and 1488 beds. Among

these, 11/17 were tertiary care hospitals, while the

remaining six hospitals were either standard care (n = 3),

general hospitals (n = 2) or a specialized clinic (n = 1)

(Additional file 1: Table S1). Participating hospitals were

requested to provide VREfm isolates from samples ob-

tained from patients at admission (within 72 h) to inten-

sive care units or other wards where patients with a high

risk for VREfm colonization/infection were treated, i.e.

hemato-oncological and transplant units (n = 85, anal/

rectal swabs, stool specimens). An active admission

screening of all patients or of defined risk patients was

not performed in this study. Hence, determining the

prevalence of VRE carriage at admission was not the

purpose of this study. The number of isolates per hos-

pital (Additional file 1: Table S1) was dependent on the
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size of the catchment area of the respective hospital. For

hospitals that did not have the requested amount of

VREfm-positive screening samples within the study

period, VREfm from clinical samples were included

(n = 10). These comprised of isolates from blood cul-

tures, urine, wound smears, intra-abdominal surgery

smears and a central venous catheter isolate. Identification

and antibiotic resistance determination of VREfm was per-

formed using standard laboratory methods and technolo-

gies (e.g. chromID VRE plates, MALDI MS, VITEK II,

BioMérieux, Nürtingen, Germany) in the labs providing

regular microbiological service for the participating

hospitals.

In total, VREfm isolates from 95 patients were in-

cluded. Patient meta-data was collected using a ques-

tionnaire (Table 1).

The mean age of the patients was 71.2 ± 14.6 years,

and ranged from a new-born to 95 years old. Fifty-four

patients were male and 41 female. Information regarding

a previous hospital stay during the last 12 months was

reported in 93.6% (89/95) of the patients. Of these, 85%

(76/89) reported a hospital stay. An underlying disease

was reported in 77.9%. For 72/95 patients, an antimicrobial

therapy during the past 12months was recorded. Prior

treatment with vancomycin was reported in 9.5%. VREfm

was a first-time detection in 81 patients. Pre-existing

VREfm carriage was known in 14 cases prior to the study.

Characteristics of the VREfm isolates

VREfm were isolated and tested for susceptibility by the par-

ticipating MDRO Network Rhine-Main centres using stand-

ard procedures for clinical diagnostic laboratories. VREfm

isolates were generally were ampicillin-, fluoroquinolone-

and carbapenem-resistant and linezolid-susceptible.

Whole genome sequencing (WGS) was performed as re-

ported earlier [5, 6]. Resistance gene prediction, and Mul-

tilocus sequence typing (MLST) was performed using

goseqit tools (https://www.goseqit.com/, Additional file 2:

Table S2). Ninety-three VREfm harbored vanB, and a sin-

gle isolate harbored vanA. One isolate did not harbor any

van gene and was excluded from further analysis.

Analysis of the virulence genes was performed using

goseqit tools. The presence of the enterococcal surface

protein Esp required for promoting biofilm formation

(Additional file 2: Table S2), and the PTSclin phospho-

transferase system associated with colonization potential

of clinical isolates [7] as well as the uptake and utilization

of amino sugars such as β-N-acetylglucosamine com-

monly found in mucin on the surfaces of epithelial cells

and in biofilms were detected using blastn [8]. All van-en-

coding isolates harbored the efaAfm gene, suggested to be

involved in cell wall adherence, which is concordant with

the results from earlier studies [9]. Ninety-two isolates

harbored the hylEfm, acm and PTSclin, while 90/94 isolates

carried the esp gene.

Almost all isolates (90/94), regardless of source, were

ST117 with the remaining four isolates each represent-

ing ST80, ST192, ST262 and ST1428. The ST262 isolate

harbored a vanA gene.

The use of MLST-based data to classify VREfm is con-

troversial because of its high recombination rates that

masks relatedness of otherwise highly related strains.

Therefore, further differentiation of the ST117 isolates

using a core-genome MLST (cgMLST) was performed

(Ridom SeqSphere+ 5.1.0., Ridom GmbH, Münster,

Germany; Enterococcus faecium scheme [10]). This ana-

lysis revealed that 78/90 (87%) of the ST117 isolates, i.e.

from both non-clinical as well as clinical samples, were all

members of a single cgMLST complex type (CT71, Fig. 1).

Minor CTs detected in ST117 isolates were CT469 (n = 4),

Table 1 Depiction of the patient meta-data

Parameter n %

Sex Male 54 56.8

Female 41 43.2

Age <60 15 15.8

60- < 70 21 22.1

70- < 80 29 30.5

> 80 29 30.5

Not reported 1 1.1

Underlying disease Hemato/oncology 19 20.0

Cardiology 19 20.0

Other 36 37.9

Not reported 21 22.1

Travel abroad during
the last 12 months

None 45 47.4

Yes 8 8.4

Indeterminate 42 44.2

Previous hospital stays
within the last 12 month

No 13 13.6

Yes 76 80.0

Not ascertainable 6 6.3

Previous antimicrobial
therapy*

Vancomycin 9 9.5

Teicoplanin 6 6.3

Piperacillin/Tazobactam 25 26.3

Carbapenem 19 20.0

Cephalosporin 20 21.1

Penicillin 12 12.6

Metronidazole 12 12.6

Quinolone 17 17.9

Treated with antibiotics 72 75.8

No antibiotic treatment 2 2.1

Not reported 21 22.1

*multiple answers were possible
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CT36 (n=4), CT2614 (n=1), CT2615 (n=1) and CT1473

(n=1).

Of the CT71 isolates, 74/78 clustered into one cgMLST

cluster type (Fig. 2, Cluster 1), that exhibited up to 10

cgMLST allele differences. All isolates of Cluster 1 har-

bored an identical insertion of a vanB-encoding Tn1549-

like transposon into a gene of unknown function

(HMPREF0351_10592), previously reported for the vanB-

encoding VREfm of the sequence type ST192 [11]. Thus,

these isolates constitute a clone, which we designate as

the ST117/CT71/vanB clone.

Statistical analyses using the Mann-Whitney U test

[12] did not support an association of the CT71 clone

with any of the patient data characteristics detailed in

the Table 1 (Additional file 3: Table S3).

Discussion

Surveillance, hygiene/infection control programs and

antibiotic stewardship interventions for VREfm have

been implemented in healthcare settings throughout

Europe [13, 14]. However, the impact of these measures

on the VRE influx by individual patients (colonization)

entering the healthcare system is poorly understood.

Here we characterized VREfm isolated from rectal swabs

of patients during admission with and without prior his-

tory of hospitalization within the so-called “VRE-belt” in

central Germany. Core genome-based phylogenetic ana-

lysis classifies all of the VREfm from this study as

members of the hospital-associated clade A1 (data not

shown) and shows that a single ST117 clonal lineage,

with cgMLST complex type CT71 is predominant in the

Rhine-Main metropolitan area within a patient popula-

tion with a high-risk profile for VREfm acquisition. Pre-

vious epidemiological data indicated that the emergence

of ST117 with its three major CTs, CT36, CT71 and

CT469 is recent, and presently accounts for over one-

third of all VREfm isolated from bloodstream infections

in Germany and the Netherlands [15].

The repeated isolation of a single predominant ST117/

CT71/vanB clone at geographically separated institu-

tions (Additional file 5: Figure S1) throughout the

reporting period suggests that it has highly adaptive

properties for effective transmission and a capacity for

persistence in the hospital environment. Indeed, ST117/

CT71/vanB VREfm isolates harbored elements associ-

ated with persistence, such as the collagen-binding acm

and the enterococcal surface protein Esp, required for

promoting biofilm formation (Additional file 2: Table S2).

In addition, the PTSclin phosphotransferase system associ-

ated with colonization potential of clinical isolates [7] was

present in all ST117/CT71/vanB isolates. Further studies

are warranted to understand the impact of these genes in

the distribution of the ST117/CT71/vanB clone.

A limitation of the study is the relatively short collec-

tion period and the number of isolates analyzed. Never-

theless, the discovery of a single predominant clone in

geographically separated individual institutions within

such a large catchment area is unprecedented. There are

several possible explanations for this phenomenon:

Firstly, our data indicate ongoing inter-hospital spread

or even a multihospital outbreak, as near-identical iso-

lates (≤10 cgMLST alleles) of the ST117/CT71/vanB

clone were detected in different hospitals (Fig. 2,

Additional file 6: Figure S2). The latter phenomenon

would require the movement of patients among the dif-

ferent hospitals sampled. This is true even for the smal-

lest group of patients included in this study, i.e. those

who have been reported to have previous stays in other

participating hospitals (Additional file 6: Figure S2,

Additional file 4: Table S4). Secondly, 14.9% (11/74) of

the patients harboring this clone did not report any pre-

vious hospital stay within the last 12 months (Table 1).

This indicates either acquisition of the VREfm in a

Fig. 1 Minimum spanning tree of the sequenced VREfm isolates based on the cgMLST data. The figure was created according to reference [10].

Cluster distance threshold was set to 10 cgMLST alleles. Size of circles is according to number of isolates. Numbers in the circles indicate the

complex type of the respective isolates. Colors of circles indicate multilocus sequence types
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hospital before more than 12months ago, a nosocomial

acquisition during the current hospital stay, or an acqui-

sition through the dissemination of this clone in com-

munal spaces outside of healthcare institutions. Further

studies are required to answer the questions raised here,

with particular focus on the presence of this clone in the

community, healthcare-independent populations and

other reservoirs (livestock, food, water).

Conclusion
We report the detection of a near-ubiquitous VREfm

clone (ST117/CT71/vanB) circulating within the metro-

politan region in and around Frankfurt am Main/

Germany. The presence both of a single clone in such a

large catchment area and the detection of a possible

multi-hospital VRE transmission in this study has only

been revealed as a result of WGS-based analysis. As

vancomycin resistance is associated with enhanced mor-

tality among patients in hospital settings, in particular

bloodstream infections [16, 17], the prevention of

VREfm infections is a major objective. The presence of a

VREfm clone within different institutions questions

whether infection control and antimicrobial stewardship

interventions can be effective without an understanding

of the VREfm carriage state and transmission dynamics

in human populations within the catchment area stud-

ied. The results of our study call for the establishment of

a multihospital infection control approach, including

rapid detection tools to identify predominant clones and

for a genome-based long-term surveillance to be able to

Fig. 2 Minimum spanning tree of Cluster 1 based on cgMLST information. Different colours depict different clinics. Cluster distance threshold was

set to 10 cgMLST alleles. Size of circles is representative and reflects the number of isolates
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detect newly emerging clones. In addition, the use of

clone-based strategies for eradication i.e. based on vac-

cines or bacteriophages, would be interesting avenues

for further pursuit.
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Additional file 1: Table S1. Characteristics of the sequenced isolates.
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(DOCX 14 kb)
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(DOCX 30 kb)
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ST117/CT71/vanB clone carriage. Depicts the statistical analysis of parameters

associated with the carriage of the ST117/CT71/vanB clone. (DOCX 12 kb)
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the patients. Depicts previous hospital stays of the patients, including
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1 VREfm ST117/CT71/vanB isolates. Depicts the regional distribution of

Cluster 1 VREfm ST117/CT71/vanB isolates. Districts may include more

than one hospital. The original map was extracted from Googlemaps
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same hospital. (PDF 15 kb)
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a b s t r a c t 

Background: Carbapenemase-producing Gram-negative bacteria cause infections that are difficult to treat 

and represent a rising threat to healthcare systems worldwide. This study analysed isolates of Escherichia 

coli ( E. coli ), a species associated with nosocomial-acquired and community-acquired infections, from hos- 

pitals in Germany and Switzerland exhibiting a slight decrease in susceptibility to carbapenems. 

Methods: E. coli strains from Germany and Switzerland, obtained mainly in 2019, were first screened for 

carbapenemase genes by PCR and subsequently whole-genome-sequenced and analysed for their clonal 

relationship using multilocus sequence typing, single nucleotide polymorphisms, virulence and antibiotic- 

resistance gene content. 

Results: The analysis revealed the presence of extended β-lactamase (ESBL)-producing E. coli clones pro- 

ducing OXA-244, a point-mutation derivative of OXA-48, with a predominance of isolates exhibiting the 

sequence type (ST) ST38 in both Germany and Switzerland. These clustered exclusively into two distinct 

lineages: one encoding CTX-M-27, a recently emerged extended-spectrum β-lactamase, and the other 

CTX-M-14b. All OXA244/CTX-M-27 ST38 isolates harboured the Dr adhesin operon and a representative 

isolate exhibited a diffuse adherence (DAEC) phenotype and was invasive for Hela cells. 

Conclusion: Clonal lineages of ST38 are members of E. coli phylogenetic group D commonly associated 

with extra-intestinal infections. Their increased isolation in two different European countries indicates 

ongoing spread of ST38 ESBL-producing and OXA-244-producing E. coli clonal lineages. It is possible that 

members of the multidrug-resistant DEAC ExPEC group have expanded globally, but that this is currently 

underreported because of the inherent difficulty in detecting isolates expressing the OXA-244 allele. 

© 2020 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 

1. Introduction 

Carbapenem-producing Enterobacterales (CPE) are increasingly 

being identified not only in Klebsiella pneumoniae but also in Es- 

cherichia coli ( E. coli ) [1] . For E. coli , NDM- and OXA-48-type en- 

zymes are the main determinants of carbapenem resistance [1] . 

∗ Corresponding author: Institute of Medical Microbiology, and German Center 

for Infection Research (DZIF), Partner Site Giessen-Marburg-Langen, Justus Liebig 

University Giessen, Schubertstrasse 81, 35392 Giessen, Germany. Tel.: + 49 641 99 

41250 

E-mail address: trinad.chakraborty@mikrobio.med.uni-giessen.de (T. 

Chakraborty). 

Their presence in E. coli , which is a source of both nosocomial 

and community-acquired infections, raises the threat of their silent 

and impossible-to-control spread outside the hospital environ- 

ment. This study analysed OXA-244-producing E. coli isolates col- 

lected in two different European countries. 

2. Materials and Methods 

2.1. Strain collection 

OXA-244-producing E. coli isolates obtained from two CPE 

surveillance networks, one in the state of Hesse, Germany 

https://doi.org/10.1016/j.ijantimicag.2020.106157 

0924-8579/© 2020 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 
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(ca. 6.2 million inhabitants, SurvCARE http://www.mre-netzwerk- 

mittelhessen.de/material/SurvCARE ), and the other in Switzerland 

(ca. 8.4 millions inhabitants, National Reference Center for Emerg- 

ing Antibiotic Resistance, NARA) were analysed. 

For SurvCARE, extended-spectrum β-lactam (ESBL)-resistant 

and carbapenem-resistant isolates were identified using chro- 

mogenic media by the laboratories of the participating hospi- 

tals. Determination of the MIC towards carbapenems (ertapenem, 

imipenem and meropenem) was performed using Etest following 

EUCAST recommendations [2] . Resistance phenotypes of other an- 

tibiotics and species were determined with the VITEK 2 R © system 

(bioMerieux, Nürtingen, Germany). Enterobacterial strains that dis- 

played a decreased susceptibility to carbapenems were regularly 

sent to either site, where the molecular mechanisms of resistance 

were analysed [3] . 

2.2. Whole genome sequencing and analysis 

For whole genome sequencing, DNA was isolated from 

overnight cultures using the PureLink Genomic DNA kit (In- 

vitrogen, ThermoFischer, Germany). Short read sequencing li- 

braries were prepared for all E. coli ST-38/OXA-244 isolates 

(n = 31) using the Nextera XT kit (Illumina, Netherlands) and 

sequenced on MiSeq/NextSeq sequencing machines (read length 

either 2 × 300nt or 2 × 150nt). A long-read sequencing li- 

brary of the isolate SurvCARE133 was prepared using the na- 

tive barcoding kit (EXP-NBD103, Oxford Nanopore Technologies) 

and 1D chemistry (SQK-LSK108, Oxford Nanopore Technologies, 

UK). Sequencing was performed on a MinION sequencer (Oxford 

Nanopore Technologies, UK) using a SpotON Mk I R9 Version 

flow Cell (FLO-MIN106, Oxford Nanopore Technologies, UK). Post- 

sequencing quality control, assembly and virulence gene determi- 

nation was performed using ASA 3 P pipeline [4] . Antibiotic resis- 

tance genes, serotypes, plasmid incompatibility groups and pMLST 

types were determined using the Center for Epidemiology tools 

( http://www.genomicepidemiology.org/ ). Phylogenetic analysis was 

performed using HarvestSuite [5] . Regions exhibiting recombina- 

tional hotspots were removed using Gubbins [6] . The raw se- 

quencing data information was stored in the National Center for 

Biotechnology Information under the project number PRJNA6026 6 6 

( https://www.ncbi.nlm.nih.gov/ ). 

2.3. Adherence assays 

Human HeLa cervical epithelial cells (ATCC CCL2) were grown 

and assayed at 37 °C with 5% CO 2 in Dulbeccos Minimal Essen- 

tial Medium (DMEM) supplemented with 0.5% (vol/vol) foetal 

calf serum (FCS). Fresh bacterial cultures grown overnight in LB 

medium were used to prepare suspensions in PBS adjusted to an 

OD of 0.1 at 600 nm (~1 ×10 6 cfu/mL). Subconfluent 10% buffered 

formalin-fixed or live 48-h of HeLa cells grown on coverslips 

placed in 3.5-cm petri dishes were washed three times (5 minutes 

each) with PBS and overlaid with bacterial suspensions. Adhesion 

was allowed to take place for 3 hours at 37 °C in a CO 2 incuba- 

tor. After incubation, bacterial suspensions were removed, and the 

monolayers were washed three times in PBS. Live monolayers were 

fixed with cold methanol for 5 minutes, then both types of mono- 

layers were air-dried and stained with Giemsa diluted 1:20 for 1 

hour to visualise bacteria attached to HeLa cells. 

2.4. Bacterial internalisation assay 

Bacterial suspensions in PBS, prepared as described for the 

adherence assay, were added to monolayers of HeLa cells (~10 

0 0 0/well) to give a multiplicity of infection (MOI) of 10–15 in 24 

well plates and incubated for 3 hours at 37 °C in the CO 2 incubator. 

Table 1 

Clinical data of the Escherichia coli ST38 OXA-244-producing isolates. Origin: CH, Switzerland, GE, Germany. 

Isolate Year of isolation Clinic Origin Sample type 

Age (years, if not 

otherwise stated) Sex 

Infection (I) / 

Colonisation (C) 

N11 2017 CH-04 CH Liquid drain 78 M I 

N293 2018 CH-03 CH Urine 67 F I 

N460 2019 CH-04 CH Urine 77 F I 

N481 2019 CH-05 CH Urine 75 M I 

N511 2019 CH-02 CH Rectal swab 64 F C 

N658 2019 CH-05 CH Urine 48 F I 

N816 2019 CH-04 CH Urine 41 F I 

N832 2019 CH-05 CH Urine 28 F I 

N861 2019 CH-01 CH Rectal swab 44 F C 

N871 2019 CH-06 CH Urine 24 F I 

N888 2019 CH-07 CH Urine 62 F I 

N930 2019 CH-08 CH Urine 14 F I 

sc38-1 2018 GE-08 GE Rectal swab 37 F C 

SurvCARE133 2018 GE-02 GE Rectal swab 69 M C 

SurvCARE134 2018 GE-02 GE Rectal swab 69 M C 

SurvCARE140 2018 GE-07 GE Punctate lower abdomen 53 F I 

SurvCARE303 2019 GE-06 GE Rectal swab 80 M C 

SurvCARE318 2019 GE-03 GE Urine 75 F C 

SurvCARE319 2019 GE-01 GE Rectal swab 63 F C 

SurvCARE335 2019 GE-10 GE Gall bladder secretion 84 M C 

SurvCARE377 2019 GE-09 GE Rectal swab 30 M C 

SurvCARE378 2019 GE-09 GE Urine 30 F I 

SurvCARE382 2019 GE-05 GE Vaginal swab 29 F C 

SurvCARE383 2019 GE-05 GE Nose/throat swab 1 month F C 

SurvCARE384 2019 GE-05 GE Nose/throat swab 1 month F C 

SurvCARE389 2019 GE-05 GE Rectal swab 1 month F C 

SurvCARE390 2019 GE-05 GE Rectal swab 1 month F C 

SurvCARE392 2019 GE-01 GE Rectal swab 23 F C 

SurvCARE393 2019 GE-01 GE Nose/throat swab 1 month F C 

SurvCARE421 2019 GE-05 GE Rectal swab 1 month F C 

SurvCARE438 2019 GE-04 GE Rectal swab 4 M C 

Origin: CH, Switzerland, GE, Germany. 

2 
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Cells were subsequently washed thrice with Hanks medium, fol- 

lowed by incubation for 1 hour with DMEM and 0.5% FCS contain- 

ing 200 µl/mL gentamycin to kill extracellular bacteria. Cells were 

washed thrice with Hanks buffer and subsequently lysed by the 

addition of sterile water containing 0.1% Triton X-100 for 30 min- 

utes at room temperature. Appropriate dilutions were plated after 

the third washing with Hanks buffer and after lysis to determine 

the number of viable bacteria. Each assay was run in triplicate. 

3. Results and Discussion 

Carbapenemase-producing E. coli isolates obtained between 

2017 and 2019 from the two CPE surveillance networks SurvCARE 

(Federal State of Hesse, Germany; n = 107) and NARA (Switzerland, 

n = 448) were analysed for the underlying resistance mechanisms. 

In both networks, the emergence of OXA-244-producing E. coli iso- 

lates among carbapenemase-producing E. coli isolates was noted 

in 2018 and 2019 (Germany 2018: 22.2%, 2019: 27.5%; Switzer- 

land: 2018: 1%, 2019: 7%) as compared with 2017 (Germany: 0.0%, 

Switzerland: 0.0%). The enzyme OXA-244 is a point-mutant deriva- 

tive of OXA-48 (Arg212Gly substitution) with weaker carbapene- 

mase activity [3] . 

Forty-one E. coli isolates harbouring an OXA-244 carbapene- 

mase were detected and whole genome sequenced to determine 

their epidemiological relatedness. Using multilocus sequence typ- 

ing, 31 of the 41 OXA-244 producers (75.6%, Supplementary Fig- 

ure 1) clustered as a single E. coli sequence type (ST) 38. Other STs 

identified included ST69 (n = 3), ST10 (n = 1), ST58 (n = 1), ST361 

(n = 1), ST648 (n = 1), ST963 (n = 1), ST131 (n = 1) and ST1722 

(n = 1). The predominance of E. coli ST38-OXA-244 producers in 

both countries suggested a possible ongoing outbreak associated 

with ST38 isolates. 

A total of 31 ST38 OXA-244 isolates from both countries were 

studied ( Table 1 , Supplementary Table 1). Nineteen E. coli isolates 

were obtained from ten hospitals in Hesse and 12 isolates derived 

from 12 hospitals/private clinics in Switzerland. Isolates were ob- 

tained from urine samples (n = 10), rectal swabs (n = 15), vaginal 

smear/swab (n = 2) and other sources (n = 4). Isolates originated 

from different parts of Switzerland (German-, French- and Italian- 

speaking regions) and in the state of Hesse (Germany) from hospi- 

tals distributed within an area half the size of Switzerland. E. coli 

ST38 are representatives of the E. coli phylogenetic group D, com- 

monly associated with extra-intestinal infections (ExPEC) [7] . 

Detailed analysis indicated the presence of two major clonal lin- 

eages that segregated almost entirely along the extended-spectrum 

Figure 1. Core-genome-based analysis of OXA-244 producing ST38 isolates. The colour of the isolate names indicates the carriage of additional ESBL/AmpC enzymes; CTX- 

M-14b, red, CTX-M-27, blue, CMY-2, green; no additional ESBL/AmpC gene, black. A star indicates the presence of a complete Tn 51098 harbouring OXA-244. Red triangles 

indicate absence of Type I fimbriae genes. As a reference, 28Eco12 was used (marked as reference). 
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β- lactamase (ESBL) enzyme allele carried (i.e. CTX-M-27 and CTX- 

M-14b, respectively) ( Figure 1 , Supplementary Table 2). CTX-M-27 

is a point mutant derivative of CTX-M-14. 

The ability of OXA-244 to hydrolyse imipenem and temocillin 

(a specificity of OXA-48 derivatives) is weaker than that of OXA- 

48. Indeed, many of the isolates analysed here showed variable 

degrees of susceptibility/resistance to carbapenems and were of- 

ten labelled as carbapenem-non-susceptible (or as susceptible, 

increased exposure according EUCAST 2019) when sent to the 

reference laboratories. Serial testing in the reference laborato- 

ries revealed variable results ranging from susceptible to resis- 

tant, according to EUCAST criteria in Minimal inhibitory concentra- 

tion (MIC)-based breakpoint-testing. Using the Etest technique, the 

MICs for ertapenem, meropenem and imipenem ranged from 0.12–

> 32, 0.04–1.5 and 0.04–1 mg/L, respectively. None of the strains 

was resistant to meropenem or imipenem (Supplementary Table 3, 

Supplementary Table 4). The low level (if any) of resistance to car- 

bapenems observed for those OXA-244 producers may have been 

related to the low level of production of the OXA-244 enzyme be- 

cause the gene was present as a single copy on the chromosome in 

association with the low-level of carbapenem hydrolytic properties 

of this enzyme itself. 

Co-resistances to other families of antibiotics (fluoroquinolones, 

tetracyclines, trimethoprim/sulfamethoxazole, aminoglycosides) 

were also highly similar within the strain collection (Supplemen- 

tary Table 2, Supplementary Table 3, Supplementary Table 4). The 

bla OXA-244 gene was chromosomally located in isolates from both 

lineages. 

Clonal lineage I comprises isolates (21 of 31) that harbour the 

bla CTX-M-27 gene on an IncF plasmid. The bla OXA-244 -encoding mo- 

bile element of lineage I isolates does not resemble the classical 

Tn 51098 or Tn 6327 structure, as reported [8] , but are deletion 

variants thereof ( Figure 1 , Supplementary Figure 2). Clonal lin- 

eage I isolates exhibited differences of < 129 SNPs in their core 

genomes, regardless of whether the isolates were from Germany 

or Switzerland (Supplementary Figure 3) and almost exclusively of 

the serotype 086:H18 ( Figure 1 , Supplementary Table 11). They car- 

ried a Dr adhesin/invasion locus [9] , but lacked Type I fimbriae 

Figure 2. Virulence determinants of E. coli ST38 OXA-244 isolates. Complete operons are marked in black, incomplete operons in grey. The functions of the virulence 

determinants are indicated in Supplementary Table 5. The reference 28Eco12 is marked with an asterisk. 
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( Figure 2 ). Isolates expressing the Dr adhesins are often associated 

with cystitis, pregnancy-associated pyelonephritis and chronic di- 

arrhoea; thus, indicating that isolates of clonal lineage I may have 

virulence potential [9] . A representative isolate exhibited a diffuse 

adherent phenotype for adhesion to HeLa cells and was invasive 

(Supplementary Figure 4). 

Clonal lineage II isolates (9 of 31) were slightly more hetero- 

geneous but had a common chromosomal insertion site for the 

bla CTX-M-14b gene. The bla OXA-244 -encoding mobile element in lin- 

eage II isolates resembled, in five of eight isolates, the previ- 

ously described Tn 51098 structure ( Figure 1 and Supplementary 

Figure 2). They presented as several serotypes (O102:H6, ONT:H30 

and O2:H30, Figure 1 ). In contrast to clonal lineage I, they encoded 

Type I fimbriae. Independent isolates of clonal lineage II from Ger- 

many and Switzerland were highly related ( Figure 1 , Supplemen- 

tary Figure 3). 

All ST38 isolates carried virulence and adaptive genes, includ- 

ing the iron uptake systems aerobactin and yersiniabactin as well 

as haeme-uptake and degradation systems ( Figure 2 ). In con- 

trast to classical uropathogenic E. coli (UPEC), they did not carry 

haemolysin genes. 

It was noted that of the 31 isolates from both countries, 23 

isolates were from female patients. This high proportion of fe- 

male origin of the strains was evidenced among infections (mostly 

urinary tract infections), as expected, but also from colonisation. 

Two sets of OXA-244/CTX-M-27 isolates, SurvCARE382/383/384 

(383 and 384 were twins) and SurvCARE392/393 represented 

mother/neonate combinations, while for one combination (Surv- 

CARE 382/383/384/390) the neonates and one mother were 

present in the same room. The remaining isolates were almost 

exclusively obtained from elderly male patients (exceptions: Surv- 

CARE377 and SurvCARE438). The fact that these lineages were iso- 

lated from patients of different ages and from different clinical 

specimens indicates an ability to colonise and infect. 

A recent meta-analysis of 217 studies on commonly occurring 

extraintestinal E. coli (ExPEC) lineages worldwide in humans did 

not reveal a single isolate of ST38 prior to 20 0 0 [10] . Nevertheless, 

a recent report documented an increase in ST38 isolates express- 

ing OXA-244 throughout Germany since 2017 [11] . Also, OXA-244- 

producing E. coli isolates have been identified from a number of 

countries within the EU, including The Netherlands, Spain, United 

Kingdom, and France [8] . Previous reports have indicated the pres- 

ence of OXA-244 producers in the UK, Spain and France in strains 

belonging to the same ST38 type [12] . The large increase in OXA- 

244 CTX-M-27/14b producing ST38 isolates in 2019 suggests an on- 

going and emerging supranational clonal outbreak over a large area 

comprising parts of Germany, Switzerland and possibly many other 

European countries. 

The clonal lineage II isolates encoding OXA-244/CTX-M-14b 

isolates harboured both ESBL and carbapenemase genes on the 

chromosome. This peculiar genetic situation may stabilise both 

genes in those E. coli strains, leading to a vertical transfer of 

this resistance trait. Therefore, any β-lactam used for treat- 

ing E. coli infections (penicillin, penicillin/ β-lactamase inhibitor, 

cephalosporin, carbapenem) may select those OXA-244 producers, 

whereas OXA-244, like other OXA-48-like enzymes, does not hy- 

drolyse cephalosporins. This genetic background may be of the ut- 

most importance for explaining a further spread of community- 

acquired OXA-244 producers. 

It has previously been suggested that DAEC isolates act as ‘silent 

pathogens’ that are well-controlled in healthy individuals but ex- 

press pathogenic potential in susceptible hosts [9] . Thus, the com- 

bination of under-detection of multidrug-resistant OXA-244 pro- 

ducing bacteria due to their low level of resistance to carbapenems 

(if any) and their properties as conditional pathobionts are worry- 

ing, and likely to favour their silent spread worldwide. 
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A B S T R A C T

Multidrug-resistant Escherichia coli encoding CTX-M-type extended-spectrum β-lactamases (ESBLs) are

isolated in increasing numbers from humans, companion animals and livestock, raising concern regard-

ing the exchange and spread of isolates in these populations. In this study, whole-genome sequencing

of CTX-M-15-producing E. coli isolates recently sampled from humans, companion animals, livestock and

farm environments was performed. In total, 26 different sequence types (STs) were detected, of which

ST410 was the most frequent and was the only ST present in all populations studied. Five clades (des-

ignated A–E) were detected within the ST410 isolates. In particular, isolates of clade B were present in

all four populations and had core genomes that differed by less than 70 single nucleotide polymor-

phisms (SNPs). Isolates of clades B and C were also clonally marked, exhibiting identical chromosomal

insertions of blaCTX-M-15 at distinct loci. These data provide strong evidence for the clonal dissemination

of specific clades of CTX-M-15-producing E. coli ST410 in human and animal populations.

© 2016 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

Multidrug-resistant Enterobacteriaceae are an emerging problem
in human and animal healthcare worldwide. Bacteria-harbouring
genes encoding extended-spectrum β-lactamases (ESBLs) are re-
sistant to penicillins, cephalosporins and monobactams. ESBL genes
are often located on plasmids and are transferred horizontally [1].
CTX-M-type β-lactamases are the most common ESBL type [2]. In
particular, the CTX-M-15 enzyme has a worldwide distribution and
is frequently associated in isolates of Escherichia coli sequence type
131 (ST131) in humans [3]. However, E. coli ST131 isolates have only
rarely been detected in companion animals and livestock [3]. Studies
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examining the presence of CTX-M-15-harbouring ESBL-producing
E. coli in Germany have reported a prevalence of 20–66% among
human isolates and a much lower prevalence of 1.3–4% in live-
stock [4–7].

Clonal transfer of ESBL-producing E. coli isolates would result in
the presence of related clones in humans and animals that may be
propagated via the food chain. To investigate this, several epide-
miological studies of ESBL-encoding E. coli isolates from humans
and animals in the UK, The Netherlands and Germany have been
performed, showing that they share identical CTX-M alleles, common
STs and have similar resistance plasmids, suggesting a common pool
of clones and/or resistance plasmids in these populations [8–10].
These studies were subgenome-based and provided lower resolu-
tion than whole-genome sequencing (WGS), which can resolve
relationships up to the level of single nucleotide polymorphisms
(SNPs). A recent study revisited data from one of these studies per-
formed for ESBL-producing E. coli isolates from humans, poultry and
pigs [9] to address the comparability of classical genotypingmethods
with WGS. They showed that although isolates from humans and
animals displayed identical STs, the genomes of these isolates were
significantly different, exhibiting 4216 SNPs within the core genome
even for the most closely related isolates [11]. Nevertheless, they
shared highly similar ESBL gene-carrying plasmids, indicating that
in this particular scenario, transfer of resistance was
plasmid-mediated.

These results raised the question whether the transfer of resis-
tance by highly similar plasmids is the major route for the transfer
of ESBL genes between animals and humans and occurs indepen-
dently from the spread of clonal populations (epidemic E. coli clones).

We initiated a study to examine the prevalence of ESBL-producing
bacteria in animal and human populations from different loca-
tions in Germany [12]. WGS was performed to examine for evidence
of clonal exchange between CTX-M-15-producing E. coli isolates from
livestock, companion animals, farm environments and humans.

2. Materials and methods

2.1. Isolate collection

In various studies conducted between 2009 and 2014 within the
national interdisciplinary research consortium RESET (http://
www.reset-verbund.de/), ESBL-producing E. coli isolates from
humans, companion animals and livestock were collected [12]. ESBL
production was confirmed using the double disk synergy test, and
the presence of a particular ESBL gene (CTX-M-type, TEM-type or
SHV-type) was tested by gene- and allele-specific PCR [4]. Of the
429 blaCTX-M-15-encoding isolates obtained, 90 were randomly chosen
for sequencing.

In addition, four non-repetitive CTX-M-15-producing isolates from
haemato-oncological patients at the German Centre for Infection
Research (DZIF, Braunschweig, Germany; http://www.dzif.de/) [13]
as well as three isolates obtained from biogas plants [14] were in-
cluded. The characteristics of all 97 isolates are given in Table 1.

2.2. Whole-genome sequencing

DNA was isolated using a Purelink™ DNeasy Kit (Invitrogen,
Darmstadt, Germany) according to the manufacturer’s instruc-
tions. WGS was carried out on an Illumina MiSeq instrument
(Illumina, San Diego, CA) using an Illumina Nextera XT library with
2 × 300 bp paired-end reads. Data were assembled using SPAdes
Genome Assembler v.3.0 [15]. Contigs with a size >500 bp were
ordered to E. coli 789 (GenBank accession no. CP010315.1) using
MAUVE [16]. The ordered contigs were then concatenated to a
pseudogenome and annotation was performed using E. coli MG1655
as a reference.

2.3. In silico analyses

Multilocus sequence typing (MLST) was performed following the
scheme of Wirth et al. using the Web-based tool MLST 1.7 [17,18].
Detection of phylogenetic groups was performed in silico accord-
ing to the literature [19]. Identification of virulence genes was
performed using VirulenceFinder [20]. The presence of operons in-
volved in iron acquisition was determined using the NCBI blastn
algorithm using the references presented in Supplementary Table
S1 [21]. Pathogenicity islands (PAIs) were identified by perform-
ing blastn with PAIs from E. coli, Salmonella, Klebsiella and Shigella

spp. present in the Pathogenicity Islands Database [21,22]. In silico
serotyping was performed using SeroTypeFinder [23]. The genetic
environment of CTX-M-15 was characterised using ISfinder (https://
www-is.biotoul.fr/; identification of insertion sequences and
transposons) and Blast search (blastn/tblastn) [21,24]. CTX-M-15-
containing contigs that showed high homology to plasmids were
considered as being plasmid-derived.

The software package Harvest Suite was used to determine phy-
logeny, core genome sequences and SNPs [25]. This software
identifies the core genome directly without requiring annotation
(thereby covering not only core genes but also intergenic core se-
quences) and performs phylogenetic analysis only with the identified
core sequences. For this phylogenetic analysis, E. coli 789 was used
as reference genome. For SNP analysis, isolate V139, which was the
earliest strain isolated in this study, was chosen as a reference.
Regions of high recombination (>50 SNPs per 1 kb) and phage se-
quences (identified by PHAST [26]) were identified by visual
inspection and were excluded from the SNP analysis.

2.4. Plasmid characterisation

Plasmids were identified using S1 nuclease digestion followed
by pulsed-field gel electrophoresis (S1-PFGE) as reported previ-
ously [27]. Plasmid incompatibility (Inc) groups were defined using
PlasmidFinder using the assembled contigs [28]. Conjugation ex-
periments were performed using E. coli J53 as recipient and sodium
azide (200 mg/L) and cefotaxime (2 mg/L) as selective agents as re-
ported previously [27].

2.5. Data availability

All sequences (sequencing reads and the genetic environment
of CTX-M-15) are available in the European Nucleotide Archive (ENA)
under the project no. PRJEB9568 and the accession numbers
LN868272-LN868277.

3. Results

3.1. Sequence typing and phylogenetic analysis of CTX-M-15-

producing isolates

Phylogenetic group analysis was performed and the ST of all iso-
lates was determined. Isolates were members of the A (n = 54), B1
(n = 16), B2 (n = 15) and D (n = 12) phylogenetic groups [19]. A total
of 26 different STs were detected among these CTX-M-15-positive
E. coli, ranging from 1 to 27 isolates per ST (Fig. 1). Themost common
STs were ST410 (27 isolates), followed by ST131 (15 isolates), and
ST224 and ST648 (6 isolates each). The remaining 43 isolates com-
prised 22 different known STs (Fig. 1). ST410 was by far the most
abundant cluster detected andwas present in all population samples
(humans, livestock, companion animals and farm environment).
Therefore, the relatedness of these isolates was examined in more
detail.
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Table 1

Properties of the 97 CTX-M-15-producing Escherichia coli isolates sequenced in this study.

Name Date of isolation Origin Source Phylogenetic

group

ST

113301 05/01/2011 Livestock Gut D ST648

120768 25/04/2012 Livestock Milk A ST617

123074 02/01/2013 Livestock Gut A ST410

123445 13/03/2013 Livestock Milk sample A ST410

90044 21/01/2009 Livestock Faeces A ST167

94251 19/11/2009 Livestock Faeces A ST167

E001768 13/03/2012 Human Stool sample B2 ST131

E003488 28/05/2012 Human Stool sample A ST410

E006910 06/11/2011 Human Stool sample A ST410

E007570 07/12/2011 Human Stool sample B2 ST131

ESBL232B15_13_2E April 2013 Farm environment Biogas plant input A ST410

ESBL370B15_13_2A July 2013 Farm environment Biogas plant output A ST410

ESBL37B15_13_1E February 2013 Farm environment Biogas plant input A ST410

H10 09/01/2010 Human Urine B1 ST443

H116 01/06/2010 Human Rectal swab A ST361

H119 04/06/2010 Human Stool sample A ST1284

H122 09/06/2010 Human Cervical swab A ST10

H123 10/06/2010 Human Unknown D ST648

H127 20/06/2010 Human Urine B2 ST131

H129 22/06/2010 Human Urine B2 ST131

H130 23/06/2010 Human Cervical swab A ST88

H134 29/06/2010 Human Urine B1 ST58

H141 06/07/2010 Human Urine D ST2141

H143 12/07/2010 Human Unknown B1 ST224

H152 16/07/2010 Human Groin swab B1 ST224

H153 15/07/2010 Human Unknown B1 ST224

H154 15/07/2010 Human Rectal swab B1 ST224

H160 20/07/2010 Human Urine B1 ST224

H164 22/07/2010 Human Cervical swab B1 ST224

H24a 23/01/2010 Human Urine A ST361

H3 29/12/2009 Human Urine B2 ST131

H38 04/02/2010 Human Rectal swab A ST44

H45 16/02/2010 Human Rectal swab D ST93

H50 23/02/2010 Human Urine D ST69

H53 02/03/2010 Human Urine B2 ST131

H63 12/03/2010 Human Urine B2 ST131

H66 16/03/2010 Human Urine D ST405

H71 24/03/2010 Human Urine B2 ST131

H75 29/03/2010 Human Urine B2 ST131

H89 17/04/2010 Human Wound swab D ST349

H92 16/04/2010 Human Penis swab A ST10

H93 20/04/2010 Human Urine B1 ST156

pCT119 09/10/2008 Livestock Faecal sample (single animal) A ST10

R107 29/06/2011 Farm environment Sock swabs, dairy cattle farm A ST410

R208 29/06/2011 Farm environment Sock swabs, fattener A ST410

R261 09/01/2012 Livestock Pooled faecal samples A ST167

R299 15/06/2011 Livestock Pooled faecal samples A ST410

R363 25/04/2012 Livestock Pooled faecal samples A ST617

R37 24/05/2011 Livestock Pooled faecal samples A ST410

R392 08/08/2011 Livestock Faeces A ST410

R423 11/10/2011 Livestock Faeces A ST410

R432 11/10/2011 Livestock Faeces A ST410

R56 14/06/2011 Livestock Pooled faecal samples A ST410

R570 06/02/2012 Livestock Faeces A ST88

R61a 15/06/2011 Farm environment Dust sample, fed cattle farm A ST410

R625 13/03/2012 Farm environment Sock swabs, cattle farm B1 ST533

RS099 06/04/2011 Human Urotube® B2 ST131

RS119 12/04/2011 Human Colonised wound A ST410

RS149 18/04/2011 Human Rectal swab B1 ST443

RS153 23/08/2011 Human Port catheter infection A ST410

RS156 26/08/2011 Human Groin wound A ST361

RS158 19/04/2011 Human Urine D ST648

RS204 01/08/2011 Human Urine B2 ST131

RS254 09/12/2011 Human Urine A ST410

RS271 29/01/2012 Human Urine A ST617

RS288 29/02/2012 Human Urine A ST410

RS333 01/02/2011 Human Stool sample A ST410

RS334 01/02/2011 Human Stool sample A ST410

RS371 09/07/2012 Human Wound swab A ST410

V114 19/11/2009 Companion animal Faeces B1 ST448

V131 17/12/2009 Livestock Unknown A ST90

V139 16/02/2010 Companion animal Faeces A ST410

V144 24/02/2010 Companion animal Vagina B1 ST500

(continued on next page)
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3.2. Phylogenetic analysis and in silico serotyping of ST410 isolates

All ST410 isolates obtained were fluoroquinolone (FQ)-resistant
and were collected from different regions in Germany between 2010
and 2013 (Table 2). In subsequent studies, three additional FQ-
resistant ST410 isolates obtained from biogas plants [14] were
included.

Phylogenetic analysis was performed using V139 as the refer-
ence. E. coli 789 (ST88) was added in the phylogenetic analysis as
there is presently no completely sequenced genome of ST410 pub-
licly available. ST88 and ST410 are closely related and differ within
their MLST loci only in a single locus (purA). Phylogenetic analysis
revealed that isolates within the ST410 cluster were subdivided into
five clades, designated A–E (Fig. 2). The overall common core se-
quence was 86%. Clades A and E contained exclusively human and

companion animal isolates. Clade D harboured isolates from humans
and livestock, whilst clade C comprised of isolates from humans,
farm environment and companion animals. Clade B isolates were
detected in all four populations studied. In silico serotyping clas-
sified isolates of clade A and B as O8:H21, isolates of clade C as O8:H9
and isolates of clades D and E as O-:H9 serotype.

3.3. Single nucleotide polymorphisms within ST410 clades

SNP analysis was performed using V139 as the reference.
Members from clade B were separated by between 31 and 70 SNPs
in their core sequences. Within clade C the total SNP count was
between 51 and 64 SNPs. Isolates of clade A differed from clade B
by between 121 and 146 SNPs, and the difference in the core genome
between isolates of clades B and Cwas between 1409 and 1424 SNPs.

Table 1 (continued)

Name Date of isolation Origin Source Phylogenetic

group

ST

V158 13/04/2010 Companion animal Faeces A ST1480

V161 14/04/2010 Companion animal Inner organs A ST410

V177 12/05/2010 Companion animal Liver A ST410

V182 18/05/2010 Companion animal Faeces A ST10

V195 22/06/2010 Companion animal Wound B1 ST533

V201 01/07/2010 Companion animal Abdominal cavity B1 ST448

V210 02/08/2010 Companion animal Unknown A ST410

V260 23/09/2010 Companion animal Urine B2 ST131

V279 14/10/2010 Companion animal Urine A ST88

V282 14/10/2010 Companion animal Urine B2 ST131

V283 15/10/2010 Companion animal Urine A ST88

V291 11/11/2010 Companion animal Vagina B2 ST131

V292 16/11/2010 Companion animal Catheter urine D ST405

V295 18/11/2010 Companion animal Urine B2 ST131

V70 01/09/2009 Companion animal Catheter urine A ST361

V71 01/09/2009 Companion animal Skin wound A ST1284

V73 16/09/2009 Companion animal Faeces D ST648

V74 21/09/2009 Companion animal Sperm B1 ST617

V80 05/10/2009 Companion animal Faeces A ST746

V86 16/10/2009 Companion animal Faeces D ST648

V9 03/06/2009 Companion animal Faeces A ST167

V96 28/10/2009 Companion animal Faeces D ST648

V98 03/11/2009 Companion animal Faeces A ST361

09-0090706-001-01 08/12/2009 Human Stool sample A ST48

ST, sequence type.
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Fig. 1. Distribution of sequence types (STs) by multilocus sequence typing (MLST) analysis of the 97 sequenced Escherichia coli isolates encoding CTX-M-15.
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Table 2

Characteristics of the investigated Escherichia coli sequence type 410 (ST410) isolates.

Strain Origin Source Date of isolation Site of isolation a Resistance to antibiotics b Clade Plasmid size (kb) c Inc group d SNPs e

V161 Dog Inner organs 14/04/2010 HE AMP, FEP, CTX, CAZ, CHL, CIP A 125, 120, 40 FII, FIA, FIB, Y, Q1 32

V210 Cat Unknown 02/08/2010 HE AMP, FEP, CTX, CAZ, CHL, CIP, GEN A 125, 120, 40 FII, FIA, FIB, Y 1530

123074 Calf Gut 02/01/2013 BY AMP, FEP, CTX, CAZ, CHL, CIP, GEN B 90 FII, FIA, FIB 1424

ESBL232B15_13_2E Farm environment Biogas plant input April 2013 BY AMP, (FEP), CTX, CAZ, CHL, CIP, GEN B 85, 60 FII, FIA, FIB 1421

ESBL370B15_13_2A Farm environment Biogas plant output July 2013 BY AMP, (FEP), CTX, CAZ, CHL, CIP, GEN B 85 FII, FIA, FIB 43

ESBL37B15_13_1E Farm environment Biogas plant input February 2013 BY AMP, (FEP), CTX, CAZ, CHL, CIP, GEN B 90, 70 FII, FIA, FIB 49

R299 Dairy cattle Pooled faecal samples 15/06/2011 NRW AMP, FEP, CTX, CAZ, CHL, CIP, GEN B 90 FII, FIA, FIB, P 49

R392 Dairy cattle Faeces 08/08/2011 BY AMP, FEP, CTX, CAZ, CHL, CIP, GEN B 85 FII, FIA, FIB 1421

R423 Dairy cattle Faeces 11/10/2011 BY AMP, FEP, CTX, CAZ, CHL, CIP, GEN B 85 FII, FIA, FIB 1420

R432 Dairy cattle Faeces 11/10/2011 BY AMP, FEP, CTX, CAZ, CHL, CIP, GEN B 49 FIB 41

R56 Chicken Pooled faecal samples 14/06/2011 NRW AMP, (FEP), CTX, CAZ, CHL, CIP, GEN B 65 FII, FIA, FIB, P 1537

R61a Farm environment Dust sample, fed cattle farm 15/06/2011 NRW AMP, (FEP), CTX, CAZ, CHL, CIP, GEN B 90 FII, FIA, FIB, P 70

RS119 Human Colonised wound 12/04/2011 BY AMP, FEP, CTX, CAZ, CHL, CIP, GEN B 90, 48.5 FII, FIA, FIB, Col 54

RS153 Human Port catheter infection 23/08/2011 BW AMP, FEP, CTX, CAZ, CHL, CIP, GEN B 90 FII, FIA, FIB 43

RS333 Human Stool sample 01/02/2011 BY AMC, AMP, FEP, CTX, CAZ, CHL, CIP B 90 FII, FIA, FIB 36

RS334 Human Stool sample 01/02/2011 BY AMP, FEP, CTX, CAZ, CHL, CIP, (EPM), GEN B 90 FII, FIA, FIB 58

V139 Cat Faeces 16/02/2010 HE AMP, FEP, CTX, (CAZ), CHL, CIP B 90 FII, FIA, FIB 31

E003488 Human Stool sample 28/05/2012 NRW AMP, FEP, CTX, CAZ, (CHL), CIP C 110, 40 I1, X1 46

E006910 Human Stool sample 06/11/2011 NRW AMP, CTX, CAZ, CIP C 190, 115, 48.5, 6 FII, FIB, I1, X1 1532

R107 Farm environment Sock swabs, dairy cattle farm 29/06/2011 NRW AMP, FEP, CTX, CAZ, CIP C 120 FII, FIB 1536

R208 Farm environment Sock swabs, fattener 29/06/2011 NRW AMP, FEP, CTX, CAZ, CIP C 110, 40 FII, FIB 32

V177 Dog Liver 12/05/2010 HE AMP, FEP, CTX, CAZ, CHL, CIP C 130 FII, FIB 31

123445 Dairy cattle Milk sample 13/03/2013 BY AMP, FEP, CTX, CAZ, CHL, CIP, (GEN) D 110 FII, FIA, FIB 1528

R37 Swine Pooled faecal samples 24/05/2011 NRW AMP, FEP, CTX, CAZ, CIP D 120, 12 FII, FIA, FIB 0

RS288 Human Urine 29/02/2012 BH AMP, FEP, CTX, CAZ, CHL, CIP, GEN D 82, 12 FII, FIA, FIB 121

RS254 Human Urine 09/12/2011 B AMP, FEP, CTX, CAZ, CHL, CIP, GEN E 125 FII, FIA, FIB 1409

RS371 Human Wound swab 09/07/2012 BY/BW AMP, FEP, CTX, CAZ, CHL, CIP, GEN E 125 FII, FIA, FIB, Col 146

a Site of isolation: HE, Hesse; BY, Bavaria; NRW, North Rhine-Westphalia; BW, Baden-Württemberg; BH, Bremerhaven; B, Berlin.
b Antibiotic resistance tested: AMP, ampicillin; FEP, cefepime; CTX, cefotaxime; CAZ, ceftazidime; CHL, chloramphenicol; CIP, ciprofloxacin; GEN, gentamicin; AMC, amoxicillin/clavulanic acid; EPM, ertapenem; resistance in

parenthesis defines isolates with intermediate resistance.
c Sizes of the plasmids present in the wild-type isolates were determined by S1 nuclease digestion followed by pulsed-field gel electrophoresis (S1-PFGE).
d Incompatibly (Inc) groups were investigated using PlasmidFinder (https://cge.cbs.dtu.dk/services/PlasmidFinder/).
e Single nucleotide polymorphisms (SNPs) were identified using Harvest Suite [25]. SNPs were calculated using E. coli ST410 isolate V139 as a reference.
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The highest number of SNPs was detected in isolates of clades D
and E that exhibited a total count of between 1528 and 1536 SNPs.
In comparison, the closely related ST88 E. coli 789 was separated
by 16 367 SNPs from the isolate V139. Numbers of SNPs for the in-
dividual isolates are given in Table 2.

3.4. Localisation of the blaCTX-M-15 resistance gene in ST410 clades

Three different chromosomal locations of blaCTX-M-15 were iden-
tified in the ST410 cluster. All isolates of clade B carried a blaCTX-M-15

transposition unit inserted into a distinct location in the RhsE cas-
sette (Fig. 3a). Rhs cassettes are large repetitive elements that can
be present in up to seven copies in the genome of E. coli (called RhsA–
H) and are hotspots for recombination and integration of insertion
sequences [29]. The transposition unit carried a remnant of the Tn3

transposase in between the left direct repeat and orf477, which was
previously detected in several blaCTX-M-15-carrying resistance plas-
mids (e.g. pEC_L8, accession no. NC_014384.1) [30]. All clade B
isolates except V139 displayed an additional IS1 insertion se-
quence integrated into the ISEcp1 element. In isolates of clade C,
an intact ISEcp1 element in combination with blaCTX-M-15 and orf477

was inserted into a defective lambdoid prophage (Fig. 3b) between
a putative phage lysin and holin gene. One isolate of clade E (RS254)
displayed a third chromosomal location for blaCTX-M-15 (Fig. 3c). In
this case, the blaCTX-M-15 gene and its adjacent sequences were in-
tegrated into yet another defective prophage that was distinct from
the one detected in clade C.

The location of the blaCTX-M-15 antibiotic resistance modules in the
remaining isolates of clades A, D and E (123445, V161, V210, RS288,
RS371 and R37) were analysed by database searches andwere found
to be located in three different genetic environments present on
various plasmids, depicted in Fig. 3d–f. Plasmids from three of these

isolates (123445, R37 and RS371) were transferable by conjuga-
tion to E. coli J53.

The predominance of chromosomal insertions of the blaCTX-M-15

allele in ST410 prompted us to examine whether the distribution
of chromosomal versus plasmid insertions was also seen with other
STs. We observed that in the second largest cluster, which com-
prised 15 ST131 isolates, plasmid locations predominated over those
on the chromosome (Fig. 4). Nevertheless, chromosomally located
blaCTX-M-15 was detected in many STs (Fig. 4).

3.5. Virulence genes and pathogenicity islands

The ST410 isolates were examined for the presence of known
virulence factors (Fig. 5). All isolates contained the lpfA gene that
codes for long polar fimbriae known to be required for intestinal
colonisation [31]. Three isolates from clade B (R56, R61a and R299)
also harboured fimbriae usually present in uropathogenic E. coli (f17
fimbriae), and one isolate (123445) carried the prfB gene coding for
P-related fimbriae. The serum survival gene (iss) was present in
members of clade A and C (with the exception of isolate E003488).
Isolates of clades C and D, except isolate R37, carried genes encod-
ing microcins or colicins (mcmA or cma). Toxin genes were present
in only two isolates (astA in 123445 and senB in R37).

All isolates harboured the ferrichrome and ferrous iron-uptake
operons (fhuABCD, feoABCD), the iron(III) dicitrate uptake operon
(fecRI-ABCDE) as well as the enterobactin siderophore operon
(entABCDEFH, entS, fepABCDEG, fes, ybdZ). The sit operon (sitABCD,
Fe2+ transport) was present in all isolates except isolate E003488.
The aerobactin operon (iucABCD, iutA) was present in 22 of 27 iso-
lates (clades A, B, D and E). Clade C isolates (with exception of isolate
E003488) harboured the salmochelin operon (iroBCDEN). The
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yersiniabactin operon (fyuA, irp1, irp2, ybtAEPQSTUX) was present
in isolates of clades D and E.

The yersiniabactin operon was part of a PAI similar to a high
pathogenicity island (HPI) present in ST131 isolates [3]. A single PAI
(ETT2sepsis, accession no. DQ077151), originally identified in
enterohaemorrhagic E. coli O157:H7 isolates, was present in iso-
lates of clades A, B and E. In isolates of clade C and D (with exception
of isolate R37), an insertion sequence was integrated into ETT2sepsis.

3.6. Plasmid analysis

The number and sizes of plasmids are shown in Table 2. All or
nearly all isolates of each clade harboured plasmids that were of
similar size. Plasmid sizes ranged from 6 kb to 190 kb. Other than
isolate E003488, all isolates harboured IncF incompatibility group

(FIA, FIB and/or FII) plasmids. Two isolates of clade C (isolates
E006910 and E003488) carried an additional IncI1 plasmid.

4. Discussion

The genetic relationship of recently sampled CTX-M-15-producing
E. coli isolates from livestock, companion animals, farm environ-
mental sources and humans from different regions in Germany was
examined using WGS. The majority of these isolates (n = 54) be-
longed to only one of four STs (ST410, ST131, ST224 and ST648),
whilst the remaining 43 isolates represented 22 STs indicating that
multiple acquisition of blaCTX-M-15 gene occurred in many different
E. coli phylogenetic backgrounds. ST410 presented the largest group
of CTX-M-15-producing isolates and was the only ST that was com-
monly found in companion animals, livestock, farm environmental

Fig. 3. Location of blaCTX-M-15 present in the Escherichia coli sequence type 410 (ST410) isolates. (a) to (c) = chromosomal insertion; (d) to (f) = plasmid-like structures.
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samples and humans. Whole genome-based epidemiological anal-
ysis of this ST provides strong evidence for clonal dissemination and
exchange of bacteria within and between these populations.

Isolates of two blaCTX-M-15-producing E. coli clades (B and C) present
in humans and animals were found to be virtually identical and sepa-
rated by <100 SNPs, strongly supporting the hypothesis for
interspecies dissemination of E. coli isolates and indicative of epi-
demiological linkage. These clades also harbour identical insertions
of blaCTX-M-15 at distinct chromosomal locations, and clade B in par-
ticular is represented in all the host populations and their
environment.

It has been previously suggested that chromosomal locations of
blaCTX-M-15 are relatively uncommon [32]. However, the current results
demonstrate that chromosomal insertions are, in fact, quite common
in the various STs. Insertion of blaCTX-M-15 into specific regions of the
chromosomes can be used as an additional epidemiological marker
and, in combination with SNP analysis, is a powerful tool to track
clonal dissemination.

These findings differ from data presented by de Been et al. for
CTX-M-1 producing E. coli of other STs (mainly ST10, ST58 and ST117)
[11]. In that study, isolates that were previously deemed to be vir-
tually identical when characterised by conventional genotyping
methods (MLST, PFGE, plasmid profile and detection of antibiotic
resistance genes) weremarkedly different when analysed usingWGS.
Hence, it was postulated that common plasmids and not common

clones were responsible for the spread of cephalosporin resis-
tance genes. In the current study, S1-PFGE-derived plasmid profiles
indicated that although the various clades harbour commonly oc-
curring FII, FIA and FIB plasmids of similar sizes, resistance to
third-generation cephalosporins in clades B and C is not plasmid-
encoded but is associated with the dissemination of bacterial clones
harbouring distinct chromosomal insertions of blaCTX-M-15.

ST410 are members of phylogenetic group A, comprising iso-
lates generally considered to be commensals or as being non-
pathogenic. A recent phylogenetic classification study carried out
by Turrientes et al. suggested that ST410 is in fact a founder
member of the clonal complex 23 (CC23) juxtaposed between
phylogenetic groups A and B1 [33]. In the isolates in the current
study, we detected the presence of genes essential for survival in
iron-depleted environments, such as in serum, and the presence
of the PAI ETT2sepsis, which has been previously shown to contrib-
ute to pathogenesis in chickens [34]. In addition, recent publications
indicate that isolates of CC23 are associated with infections in
animals and humans and may have significant pathogenic poten-
tial [35].

The global spread of blaCTX-M-15 is thought to be mainly associ-
ated with spread of the ST131 FQ-resistant H30-Rx clone worldwide
[3]. Nevertheless, ST131 isolates are only rarely isolated from animal
sources, with the exception of companion animals, as also demon-
strated in this study [3]. Here we identified FQ-resistant isolates of
a different ST (ST410) that has an even broader distribution than
ST131 among different populations (humans, companion animals
and livestock) and the farm environment. Unlike ST131, where spread
of the blaCTX-M-15 gene is largely plasmid driven [36], dissemination
of FQ-resistant ST410 isolates harbouring this resistance gene is
mainly driven by clonal dispersion. Major clades of ST410 may be
responsible for the spread of blaCTX-M-15 into very diverse environ-
ments. Indeed, it has recently been reported that highly related ST410
isolates are present both inwild birds and clinical isolates in Germany
[37].

Other studies have reported the detection of ST410 isolates re-
sistant to last-line carbapenem antibiotics (e.g. harbouring blaKPC-2,
blaNDM-1) [38,39]. In addition, identification of ST410 isolates with
multiple (blaKPC-2 with blaCTX-M-3 or blaCTX-M-15) antibiotic resistance
genes [38] highlights the possibility of the emergence of pan-
resistant isolates with epidemic potential within this ST. Currently,
most of the data on FQ-resistant ESBL-producing E. coli ST410 derive
from studies conducted in Germany and may reflect a local situa-
tion. Future studies surveying for the presence of ST410 clades will
provide information as to whether this is also the case in other coun-
tries worldwide.
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Extended-spectrum beta-lactamases (ESBL) mediating resistance to 3rd generation

cephalosporins are a major public health issue. As food may be a vehicle in the spread

of ESLB-producing bacteria, a study on the occurrence of cephalosporin-resistantu

Escherichia coli in food was initiated. A total of 404 ESBL-producing isolates were

obtained from animal-derived food samples (e.g., poultry products, pork, beef and

raw milk) between 2011 and 2013. As CTX-M-15 is the most abundant enzyme

in ESBL-producing E. coli causing human infections, this study focusses on E.

coli isolates from food samples harboring the blaCTX-M-15 gene. The blaCTX-M-15
gene was detected in 5.2% (n = 21) of all isolates. Molecular analyses revealed

a phylogenetic group A ST167 clone that was repeatedly isolated from raw milk

and beef samples over a period of 6 months. The analyses indicate that spread

of CTX-M-15-producing E. coli in German food samples were associated with a

multireplicon IncF (FIA FIB FII) plasmid and additional antimicrobial resistance genes

such as aac(6)-Ib-cr, blaOXA−1, catB3, different tet-variants as well as a class 1

integron with an aadA5/dfrA17 gene cassette. In addition, four phylogenetic group

A ST410 isolates were detected. Three of them carried a chromosomal copy of the

blaCTX-M-15 gene and a single isolate with the gene on a 90 kb IncF plasmid. The

blaCTX-M-15 gene was always associated with the ISEcp1 element. In conclusion,

CTX-M-15-producing E. coli were detected in German food samples. Among isolates

of different matrices, two prominent clonal lineages, namely A-ST167 and A-ST410,

were identified. These lineages may be important for the foodborne dissemination

of CTX-M-15-producing E. coli in Germany. Interestingly, these clonal lineages were

reported to be widely distributed and especially prevalent in isolates from humans and
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livestock. Transmission of CTX-M-15-harboring isolates from food-producing animals to

food appears probable, as isolates obtained from livestock and food samples within the

same time period exhibit comparable characteristics as compared to isolates detected

from human. However, the routes and direction of transmission need further investigation.

Keywords: antimicrobial resistance, CTX-M-15, livestock, genome, plasmid, distribution, ESBL

INTRODUCTION

Resistance to 3rd generation cephalosporins in bacterial
pathogens is of great concern in human medicine, since
treatment options become increasingly limited in infections
caused by multidrug-resistant Enterobacteriaceae. The
most common resistance mechanisms in 3rd generation
cephalosporin-resistant Enterobacteriaceae is the production
of beta-lactamases (ESBL, AmpC and carbapenemases).
The emergence and dissemination of ESBL-producing
Enterobacteriaceae is mainly driven by horizontal gene transfer,
especially conjugation/mobilization, as the enzymes are usually
encoded on plasmids (Bonnet, 2004; Carattoli, 2013). Epidemic
plasmids, which are detected amongst farm and companion
animals, food and humans, belong to the incompatibility groups
(Inc.,) F, A/C, N, HI2, I1 and K (EFSA Panel on Biological
Hazards, 2011). However, increasing reports of chromosomal
localization of antibiotic resistance genes, indicates that spread
of the cephalosporin resistance might also be mediated via
clonal spread (Hirai et al., 2013; Price et al., 2013; Rodriguez
et al., 2014). The ESBL/AmpC genes are sometimes flanked
by mobile genetic elements (e.g., transposons, IS elements or
class 1 integrons), which are also responsible for successful
transmission, and in case of ISEcp1 and ISCR1, also involved in
the expression of the genes (Poirel et al., 2008).

ESBL-producing isolates are frequently reported from samples

of livestock origin. Spread and persistence has been demonstrated

in different studies (Carattoli, 2009; Liebana et al., 2013).

Transmission of ESBL/AmpC-producing Escherichia coli from
animal to humans is assumed. Contaminated food as a
transmission vehicle is often discussed, but direct evidence to
support this hypothesis is rare (Leverstein-van Hall et al., 2011).
Often, transmission is suggested by indirect evidence through
the detection of similar clones, plasmids or sequence types
in different populations (EFSA Panel on Biological Hazards,
2011). In Germany, infections with ESBL-producing E. coli
in humans are most commonly associated with CTX-M-15
enzymes, followed by CTX-M-1, -14 and -27 (Ewers et al.,
2012; Valenza et al., 2014; Falgenhauer et al., 2016a; Pietsch
et al., 2017). In contrast, the most common ESBL-type in
animals is CTX-M-1, whereas CTX-M-15 is underrepresented
in samples from animal livestock in European countries (EFSA
Panel on Biological Hazards, 2011; Day et al., 2016). Similar
observations were also made in food. Studies from Germany
on chicken meat revealed that the most detected ESBL enzymes
belonged to the CTX-M-1 type or SHV (Kola et al., 2012;
Campos et al., 2014). Neither in these studies nor in a
comprehensive study on ESBL in food from the UK, CTX-M-15
enzymes could be detected (Randall et al., 2017). Nevertheless,

blaCTX-M-15-encoding E. coli from animal sources in Europe have
been described (Lopez-Cerero et al., 2011; Valentin et al., 2014).
The risk of contaminated food for the consumers was clearly
shown within the German EHEC-outbreak in 2011 caused by the
consumption of fenugreek sprouts contaminated with CTX-M-
15-producing E. coli O104:H4 clone (Beutin and Martin, 2012;
Weiser et al., 2013).

One of the aims of the German national research consortium
RESET (2011–2016) was to reveal possible transmission
pathways for ESBL/AmpC-producing Enterobacteriaceae.
Harmonized protocols were established for the isolation of
phenotypically cephalosporin-resistant bacteria from livestock,
environment, food, companion animals, and humans to generate
a comparable set of data. A previous study on CTX-M-15-
producing E. coli of livestock origin (Fischer et al., 2014)
found a frequent occurrence of isolates belonging to the clonal
complex 10 (CC10), as well as clonal spread of ST410 isolates.
Supporting this, a phylogenetic analysis based on whole genome
data of CTX-M-15-producing isolates obtained from German
livestock, companion animals, humans and environment was
carried out, revealing interspecies dissemination of ST410 clones
(Falgenhauer et al., 2016a). In the present study, CTX-M-15-
producing E. coli isolated from animal food samples of different
matrices were taken in the same period (2011–2013) as the
livestock samples and were comprehensively characterized.

MATERIALS AND METHODS

Bacterial Isolates and Cultivation
More than 2,500 food samples of different origins (poultry, cattle,
swine, vegetables) andmatrices (meat andmeat preparations, raw
milk, cheese, vegetables) were taken by official food inspectors
and investigated by German state laboratories (Saxony, Lower
Saxony, Hesse, Bavaria). Food samples from processing plants,
retail and raw milk samples were collected at the farm
level. From each sample, 25 g were investigated by a non-
selective pre-enrichment step for 18–24 h at 37◦C in lysogeny
broth (LB) following selective cultivation of 10 µl aliquots
on MacConkey agar supplemented with 1 mg/L cefotaxime
(CTX, Sigma-Aldrich, Munich, Germany) for 18–24 h at 37◦C.
The identification of E. coli was confirmed by MALDI-TOF
(Biotyper, Bruker). From each sample one E. coli isolate
phenotypically resistant to CTX was sent to the German National
Institute for Risk Assessment (BfR). Positive samples were
obtained from all analyzed matrices, even though only raw
milk cheese was burdened and only one vegetable sample
was tested positive. The ESBL genotype of 437 isolates was
verified by PCR and Sanger sequencing as previously described
(Rodriguez et al., 2009). Isolates positive for blaCTX-M-15 were
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included in this study and further characterized. Phylogenetic
groups were classified as previously described (Doumith et al.,
2012). The antimicrobial resistance pattern was determined by
microbroth dilution according to CLSI guidelines (CLSI M07-
A9) at the National Reference Laboratory for Antimicrobial
Resistance (NRL-AR, BfR). The used antimicrobial panel was in
concordance to the decision 2013/652/EU of the EuropeanUnion
commission and was carried out with microtiter plates from
TREK Diagnostic Systems (Thermo Fisher Scientific, Schwerte,
Germany).

Molecular Typing and Characterization
Molecular characterization was performed using pulsed-
field gel-electrophoresis (PFGE) and multi-locus sequence
typing (MLST). Phylogenetic relationship of the isolates was
determined using XbaI-PFGE analysis according to the PulseNet
protocol (https://www.cdc.gov/pulsenet/pathogens/protocols.
html). MLST was performed using the Achtman scheme (adk,
fumC, gyrB, icd, mdh, purA, recA; http://mlst.warwick.ac.uk/
mlst/dbs/Ecoli).

The location of the blaCTX-M-15 gene was determined by
S1-nuclease PFGE (1–25 s 17 h, 120◦, 6 V/cm) with subsequent
southern blot hybridization using a blaCTX-M-15 PCR-probe
(Rodriguez et al., 2009). A chromosomal location of the
blaCTX-M-15 gene was assumed for isolates in which no positive
signal had been detected. Plasmids harboring the blaCTX-M-15
gene were isolated by alkaline lysis and transformed into E.
coli DH10BTM competent cells (InvitrogenTM, Thermo Fisher
Scientific, Schwerte, Germany) (Birnboim and Doly, 1979;
Rodriguez et al., 2009). Selection of transformed cells was carried
out on LB agar supplemented with 1 mg/L CTX. Transformation
of plasmids was confirmed by PCR. Incompatibility groups of
the transferred plasmids were determined by PCR using the
PBRT kit (Diatheva, Cartoceto PU, Italy). When transformation
experiments were inconclusive, incompatibility group of
the blaCTX-M-15 harboring plasmid was determined using
PFGE/southern blot hybridization with probes specific for IncF
and IncI1. The ISEcp1 element was detected by using modified
ALA3/ALA4 Primer (5′-TTTGCGCATACAGCGGCACAC-
3′/5′-CTATCCGTACAAGGGAG-3′) (Rodriguez et al., 2014).

Next Generation Sequencing (NGS) and in

silico Analyses
Additionally, whole genome sequencing of the isolates was
performed. Therefore, genomic DNA was isolated from
overnight cultures using the PureLink R© Genomic DNA
Mini Kit (Thermo Fisher Scientific, Schwerte, Germany). A
NexteraXT library was generated and sequenced on a MiSeq
benchtop sequencer (Illumina, CA, USA) with 2×300 bp paired-
end reads. Raw reads were assembled using SPAdes (v 3.5.0)
(Bankevich et al., 2012). Whole-genome-based phylogenetic
analysis was performed using HarvestSuite (ParSNP) (Treangen
et al., 2014).

Resistance genes, virulence genes, serotype and pMLST were
predicted using the web-based tools of the Center for Genomic
Epidemiology (Zankari et al., 2012; Carattoli et al., 2014; Joensen
et al., 2014, 2015).

Accession Numbers
Whole genome sequences of the isolates have been deposited in
the European Nucleotide Archive (ENA). Accession numbers of
isolates RL16, RL25, RL36, RL40, RL63, RL162, RL195, RL212,
RL224, RL230, RL239, RL330, RL331, RL345, RL346, RL364,
RL379, RL406-0, RL452,RL464, and RL465 are summarized in
the Table S2.

RESULTS AND DISCUSSION

Persistence of the ST167 Clone amongst
German CTX-M-15 Food Isolates
From 437 E. coli isolates phenotypically resistant to 3rd
generation cephalosporins obtained from animal derived food,
404 isolates were confirmed as ESBL/AmpC-producing bacteria.
Of these, 21 (5.2%) isolates harbored the blaCTX-M-15 gene. This
is in agreement with the observations, that while resistance to
3rd generation cephalosporins in Germany and other European
countries is frequently mediated by CTX-M-15 enzymes in
isolates from human origin, they are of low prevalence in bacteria
from livestock (Pfeiffer et al., 2013; Brolund, 2014; Valentin et al.,
2014). A comparable study from the UK even found no CTX-
M-15-producing E. coli in food samples from animals and non-
animal sources while there was an overall prevalence of ESBL-
producing E. coli of 27.5% of the meat samples (Randall et al.,
2017)

The main characteristics of the isolates is given in Table 1.
There are distinct similarities regarding detected STs, pMLST of
IncF plasmids, class 1 integrons or virulence between isolates
obtained from food and animal origin. These results suggest a
transmission from animal to food (Fischer et al., 2014).

There is a predominance of isolates belonging to clonal
complex (CC) 10 (n = 8) and CC23 (n = 4) of the phylogenetic
group A. Although the sequence types (ST) 38 and ST131
are typically observed in humans (Rodriguez et al., 2014),the
frequent presence of ST167/ST617 (CC10) and ST410 (CC23)
isolates from food samples in this study concurs with previous
reports of isolates from animal samples within the same time
period (2011–2013) and from human stool samples. In particular,
those reported isolates harbored blaCTX-M-15 and were members
of the same phylogenetic group (Fischer et al., 2014; Ben Sallem
et al., 2015). This underlines a possible transmission from
animals to humans via contaminated food.

All CC10 isolates belong to ST167. Five of them showed
an almost identical XbaI PFGE pattern (P1; Figure 1). These
strains have been isolated over a period of 6 months from
samples of raw milk (n = 4) and beef (n = 1) in Saxony
(Eastern Germany). Isolates were obtained from four different
samples taken at different time points from three different postal
code locations. Milk samples were obtained from farms that
were nearby, whereas the beef sample was taken about 200 km
away. Therefore, a geographical spread of the clone might have
occurred. In general, the phylogenetic group A clonal complex 10
(ST10/167/617) represents a successful clonal lineage, which can
be found in humans, livestock, as well as in companion animals
(Ewers et al., 2012). In this study two additional ST167 isolates
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FIGURE 1 | XbaI PFGE of E. coli isolates obtained from food harboring the blaCTX−M−15 gene. Br = S. Braenderup H9812, used as size standard. Lanes:

1: RL16 2: RL40 3: RL330 4: RL331 5: RL364 6: RL345 7: RL346

8: RL36 9: RL162 10: RL63 11: RL25 12: RL212 13: RL406-0 14: RL465

15: RL195 16: RL452 17: RL239 18: RL224 19: RL230 20: RL2379 21: RL464

FIGURE 2 | Phylogenetic analysis of all 21 sequenced CTX-M-15-producing isolates obtained from food performed by HarvestSuite (ParSNP), using E. coli MG1655

(NC_000913) as a reference. The scale defines the degree of the phylogenetic relationship of the isolates.
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obtained from turkey meat showed similar PFGE restriction
patterns (P2; Figure 1) which are distinguishable from those of
the rawmilk isolates. Nevertheless, all eight ST167 isolates cluster
when performing phylogenetic analysis based on whole genome
sequences (Figure 2) and all isolates of this clade belong to the
same serotype as shown by NGS data (Table S1).

Detection of a Circulating ST410 Clone and
the Impact of the Chromosomal
Localization of the Beta-Lactamase Gene
There are several isolates (n = 4) belonging to ST410 harboring
mainly a chromosomal location of the blaCTX-M-15 gene. Only
in one isolate (RL212) the blaCTX-M-15 was located on a 90 kb
multireplicon IncF plasmid as described above. However, NGS
data revealed a close phylogenetic relationship of all isolates
(Figure 2). In the Supplementary Material, a comparison based
on whole genome sequences with ST410 isolates from German
livestock, companion animals, humans and environment is
shown (Supplementary Figure 1). The food-related isolates can
be found in three of the five clades (B, C, D), which otherwise
comprise of isolates from farm or farm environment-related
samples as well as samples of human origin. In concordance with
the other strains of clade B, blaCTX-M-15 of RL25 integrated at a
distinct location in the rhsE cassette, which is known as a hotspot
for insertion sequences and recombination in E. coli (Saier, 2008).
The blaCTX-M-15 of RL465 (Falgenhauer et al., 2016b) and RL406-
0 also integrated at the same location known for the other
members of clade C, at a defective lambdoid prophage region.
The results of the current study further extend previous findings
of interspecies circulation of ST410 clones to include food and
point out the potential risk of contaminated food as transmission
vehicles for consumers (Falgenhauer et al., 2016a).

Apart from the three ST410 isolates, a chromosomal
localization is also likely for RL63 (ST176). The stable integration
of the blaCTX-M-15 genes into the chromosome is reported
for different MLST variants (Falgenhauer et al., 2016a). These
findings demonstrate that the chromosomal integration of the
blaCTX-M-15 gene occurred in several independent events and
emphasize that a chromosomal location of this gene might be
more common than anticipated (Rodriguez et al., 2014).

blaCTX-M-15 Is Mainly Located on Plasmids
of the Incompatibility Group IncF
Apart from strain RL36, where the blaCTX-M-15 seems to
be located on the chromosome, the remaining seven ST167
isolates (PFGE pattern P1 and P2) harbor the blaCTX-M-15 gene
on 150–190 kb multireplicon IncFIA/FIB/FII plasmids. These
large IncF plasmids (>150 kb), as well as the ST410 IncF
plasmid, additionally harbored an aac(6)-1b-cr gene (plasmid
mediated quinolone resistance gene). The further correlation
of blaCTX-M-15-encoding IncF plasmids with the detection of
blaOXA-1, catB3 and tet genes is also described by Lopez-Cerero
et al. (2011). IncFII plasmids carrying blaCTX-M-15 are known
to be highly transferable (Carattoli, 2009). Except for plasmids
from RL63 and RL379, all multireplicon IncF plasmids of this
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study belong to the pMLST F31:A4:B1, indicating plasmid-
related spread of blaCTX-M-15 carrying E. coli within different
food production chains.

The blaCTX-M-15 - aac(6)-1b-cr - harboring IncF plasmids
were also associated with an 1,664 kb large class 1 integron
containing a dfrA17/aadA5 gene cassette (Table 1) encoding
for trimethoprim and aminoglycoside resistance. Similar class 1
integrons associated with blaCTX-M-15 of phylogenetic group A E.
coli were detected in isolates of livestock and companion origin
as well as in samples of healthy humans worldwide (Dureja et al.,
2014; Fischer et al., 2014).

Association of blaCTX-M-15 with Mobile
Genetic Elements
The blaCTX-M-15 gene was associated with an upstream located
ISEcp1 element in all isolates, and has been frequently reported
for blaCTX-M-15 positive isolates (Lartigue et al., 2004; Smet
et al., 2010). The association with ISEcp1 was even detected
for chromosomally encoded blaCTX-M-15 genes. This suggests
that the resistance gene can be easily mobilized. Transposition
of blaCTX−M genes associated with the ISEcp1 element was
demonstrated in vitro (Lartigue et al., 2004). The PCR for ISEcp1
was positive in all isolates except for one. For the isolate RL25
(ST410, chromosomal blaCTX-M-15) insertion event of an IS1-
element into the tnpA gene (transposase encoding) was detected
at identical position to those found in ST410 isolates of different
origin in the same clade (Fischer et al., 2014; Falgenhauer
et al., 2016a). ISEcp1 elements, which are truncated by different
IS elements, are occasionally reported and their effects on
mobilization and expression of bla genes as well as their role in
plasmid evolution have been discussed (Smet et al., 2010; Alonso
et al., 2017).

Virulence Associated Genes amongst
CTX-M-15 Isolates
In addition, the occurrence of virulence genes in the isolates was
examined (Table S1).Most of the food isolates contained relatively
few virulence genes. These included bacteriocins, glutamate
decarboxylase, capsule synthesizing enzymes and serum survival
genes. These virulence associated genes were also recognized
in CTX-M-15-producing isolates from animals (Fischer et al.,
2014). One isolate (RL346) harbored senB, which encodes
an enterotoxin, that is responsible for enterotoxic activity of
enteroinvasive E. coli (EIEC) and Shigella spp. (Nataro et al.,
1995). Another isolate (RL452) carried two toxin genes (ncf1–
cytotoxic necrotizing factor, involved in urinary tract infection
(Mills et al., 2000), and vat–vacuolating autotransporter toxin,
known to mediate increased fitness of uropathogenic E. coli
(UPEC) during systemic infections (Nichols et al., 2016). This
isolate belonged to phylogenetic groupB2. These findings support
the general assumption of low pathogenic potential in isolates of
phylogenetic groupAandB1 (majorphylogenetic groupsdetected
in this study) as compared to the higher virulence properties in
isolates of the phylogenetic group B2 and D.

CONCLUSION

In conclusion, blaCTX-M-15 positive E. coli have been detected
in ESBL-producing isolates obtained from food, albeit with
a low prevalence. There are two major findings regarding
the spread of these resistance genes in these isolates: (1)
the blaCTX-M-15 can either be spread by successful IncF
plasmids (pMLST: F31:A4:B1) or (2) it can be transmitted by
clonal spread of ST410 isolates harboring a chromosomally
encoded gene. This clone was also found in samples of animal
and human origin within the same sampling period. Their
virtual identity to animal-derived isolates indicates an animal
origin of the isolates found in food samples, although cross-
contamination cannot be ruled out. Independently, there is
a risk for consumers related to exposure to ESBL genes by
contaminated food, although a quantification of this issue
is not possible. In future, the distribution of CTX-M-types
should be closely monitored in a one-health approach, in
particular by whole genome analysis of isolates, to detect
actual trends and delineate dissemination pathways of the beta-
lactamases.
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To the Editor: Recently, Yi-Yun Liu et al. reported 
on the discovery of mcr-1, a plasmidborne resistance gene 
mediating resistance to colistin, in isolates obtained from 
humans and animals (1). Since the original publication,  
mcr-1 with or without the insertion element ISApl1 has 
been detected on plasmids of different incompatibility 
groups, including IncI2, IncHI2, and IncX4, and in many 
different countries (1–3). Because colistin is a last-resort 
parenteral antimicrobial drug, the transfer of mcr-1 by  
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conjugation or through mobilizable plasmids raises concern 
about the emergence of pan-resistant Enterobacteriaceae.

We previously described extended-spectrum β-lactamase 
(ESBL)–producing and carbapenemase-producing isolates 
obtained from livestock and a human in Germany that har-
bored the mcr-1 gene (2). Because the transfer of mcr-1 
through the food chain is highly likely, we looked for its 
presence in 62 whole-genome sequenced ESBL-produc-
ing Escherichia coli isolates obtained during 2012–2013 
from food products sampled in Germany (online Techni -
cal Appendix, http://wwwnc.cdc.gov/EID/article/22/8/16-
0692-Techapp1.pdf). We detected 4 isolates harboring the 
mcr-1 gene (E. coli RL138, RL145, RL158, and RL465) 
that displayed a colistin MIC of 4 mg/L (online Technical 
Appendix Table 1). The raw sequencing reads and the as -
sembled contigs of the mcr-1–positive isolates were de -
posited in the European Nucleotide Archive under project 
accession no. PRJEB13470. We conducted conjugation 
experiments to analyze the transferability of mcr-1 (online 
Technical Appendix). For all isolates except RL465, mcr-
1 was transferable to E. coli J53 Azr. For isolates RL138, 
RL145, and RL158, the mcr-1 gene was present on IncX4 
and IncHI2 plasmids (Figure, panel A, http://wwwnc.cdc.
gov/EID/article/22/8/16-0692-F1.htm; online Technical 
Appendix Table 2). The sequence type (ST) 410 E. coli iso-
late RL465 was detected in a turkey hen meat sample from 
2013 and harbored blaCTX-M-15 and mcr-1, a gene combina -
tion hitherto identified only in travelers from the Nether-
lands and children from China (4). Both the blaCTX-M-15 and 
mcr-1 genes were not transferable, indicating that neither 
gene was plasmid-encoded. Examination of the genetic 
environment of mcr-1 in the assembled gapped genome 
showed a chromosomal location for the mcr-1 transposi -
tion unit that included an ISApl1 element (Figure 1, panel 
A; online Technical Appendix Figure 1, panel A) flanked 
by the inverted repeats (IR-R1, IR-R2, and IR-L1). We 
verified the chromosomal location for the mcr-1 gene by 
sequencing the genome to completion, using long-read 
single-molecule real-time sequencing (Pacific Biosciences, 
Menlo Park, CA, USA; online Technical Appendix Figure 
2); the resulting contigs of E. coli RL465 were deposited 
in the European Nucleotide Archive under accession no. 
PRJEB14095. One copy of the ISApl1-mcr-1 transposi -
tion unit was located in the region between a predicted 
4Fe-4S ferredoxin-type protein (ydhY) and ldtE (L,D-
transpeptidase) (bp 2652307–2665241), and flanked on 
either side by a 2-bp direct repeat (CA). We observed a 
similar situation for the ISEcp1-blaCTX-M-15–orf477 trans -
position unit (online Technical Appendix Figure 1, panel 
B). However, this insertion mapped to a different chromo -
somal location in a region encoding a defective lambdoid 
prophage inserted between the molybdate ABC transporter  
operon (modABC) and the biotin biosynthesis operon  

(bioABCDF) (bp 1662140–1716472). It was flanked by di-
rect repeats (TGGTT).

We reexamined our collection of 424 genome se -
quenced ESBL- and carbapenemase-encoding E. coli iso-
lates, obtained during 2010–2014 (2), for isolates that har-
bored blaCTX-M-15 at a chromosomal location identical to that 
found in E. coli RL465. We detected 3 such isolates from 
2010–2011 from companion animals and livestock (R107, 
sock swab dairy cattle farm, 2011; R208, sock swab pig fat-
tening farm, 2011; V177, sick dog, 2010), and 11 consecu-
tive isolates from a hemato-oncologic patient (5), obtained 
within an 11-month period during 2011–2012 (E006910, 
E007337, E007651, E007825, E000565, E002592, 
E002816, E003488, E005417, E006587, E006874) (Fig-
ure, panel B). All of these isolates were ST410 and nega -
tive for the mcr-1 gene. Phylogenetic analysis of the core 
genome of these isolates with E. coli RL465 using the pro-
gram Harvest Suite (6) indicated they were highly related 
and separated from E. coli V177 (the oldest isolate) by 66 
(E006910, E007651) to 110 (E007337) single-nucleotide 
polymorphisms (core genome size 94%, representing 4.58 
Mbp). Thus, our results suggest that transposition of the 
ISApl1-mcr-1 unit to the chromosome in E. coli RL465 
is a later event and probably occurred after transfer of the 
blaCTX-M-15 allele to the distinct chromosomal location into 
this E. coli ST410 subclone.

These findings highlight 2 independent points. First, 
our results extend data on the mobility of ISApl1-mcr-1 
to a chromosomal location and reveal a new dimension in 
the transmissible nature of mcr-1 in colistin-resistant En-
terobacteriaceae isolates and their ecology. Second, clonal 
isolates of ST410 have been isolated from diverse environ-
ments, livestock, companion animals, and humans and, as 
we demonstrate here, in turkey hen meat (7,8). Thus, the 
simultaneous spread of the mcr-1 and blaCTX-M-15 genes me-
diated by a single bacterial clone is real and suggests that 
mcr-1 is already present in the diverse reservoirs inhabited 
by these isolates.
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To the Editor: Circulation of new arboviruses of the 
genus Flavivirus poses a major problem for differential 
diagnosis. Zika virus, a mosquitoborne virus of the fam -
ily Flaviviridae, is closely related to other arboviruses cir -
culating in the Americas, including dengue, yellow fever, 
Saint Louis encephalitis, and West Nile viruses (1,2). Se-
rologic cross-reactivity between these arboviruses is com -
mon; thus, to ensure optimal patient care and accurate epi -
demiologic surveillance, an effective differential diagnosis 
is required in regions with active transmission of dengue 
virus and circulation of Zika virus (2–4).

Cross-reactivity between flaviviruses has been report-
ed in antibody assays and in tests for Dengue nonstructural 
1 glycoprotein (NS1) antigen. Gyurech et al. (5) reported 
false-positive test results for dengue NS1 antigen in a pa -
tient with acute Zika virus infection. Of the 3 NS1 tests 
used in that study, only the SD Bioline Dengue Duo (Stan-
dard Diagnostics, Inc., Gyeonggi-do, South Korea) showed 
positive results for 3 of 4 sequential serum samples from 
the patient.

Cross-reactivity in NS1 dengue tests (ELISA and im -
munochromatographic) using serum samples from patients 
with acute Zika virus infection would have medically sig -
nificant consequences. We therefore conducted a retrospec-
tive analysis of the differential diagnosis for dengue and 
Zika virus infections since the beginning of the Zika virus 
outbreak in French Guiana, a department of France on the 
northeast coast of South America.

French Guiana is subject to endemoepidemic circulation 
of dengue and experienced a large outbreak of chikungunya 
in 2014. We conducted our study from December 17, 2015 
(the time of biologic confirmation of the first case of Zika 
virus disease in French Guiana), through March 2, 2016. 
During that time, the incidence of dengue virus infection in 
French Guiana was low, and only 1 sporadic case was con-
firmed. We studied clinical samples collected during this 
period from all patients with suspected arbovirus infection. 
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from Denmark.2 Unlike the previously 

described chromosomally encoded 

resistance mechanisms to colistin,3 

plasmid-encoded resistance can be 

transmitted by horizontal transfer 

from livestock, where colistin is used 

to treat infected animals, to human 

beings. Transfer of the resistance to 

multidrug resistant Enterobacteriaceae 

would seriously compromise current 

treatment options.

We searched for the presence of 

the mcr-1 gene in our database of 

577 whole genome sequences of 

isolates obtained from different 

sources (human, animal, and environ-

mental) since 2009 in Germany 

(appendix). We detected the mcr-1 

gene in four Escherichia coli isolates, 

three originating from swine (R253, 

V163, 112065) and one from a human 

wound infection (NRZ14408). R253, 

V163, and 112065 are extended-

spectrum β-lactamase-producing 

isolates that harbour blaCTX-M-1, whereas 

the NRZ14408 human isolate carries 

a blaKPC-2 carbapenemase gene in 

addition to mcr-1 (appendix). The 

minimal inhibitory concentration of 

colistin in the isolates ranged from 

between 2 mg/L to greater than 

16 mg/L. The genetic environment 

of mcr-1 was variable, and not 

always associated with ISApI1 

(figure). Colistin-resistance could 

be transferred by conjugation at 

rates of between 10–¹ and 10–⁷ trans-

conjugants per recipient. The mcr-1 

gene is located on conjugative IncHI2 

plasmids in all isolates excepting 

V163, where it is present on an IncX4 

plasmid. 

The isolate V163 was obtained in 

2010, indicating that the existence 

of transmissible colistin resistance in 

animal populations in Germany is not 

a recent occurrence. The detection of 

mcr-1 on diff erent classes of plasmids 

and their presence in isolates of various 

sequence types (appendix) suggests 

that multiple pathways for horizontal 

transmission of this resistance exist. 

Our data suggest that the advent of 

untreatable infections has already 

the urgent need to limit the spread 

of mcr-1-positive plasmids by 

reconsidering the massive use of colistin 

in veterinary medicine worldwide.
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positive. Notably, the oldest mcr-1-

positive E coli isolate had been collected 

in 2005. The 106 mcr-1-positive 

E coli isolates originated from diff erent 

individuals located in 94 widely distant 

farms, and they were clonally unrelated.

Sequencing of the whole mcr-1 gene 

in 75 mcr-1-positive isolates revealed 

a 100% identity compared with the 

original sequence. Co-occurrence 

of the mcr-1 and ESBL genes was 

identifi ed in a subset of seven isolates, 

with mcr-1 and blaCTX-M-1 being found 

on a large and conjugative IncHI2-

type plasmid together with genes 

conferring resistance to sulfonamides 

and tetracyclines, two antibiotics widely 

used in veterinary medicine.

These findings demonstrate a 

colocation of the mcr-1 gene along with 

an ESBL gene on a single plasmid, and 

additional studies are needed to clarify 

the diversity of the plasmid backbones 

spreading these two genes within our 

collection. Noticeably, the prevalence of 

the mcr-1 gene among ESBL producers 

in veal calves was much higher than that 

found in ESBL-positive E coli isolates 

in human beings and chicken meat 

reported in Denmark.2 This diff erence 

may reflect a major spread of the 

mcr-1 gene in European live animals. 

We showed that the dissemination of 

mcr-1, at least in France, had already 

occurred more than a decade ago, 

with one E coli isolate collected in 2005 

identifi ed as mcr-1 positive.

Altogether, available data reveal 

the occurrence of mcr-1 among 

diff erent animals and human contexts 

over time.1–3 Worryingly, we show 

that selection pressure with broad-

spectrum cephalosporins may select 

for colistin resistance and vice-versa, 

further highlighting the likelihood of 

a pandemic spread of mcr-1. Of note, 

the substantial use of tetracyclines 

and sulfonamides in animals might 

also substantially contribute to the 

dissemination of mcr-1 plasmids.

In a one-health perspective, and 

considering the renewed importance 

of colistin in human medicine, our 

data and those from others underscore 

Colistin resistance gene 

mcr-1 in extended-

spectrum β-lactamase-

producing and 

carbapenemase-

producing 

Gram-negative bacteria 

in Germany

A plasmid-encoded gene conferring 

colistin resistance (mcr-1) was recently 

described by Yi-Yun Liu and colleagues1 

and subsequently reported in isolates 

Published Online

January 7, 2016

http://dx.doi.org/10.1016/

S1473-3099(16)00009-8

See Online for appendix



Correspondence

www.thelancet.com/infection   Vol 16   March 2016 283

53 piglets from Flanders, both regions 

of Belgium. All strains were screened 

for the presence of mcr-1 using PCR and 

Sanger sequencing. We detected mcr-1 

in 13 (12·4%) of 105 E coli (macrobroth 

dilution minimum inhibitory con-

centration of colistin 4 and 8 mg/L), of 

which six (11·5%) of the 52 strains were 

isolated from calves and seven (13·2%) 

of 53 were isolated from piglets. The 

mcr-1 allele showed 100% sequence 

similarity to the Chinese allele.1 Plasmid 

sequencing (MiSeq, Illumina) from 

one bovine strain isolated pKH-457-

3-BE that showed an IncP backbone 

and a size of 79 798 bp (fi gure). Blast 

comparison with pHNSHP45 showed 

100% similarity only in a short, 2604 bp 

region that included mcr-1 (1626 bp) 

and a truncated ISApI1 mobile element 

that did not include the transposase-

encoding tnpA gene. pKH-457-3-BE 

showed 99% similarity (73% query 

coverage) to plasmid pHXY0908 

(GenBank access number KM877269) 

identified in Salmonella enterica sero-

type Typhimurium isolated from 

chicken stool in China. By contrast with 

pHNSHP45, pKH-457-3-BE harboured 

several resistance-encoding genes to tri-

metho prim (dfrA1), tetracycline (tetA), 

amino glycoside (aadA1, aph(6)-Id or strA, 

and aph(3’’)-Ib/strB), and sulphonamide 

(sul1) antibiotics. Phenotypic testing 

showed absence of extended-spectrum 

β-lactamase and carbapenemase 

production in all mcr-1 positive strains.

We show a marked presence of mcr-1 

in animal pathogenic bacteria  in Europe, 

an indication that this is already a truly 

global phenomenon. That mcr-1 was 

present in E coli circulating in Belgian 

farm animals during 2011–12 and 

was harboured on a diff erent plasmid 

backbone than the one isolated from 

pigs in China (IncI2) or from imported 

chicken meat in Denmark (IncX4),1,4 

indicates a high promiscuity of this gene 

guided by the adjoining mobile element. 

Of note, most of the mcr-1 positive E coli 

strains we isolated were enterotoxigenic 

and verocytotoxic strains that affect 

animals but do not cause pathology 

in humans. Assessment of the transfer 

Colistin resistance gene 

mcr-1 harboured on a 

multidrug resistant 

plasmid

In The Lancet Infectious Diseases, 

Yi-Yun Liu and colleagues reported, for 

the fi rst time, plasmid-mediated colistin 

resistance in Escherichia coli isolated 

from animals, food, and patients in 

China.1 These data bring to the fore 

an as yet unknown facet of colistin 

resistance and yet again show the eff ect 

of antibiotic use in animal farming 

on human health.2,3 We screened a 

selection of 105 colistin-resistant 

E coli strains (sensititre minimum 

inhibitory concentration of colistin 

≥4 mg/L) isolated during 2011–12 

from passive surveillance of E coli 

diarrhoea in 52 calves from Wallonia and 

1 Liu Y-Y, Wang Y, Walsh TR, et al. Emergence 
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org/10.1016/S1473-3099(15)00424-7.
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3 Paterson DL, Harris PNA. Colistin resistance: 
a major breach in our last line of defence. 
Lancet Infect Dis 2015; published online 
Nov 18. http://dx.doi.org/10.1016/S1473-
3099(15)00463-6.

arrived, as every colistin-resistant 

isolate described in this study is also 

resistant to either third-generation 

cephalosporins or to carbapenems. 
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Letter to the Editor

Incidental detection of a urinary Escherichia coli isolate harbouring mcr-1 of a

patient with no history of colistin treatment

The recent emergence of the transmissible colistin resistance

genesmcr-1 andmcr-2 has raised concern among public health spe-

cialists, as colistin is a last-line antibiotic used in the treatment of

multidrug-resistant bacteria, especially carbapenem-resistant

Enterobacteriaceae (CRE) [1e3]. These genes have been identified

mostly in livestock receiving antibiotics as growth promotors and

only rarely in humans. Writing in this journal, Nordmann et al.

[3] have recommended that detection of colistin-resistant bacteria

should be encouraged, particularly in isolates also exhibiting resis-

tance to carbapenems. Here we report detection ofmcr-1 in a urine

isolate with an unremarkable antibiotic resistance profile from a

patient without a history of colistin treatment.

In an ongoing study initiated at the beginning of 2016, samples

obtained from urologic wards at a university hospital were ana-

lysed. We examined 162 consecutive Escherichia coli isolates, irre-

spective of their antibiotic resistance profiles, obtained from

urine specimens of hospitalized patients and outpatients. Nextera

XT libraries of the isolates were sequenced on a NextSeq with a

NextSeq500 High Output Kit with 300 cycles (Illumina, the

Netherlands) and contigs generated using a local assembly pipeline.

Genomewide screening for resistance genes with Resfinder

(https://cge.cbs.dtu.dk/services/ResFinder) detected a single isolate

containing mcr-1 in addition to other antibiotic resistance genes

(blaTEM-1B, aadA1, sul1, dfrA1, tet(A) and mph(B)). The isolate was

assigned to multilocus sequence type ST-1851 (https://cge.cbs.dtu.

dk/services/MLST/) using E. coli scheme 1. Antibiotic resistance

genes were present on IncX4 and IncFII plasmids as determined

by Plasmidfinder (https://cge.cbs.dtu.dk/services/PlasmidFinder/).

The mcr-1 gene was located in a genetic environment that was

similar to previously published IncX4 plasmids from E. coli

(pAF48, accession no. KX032520; pOW3E1, accession no.

KX129783) and Klebsiella pneumoniae (pMCR1.2-IT, accession no.

KX236309; pmcr1_IncX4, accession no. KU761327). The conjuga-

tive IncX4 plasmids are promiscuous and are associated with the

spread ofmcr-1 between different E. colimultilocus sequence types

and in other Gram-negative species worldwide [1,4]. Sequence data

for the isolate is available at the European Molecular Biology Labo-

ratory ENA archive (accession no. ERR1562562).

The isolate was obtained from a man in his 60s hospitalized for

chronic obstructive pulmonary disease to investigate ongoing unin-

tended weight loss. Urinewas sampled as a routinemeasure during

consultation. The urine culture harboured E. coli (>100 000 CFU/

mL), and susceptibility testing indicated that the isolate was resis-

tant to ampicillin, ampicillin/sulbactam, cefuroxime, piperacillin,

tetracycline and trimethoprim/sulfamethoxazole. The patient was

discharged without antibiotic treatment. No prior colistin treat-

ment in the patient’s medical historywas reported. Because the iso-

lates resistance phenotypewas not remarkable, it was not tested for

colistin resistance during routine microbiologic testing. Phenotypic

resistance testing, however, confirmed colistin resistance (mini-

mum inhibitory concentration (MIC) 4 mg/mL). Because there

were no other mcr-1 isolates from the collection time period, it is

not knownwhether the brief stay resulted in transmission to other

patients in the sameward, as there is no screening implemented for

mcr-1.

Unlike standardized screening media and automated suscepti-

bility testing panels for other antibiotics, a commercial screening

medium for colistin resistance is presently not available. In addi-

tion, MIC testing of colistin resistance is fraught with pitfalls, and

joint Clinical and Laboratory Standards Institute/European Com-

mittee on Antimicrobial Susceptibility Testing subcommittee has

recently issued warnings related to the overall poor quality of

colistin antimicrobial susceptibility testing (http://www.eucast.

org/fileadmin/src/media/PDFs/EUCAST_files/General_documents/

Recommendations_for_MIC_determination_of_colistin_March_

2016.pdf). Recommended testing now requires performing the

cumbersome reference broth microdilution testdat least for all

CRE and other enterobacterial isolates from nosocomial outbreaks

[3]. Nevertheless, on the basis of these criteria, the isolate described

here would have evaded detection; its incidental detection was

only possible as a result of an unbiased approach that used

whole-genome sequencing. Thus, in the absence of adequate

screening, the true prevalence of mcr-1 in human populations

will remain undetermined. Given the transmissible nature of mcr-

1, the emergence of outbreaks of CRE-resistant bacteria harbouring

colistin resistance genes is an epidemiologic disaster inwaiting. We

suggest investigating the prevalence of mcr-1 in representative

healthcare settings, preferably with simple genetic point-of-care

assays, to assess the risk for susceptible patient populations.
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Objectives: Pigs have been the focus of the worldwide spread of colistin resistance. However, there is little infor-
mation on the transmission of mcr-1-containing bacteria into the environment of pig farms. We therefore
rescreened environmental Escherichia coli isolates from the surrounding farm areas of three previously mcr-1-
positive swine herds in Germany.

Methods: Thirty-fivemixed bacterial cultures obtained fromboot swabs, flies, dog faeces andmanure from three
pig farms in Germany in 2011–12 were non-selectively recultivated and the presence of the mcr-1 gene was
checked by real-time PCR. After separation, single E. coli colonies were subsequently isolated and the presence of
mcr-1 was confirmed by PCR and sequencing. In addition, phenotypic antimicrobial resistance screening and
WGS followed by phylogenetic analysis and resistance genotyping as well as plasmid typingwere performed.

Results: Seven mcr-1-positive E. coli strains originating from environmental boot swabs, dog faeces, stable flies
and manure were found. The isolates belonged to five different STs (ST10, ST1011, ST1140, ST5281 and ST342)
and harboured extensive additional resistance genes. Comparative plasmid analysis predominantly located
mcr-1 on IncX4 plasmids, which are strongly related to a recently described plasmid of human clinical origin
(pICBEC72Hmcr).

Conclusions: WGS-based analysis of the environmental E. coli isolates of farm surroundings showed clear links
to mcr-1-harbouring E. coli recovered from pig production in Europe as well as from human clinical isolates
worldwide, presenting another piece of the puzzle, which further complicates the rapidly evolving epidemiology
of plasmid-mediated colistin-resistant E. coli strains.

Introduction

A plasmid-encoded colistin resistance gene named mcr-1 was
described in Enterobacteriaceae isolated from humans, livestock
and rawmeat in China in 2015.1 Since then, plasmid-mediated co-
listin resistance bymcr-1 has been reportedworldwide in humans,
livestock, companion animals, food and wildlife.2 Colistin is
approved for use in veterinary medicine and widely used to treat
gastrointestinal infections in pigs and poultry.3 Livestock was
therefore the focus ofmcr-1 spread right from the outset.

We rescreened Escherichia coli isolates originally obtained in
2011–12, recovered from environmental samples of three previ-
ously mcr-1-positive swine farms in Germany. In these farms
E. coli strains with colistin resistance encoded on incX4 and incHI2
plasmids were detected in pooled pig faeces and boot swabs from

the stables. This study was undertaken to investigate whether en-
vironmental samples from areas surrounding the farms and pos-
sible vectors such as flies and barn dogs harbouredmcr-1-positive
strains back in 2011–12.

Materials and methods

During the national research project RESET (www.reset-verbund.de) seven

pig farmswere investigated between 2011 and 2012.4 The resultingmixed

bacterial cultures derived from farmsamples, suchas pooled faeces and in-

door boot swabs, were recently screened for the presence ofmcr-1. The re-

sults obtained showed that three out of seven investigated farms (farm 1,

farm24 and farm 34) containedmcr-1-positive E. coli isolates within pooled

faeces samples. In an attempt to reveal possible emission sources,

35 mixed bacterial cultures previously obtained from the environment

of the three pig farms4 were rescreened for the presence of mcr-1.

VC The Author 2017. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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The cultures were originally derived from boot swabs (n"25) of the sur-
rounding areas (up to 500 m downwind and 100 m upwind of the barn),
barn flies (n"3), a barn dog (n"1), manure (n"5) and mice faeces
(n"1). Details on sampling andbacterial cultivation can be found in the ori-
ginal publication.4,5 In brief, samples were selectively cultivated on
MacConkey agar plates containing 1mg/L cefotaxime, Endo-Enro (2mg/L)
or Gassner agar plates. Mixed sets of bacteria, able to grow on these plates,
were stored at#80�C for further investigation.

Previously obtained bacteria were recultured in non-selective LB-broth
andDNAwas prepared from the enriched cultures and screened for the pres-
ence of the mcr-1 genes by real-time PCR.6 Out of the 35 investigated cul-
tures, 7 turned out to be mcr-1 positive, originating from two boot swabs
taken 50/150 m from the downwind side of the barn, manure (n"3), one
dog faecal sample and a stable fly (Musca domestica). The overnight cultures
of the seven samples were spread on MacConkey agar plates containing
2mg/L colistin and single E. coli colonies were picked. The presence of the
mcr-1 genewas confirmed by conventional PCR and subsequent sequencing.
Antimicrobial resistance screening using a VITEK-2V

R

compact system
(AST-card N248, bioMérieux, Germany) was performed, confirming pheno-
typic colistin resistance (MIC of 8 or�16mg/L) for the seven E. coli isolates
(Table 1).

All phenotypically colistin-resistant E. coli isolates were used for WGS
using Illumina NextSeq 300bp paired-end sequencing (Illumina,
Eindhoven, The Netherlands) and de novo assembled (CLC Genomics work-
bench v. 9.0, http://www.clcbio.com/). Draft genomes of the isolates were
annotated using RAST.7 In addition, data were used for in silico MLST
(MLSTFinder8), resistance genotyping (ResFinder 2.19) and plasmid typing
(PlasmidFinder 1.310). Large contigs containing putative plasmid sequences
were verified using the Blast option of Geneious 7.1.2 and visualized using
BRIG.11 The number of single nucleotide polymorphisms (SNPs) in the core
genome (defined as orthologous sequence conserved in all seven aligned
genomes) was calculated for isolates with the same ST, using Harvest suite
1.0 (parsnp)12 and MEGA 6.0 (http://www.megasoftware.net). In addition,
XbaI digestion and S1-PFGEwere performed.

Results and discussion

Among the environmental samples we detected seven mcr-1-
positive E. coli strains originating from boot swabs and emission
sources such as dog faeces, stable flies andmanure. One E. coli iso-
late per culture was further investigated and showed that five dif-
ferent STs were present (ST10, ST1011, ST1140, ST5281, ST342).
Most of the isolates also harboured extensive additional resistance
genes (Table 1). Some of those STs have been recently described
as carriers of themcr-1 gene. ST1011 was reported from livestock
and meat samples in the Netherlands.13 Furthermore, strains of
ST10 have been found in porcine and bovine samples in Belgium14

and in travellers returning from India,15 and have been found to be
carriers of the new colistin resistance genemcr-2.16

The number of SNPs in the core genome indicated that the two
isolates of ST10 [boot swab150m (farm1) and dog faeces (farm2)]
were highly related, differing by 7 SNPs (1.3 SNPs/Mbp) in the core
genome only, while the two isolates of ST1011 [manure (farm 2)
and stable fly (farm3)] displayed109 SNPs (21 SNPs/Mbp).

In addition, we comparatively analysed the plasmid content of
the isolates; mcr-1 was predominantly located on an IncX4-type
plasmid (Table 1), previously reported as one of the major types in
the plasmid-drivenmcr-1 dissemination. Using Geneious 7.1.2, we
screened the WGS data for the recently described IncX4 plasmid
pICBEC72Hmcr (ENA accession number CP015977.1, originating
from a human patient,17 33kb). Using the BLAST option of
Geneious 7.1.2 we were able to detect almost the complete T
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plasmid sequenceof the plasmidpICBEC72Hmcr for four IncX4 iso-
lates (Figure 1, Table 1). For S-477-1 and S-488-1 a single large
contig was present comprising the full pICBEC72Hmcr sequence.
For S-492-1 and S-38-1 two contigs (30 and 1.5 kb, and 20 and
10kb, respectively) with 95% coverage and 99% identity com-
pared with pICBEC72Hmcr could be found (Figure 1). In contrast,
the IncX4 plasmid of S-504-1 was different from the other plas-
mids and showed 99% identity to a plasmid recently described in
Chinese pigs (NCBI number KM580533).18

As the pICBEC72Hmcr-like plasmidwas found in environmental
samples from all three farms tested, its transmission potential
seems to behigh. In addition,wealso detected an almost identical
plasmid in an isolate (S-2-1, ST540) derived from pooled faeces of
the animals in farm 1 (1 contig, 30kb; Figure 1) and its plasmid
showed similar S1 nuclease digestion profiles to the plasmid of S-
477-1 (data not shown), pointing towards the original source of
this plasmid being in the surrounding farmarea.

Additional information regarding the antibiotic treatment of the
pigs provided further support for the assumption that the original
source of the mcr-1-containing IncX4 plasmid might have been
located inside the pig farm. In two out of the three farms investi-
gated (farms 1 and 3) colistin was given to the animals during the
pre-fattening period,4 suggesting a possible origin for the emission
of colistin-resistant bacteria/plasmids into the environment. To the

best of our knowledge, this is the first report ofmcr-1 isolated from
environmental surface samples close to swine farms. The add-
itional finding in manure is rather unsurprising; however, the posi-
tive results for stable flies and barn dog faeces indicate possible
additional transmission routes. Our data suggest both the plasmi-
dal spread of the mcr-1 gene in the surroundings of pig farms in
north-east Germany as well as to a certain extent a clonal spread,
e.g. for two isolates of ST10differing by only 1.3 SNPs/Mbp. This very
lownumber of SNPs perMbp is even smaller than the one described
for clonal enterohaemorrhagic E. coli (EHEC) strains during the
German outbreak19,20 (1.8 SNPs/Mbp). WGS-based analysis of the
environmental isolates at the core genome and plasmid level
showed clear links to mcr-1-harbouring E. coli recovered from pig
production in Europe as well as from human clinical isolates world-
wide. The presence of the mcr-1 gene in natural environments
therefore presents another piece of the puzzle which further com-
plicates the rapidly evolving epidemiology of plasmid-mediated co-
listin-resistant E. coli strains and simultaneously underlines the
importance of theOneHealth approach.
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A B S T R A C T

In November 2015, the first plasmid-encoded colistin resistance gene, mcr-1, was described in animals

and in humans in China. Subsequently, a multitude of further studies was performed and quite recently

the global spread of mcr-1 as well as the occurrence of a new gene variant, mcr-2, was reported. To obtain

an overview of the occurrence of the colistin resistance genes mcr-1 and mcr-2 in German pig farms, a

retrospective study, including 436 boot swab and pooled faecal samples collected from 58 pig-fattening

farms throughout Germany, was performed. Whilst mcr-2 was not detected, the presence of mcr-1 was

confirmed in 43 Escherichia coli isolates from 15 farms, indicating that the mcr-1 gene was present in

9.9% of the analysed samples and 25.9% of the investigated pig farms. Subsequent characterisation of the

isolates showed colistin minimum inhibitory concentrations (MICs) of 4–8 μg/mL, with most isolates being

resistant to several antibiotics including cephalosporins and/or fluoroquinolones. Pulsed-field gel elec-

trophoresis (PFGE) showed great heterogeneity among the tested mcr-1-positive isolates. However, further

analyses of 15 selected E. coli isolates (one per mcr-1-positive farm) indicated that the colistin resis-

tance genes were predominantly located on IncX4 plasmids, highly similar to a plasmid initially isolated

from an E. coli derived from a human patient in Brazil. The results described herein support the already

expressed concern for public health and further underline the need for monitoring programmes in vet-

erinary practice as well as in human medicine.

© 2017 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

Increasing number of multidrug-resistant (MDR) bacteria as well
as the lack of new antimicrobials has caused a resurgence of old
antimicrobial substances such as colistin (polymyxin E) in human
medicine. For example, the consumption of polymyxins increased
significantly in Denmark, Hungary and Italy during 2010–2014 [1].
Importantly, colistin is currently a last-line treatment option for in-
fections caused by carbapenemase-producing Gram-negative
Enterobacteriaceae (Escherichia coli, Klebsiella spp.) as well as MDR
Pseudomonas and Acinetobacter spp. [2,3]. On the other hand, co-
listin has been widely used for many years in veterinary medicine

and is of therapeutic importance for the treatment of enterobacterial
infections in food-producing animals such as pigs, broilers, turkeys,
cattle, sheep, goats and meat rabbits [3]. With the first descrip-
tion of a plasmid-mediated colistin resistance gene (mcr-1), observed
in November 2015 in China [4], a major concern for public health
was voiced. Since then, further investigations performed through-
out the world have exposed the global spread of the mcr-1 gene.
Until now, mcr-1 has been found in various bacterial species iso-
lated from a wide range of different sources, including the
environment, wild birds, various food-producing animals, compan-
ion animals, different kinds of food (meat and vegetables), infected
human patients and asymptomatic carriers [5]. Quite recently, a novel
plasmid-mediated colistin resistance gene, named mcr-2, was de-
tected in porcine E. coli from Belgium [6].

Moreover, the presence of the first mcr-1 genes in clinical
carbapenem-resistant isolates has been described, thus represent-
ing an alarming situation [7–9]. Taken together, these findings indicate
that the occurrence of plasmid-mediated colistin resistance is an im-
portant topic that needs to be investigated carefully with regard to
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the One Health aspect in human and veterinary medicine. To gain
more detailed information about the occurrence of the colistin re-
sistance genes mcr-1 and mcr-2 in German pig-fattening farms, a
retrospective study including 436 bacterial cultures derived from
58 German pig-fattening farms sampled within the years 2011–
2012 was performed.

2. Materials and methods

2.1. Investigated bacteria and positive control strains

A total of 436 mixed bacterial cultures primarily isolated from
pooled faeces and boot swab samples, taken on 58 pig-fattening
farms throughout Germany, were investigated. The primary samples
were taken between January 2011 and October 2012 [10,11]. This
study focused on estimation of the prevalence of extended-spectrum
β-lactamase (ESBL-) and AmpC-producing aswell as fluoroquinolone-
resistant Enterobacteriaceae in German livestock farms. Therefore,
the major portion of initially taken samples (e.g. faeces and boot
swabs) were selectively cultivated on either MacConkey agar plates
containing 1 μg/mL cefotaxime (232 cultures; 53.2%) or Endo agar
containing 2 μg/mL enrofloxacin (200 cultures; 45.9%). The remain-
ing four cultures (0.9% of the total investigated samples) were initially
cultivated on non-selective Gassner agar plates. Mixed sets of bac-
teria that were able to grow on the respective plates (primary mixed
bacterial cultures) were stored at −80 °C for further investigation.

Isolates R253 (mcr-1) [7] and KP37 (mcr-2) [6] served as positive
controls for screening of the colistin resistance genes mcr-1 and mcr-2.

2.2. Screening for mcr-1- and mcr-2 positive bacteria

Previously stored bacteria were taken from the stock and were
re-cultured non-selectively in LB broth (Luria/Miller) (Carl Roth,
Karlsruhe, Germany) overnight at 37 °C. DNA preparation for the
following PCR was performed as previously described [12].

As the recently published screening protocol only covers the
detection of mcr-1 [13], the assay was extended to include the
following primer/probe combination for the detection of mcr-2:
mcr-2_fwd, TTGTCGTGCTGTTATCCTATCG; mcr-2_rev, CCGTGCCA
TAAGTATCGGTAAA; and mcr-2_Probe, ROX-ACTGATTATGGG
TGCGGTGACGAG-BHQ-2. PCR amplificationwas performed in 25 μL
reactions [12.5 μL of ABsolute qPCR Mix (Thermo Scientific, Darm-
stadt, Germany), 1 μL of each forward and reverse primer (10 pmol)
and 0.2 μL of each TaqMan probe (10 pmol)]. When mixed bacte-
rial cultures were investigated, 2 μL of the DNA preparation was
added; when pure cultures or the positive controls were used, 1 μL
of DNA was sufficient. To achieve maximum activity of the poly-
merase, a preliminary step at 95 °C for 15 min was necessary.
Subsequently, 30 cycles of 95 °C for 15 s and 60 °C for 1 min fol-
lowed. Fluorescence signalswere detected in twodifferent channels:
orange (533–610 nm)/ROX and red (618–660 nm)/Cy5. Samples
showing a fluorescence signal above the cycle threshold (Ct) were
assessed as positive.

In the case of positive PCR results, stored LB overnight cultures
were spread on MacConkey agar plates containing 2 μg/mL colis-
tin sulphate (Carl Roth) and single colonies were picked. Presence
of the mcr-1 gene was confirmed by conventional PCR [7] and sub-
sequent sequencing of the PCR product.

2.3. E. coli phylotyping and pulsed-field gel electrophoresis (PFGE)

PCR-based determination of E. coli phylogenetic groups was per-
formed according to Clermont et al [14]. In addition, XbaI-PFGE was
performed for all of the mcr-1-positive bacterial isolates. Gels were
analysed using BioNumerics 6.6 (AppliedMaths, Sint-Martens-Latem,

Belgium). All IncX4 plasmidswere analysed by S1-nuclease PFGE using
the following running conditions: 1 s to 25 s; 17 h; 6 V/cm; and 120V.

2.4. Minimum inhibitory concentration (MIC) determination

MICs for 14 different antimicrobials were determined by broth
microdilution following the Clinical and Laboratory Standards In-
stitute (CLSI) protocol [15] and the results were evaluated in
accordance with European Committee on Antimicrobial Suscepti-
bility Testing (EUCAST) breakpoints [16].

2.5. Detection of extended-spectrum β-lactamase, AmpC and
fluoroquinolone resistance genes

Presence of the most common ESBL genes was tested by real-
time PCR [12]. The results were confirmed using conventional PCR
and subsequent sequencing of the PCR products. Fluoroquinolone-
resistant isolates were tested for the presence of the plasmid-
encoded fluoroquinolone resistance genes qnrA, qnrB, qnrC, qnrD,
qnrS, aac(6′)-Ib-cr and qepA.

2.6. Further characterisation of selected mcr-1-containing isolates

Fromeach farm, onemcr-1-positive isolatewas selected for further
characterisation (if available, derived from pooled faeces). Plas-
midswere isolated andwere transferred into the electrocompetent
E. coli strains NEB-5-α or NEB-10-β (New England Biolabs, Frank-
furt, Germany). The incompatibility (Inc) group of the transferred
plasmids was determined by PCR-based replicon typing (PBRT Kit;
Diatheva, Fano, Italy). Transferability of the mcr-1-containing plas-
midswas testedby conjugation [7].Whole-genomeDNAwas isolated
from overnight cultures of the wild-type isolates. Nextera XT se-
quencing libraries were sequenced using a NextSeq 500 machine
with 2 × 150 cycles (Illumina, Eindhoven, TheNetherlands). Average
read length and coverage were 121 nt and 55×, respectively. The
raw data were assembled using SPAdes [17]. Resistance genes,
virulence genes and plasmid Inc groups were identified and
multilocus sequence typing (MLST) was performed using the Web
toolsResFinder [18], PlasmidFinder [19] andMLST1.8 [20]. The contigs
of the mcr-1-encoding IncX4 plasmid sequences were extracted
from the whole-genome data using the software Geneious 7.1.2
(http://www.geneious.com) and a subsequent sequence compari-
son was performed against the reference plasmid pICBEC72Hmcr
(accession no. CP015977.1) [21]. Contigs containing plasmid se-
quenceswere plotted against the reference plasmid using the BLAST
Ring Image Generator (BRIG) [22].

3. Results

3.1. Occurrence of mcr-1 and mcr-2 in German pig-fattening farms

Of the 436 investigated primary cultures in 2011–2012, 43 (9.9%)
were mcr-1-positive. Of the mcr-1-positive cultures, 2 were initial-
ly cultured on non-selective Gassner agar plates, 23 were selected
onMacConkey agar + cefotaxime and the remaining 18 cultures were
initially derived from Endo agar containing enrofloxacin. In con-
trast, none of the tested samples was positive for mcr-2. On farm
level, these data showed that at least one mcr-1-positive sample was
detected in 15 (25.9%) of the 58 investigated pig-fattening farms.
The distribution of mcr-1-positive pig farms occurred in all four ag-
ricultural regions of Germany (north/west, south, middle and east)
with almost similar quantities (25%, 25%, 21% and 36%, respective-
ly). A single E. coli colony was picked from each of the 43 positive-
tested stock cultures and the presence of the mcr-1 gene was
confirmed by PCR and subsequent sequencing of the PCR product.
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Table 1

Minimum inhibitory concentration (MIC; in μg/mL) determination in accordance with the Clinical and Laboratory Standards Institute (CLSI) broth microdilution protocol [15].

PFGE, pulsed-field gel electrophoresis; AMP, ampicillin; AZI, azithromycin; CHL, chloramphenicol; CIP, ciprofloxacin; COL, colistin; FOT, cefotaxime; GEN, gentamicin; MERO, meropenem; NAL, nalidixic acid; SMX, sulfamethoxazole;

TAZ, ceftazidime; TET, tetracycline; TGC, tigecycline; TMP, trimethoprim; bs, boot swab; pf, pooled faeces (when different stables within one farm were mcr-1-positive, the index indicates the respective stable number);

MC+, MacConkey agar + 1 μg/mL cefotaxime; EE+, Endo agar + 2 μg/mL enrofloxacin; Ga, Gassner agar (non-selective); n.t., non-typeable; EUCAST, European Committee on Antimicrobial Susceptibility Testing.

Isolates highlighted in dark grey represent the 15 Escherichia coli isolates in which whole-genome sequencing was performed.

MICs highlighted in light grey represent resistance according to EUCAST.

In the ‘COL’ column, respective mcr-1-containing transformants were investigated for their COL MICs (shown in parentheses).

According to EUCAST guidelines [16], a colistin MIC of 2 μg/mL cannot be interpreted as resistant. However, the recipient strains NEB-5-α and NEB-10-β (New England Biolabs, Frankfurt, Germany) were tested in the same way

and both of them possessed complete sensitivity (MIC ≤ 0.5 μg/mL).
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Further characterisation of the isolates by PFGE depicted a quite
heterogeneous pattern of mcr-1-positive isolates (Table 1). All of the
isolates were resistant to colistin (MIC ≥4 μg/mL) [16]. In addition,
most of the isolates also possessed resistance to several other
antimicrobial agents (Table 1). Whilst the detected cephalosporin
resistances were explainable by the presence of either an ESBL or
AmpC gene, screening for plasmid-encoded fluoroquinolone resis-
tancegeneswasnegative. In this case, the existenceof chromosomally
encoded point mutations within the topoisomerase II and IV genes
(gyrA andparC)wasmost likely.However, noneof the isolates showed
resistance to meropenem.

3.2. Detailed characterisation of selected mcr-1-containing isolates

Fifteen mcr-1-containing E. coli isolates (one per positive tested
farm) were chosen for detailed characterisation. An overview of the
whole-genome data is given in Table 2. These data confirmed the
large heterogeneity among the mcr-1-carrying isolates as deter-
mined by PFGE. Among the 15 analysed isolates, 13 different E. coli
MLST sequence types (STs) were detected. Only two STs were found
twice: isolates derived from farms 14 (S-321-1) and 16 (S-322-1)
displayed ST410, whilst two E. coli isolates from farms 55 (S-391-1)
and 56 (S-395-1) belonged to ST2509. In the case of S-321-1 and
S-322-1, even the same resistance genes and almost identical plasmid
replicon types were detected. S-391-1 and S-395-1 both belonged
to the same ST but the resistance gene pattern as well as the plasmid
replicon type composition were different among these isolates
(Table 2). Beside the colistin resistance gene mcr-1, the investi-
gated isolates harboured several additional antibiotic resistance genes
conferring phenotypic resistance to different classes of antimicro-
bials (Tables 1 and 2). Plasmid isolation and transformation
experiments showed that the mcr-1 gene, as well as the related
colistin resistance, was transferable in 14 of 15 cases (Table 1).
Plasmid replicon typing showed that in 9 of the 14 isolates the mcr-1
gene was located on an IncX4 plasmid, in 3 cases the mcr-1 gene

was located on an IncHI2-plasmid and in 2 isolates the mcr-1-
containing plasmids displayed multiple replicon types (IncX4/N or
IncHI2/FIB/FII/X3). For S462-1, neither electroporation nor conjugative
transfer of an mcr-1-containing plasmid was possible, indicating that
the gene might have been integrated into the bacterial chromo-
some. In addition, conjugative transfer of the mcr-1-containing
plasmid was not possible for isolates S-105-1 and S-395-1, indi-
cating that these plasmids were not self-transmissive. However, a
more detailed analysis of the ten isolates containing the mcr-1 gene
located on an IncX4 plasmid indicated that a highly conserved IncX4
plasmid is present in all farm isolates, highly similar to the already
described plasmid pICBEC72Hmcr [21] (Fig. 1). This plasmid has been
detected in an E. coli isolate derived from a urinary tract infection
in a Brazilian hospital. S1-nuclease PFGE confirmed a plasmid size
for all IncX4-carrying isolates in the same range, described for
pICBEC72Hmcr (33.67 kb, data not shown).

4. Discussion

The results described here showed that during the years 2011 and
2012, 9.9% of the investigated bacterial cultures and 25.9% of the in-
vestigated pig-fattening farms were positive for the presence of the
mcr-1 gene. This value was almost the same across the different ag-
ricultural regions of Germany. However, one has to consider the data
derived frommostly pre-selected bacterial cultures, whichmight have
influenced the number of mcr-1-positive isolates in total. Neverthe-
less, the numbers appear to be comprehensive, as an earlier study
on antibiotic usage in German pig farms reported that among 495
farms, colistin was by far the most used antibiotic for the treatment
of intestinal diseases in piglets and weaners in 2011 [23]. However,
one has to keep in mind that most of the isolates analysed here con-
tained several different antibiotic resistance genes causing phenotypic
resistance against a multitude of antibiotics. Therefore, even in the
absence of colistin usage, co-selection can lead to further spread of
mcr-1-containing isolates and/or plasmids.

Table 2

In-depth investigation of 15 selected mcr-1-containing Escherichia coli isolates derived from 15 different pig farms.

Isolate (accession number)a ST Resistance genes Plasmidsb

S-508-1 (ERS1507261) n.c. aac(3)-IIa, aadA1-like, aph(3′)-Ia-like, strA, strB, mcr-1, sul1-like,
sul2, sul3, dfrA1, tet(A), tet(D)-like, catA1-like, blaTEM-1B-like

IncHI2, IncFIC(FII), IncHI2A, IncFII, IncI1, IncFIB(AP001918),

IncX1, IncX3, IncQ1, IncX4, ColRNAI

S-462-1 (ERS1507260) ST1011 aadA1, strA, strB, mcr-1, sul1, sul2, dfrA1, tet(A), blaTEM-1B IncFII, IncFIB(AP001918), IncI2, IncX1, p0111, IncQ1, IncX4

S-395-1 (ERS1507259) ST2509 aac(3)-IId-like, aadA1, aadA2, aadA5, mcr-1, sul2, sul3, dfrA12,
dfrA17, tet(A)-like, cmlA1-like, floR-like, blaCTX-M-1, mph(A)

IncI1, IncFIC(FII), IncY, IncR, Col(MG828), IncX4, ColRNAI

S-330-1 (ERS1507257) ST57 aadA2, mcr-1, sul1, sul3, dfrA1, tet(B), catA1-like, cmlA1-like,
blaTEM-1A

IncFIB(pLF82), IncI1, IncFIC(FII), IncHI1B(R27), IncFIA(HI1),

IncFIB(AP001918), IncHI1A, IncI2, p0111, IncX4

S-322-1 (ERS1507256) ST410 aadA1, aadA2, mcr-1, sul3, dfrA12, tet(B)-like, tet(M)-like,

cmlA1-like, blaTEM-1B, mef(B)
IncFII, IncR, Col(MG828), Col(BS512), ColRNAI, Col156,

ColE10, IncX4

S-321-1 (ERS1507255) ST410 aadA1, aadA2, mcr-1, sul3, dfrA12, tet(B)-like, tet(M)-like,

cmlA1-like, blaTEM-1B, mef(B)
IncFII, IncR, Col(MG828), Col(BS512), ColRNAI, Col156,

IncX1, ColE10, IncX4

S-297-1 (ERS1507254) ST448 aadA1, aph(3′)-Ia, strA, strB, mcr-1, sul2, dfrA1, dfrA5, tet(A)-like,
blaTEM-1B

IncFIB(pLF82), IncFII, IncI1, IncFIB(AP001918), IncQ1, IncX4

S-228-1 (ERS1507253) ST1842 aac(3)-VIa-like, aadA1, aadA2, aph(3′)-Ia, mcr-1, sul3, tet(A),
cmlA1-like, blaTEM-1B-like

IncFIB(pLF82), IncI1, p0111, Col(MG828), IncX4, ColRNAI

S-222-1 (ERS1507252) ST2040 mcr-1, blaCMY-2 IncFIC(FII), IncI1, IncFIB(AP001918), IncI2, Col(MG828),

Col156, IncX4, ColRNAI

S-189-1 (ERS1507251) ST34 mcr-1, blaCTX-M-1, mph(A) IncI1, IncN, Col8282, ColRNAI, IncX4, Col(MG828)

S-142-2 (ERS1507250) ST2067 aac(3)-IVa-like, aadA1, aph(4)-Ia, mcr-1, sul1-like, sul2, dfrA1,
tet(A), blaCTX-M-1, blaTEM-1B

IncHI2A, IncHI2, IncB/O/K/Z, ColRNAI, Col(MG828)

S-105-1 (ERS1507249) ST4398 aadA1, aadA2, aadA5, mcr-1, sul2, sul3, dfrA17, tet(A), cmlA1-like,
blaCTX-M-1, blaTEM-1B-like

IncHI2, IncFIC(FII), IncI1, IncFIB(AP001918), IncHI2A, IncI2,

IncX4, Col(MG828)

S-60-1 (ERS1507248) ST1196 aac(3)-IIa, aadA1-like, aadA2, aph(3’)-Ic-like, strA, strB, mcr-1,
sul1, sul2, sul3, dfrA1, dfrA12, tet(A)-like, catA1-like, cmlA1-like,
blaCMY-2, blaTEM-1B

IncHI2A, IncFII, IncHI2, IncFIB(AP001918), IncR, IncQ1,

ColRNAI

S-2-1 (ERS1507247) ST540 aadA1, strA, strB, mcr-1, sul1, sul3, dfrA1, tet(A), tet(B), blaTEM-1B IncI1, IncX1, Col8282, IncX4, Col(MG828)

S-391-1 (ERS1507258) ST2509 aad1, aadA5, aac(3)-IId, aadA2, mcr-1, sul2, dfrA12, dfrA17, tet(M),

floR, cmlA1, blaCTX-M-1

IncY, IncR, Col (MG828), IncX4, ColRNAI

ST, sequence type; n.c., not completely characterised.
a Whole-genome sequence data were deposited in the database of the European Nucleotide Archive (ENA); accession numbers are included within the table.
b Bold replicon types indicate localisation of the mcr-1 gene.
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Compared with the detected mcr-2 prevalence of 20.75% in
Belgium in the years 2011–2012 [6], none of the German samples
was positive for mcr-2 in the same time period. However, it has to
be considered that the Belgian samples were derived from dis-
eased piglets, whilst the cultures investigated in the present study
were initially taken from asymptomatic fattening pigs and their
surroundings.

A comparison of the 43 mcr-1-positive E. coli isolates derived from
15 farms indicated broad heterogeneity. Overall, 26 different PFGE
patterns have been detected and even among E. coli isolates derived
from same farms differences occurred (Table 1). However, the E. coli
isolates from farms 55 and 56 (south of Germany) as well as farms
14 and 16 (middle of Germany) displayed the same or similar
PFGE patterns. Similar results were obtained by the whole-genome

analyses of 15 selected mcr-1-positive E. coli isolates. A possible
explanation for these findings can be the local distribution of the
mcr-1-positive farms. Farms 14 and 16were located within the same
rural district, and farms 55 and 56 were located in neighbouring
districts (distance ca. 50 km). Although the presently described data
showed great heterogeneity among the mcr-1-positive isolates, it
has been shown that the mcr-1 gene was plasmid-located in 14 of
15 investigated samples; 12 of them were also proved to be
self-transmissive. In addition, in 10 of the 14 cases, and therefore
most frequently, the mcr-1 gene was located on an IncX4 plasmid.
S1-nuclease PFGE and BRIG alignments of the mcr-1-containing IncX4
plasmids showed a high similarity among these ten plasmids, which
indicates that a highly conserved mcr-1-containing IncX4 plasmid
is widespread among German pig-fattening farms. This assumption

Fig. 1. Comparison of 10 mcr-1-containing IncX4 plasmids with pICBEC72Hmcr derived from a hospitalised Brazilian patient using BLAST Ring Image Generator (BRIG) [22].
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was also shown in a quite recently published study [24]. The plasmid
sequences were compared with the already reported mcr-1-
containing IncX4 plasmids and the results indicate a high degree
of similarity with pICBEC72Hmcr, which was derived from a human
patient hospitalised in Brazil [21] (Fig. 1). Recently, IncX4 plas-
mids containing the colistin resistance gene mcr-1 have been isolated
from Salmonella and E. coli isolates derived from different sources
(e.g. livestock and human samples, meat, ready to cook guinea fowl
pie) all over the world [21]. Therefore, the current results empha-
sise the already voiced concerns for public health.

The question of whether these results may support a reduction
in colistin use in animals to decrease the risk of antimicrobial resis-
tance as claimed by the European Medicines Agency (EMA) in July
2016 [25] remains to be demonstrated, considering that spread of
the mcr-1 gene is not exclusively connected to the colistin supply
within stables. As colistin belongs to one of the most important an-
tibiotics in veterinary practice, and in consideration of the claimed
reduction of colistin sales for veterinary use, thesemeasures will only
be effective if colistin is not going to be replaced by an increased usage
of antibiotics such as third- and fourth-generation cephalosporins or
fluoroquinolones. Therefore, further monitoring programmes and in-
tervention strategies, addressing the reduction of mcr-1 and also
helping to contain its transmission, should be considered.

5. Conclusion

The current data show that mcr-1-containing E. coli isolateswere
present in 25.9% of the investigated pig-fattening farms in the years
2011–2012. Thesenumbers arequite alarmingand, as colistinbelongs
to the critically important antibiotics for the treatment of serious
infections in humans, the current situation has to be assessed care-
fully. As distribution via the plasmid route appears to play a greater
role than clonal spread of mcr-1-harbouring bacteria, ongoing studies
addressing the detection of mcr-1 in animal and environmental
samples as well as cases of human infection are highly recom-
mended. The generated data should be used for the evaluation of
intervention strategies consisting of the prudent use of antibiotics
in livestock farming as well as human medicine and the contain-
ment of the environmental spread of antibiotic-resistant bacteria.
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