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Abstract: Mobile genetic elements (MGEs), especially multidrug-resistance plasmids, are major
vehicles for the dissemination of antimicrobial resistance determinants. Herein, we analyse the
MGEs in three extensively drug-resistant (XDR) Klebsiella pneumoniae isolates from Germany. Whole
genome sequencing (WGS) is performed using [llumina and MinION platforms followed by core-
genome multi-locus sequence typing (MLST). The plasmid content is analysed by conjugation, S1-
pulsed-field gel electrophoresis (S1-PFGE) and Southern blot experiments. The K. pneumoniae
isolates belong to the international high-risk clone ST147 and form a cluster of closely related
isolates. They harbour the blaoxa-1s1 carbapenemase on a ColKP3 plasmid, and 12 antibiotic resistance
determinants on an multidrug-resistant (MDR) IncR plasmid with a recombinogenic nature and
encoding a large number of insertion elements. The IncR plasmids within the three isolates share a
high degree of homology, but present also genetic variations, such as inversion or deletion of genetic
regions in close proximity to MGEs. In addition, six plasmids not harbouring any antibiotic
resistance determinants are present in each isolate. Our study indicates that genetic variations can
be observed within a cluster of closely related isolates, due to the dynamic nature of MGEs. The
mobilome of the K. pneumoniae isolates combined with the emergence of the XDR ST147 high-risk
clone have the potential to become a major challenge for global healthcare.
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1. Introduction

The evolution and spread of antibiotic-resistant pathogens has emerged as one of the most
important public health problems worldwide over the last decades (https://www.who.int/en/news-
room/fact-sheets/detail/antibiotic-resistance). In bacterial genomes, capture, accumulation and
dissemination of antibiotic resistance determinants are often associated with mobile genetic elements
(MGESs) like plasmids, transposons and insertion sequences (ISs) [1]. Plasmids are often assemblies
of different MGE modules and are the most efficient intra- and interspecies DNA transfer mechanism
among prokaryotes [2]. This is well exemplified by the global spread of the KPC carbapenemase
involving the incompatibility group Fllk (IncFIlk) plasmids in Klebsiella pneumoniae [3]. Moreover,
blanom1 in K. pneumoniae has been mainly associated with broad host range IncA/C2, IncHI1, IncX3
and IncN2 plasmids [4]. In Acinetobacter baumannii, the transposon Tn125, harbouring the insertion
element ISAba125, is considered as the main vehicle for the dissemination of NDM-1 enzymes [5,6].

K. pneumoniae, belonging to the Enterobacterales family, is a natural inhabitant of the
gastrointestinal tract of humans and animals. Nevertheless, it is also encountered as a nosocomial
pathogen causing various infections such as pneumonia, urinary tract infection and bloodstream
infection [4]. Of concern is the rapid expansion of carbapenem-resistant K. pneumoniae, mainly
associated with those carbapenemases which are endemicin certain countries, such as KPC-positive
K. pneumoniae in Greece and Italy [7,8]. OXA-48-like is the most common carbapenemase in
Enterobacterales in some regions of the world including Germany. Other frequently encountered
carbapenemases in Germany include VIM-1 and NDM-1 [9,10]. The successful propagation of OXA-
48-positive Enterobacterales is reinforced by the global distribution of certain high-risk clones (e.g.,
K. pneumoniae sequence type (ST) 307 or Escherichia coli ST38) as also its association with MGEs, e.g.,
OXA-48 linked with different Tn1999 variants on highly transferable IncL plasmids [10,11]. The
expansion of high-risk K. pneumoniae clones with a multidrug-resistant (MDR) or extensive drug-
resistant (XDR) phenotype has been observed in recent years [4]. K. pneumoniae ST147 has been
reported as an emerging high-risk clone associated with plasmid-encoded extended-spectrum f-
lactamases (ESBLs) like blacrx-m-15, or carbapenemases such as blaoxa-ss and blanom [4,12-17].

In the present study, we characterise the content and genetic structure of MGEs and the clonal
relatedness of three OXA-181-producing K. pneumoniae ST147 clinical isolates recovered in Germany.

2. Results and Discussion

Dissemination of antibiotic resistance is driven by clonal expansion or horizontal gene transfer,
including mainly MGEs [1,2]. In the present study, all three isolates colonising haematology/oncology
patients were identified as K. pneumoniae ST147 and were the only representatives of this ST among
40 in total collected K. pneumoniae isolates. The three isolates were also characterised by their capsular
type KL64 (wzi allele 64). MDR K. pneumoniae ST147 isolates represent a successful clone with a global
spread and these isolates are often armed with carbapenemases and ESBLs [15,18]. The German
National Reference Centre for Multidrug-Resistant Gram-negative Bacteria and the Robert Koch
Institute reported, between 2008 and 2014, 13 carbapenemase-producing ST147 K. pneumoniae isolates
in Germany. In particular, 9/42 OXA-48-, 3/34 KPC-2- and 1/5 NDM-1-producing isolates were
assigned to ST147 [19].

In the present study, the isolates HKP0018, HKP0064 and HKP0067 were analysed by whole
genome sequencing (WGS) and harboured on the chromosome a gene encoding the intrinsic SHV-
11, as well as 0gxAB and fosA genes, belonging to the core genome of the KpI-III phylogroups [20].
The plasmid-encoded resistome of the investigated isolates, summarised in Table 1, was identical and
included beta-lactam, aminoglycoside, fluoroquinolone, tetracycline and other antimicrobial
resistance determinants. Antimicrobial susceptibility testing showed that all three K. pneumoniae
isolates exhibited an XDR phenotype; resistant to ampicillin, aztreonam, ceftazidime,
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chloramphenicol, ciprofloxacin, gentamicin, imipenem, meropenem, minocycline, tetracycline,
ticarcillin, tigecycline, and trimethoprim and susceptible only to amikacin and colistin (Table 2). MDR
and XDR K. pneumoniae isolates involved in nosocomial outbreaks have been widely reported
[4,21,22]. Between June and October 2109, an outbreak of XDR K. pneumoniae producing NDM-1 and
OXA-48 was reported in four medical facilities in Mecklenburg-Western Pomerania, Germany [23].
Molecular characterisation using core genome multi-locus sequence typing (cgMLST) analysis
revealed that the three investigated isolates were closely related and formed a cluster with 0-1 allelic
differences (data not shown). One could speculate that the closely related isolates were likely
transmitted within the hospital. All three patients had been hospitalised in the same department
(Table 3) and two of the patients had an overlapping hospitalisation at the same ward (C5A).
However, a direct connection to HKP0018 could not be established within the study.

Table 1. Plasmid encoded antimicrobial resistance determinants, plasmid content and plasmid size
of the isolates.

Antimicrobial Resistance Isolate No.

Plasmid Replicon Size (bp) Determinants

HKP0018 HKP0064 HKP0067

pHKPO0018.1 ColKP3 6103

blaoxa-1s1 + + +

blactx-m-15?, blaoxa-1, blaTem-1s,
aac(6’)Ib-cr, aac(3)-1la, strA,

HKP0018.2 IncR + - -
P 0018 ne 66,330 strB, qnrS1, sull, dfrAl,

tet(A), catB3-like

blactx-m15?, blaoxa-1, blatem-1s,
aac(6’)Ib-cr, aac(3)-1la, strA,

HKP0064.2 IncR 70,762 - + +
P 006 ne 0.76 strB, qnrS1, sull, dfrAl,

tet(A), catB3-like

pHKP0018.3 IncFIB 113,014 - + + +

pHKP0018.4 NT- 57,450 - + + +

pHKP0018.5 Col-like 8428 - + + +

pHKP0018.6 Col-like 5499 - + + +

pHKP0018.7 NT- 2044 - + + +

pHKP0018.8 Col-like 1459 - + + +
“ NT, not typeable; ’ gene present in two copies.
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Table 2. Antimicrobial susceptibility of the three K. pneumoniae isolates.

. . MIC (mg/L) s
Antimicrobial Agent HKP001S HKPO 0g6/ 4 HKP0067 Susceptibility”

Amikacin 8 8 8 S
Ampicillin >128 >128 >128 R
Aztreonam >128 >128 >128 R
Ceftazidime 128 128 128 R
Chloramphenicol 32 32 32 R
Ciprofloxacin 128 128 128 R
Colistin® 1 2 1 S
Gentamicin 128 128 128 R
Imipenem 8 8 8 R
Levofloxacin 64 64 64 R
Meropenem 32 32 32 R
Minocycliner 64 64 64 R
Rifampicin/ 64 64 64 -
Tetracycline* 128 128 128 R
Ticarcillin >128 >128 >128 R
Tigecycline? 2 2 2 R
Trimethoprim 128 128 128 R

*R, resistant; S, susceptible; ’ tested by broth microdilution method; ¢ only CLSI breakpoint available;
4 no breakpoint available

Table 3. K. pneumoniae clinical isolates information.

Isolate  Date of Isolation Source Department Ward ST
HKP0018 16.02.2015 Rectal swab Haematology/Oncology C5A 147
HKP0064 08.05.2015 Throat swab Haematology/Oncology  1G 147
HKP0067 19.05.2015 Rectal swab Haematology/Oncology C5A 147

Phylogenetic analysis of 30 ST147 K. pneumoniae isolates from different countries showed several
branches (Figure 1). The isolates HKP0018, HKP0064 and HKP0067 were on the same branch with
ST147 isolates from different countries, such as Switzerland, USA, United Kingdom and Singapore,
illustrating the worldwide spread of this clone. In addition, the three investigated isolates clustered
together with 7 ST147 K. pneumoniae isolates recovered between 2013 and 2014 in Gottingen,
Germany. The latter MDR isolates harboured the carbapenemase OXA-48 on a 63.6 kb IncL plasmid
[15]. The close genetic relatedness observed between the German isolates suggests that an OXA-48-
like producing ST147 clone is circulating in the country.
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Figure 1. Phylogenetic analysis of HKP0018, HKP0064, HKP0067 and 30 ST147 K. pneumoniae isolates.
Phylogenetic maximum-likelihood tree was generated using the FigTree v1.4.3 software of the SNP
analysis performed using the kSNP3 tool (Galaxy version 3.1) software at the ARIES Galaxy server
(https://aries.iss.it/).

In the present study, plasmid analysis revealed eight closed plasmids for each individual K.
pneumoniae isolate.

OXA-48-like is the most prevalent carbapenem-hydrolysing (-lactamase in Enterobacterales
isolates from Germany [9,24]. MDR K. pneumoniae ST147 encoding OXA-48 on a conjugative IncL
plasmid have been recently reported in Germany [15]. In the present study, all three investigated
isolates harboured OXA-181 on an identical 6103 bp ColKP3 plasmid, pHKP0018.1. This plasmid also
encoded the mobilisation genes mobA, mobB, mobC and mobD, and, upstream of blaoxa-1s1 gene, 170 bp
of a disrupted ISEcp1 was present. A blastn analysis to compare pHKP0018.1 to sequences available
in the GenBank database revealed high similarities mainly with three groups of plasmids, of which
Carbapenemase OXA-232_ColKP3 (Acc. No CP050165), pKP3-A (Acc. No JN205800) and
p50595_0OXA_181 (Acc. No CP050375) were chosen as exemplars for a more detailed comparison. The
first one, with a size of 6141 bp, showed an identity of 99.98% to our plasmid, has a longer fragment
of the interrupted ISEcpl (208 bp) and carries the blaoxa23 gene, a blaoxa1st variant from which it
differs by a single nucleotide, leading to the Arg214-Ser amino acid substitution, and from which it
probably originated (Figure 2) [25]. Plasmid pKP3-A, obtained from a clinical K. pneumoniae isolate
in 2010, is a ColKP3 plasmid carrying blaoxa-1s1, proved to be mobilisable but not self-transmissible. It
showed 99.95% similarity when compared to pHKP0018.1, from which it differs by the presence of
the complete ISEcp1 element. In this plasmid, the carbapenemase gene was described as part of the
Tn2013 transposon, made up by the 3139 bp module ISEcp1-blaoxa-1s1-AlysR-AereA [26]. In plasmid
pHKP0018.1 this transposon was disrupted, with only the two right inverted repeats (IRR1 and IRR2)
and the 3' target site duplication (ATATA) still identifiable (Figure 2) [26]. Lastly, p50595_OXA_181
plasmid depicts the group of X3-ColKP3 plasmids of approximately 51 kb in size, which held 50% of
the pHKP0018.1 plasmid, with an identity of 100%. This portion contained the interrupted Tn2013
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(AISEcp1-blaoxa1si-AlysR-AereA) and an almost complete repA gene of ColKP3, inserted between the
two insertion sequences 1S3000 and ISKpn19 (Figure 2). The sequence comparative analysis also
showed that blaoxa-1s1 seems to be almost uniquely located on X3-ColKP3 plasmids, frequently
harboured by E. coli isolates, while its variant blaoxa-232 is primarily located on ColKP3 plasmids
harboured predominantly by K. pneumoniae. Nevertheless, both variants are distributed on a global
scale, including not only clinical isolates but also animal and environmental ones. Indeed, OXA-181
and OXA-232 represent, respectively, the second and third most common and widespread OXA-48-
like enzyme and both are described as part of the Tn2013 transposon, which, together with its
localisation on plasmids like ColE-type, IncX3, IncN1 and IncT, is responsible for their dissemination
[10].

AFEreA RepA
: ' JN205800 - OXA-181 - ColKP3
. 100% identity
"j 70% identity

50% identity
I JN205800 CDSs
pHKP0018.1 - OXA-181 - ColKP3
. 100% identity
. 90% identity

80% identity
B 1HKP0018.1 CDSs
CP050165 - OXA-232 - ColKP3

pKP3-A (JN205800)
7605 bp

100% identity

90% identity

80% identity
CP050368 - OXA-181 - ColKP3
B 100% idenity

90% identity

80% identity
CP050375 - OXA-181 - ColKP3-X3
W 100% identty

L,\ 90% identity

80% identity

Figure 2. Graphical representation of blaoxa-si/blaoxa-2s-carrying plasmids sequence comparison.
Starting from the inner ring: GC content of pKP3-A plasmid sequenced (here used as reference), blaoxa-
181-positive pKP3-A plasmid sequence (JN205800), pKP3-A CDSs, blaoxa-isi-positive pHKP0018.1
plasmid sequence (CP061063.1), pHKP0018.1 CDSs, blaoxa2s-positive Carbapenemase (OXA-
232)_ColKP3 plasmid sequence (CP050165), blaoxa-isi-positive p47733_OXA_181 plasmid sequence
(CP050368), blaoxa-1s1-positive p50595_OXA_181 plasmid sequence (CP050375). CDS'’s arrows indicate
their transcription direction. Hypothetical proteins are not displayed. The figure was generated with
BRIG v0.95.

S1-PFGE, Southern blot and WGS analysis revealed that all three isolates harboured an IncR
plasmid, pHKP0018.2, pHKP0064.2 and pHKP0067.2, presenting only the repB gene and lacking the
repE and repA genes and encoding the same antibiotic resistance determinants (Figure 3). The MDR
region included a mosaic structure of 12 antibiotic resistance genes, including (3>-lactamases blacrx-m-15
(present in two copies on each IncR plasmid), blaoxa-, blatem-18, aminoglycoside modifying enzymes
aac(6’)Ib-cr, aac(3)-1a, strA, strB, as well as the resistance determinants gnrS1, sull, dfrAl, tet(A) and
catB3-like (Table 1). The MDR region was highly recombinogenic and encoded several copies of
different ISs (n = 9). Furthermore, pHKP0018.2, pHKP0064.2 and pHKP0067.2 encoded a higB/higA
toxin-antitoxin (TA) module and parA/parB partitioning genes, contributing to plasmid stabilisation
and inheritance. As many others previously described, containing only the repB gene alone, the IncR
plasmid of this study did not harbour known conjugative loci, and consequently attempts to transfer
by conjugation IncR and to mobilise the ColKP3-OXA-181 into E. coli ]J53 were not successful. The
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IncR plasmids showed high sequence homology to IncR plasmids pKp_Goe_304-4 (Acc. No
CP018724.1), pKp_Goe_021-4 (Acc. No CP018718.1), pKp_Goe_024-4 (Acc. No CP018705.1), and
CP017989.1 of a ST147 K. pneumoniae isolate collected in Germany in 2014, and to the IncR plasmid
pSg1-NDM (Acc. No CP011839.1) identified in a ST147 K. pneumoniae isolate from Singapore [18].

Sequence analysis revealed that pHKP0064.2 and pHKP0067.2 were identical and 70,762 bp in
size. Nevertheless, comparative analysis revealed a rearrangement of a composite transposon flanked
by two inverted copies of I1S26 and containing catB3-like, aac(6’)[b-cr and blaoxa1 genes. This 3826 bp
region was inserted in the same position in the two IncR plasmids but in opposite orientation.
Similarly, another reshuffling of a 13,957 bp region was observed for pHKP0064.2 and pHKP0067.2.
This genomic region was flanked by two copies of ISEcp1 in inverse orientation and harboured a
truncated transposase, Tn3 resolvase, blatem-s, gnrS1, recombinase, ISKpn19, umuC, HAMP-domain
and IS26 (Figure 3). In the isolate HKP0018 an IncR plasmid, pHKP0018.2, with a size of 66,330 bp
was identified. The plasmids pHKP0064.2 and pHKP0067.2 shared a high degree of sequence
homology with pHKP0018.2, apart from a 4432 bp region which was missing from the latter plasmid.
The missing region was part of the 13,957 bp genomic region involved in the rearrangement in
pHKP0064.2 and pHKP0067.2. This subregion was comprised of genes encoding for the error-prone
DNA polymerase V subunit (umuC) and a sensor histidine kinase (HAMP-domain) followed by the
MGE ISKpn19 (Figure 3). These results indicate that within a group of clonal isolates, diversity can
still be observed. Genetic variation within clonal bacterial groups caused by homologous
recombination has been described in E. coli [27]. While genetic rearrangement, such as inversion or
duplication, caused by MGEs have been confirmed by diverse studies [28-30].
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Figure 3. Major structural features of the IncR plasmids, pHKP0018.2 (a), pHKP0064.2 (b) and
pHKP0067.2 (c), identified in K. pneumoniae isolates HKP0018, HKP0064 and HKP0067, respectively.
Arrows indicate the deduced open reading frames (ORFs) and their orientations. Hypothetical
proteins are not shown. The figure was generated with EasyFig 2.1 [31].
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An identical 113,014 bp IncFIB-like plasmid, pHKP0018.3, was identified in the K. pneumoniae
isolates and did not encode any known antibiotic resistance determinants (Figure S1). However, this
plasmid harboured a tellurite/colicin resistance determinant, phage-related genes, and was lacking
known conjugative transfer genes. Furthermore, the plasmid harboured two members of the IS3
family, ISKpnl and IS2. The IncFIB-like plasmid showed high homology (coverage 97%, identity
100%) to pSG1.1 (Acc. No CP012427.1) from an NDM-1 positive ST147 K. pneumoniae isolate from
Singapore and also with other ST147 IncFIB plasmids (Acc. No CP021940.1, CP021945.1 and
CP014756.1), indicating that this plasmid might be intrinsic to this ST [18].

Southern blot and WGS revealed that the ST147 isolates carried also an identical 54,750 bp
plasmid, pHKP0018.4 (Figure S2). The plasmid showed similarity (coverage 78%, identity 99%) to K.
pneumoniae ST147 plasmids recovered from Singapore, pSg1-3 (Acc. No CP012429) [18]. pHKP0018.4
exhibited also similarity (coverage 62%, identity 83%) to phiKO2 of a Klebsiella oxytoca isolate which
was described as a prophage able to replicate as linear plasmids with covalently closed ends [32].

Small plasmids, often present in high copy numbers, can serve as an important reservoir for
antibiotic resistance determinants, such as small ColE plasmid derivatives encoding gnrS1 in
Salmonella enterica [33-35]. In the present study, apart from the ColKP3 blaoxa-1s1-encoding plasmid,
the ST147 K. pneumoniae isolates harboured in addition four identical small plasmids, which varied
in size from 1.4 kb to 8.4 kb and did not encode known antimicrobial resistance determinants. An
identical 8428 bp plasmid, pHKP0018.5, was identified in the three isolates. The plasmid carried two
Col-like replication initiation proteins and showed similarity to pKpvST147B_4 (Acc. No CP040727.1,
coverage 56%, identity 100%) from a ST147 K. pneumoniae isolate recovered at a hospital in south-east
England (Figure S3). Another plasmid, 5499 bp in size and identical for the investigated ST147 isolates
(pHKP0018.6), was detected and typed as a Col-like plasmid (Figure S4).

Moreover, a 2044 bp plasmid identical for the three K. pneumoniae plasmids, pHKP0018.7, was
detected and encoded two hypothetical proteins, with no conserved domains. This plasmid could not
be assigned to a replicon type and was identical (coverage 100%, identity 100%) to plasmids p4_1_2.4
(Acc. No CP023843.1) and pDA33140-2 (Acc. No CP029584.1) both from ST147 K. pneumoniae isolates
recovered in Sweden (plasmid map not shown). Finally, an identical 1459 bp plasmid, pHKP0018.8,
replicon typed as Col-like and bearing a hypothetical protein was identified. The Col-like plasmid
was identical (coverage 100%, identity 100%) to plasmids found in E. coli, such as pEC881_8 (Acc. No
CP019021.1) and pEC648_7 (Acc. No CP008721.1), which can be a result of interspecies plasmid
transfer (plasmid map not shown).

3. Materials and Methods

3.1. Bacterial Isolates and Transformants

The isolates HKP0018, HKP0064 and HKP0067 were recovered in 2015 from throat and rectal
swabs of three patients on admission to a university hospital in northern Germany (Table 3). The
isolates were collected as part of the CONTAIN multicentre cohort study of the German Centre for
Infection Research (DZIF) on the efficiency of infection control measures to prevent the transmission
of ESBL producing Enterobacterales in haematology/oncology units [36]. The selection of the three
isolates for further investigation was based on their clonal relatedness, ST, and acquired resistome.
The surveillance swabs were plated on selective media (chromID® ESBL; bioMérieux, Niirtingen,
Germany) and incubated for 18-24 h. The species identification was performed with MALDI-TOF
mass spectrometry. Additionally, plasmid DNA was extracted from the isolate HKP0018 with the
PureYield Plasmid Midiprep System (Promega, Madison, WI, USA) and then used to transform One
Shot MAX Efficiency DH5a-T1R Competent Cells (Thermo Fisher Scientific, Waltham MA, USA).
Selection of transformants was performed using ampicillin (40 mg/L) and tetracycline (30 mg/L) and
was confirmed by PCR (Supplementary data).
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3.2. Antimicrobial Susceptibility Testing

MICs for ampicillin, tetracycline, trimethoprim, gentamicin (Sigma-Aldrich, Steinheim,
Germany), amikacin, aztreonam, imipenem, meropenem, minocycline, rifampicin, (Molekula,
Newcastle-upon-Tyne, UK), levofloxacin (Sanofi Aventis, Frankfurt, Germany), ciprofloxacin (Bayer
Pharma AG, Berlin, Germany) and ticarcillin (Carl Roth GmbH, Karlsruhe, Germany) were
determined using the agar dilution method [37]. MICs for colistin and tigecycline were determined
by broth microdilution method (Merlin Diagnostika GmbH, Bornheim, Germany). E. coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853, and Staphylococcus aureus ATCC 25923 were used as
quality control strains. MICs were interpreted using the resistance breakpoints for Enterobacterales
from EUCAST (Version 10.0, January 2020, http://www.eucast.org/clinical_breakpoints/) and CLSI
(https://clsi.org/standards/products/microbiology/documents/m100/).

3.3. S1-Pulsed-Field Gel Electrophoresis (S1-PFGE) and Southern Blot Hybridisation

Plasmid linearisation by S1 nuclease followed by PFGE was used to determine the size and total
number of plasmids. Bacterial DNA embedded in agarose plugs was digested using 50 Units S1
nuclease (Thermo Fisher Scientific, Waltham, MA, USA) per plug slice and incubated according to
the manufacturer’s instructions. Samples were run on a CHEF-DR II system (Bio-Rad, Munich,
Germany) for 17 h at 6 V/cm and 14 °C while initial and final pulses were conducted at 4 and 16 s,
respectively. The Lambda PFG Ladder and A DNA-Mono Cut Mix (New England Biolabs, Frankfurt,
Germany) were used as markers. The approximate plasmid size was calculated using Image Lab™
software (Bio-Rad, Munich, Germany).

Southern blot hybridisation was performed to determine the plasmid/chromosomal gene
location by hybridisation with digoxigenin (DIG)-labelled probes (Roche, Mannheim, Germany). For
the IncR replicon and strA of pHKP0018.2 and for the terminase pHKP0018.4 specific probes were
used respectively (Table S1). Signal detection was performed according to the manufacturer’s
instructions using CDP-Star® ready-to-use (Roche, Mannheim, Germany) chemiluminescent
substrate by autoradiography on a X-ray film (GE Healthcare, Buckinghamshire, United Kingdom).
Chromosomal location was shown by colocalisation with a rpoB probe.

3.4. Whole Genome Sequencing (WGS) and Bioinformatics

Total DNA from the bacterial isolates and transformants was extracted using the MagAttract
HMW DNA Kit (Qiagen, Hilden, Germany) and plasmid DNA was extracted using PureYield
Plasmid Midiprep System according to manufacturer’s instructions and used for short-read
sequencing. Sequencing libraries were prepared using a Nextera XT library prep kit (Illumina GmbH,
Munich, Germany) for a 250 bp paired-end sequencing run on an Illumina MiSeq platform. The
obtained reads were de novo assembled with the Velvet assembler integrated in the Ridom
SeqSphere+ v. 7.2.1 software, and SPAdes 3.11 [38]. Finally, where necessary, overlapping assembly
contigs and predicted gaps were filled and confirmed by PCR-based gap closure as described
previously [39].

DNA extraction for long-read sequencing was performed using the Genomic-Tips 100/G kit and
Genomic DNA Bulffers kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Libraries were prepared using the 1D Ligation Sequencing Kit (SQK-LSK108) in combination with
Native Barcoding Kit (EXP-NBD103) and Rapid Barcoding Kit (SQK-RBK004) in accordance with the
manufacturer’s instructions (Oxford Nanopore Technologies, Oxford, United Kingdom) and were
loaded onto a R9.4 flow cell (Oxford Nanopore Technologies, Oxford, United Kingdom). The run was
performed on a MinION MK1b device (Oxford Nanopore Technologies, Oxford, United Kingdom).
Collection of raw electronic signal data and live base-calling was performed using the MinKNOW
software and Albacore (Oxford Nanopore Technologies, Oxford, United Kingdom). De novo assembly
of the MinION long-reads was performed using Canu [40]. The Illumina short-reads were assembled
with the MinlON long-reads using hybridSPAdes and Unicycler [41,42]. Additionally,
plasmidSPAdes was implemented to identify plasmid sequences [43].
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The assembled genomes generated in this project have been deposited in the NCBI under the
BioProject ID PRJNA660340 (BioSample accessions: HKP0018, SAMN15946735; HKP00164,
SAMN15946736;, HKP0067, SAMN15946737).

3.5. Molecular Epidemiology, Resistome, Mobilome and Genome Annotation

The Pasteur multi-locus sequence typing (MLST) scheme was used to assign the ST
(https://bigsdb.pasteur.fr/index.html). The molecular epidemiology was investigated with a
validated cgMLST scheme, including 2358 target alleles, using the Ridom SeqSpheret+ v. 7.2.1
software [44]. Capsular type (KL-type) were assigned using Kaptive Web [45]. The resistome and
plasmidome were analysed using ResFinder v.3.2.0 (https://cge.cbs.dtu.dk/services/ResFinder/) and
PlasmidFinder v.2.0.1 [46,47]. Genome sequences were annotated using the RAST server
(http://rastnmpdr.org/) and partially manually edited. Plasmids were graphically depicted using
SnapGene (http://www.snapgene.com/).

3.6. Conjugation Experiments

Broth mate conjugation experiments were performed using the sodium azide-resistant E. coli J53
as recipient. Selection of transconjugants was performed using sodium azide (200 mg/L) and
ampicillin (40 mg/L), or tetracycline (30 mg/L). Transconjugants were tested by PCR for the presence
of the blaoxa-1s1and tet(A) genes, while their susceptibility to meropenem (10 pg) and tetracycline (30
ug) was tested using the disk diffusion method, according to EUCAST recommendations (Version
10.0, January 2020, http://www.eucast.org/clinical_breakpoints/).

4. Conlusions

In conclusion, the present study describes a complex variety of plasmids within three clonal
ST147 K. pneumoniae isolates recovered from haematology/oncology patients hospitalised in the same
German hospital. The ST147 K. pneumoniae isolates harboured the blaoxa-1s1 carbapenemase gene on a
small ColKP3 plasmid, but also a complex array of 12 antibiotic resistance determinants on an MDR
IncR plasmid, severely limiting treatment options. The recombinogenic nature of the MDR IncR
plasmid encoding a large number of ISs can serve as genome plasticity mediators. The IncR plasmids
of the studied isolates differed overall in a 4 kb region which could be attributed to an IS transposition
event, as also in the opposite orientation of two composite transposons (3.8 kb and 13 kb). These
results indicate that within a cluster of closely related isolates, variation can be observed due to the
dynamic nature of MGEs. The abundant mobilome and resistome of the K. pneumoniae isolates
combined with the emergence of ST147 as an international high-risk clone has the potential to become
a major challenge for the healthcare setting and requires special attention and vigilance.

Supplementary Materials: The following are available online at www.mdpi.com/2079-6382/9/10/675/s1. Table
S1: List of oligonucleotides used in the present study, Figure S1: Major structural features of the IncFIB plasmid
pHKPO0018.3 identified in K. pneumoniae isolates HKP0018, HKP0064 and HKP0067. Arrows represent predicted
open reading frames (ORFs) and their direction represents the direction of transcription. Hypothetical proteins
are not shown, Figure 52: Major structural features of the pHKP0018.4 plasmid identified in K. pneumoniae
isolates HKP0018, HKP0064 and HKP0067. Arrows represent predicted ORFs and their direction represents the
direction of transcription. Hypothetical proteins are not shown, Figure S3: Major structural features of
pHKPO0018.5 identified in K. pneumoniae isolates HKP0018, HKP0064 and HKP0067. Arrows represent predicted
ORFs and their direction represents the direction of transcription. Hypothetical proteins are assigned as hp,
Figure S4: Major structural features of pHKP0018.6 identified in K. pneumoniae isolates HKP0018, HKP0064 and
HKP0067, respectively. Arrows represent predicted ORFs and the direction of the arrow represents the direction
of transcription. Hypothetical proteins are assigned as hp.

Author Contributions: Conceptualization, K.X.,, A.C, H.S. and P.G.H.; methodology, K.X, A.C. and P.G.H.;
software, F.F., O.K. and C.F; formal analysis, K.X., A.C., CF,, L.V, P.G.H, investigation, KX., JW., P.G.H.; data
curation, K.X.; writing—original draft preparation, K.X. and P.G.H.; writing—review and editing, K.X., A.C.
JW, LB, HR, FF, OK, LV, CF, HS, P.G.H,; supervision, A.C. and P.G.H.; funding acquisition, H.S. All
authors have read and agreed to the published version of the manuscript.



Antibiotics 2020, 9, 675 11 of 13

Funding: This work was supported by the German Center for Infection Research (DZIF).

Acknowledgments: We would like to thank Yvonne Pfeifer for providing the conjugation protocol.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Partridge, S.R.; Kwong, S.M.; Firth, N.; Jensen, S.O. Mobile genetic elements associated with antimicrobial
resistance. Clin Microbiol Rev. 2018, 31, e¢00088-17, d0i:10.1128/CMR.00088-17.

Carattoli, A. Plasmids and the spread of resistance. Int. |. Med. Microbiol. 2013, 303, 298-304,
doi:10.1016/j.ijmm.2013.02.001.

Peirano, G.; Bradford, P.A.; Kazmierczak, K.M.; Chen, L.; Kreiswirth, B.N.; Pitout, ].D.D. Importance of
clonal complex 258 and IncF(K2-like) plasmids among a global collection of Klebsiella pneumoniae with
bla(KPC). Antimicrob. Agents Chemother. 2017, 61, 5, doi:10.1128/aac.02610-16.

Navon-Venezia, S.; Kondratyeva, K.; Carattoli, A.. Klebsiella pneumoniae: A major worldwide source and
shuttle for antibiotic resistance. FEMS Microbiol. Rev. 2017, 41, 252-275, d0i:10.1093/femsre/fux013.

Khan, A.U.; Maryam, L.; Zarrilli, R.; Structure, genetics and worldwide spread of New Delhi Metallo-beta-
lactamase (NDM): A threat to public health. BMC Microbiol. 2017, 17, 12, d0i:10.1186/s12866-017-1012-8.
Bontron, S.; Nordmann, P.; Poirel, L. Transposition of Tn125 Encoding the NDM-1 Carbapenemase in
Acinetobacter baumannii. Antimicrob. Agents Chemother. 2016, 60, 7245-7251, doi:10.1128/aac.01755-16.
EARS-Net. Surveillance of antimicrobial resistance in Europe 2018. Available from:
https://www.ecdc.europa.eu/sites/default/files/documents/surveillance-antimicrobial-resistance-Europe-
2018.pdf (accessed on 18 November 2019).

David, S.; Reuter, S.; Harris, S.R.; Glasner, C.; Feltwell, T.; Argimon, S.; Abudahab, K.; Goater, R.; Giani, T;
Errico, G.; et al. Epidemic of carbapenem-resistant Klebsiella pneumoniae in Europe is driven by nosocomial
spread. Nat. Microbiol. 2019, 4, 1919-1929, doi:10.1038/s41564-019-0492-8.

Robert Koch-Institut. Epidemiologisches Bulletin 31/2019. Available online:
https://edoc.rki.de/handle/176904/6733 (accessed on 1 August 2019)

Pitout, ].D.D.; Peirano, G.; Kock, M.M.; Strydom, K.A.; Matsumura, Y. The global ascendency of OXA-48-
Type carbapenemases. Clin Microbiol Rev. 2020, 33, 48, d0i:10.1128/cmr.00102-19.

Poirel, L.; Bonnin, R.A.; Nordmann, P. Genetic Features of the Widespread Plasmid Coding for the
Carbapenemase OXA-48. Antimicrob. Agents Chemother. 2012, 56, 559-562, doi:10.1128/aac.05289-11.
Simner, P.J.; Antar, A.A.R.; Hao, S.; Gurtowski, J.; Tamma, P.D.; Rock, C.; Opene, B.N.A; Tekle, T.; Carroll,
K.C.; Schatz, M.C,; et al. Antibiotic pressure on the acquisition and loss of antibiotic resistance genes in
Klebsiella pneumoniae. J. Antimicrob. Chemother. 2018, 73, 17961803, doi:10.1093/jac/dky121.

Nahid, F.; Zahra, R.; Sandegren, L. A blaoxa-si-harbouring multi-resistant ST147 Klebsiella pneumoniae isolate
from Pakistan that represent an intermediate stage towards pan-drug resistance. PLoS ONE. 2017, 12,
€0189438, doi:10.1371/journal.pone.0189438.

Avgoulea, K.; Di Pilato, V.; Zarkotou, O.; Sennati, S.; Politi, L.; Cannatelli, A.; Themeli-Digalaki, K.; Giani,
T.; Tsakris, A.; Rossolini, G.M.; et al. Characterization of extensively drug-resistant or pandrug-resistant
sequence type 147 and 101 OXA-48-producing Klebsiella pneumoniae causing bloodstream infections in
patients in an intensive care unit. Antimicrob. Agents Chemother. 2018, 62, €02457-17, d0i:10.1128/A AC.02457-
17.

Zautner, A.E,; Bunk, B.; Pfeifer, Y.; Sproer, C.; Reichard, U.; Eiffert, H.; Scheithauer, S.; Grop, U.; Overmann,
J.; Bohne, W. Monitoring microevolution of OXA-48-producing Klebsiella pneumoniae ST147 in a hospital
setting by SMRT sequencing. ]. Antimicrob. Chemother. 2017, 72, 2737-2744., doi:10.1093/jac/dkx216.

Rojas, L.J.; Hujer, A.M.; Rudin, S.D.; Wright, M.S.; Domitrovic, T.N.; Marshall, S.H.; Hujer, K.M.; Richter,
S.S.; Cober, E.; Perez, F.; et al. NDM-5 and OXA-181 beta-lactamases, a significant threat continues to spread
in the Americas. Antimicrob. Agents Chemother. 2017,61, e00454-17, doi:10.1128/aac.00454-17.

Peirano, G.; Chen, L.; Kreiswirth, B.N.; Pitout, ].D.D. Emerging antimicrobial-resistant high-risk Kiebsiella
pneumoniae clones ST307 and ST147. Antimicrob. Agents Chemother. 2020, 64, e01148-20,
doi:10.1128/AAC.01148-20.

Khong, W.X.; Marimuthu, K;; Teo, J.; Ding, Y.; Xia, E.; Lee, ].].; Ong, R.T.-H.; Venkatachalam, I.; Cherng, B.;
Pada, S.K,; et al. Tracking inter-institutional spread of NDM and identification of a novel NDM-positive



Antibiotics 2020, 9, 675 12 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

plasmid, pSgl-NDM, using next-generation sequencing approaches. |. Antimicrob. Chemother. 2016, 71,
3081-3089, doi:10.1093/jac/dkw277.

Becker, L.; Kaase, M.; Pfeifer, Y.; Fuchs, S.; Reuss, A.; von Laer, A.; Sin, M.A.; Korte-Berwanger, M.;
Gatermann, S.; Werner, G. Genome-based analysis of carbapenemase-producing Klebsiella pneumoniae
isolates from German hospital patients, 2008-2014. Antimicrob. Resist. Infect. Control 2018, 7, 62,
doi:10.1186/s13756-018-0352-y.

Holt, K.E.; Wertheim, H.; Zadoks, R.N.; Baker, S.; Whitehouse, C.A.; Dance, D.; Jenney, A.; Connor, T.R.;
Hsu, L.Y.; Severin, J.; et al. Genomic analysis of diversity, population structure, virulence, and antimicrobial
resistance in Klebsiella pneumoniae, an urgent threat to public health. Proc. Natl. Acad. Sci. U.S.A. 2015, 112,
E3574-81, doi:10.1073/pnas.1501049112.

Du, J.; Cao, ].M,; Shen, L.Z,; Bi, W.Z.; Zhang, X.X,; Liu, H.Y.; Lu, H.; Zhou, T. Molecular epidemiology of
extensively drug-resistant Klebsiella pneumoniae outbreak in Wenzhou, Southern China. J. Med. Microbiol.
2016, 65, 1111-1118, doi:10.1099/jmm.0.000338.

Zhou, T.L.; Zhang, Y.P.; Li, M.M.; Yu, X,; Sun, Y.; Xu, ].R. An outbreak of infections caused by extensively
drug-resistant Klebsiella pneumoniae strains during a short period of time in a Chinese teaching hospital:
Epidemiology study and molecular characteristics. Diagn. Microbiol. Infect. Dis. 2015, 82, 240-244,
doi:10.1016/j.diagmicrobio.2015.03.017.

Haller, S.; Kramer, R.; Becker, K.; Bohnert, J.A.; Eckmanns, T.; Hans, ].B.; Hecht, J.; Heidecke, C.-D.; Hiibner,
N.-O.; Kramer, A.; et al. Extensively drug-resistant Klebsiella pneumoniae ST307 outbreak, north-eastern
Germany, June to October 2019. Euro surveill. 2019, 24, 1900734, doi:10.2807/1560-
7917.es.2019.24.50.1900734.

Albiger, B.; Glasner, C.; Struelens, M.J.; Grundmann, H.; Monnet, D.L.; the European Survey of
Carbapenemase-Producing Enterobacteriaceae (EuSCAPE) working group. Carbapenemase-producing
Enterobacteriaceae in Europe: Assessment by national experts from 38 countries, May 2015. Eurosurveillance
2015, 20, 17-34, d0i:10.2807/1560-7917.es.2015.20.45.30062.

Potron, A.; Rondinaud, E.; Poirel, L.; Belmonte, O.; Boyer, S.; Camiade, S.; Nordmann, P. Genetic and
biochemical characterisation of OXA-232, a carbapenem-hydrolysing class D beta-lactamase from
Enterobacteriaceae. Int. J. Antimicrob. Agents. 2013, 41, 325-359, d0i:10.1016/j.jjantimicag.2012.11.007.
Potron, A.; Nordmann, P.; Lafeuille, E.; Al Maskari, Z.; Al Rashdi, F.; Poirel, L. Characterization of OXA-
181, a carbapenem-Hydrolyzing Class D beta-lactamase from Klebsiella pneumoniae. Antimicrob. Agents
Chemother. 2011, 55, 4896-4899, doi:10.1128/aac.00481-11.

Hao, W. Extensive genomic variation within clonal bacterial groups resulted from homologous
recombination. Mob. Genet. Elements. 2013, 3, e23463, doi:10.4161/mge.23463.

Darmon, E.; Leach, D.R.F. Bacterial Genome Instability. Microbiol. Mol. Biol. Rev. 2014, 78, 1-39,
doi:10.1128/mmbr.00035-13.

Smet, A.; Van Nieuwerburgh, F.; Vandekerckhove, T.T.M.; Martel, A.; Deforce, D.; Butaye, P.; Haesebrouck,
F.; et al. Complete nucleotide sequence of CTX-M-15-plasmids from clinical Escherichia coli isolates:
insertional events of transposons and insertion sequences. PLoS ONE. 2010, 5, 11202,
doi:10.1371/journal.pone.0011202.

Miriagou, V.; Carattoli, A.; Tzelepi, E.; Villa, L.; Tzouvelekis, L.S. IS26-Associated In4-type integrons
forming multiresistance loci in enterobacterial plasmids. Antimicrob. Agents Chemother. 2005, 49, 3541-3543,
doi:10.1128/aac.49.8.3541-3543.2005.

Sullivan, M.].; Petty, N.K.; Beatson, S.A. Easyfig: A genome comparison visualizer. Bioinformatics. 2011, 27,
1009-1010, doi:10.1093/bioinformatics/btr039.

Casjens, S.R; Gilcrease, E.B.; Huang, W.M.; Bunny, K.L.; Pedulla, M.L.; Ford, M.E.; Houtz, ].M.; Hatfull,
G.F.; Hendrix, RW. The pKO2 linear plasmid prophage of Klebsiella oxytoca. |. Bacteriol. 2004, 186, 1818-
1832. Epub 2004/03/05.

Garcia-Fernandez, A.; Fortini, D.; Veldman, K.; Mevius, D.; Carattoli, A. Characterization of plasmids
harbouring gnrS1, qnrB2 and gqnrB19 genes in Salmonella. J. Antimicrob. Chemother. 2009, 63, 274-281,
doi:10.1093/jac/dkn470.

Hopkins, K.L.; Wootton, L.; Day, M.R,; Threlfall, E.J. Plasmid-mediated quinolone resistance determinant
qnrS1 found in Salmonella enterica strains isolated in the UK. J. Antimicrob. Chemother. 2007, 59, 1071-1075,
d0i:10.1093/jac/dkmO081.



Antibiotics 2020, 9, 675 13 of 13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Branger, C.; Ledda, A.; Billard-Pomares, T.; Doublet, B.; Barbe, V.; Roche, D.; Médigue, C.; Arlet, G.;
Denamur, E. Specialization of small non-conjugative plasmids in Escherichia coli according to their family
types. Microb. Genom. 2019, 5, e000281, doi:10.1099/mgen.0.000281.

Biehl, L.M.; Higgins, P.; Wille, T.; Peter, K.; Hamprecht, A.; Peter, S.; Dorfel, D.; Vogel, W.; Hafner, H.;
Lemmen, S.; et al. Impact of single room contact precautions on hospital-acquisition and transmission of
multidrug-resistant Escherichia coli: A prospective multicentre cohort-study in haematological and
oncological wards. Clin. Microbiol. Infect. 2019, 25, 1013-1020, doi:10.1016/j.cmi.2018.12.029.

CLSL. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically;
Approved Standard-Tenth Edition: MO7. 10th ed, 2015. Available online:
https://clsi.org/media/1632/m07a10_sample.pdf (accessed on 09 January 2020).

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko,
S.I; Pham, S.; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to
single-cell sequencing. . Comput. Biol. 2012, 19,.455-477, d0i:10.1089/cmb.2012.0021.

Dolejska, M.; Villa, L.; Poirel, L.; Nordmann, P.; Carattoli, A. Complete sequencing of an IncHI1 plasmid
encoding the carbapenemase NDM-1, the ArmA 16S RNA methylase and a resistance nodulation cell
division/multidrug efflux pump. J. Antimicrob. Chemother. 2013, 68, 34-39, d0i:10.1093/jac/dks357.

Koren, S.; Walenz, B.P.; Berlin, K.; Miller, ].R.; Bergman, N.H.; Phillippy, A.M. Canu: Scalable and accurate
long-read assembly via adaptive k-mer weighting and repeat separation. Genome Res. 2017, 27, 722-736,
doi:10.1101/gr.215087.116.

Antipov, D.; Korobeynikov, A.; McLean, ].S.; Pevzner, P.A. HYBRIDSPADES: An algorithm for hybrid
assembly of short and long reads. Bioinformatics. 2016, 32, 10091015, doi:10.1093/bioinformatics/btv688.
Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving bacterial genome assemblies from short
and long sequencing reads. PLoS Comput. Biol. 2017,13, €1005595, doi:10.1371/journal.pcbi.1005595.
Antipov, D.; Hartwick, N.; Shen, M.; Raiko, M.; Lapidus, A.; Pevzner, P.A. plasmidSPAdes: Assembling
plasmids from whole genome sequencing data. Bioinformatics. 2016, 32, 3380-3387,
doi:10.1093/biocinformatics/btw493.

de Been, M,; Pinholt, M.; Top, ].; Bletz, S.; Mellmann, A.; van Schaik, W.; Brouwer, E.; Rogers, M.;Kraat, Y.;
Bonten, M.; et al. Core genome multilocus sequence typing scheme for high- resolution typing of
Enterococcus faecium. J. Clin. Microbiol. 2015, 53, 3788-3797, d0i:10.1128/jcm.01946-15.

Wick, R.R.; Heinz, E.; Holt, K.E.; Wyres, K.L. Kaptive Web: User-Friendly Capsule and Lipopolysaccharide
Serotype Prediction for Klebsiella Genomes. ]. Clin. Microbiol. 2018, 56, €00197-18, d0i:10.1128/jem.00197-18.
Zankari, E.; Hasman, H.; Cosentino, S.; Vestergaard, M.; Rasmussen, S.; Lund, O.; Aarestrup, F.M.; Larsen,
M.V. Identification of acquired antimicrobial resistance genes. ]. Antimicrob. Chemother. 2012, 67, 2640-2644,
doi:10.1093/jac/dks261.

Carattoli, A.; Zankari, E.; Garcia-Fernandez, A.; Larsen, M.V.; Lund, O.; Villa, L.; Frank Mgller, A.; Hasman,
H. In silico detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing.
Antimicrob. Agents Chemother. 2014, 58, 3895-3903, doi:10.1128/aac.02412-14.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



