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Abstract

Background: The emergence of carbapenem-resistant Klebsiella pneumoniae strains is threatening antimicrobial
treatment.

Methods: Sixty-eight carbapenemase-producing K. pneumoniae strains isolated at Luigi Sacco University Hospital-ASST
Fatebenefratelli Sacco (Milan, Italy) between 2012 and 2014 were characterised microbiologically and molecularly. They
were tested for drug susceptibility and carbapenemase phenotypes, investigated by means of repetitive extra-genic
palindromic polymerase chain reaction (REP-PCR), and fully sequenced by means of next-generation sequencing for
the in silico analysis of multi-locus sequence typing (MLST), their resistome, virulome and plasmid content, and their
core single nucleotide polymorphism (SNP) genotypes.
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Results: All of the samples were resistant to carbapenems, other β-lactams and ciprofloxacin; many were resistant to
aminoglycosides and tigecycline; and seven were resistant to colistin. Resistome analysis revealed the presence of
blaKPC genes and, less frequently blaSHV, blaTEM, blaCTX-M and blaOXA, which are related to resistance to carbapenem
and other β-lactams. Other genes conferring resistance to aminoglycoside, fluoroquinolone, phenicol, sulphonamide,
tetracycline, trimethoprim and macrolide-lincosamide-streptogramin were also detected. Genes related to AcrAB-TolC
efflux pump-dependent and pump-independent tigecycline resistance mechanisms were investigated, but it was not
possible to clearly correlate the genomic features with tigecycline resistance because of the presence of a common
mutation in susceptible, intermediate and resistant strains. Concerning colistin resistance, the mgrB gene was disrupted
by an IS5-like element, and the mobile mcr-1 and mcr-2 genes were not detected in two cases. The virulome profile
revealed type-3 fimbriae and iron uptake system genes, which are important during the colonisation stage in the
mammalian host environment. The in silico detected plasmid replicons were classified as IncFIB(pQil), IncFIB(K),
ColRNAI, IncX1, IncX3, IncFII(K), IncN, IncL/M(pMU407) and IncFIA(HI1). REP-PCR showed five major clusters, and MLST
revealed six different sequence types: 512, 258, 307, 1519, 745 and 101. Core SNP genotyping, which led to four
clusters, correlated with the MLST data. Isolates of the same sequencing type often had common genetic traits, but the
SNP analysis allowed greater strain tracking and discrimination than either the REP-PCR or MLST analysis.

Conclusion: Our findings support the importance of implementing bacterial genomics in clinical medicine in order to
complement traditional methods and overcome their limited resolution.
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Background
Klebsiella pneumoniae bacteria are normal gastrointestinal
flora but, particularly in people with weakened immune
systems and/or debilitating diseases, can also cause severe
infections whose management has been complicated by
increasing antimicrobial resistance over the last 20 years.
Global surveillance studies carried out during the 2000s
showed that 20–80% of K. pneumoniae isolates were resist-
ant to first-line antibiotics, including the cephalosporins,
fluoroquinolones and aminoglycosides [1–3]. However, the
recent worldwide spread of strains that are resistant to car-
bapenems is even more worrying because these antibiotics
are often the last line of effective treatment of the infections
caused by multidrug-resistant K. pneumoniae [4]. Various
carbapenem-resistance mechanisms have so far been identi-
fied, but the most frequent is related to the production of
K. pneumoniae carbapenemase (KPC), the expression of
which is largely due to the plasmid-derived blaKPC gene,
although some cases of chromosomally integrated blaKPC
genes have been described in the literature [5–7].
The currently few treatment options for carbapenem-

resistant K. pneumoniae (CRKP) infections include poly-
myxins, tigecycline, aminoglycosides and fosfomycin, but
their use is limited by concerns about their efficacy and
safety [8], and there are increasing reports of resistance to
colistin and tigecycline [9, 10]. In the absence of aggressive
infection control, CRKP can easily and rapidly spread,
which explains why they have been responsible for out-
breaks of infection within and between healthcare facilities
[11]. Since 2010, Italy has seen a remarkable increase in the
occurrence of CRKP, which greatly contributed to the epi-
demic spread of carbapenem-resistant Enterobacteriaceae
(CRE) recorded by a countrywide cross-sectional survey,
the results of which were published in 2013 [12].
Methods of discriminating and characterising different

K. pneumoniae isolates are essential in order to be able to
direct the targeting of infection control resources. Trad-
itional systems based on phenotypes (serotypes, biotypes
or antibiograms), and molecular methods such as multi-
locus sequence typing (MLST) and repetitive extra-genic
palindromic polymerase chain reaction (REP-PCR) have long
been used, but may not provide sufficient resolution because
of the high degree of clonality of K. pneumoniae [13]. Fol-
lowing improvements in sequencing technologies, whole-
genome sequencing (WGS) is now well placed to become
the gold standard for bacterial typing as it can define the
complete genomic structure of a pathogen [14, 15] which, in
the case of K. pneumoniae, is one circular chromosome and
a variable number of small and large plasmids, the primary
sources of virulence and resistance [16–18].
We fully sequenced 68 K. pneumoniae strains isolated

at Luigi Sacco University Hospital-ASST Fatebenefratelli
Sacco (Milan, Italy) that had previously been tested for
drug susceptibility and carbapenemase phenotyping, and
investigated by means of REP-PCR. In order to compare
and integrate the microbiological, phenotypic and geno-
typic data with the in silico and whole-genome analyses,
we used web tools and bioinformatics software to char-
acterise the genotypic, resistance and virulence traits of
K. pneumoniae molecularly. Starting from the WGS
data, we defined the sequence type (ST) strains using in
silico MLST (the gold standard for Klebsiella genotyping),
determined correlations among the samples by analysing
the core single nucleotide polymorphisms (SNPs), and
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extracted molecular data that are important for clinical
and epidemiological purposes.

Methods
Testing susceptibility and detecting resistance phenotypes
Sixty-eight CRKP strains were collected from sixty-eight pa-
tients admitted to various wards of Luigi Sacco University
Hospital-ASST Fatebenefratelli Sacco (Milan, Italy) between
2012 and 2014. The bacterial strains were obtained from
routine microbiological cultures of clinical samples (e.g.
urine, wound exudates, bronchial secretions, blood or peri-
toneal fluid) collected from the medicine (32.4%), infectious
diseases (29.4%), surgery (21%), and other wards (8.8%),
and the intensive care unit (5.9%),.
The species and their antimicrobial susceptibility were

determined using the Vitek 2 automated system (BioMér-
ieux, Marcy l’Etoile, France): resistance to carbapenems was
established by interpreting the results of the antimicrobial
susceptibility test on the basis of the breakpoint criteria of
the European Committee on Antimicrobial Susceptibility
Testing [19], and susceptibility to colistin and tigecycline
was verified using the E-test (BioMérieux). Carbapenemase
phenotyping was carried out using the KPC + MBL Cor-
firm ID kit (Rosco Diagnostica A/S, Taastrup, Denmark) as
recommended by the manufacturer.

DNA extraction and quantification
Genomic DNA was extracted using an automated DNA/
RNA extraction system (Maxwell16, Promega, Madison,
WI, USA). The quality, quantity and purity of the DNA
were determined using an agarose gel NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and TBS-380 Mini-Fluorometer (Topac Inc.,
Cohasset, MA, USA).

Rep-PCR
REP-PCR, which studies intergenic repetitive coding se-
quences scattered across the genome, was carried out
using a DiversiLab K. pneumoniae fingerprinting kit (Bio-
Mérieux). The amplification products were detected and
sized using microfluidic Lab-Chips and the Agilent 2100
Bioanalyser (Agilent Technologies, Diegem, Belgium). The
DNA band patterns were analysed by means of DiversiLab
web-based software using Pearson correlation coefficient
pairwise pattern matching and the unweighted pair group
method with arithmetic mean (UPGMA) clustering algo-
rithm to create dendrograms.

WGS and in silico data analysis
The samples were fully sequenced using next-generation
sequencing on the Illumina MiSeq platform (San Diego,
CA, USA). The Nextera XT DNA protocol was followed
using 1–1.5 ng of starting DNA and a v3 kit (600 cycles).
The paired-end reads were barcode de-multiplexed into
separate samples, and quality checked in order to re-
move adapter sequences and bases with a quality score
of <25 using FastQC and Sickle software [20, 21]. The reads
were de novo assembled into contigs using Abyss-pe, ver-
sion 1.5.2 (k parameter = 63) [22], with contigs of >500 bp
being selected by means of an ad hoc script, and kept for
further analysis.
The in silico MLST analysis was made by comparing the

whole-genome sequences against the Klebsiella pneumo-
niae Pub MLST database (http://bigsdb.pasteur.fr/klebsi-
ella/klebsiella.html) in order to assign allelic numbers to all
ST loci. Phyloviz software based on the goeBURST algo-
rithm was used to visualise the evolutionary relationships
among the isolates [23, 24].
The resistome of antimicrobial resistance genes was

analysed using ResFinder-2.1 software (default identity
thresholds [ID] 98%) provided by the Center for Genomic
Epidemiology (http://www.genomicepidemiology.org) and
the resources of the Pasteur MLST K. pneumoniae data-
base, and by locally running the BLAST program. Previ-
ously described genes relating to AcrAB-TolC efflux
pump-dependent and pump-independent tigecycline re-
sistance mechanisms (acrR, ramR, marR, soxR, lon, rpsJ
and rpoC) [25, 26], and chromosomal (mgrB, pmrA/pmrB,
phoP/phoQ) and plasmidic (mcr-1 and mcr-2) colistin
resistance-related genes [27, 28] were analysed in order to
elucidate the possible determinants of tigecycline and co-
listin resistance. In the case of blaKPC-negative strains,
the possible association between carbapenem resistance
and the loss or alteration of outer membrane porins was
investigated by studying the ompK35 and ompK36 genes.
The virulome of virulence factors was analysed using

the Pasteur MLST K. pneumoniae database. The investi-
gated genes were those encoding for 3 fimbrial adhesins
(mrk operon), those involved in iron acquisition systems
(irp2, fya, kfu, ybt), and the wzi gene allele that allows
the determination of the Klebsiella capsular type.
PlasmidFinder-1.3 (ID 98%; http://www.genomicepide

miology.org) was used to define the content of the plasmid
replicon types, and PROVEAN was used to predict the bio-
logical impact of an amino acid substitution or indel on pro-
tein function [29]. The Mauve program was used to obtain
multiple DNA or protein sequence alignments [30]. SNPs
were detected using the kSNP v2.1.2 program (k-mer = 21),
which defines an SNP locus as an oligo of length k sur-
rounding a central SNP allele [31]. The maximum likelihood
tree based on the common SNPs detected in all of the ge-
nomes (core SNPs) was visualised using Dendroscope
v3.2.10 software [32].

Results
Traditional microbiological and molecular analyses
Figure 1 shows the antimicrobial susceptibility findings
and clonal relationships between the isolates obtained by

http://bigsdb.pasteur.fr/klebsiella/klebsiella.html
http://bigsdb.pasteur.fr/klebsiella/klebsiella.html
http://www.genomicepidemiology.org
http://www.genomicepidemiology.org
http://www.genomicepidemiology.org
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Fig. 1 Dendrogram analysis, virtual gel image of REP-PCR fingerprint patterns and antibiotic resistance profiles of 68 carbapenem-resistant K. pneumoniae
strains. Strains were considered to be genetically related if their fingerprint band patterns were ≥95% similar. Strains resistant, intermediate and sensitive to
antibiotics are shown in black, gray and white, respectively. P: Pattern, indicates samples with indistinguishable electrophoretic profile. G: Group, indicates
isolates differing for less than three electrophoretic bands
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means of traditional methods. The 68 isolates showed
resistance to all β-lactams and ciprofloxacin, and all but
one were carbapenemase producers. Almost 90% were
resistant to at least one of the two aminoglycosides
tested; 47% were resistant to tigecycline; seven samples
(10.30%) were resistant to colistin; and two (3.1%) were
intermediate/resistant to all of the tested antibiotics
(Additional file 1: Table S1).
The use of REP-PCR revealed 13 DiversiLab patterns

that clustered into five groups. The most prevalent was
cluster 3 (n = 46 samples) followed by cluster 1 (n = 13),
2 (n = 4), 4 (n = 2) and 5 (n = 2). One isolate was a
singleton (Fig. 1).

Whole-genome sequencing and in silico data analysis
The isolates’ final assembly obtained by means of WGS
ranged from 96 to 237 contigs of >500 bps/sample, with
N50 values of between 68,340 and 151,723, thus cover-
ing ~5.8 Mb of the K. pneumoniae genome. The mo-
lecular analysis was made in order to obtain information
about the MLST, resistomes, virulomes, plasmid replicon
types and core SNP genotypes of all of the strains (Fig. 2).
The MLST analysis, which was based on seven house-

keeping genes (rpoB, gapA, mdh, pgi, phoE, infB and tonB),
revealed six different sequence types, four of which (ST258,
ST512, ST745 and ST1519) were members of clonal com-
plex (CC) 258. ST258 was the “founding” CC genotype
whose diversification was reflected in the appearance of the
other STs: ST512 was a single-locus variant (SLV) of the
ancestral ST, whereas ST745 and ST1519 were double-
locus variants (DLVs). ST101 and ST307 were evolutionar-
ily independent of the CC. The GoeBURST radial diagram
(Additional file 2: Figure S1) shows the relatedness and pat-
terns of evolutionary descent among the defined STs: the
most representative were ST512 (46/68) and ST258 (16/
68), whereas three strains belonged to ST307 and a further
three were identified as ST101, ST745 and ST1519.
The in silico β-lactamase characterisation of the 68 se-

quenced isolates analysed 23 gene loci reported on the
Pasteur website. The most frequent carbapenemase pro-
ducing genes were blaKPC and blaSHV (both 98.53%),
followed by blaTEM (80.88%), blaCTX-M (4.41%) and
blaOXA (2.94%). The dissemination of blaKPC genes
was sustained by the blaKPC-2 variants (ST258 and two
ST307 isolates) and the blaKPC-3 allele (ST512 and
their ST745 and ST1519 single-locus variants, and one
ST307 isolate) (Fig. 2). Many blaKPC genes are associ-
ated with the Th4401 promiscuous transposon-related
structure (which is approximately 10 kb in size and con-
sists of a transposase, a resolvase, the blaKPC gene, and
two insertion sequences, ISKpn6 and ISKpn7) contained
in a number of different plasmids often belonging to
incompatibility (Inc) group F [33]. BLAST alignments
between the KPC-2 and KPC-3 contigs and the IncF
Tn4401a pKpQIL-IT plasmid region (Plasmid Accession
No. JN233705.2) showed that blaKPC-2 and blaKPC-3
genes were embedded in the Tn4401a transposon isoform.
The ST101 isolate (Kp27) was resistant to carbapenems

in the absence of blaKPC genes and, in this isolate alone,
the possible loss or alteration of outer membrane porins
was investigated. GenBank accession numbers for K. pneu-
moniae strains used as reference for OmpK35 and OmpK36
gene sequences were AJ011501 and FJ577673, respectively.
The ompK35 sequence of Kp27 showed a perfect match of
1195/1202 bp with the reference, and a nucleotide deletion
that leads to a truncated protein product of 63 amino acids.
The ompK36 sequence of Kp27 perfectly matched only
1098 of the 1151 ompK36_FJ577673 nucleotides and
20 bp gaps led to amino acid deletions and substitutions
(see Kp27_ST101_omp35_omp36_sequences_analysis.doc
in the Additional file 3).
In most of our isolates, the presence of β-lactamase

genes was associated with sequences encoding for resist-
ance to other classes of antibiotics: aminoglycosides
(aadA2, aadA5, aac(3′)-Ia, aac(6′)-Ib, strA, strB and
armA genes), fluoroquinolone (oqxA, oqxB, qnrB66 and
aac(6′)-Ib-cr genes), MLS (msrE, mphA and mphE
genes), phenicol (catA1 and catB3 genes), sulfonamide
(sul1 and sul2 genes), tetracycline (tetA gene) and tri-
methoprim (dfrA-12/14/17 alleles) (Fig. 2).
In order to investigate AcrAB-TolC efflux pump-

dependent and pump-independent tigecycline resistance
mechanisms, we analysed the sequences of the acrR,
ramR, marR, soxR, lon, rpsJ and rpoC genes [25, 26] by
aligning our isolates with the reference genes of the
tigecycline-susceptible isolate K. pneumoniae subsp. pneu-
moniae MGH78578 (GenBank Accession No. CP000647).
The most frequently observed mutations were SNPs, but
the gene sequences varied in terms of their presence,
mutations and deletions. However, it was not possible to
correlate these genomic features with tigecycline resist-
ance because of the presence of a common mutation in
susceptible, intermediate and resistant strains.
Many of the transcriptional regulation systems control-

ling lipopolysaccharide (LPS) modifications are involved
in colistin resistance and, recently, the mobile mcr-1 and



Fig. 2 Core SNP tree, resistome, virulome and plasmid replicon analysis of 68 carbapenem-resistant K. pneumoniae strains. The maximum likelihood core
SNP tree (left) was constructed by using K. pneumoniae 342 as reference genome. Major genetically distinct lineages are indicated by capital letters and
branches labelled in different colours on the basis of the MLST type. The resistome, virulome and plasmid replicon analysis boxes (right) show the presence
(grey) or absence (white) of the relevant genes for each of the isolates
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mcr-2 genes have been related to the increasing colistin
resistance induced by the over-use of polymyxins in ani-
mals [27, 28]. We studied the mgrB, pmrA/pmrB, phoP/
phoQ chromosomal genes taking the colistin-susceptible
isolate K. pneumoniae subsp. pneumoniae MGH78578
(GenBank Accession No. CP000647) as reference, and also
looked for the presence of plasmidic mcr-1 (reference: E.
coli pHNSHP45 Accession No. KP347127.1) and mcr-2
genes (reference: E. coli KP37 pKP37-BE Accession No.
NG_051171.1). The BLAST results revealed some changes
in the chromosomal genes, and nucleotide variations were
found in the pmrA/pmrB and phoP/phoQ genes of all of
the colistin-resistant strains (Kp6, Kp19, Kp34, Kp37,
Kp64, Kp65 and Kp68) and in colistin-sensitive isolates.
Conversely, there wee some interesting variations in the
mgrB gene in Kp19 and Kp37, with the locus being
disrupted by an IS5-like element (best match: KKBO-4
isolate, Accession No. HG008893.1). Isolates Kp6, Kp64,
Kp65 and Kp68 showed a wild-type mgrB gene, whereas
the Kp34 mgrB contig started with the query sequence,
and covered only 116/144 bps of the reference. The plas-
mid hits mcr-1 and mcr-2 were not found.
Figure 2 also shows the virulence repertoire detected in

our samples. The mrk operon, which encodes type 3 fim-
brial adhesins was detected in all of the isolates, and mrkD
and mrkH genes were respectively missing from some
ST512 and ST258 isolates. Aerobactin (irp2) genes, pesti-
cin/yersiniabactin receptor (fya) genes, iron uptake system
(kfu) genes, and alternative siderophore yersiniabactin
(ybt) genes were detected in only one ST512 sample
(Kp23), in all of the ST258 isolates except for Kp36, and
in ST101 and ST307. Comparison of the genomes of our
isolates with a reference K. pneumoniae strain (Kp13,
GenBank Accession No. CP003999) showed that the
virulence genes were located chromosomally. The iron ac-
quisition systems were in a region of genomic plasticity
consisting of a ~ 65 kbp integrative and conjugative elem-
ent related to the Yersinia pestis high pathogenicity island
(HPI), which is present in many Enterobacteriaceae genera
(Additional file 4: Figure S2). The presence of genes cod-
ing for the yersiniabactin siderophores (irp1 and irp2) are
characteristic of this HPI, and their occurrence in more
virulent K. pneumoniae strains has been previously re-
ported [34]. Finally, the K-antigens related to the wzi al-
leles detected in our isolates were K type-41/wzi-29 (all
ST258 samples), K not defined/wzi-154 or wzi-173 (ST307
and ST512) and K type-17/wzi-137 (ST101).
Using the PlasmidFinder web server, a total of nine plas-

mid replicon types were detected and characterised:
IncFIB(pQil), IncFIB(K), ColRNAI, IncX1, IncX3, IncFII(K),
IncN, IncL/M(pMU407 and IncFIA(HI1) (Accession Nos.
of reference plasmids currently included in the Genbank
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database: JN233705, JN233704, DQ298019, EU370913,
JN247852, CP000648, AY046276, U27345 and AF250878).
The similarity in alignment between the best matching
plasmid in the database and the corresponding sequence in
the input genome ranged from 97.97% to 100%. Between
three and five replicons were identified in each K. pneumo-
niae isolate and in various combinations: four arrangements
of three plasmid replicons, five different combination of
four replicon types, and two different combinations of five
plasmid replicons (Fig. 2).
A maximum likelihood core SNP tree of the 68 K.

pneumoniae isolates was constructed in order to provide
high-resolution strain tracking and discrimination. Of
the 38,120 SNPs identified, the 27,203 shared by all of
the isolates could be divided into four major and genet-
ically distinct lineages: A, B, C and D (Fig. 2). Lineage A
had two major subgroups: A1 and A2. Subgroup A1 in-
cluded seven ST512 isolates and the ST1519 isolate,
whose resistome, virulome and plasmid content was al-
most identical, with the main exception of isolate Kp23
(ST512), which carried the Yersinia pestis HPI and
belonged to the K type-41 group. The A2 isolates
(n = 40) clustered into two major branches A2a (six
ST512 isolates) and A2b (33 ST512 isolates and one
ST745 isolate). A2a included identical strains, with the
exception of the absence of the mrkH-7 gene in isolate
Kp9; the isolates in A2b were more variable and, inter-
estingly, all of the strains lacking the fimbrial adhesin
mrkD gene were in two separate sub-branches.
Lineage B had a series of six subgroups consisting of

double or single branches (nine ST258 isolates), and in-
cluded the strains with the most variable virulome, resis-
tome and plasmid content. However, seven of these
isolates, which were identical except for the presence of
the plasmid replicons IncX1 in isolate Kp22 and IncL/M
(pMU 407) in isolate Kp13, clustered together.
Lineage C included only the ST101 isolate, whereas

lineage D (three ST307 isolates) could be divided into
two subgroups on the basis of the resistome, virulome
and plasmid replicon analyses, with the two closest iso-
lates (containing the blaOXA genes and allele blaKPC-2)
being grouped together.
The core SNP analysis was highly consistent with

the MLST results and the resistome, virulome and plas-
mid profiles.

Discussion
Klebsiella pneumoniae infection is an imminent threat
to human health because of its virulence, its increasing
resistance to antibiotics, and its ability to spread silently
in human hosts who can act as carriers [34].
CRKP bacteria are some of the most challenging

antibiotic-resistant pathogens involved in nosocomial
infections worldwide because they greatly complicate the
therapeutic management of hospitalised patients, thus
leading to high morbidity and mortality rates, and also
increasing hospital costs [35]. The global CRKP-related
risk is even more worrying because of the growing number
of strains that are resistant to last-resort drugs such as
colistin and tigecycline [9, 10].
CRKP have rapidly become endemic in Italy, and there is

a considerable likelihood of infectious outbreaks [36–38].
The relatedness of isolates during hospital outbreaks has
traditionally been deduced on the basis of antimicrobial
susceptibility patterns, crude microbiological methods, or
molecular typing techniques such as REP-PCR and MLST,
which has limited our knowledge of their genetic diversity
within a single hospital [13].
WGS is becoming the gold standard in bacterial typing as

it provides fine resolution and is highly discriminant in
characterising isolates. Continuous technological advances,
improvements in turnaround times, and the accessibility of
DNA sequencing techniques are now approaching a stage
at which genomic data can be rapidly generated in
order to facilitate our understanding of the spread
and evolution of infectious agents within a clinically
useful time frame [39, 40].
The aim of this study was to analyse the alarming and

prolonged outbreak of KRCP infection that occurred be-
tween January 2012 and December 2014 in different wards
of Luigi Sacco University Hospital-ASST Fatebenefratelli
Sacco, Milan, Italy. Traditional methods were used to inves-
tigate the antimicrobial susceptibility and the clonal rela-
tionships of the CRKP strains, and this was complemented
by WGS data and the results of an in silico analysis that
allowed MLST, the characterisation of resistome, virulome,
plasmid content, and core SNP genotyping.
Antibiotic susceptibility testing of the CRKP strains circu-

lating in our hospital showed the emergence of multi-drug
resistance characterised by a worrying increase in tigecyc-
line and colistin resistance. These data were confirmed by
the in silico detection of the presence of genes conferring
resistance to β-lactam antibiotics, aminoglycosides, fluoro-
quinolones, phenicol, sulfonamide, tetracyclines, trimetho-
prim and macrolide-lincosamide-streptogramin. In line
with the findings of an Italian epidemiological survey, β-
lactamase characterisation of our CRKP isolates showed
the predominance of carbapenemase production, and that
the most frequently detected variants of the blaKPC gene
were blaKPC-2 and blaKPC-3. The blaSHV, blaTEM,
blaCTX-M and blaOXA genes were also detected. How-
ever, we were unable to establish any clear correlations be-
tween the genetic background and the most complicated
multifactorial tigecycline and colistin resistance mecha-
nisms. The observed SNPs and gene losses, mutations and
deletions were not exclusive to the tigecycline-resistant
strains as defined by microbiological methods, and deter-
mining whether the resistance was mutation related would
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have required complementary experiments and the evalu-
ation of expression levels. Moreover, although comparative
genomic analyses in Italy and Spain have demonstrated that
colistin resistance in K. pneumoniae clinical isolates follow-
ing exposure to colistin may be related to the insertional in-
activation of the mgrB gene [17, 37], this was found in only
two of our colistin-resistant isolates (Kp19 and Kp37).
The co-existence or co-evolution of antibiotic resist-

ance and virulence factors is one of the most worrying
possibilities as it could lead to the emergence of untreat-
able invasive K. pneumoniae infections. K. pneumoniae
strains can produce virulence factors such as fimbrial
adhesions, and capsule and iron uptake systems that
enhance colonisation. The expression of adhesins is par-
ticularly important during the colonisation stage, when
mechanical forces such as peristalsis and salivary secre-
tions hamper bacterial invasion of the host [41]. Type 3
fimbriae have been identified as accessories mediating
the formation of biofilms on biotic and abiotic surfaces
(e.g. catheters), and antimicrobial drug resistance can in-
crease the likelihood of bacterial cells existing in the bio-
film by up to one thousand times [42]. The presence of
type 3 fimbriae encoded by the mrk cluster in all of our
clinical isolates (39.7% involving complicated urinary in-
fections) supports the importance of this virulence trait
in the pathogenesis and spread of CRKP.
Capsules can also play an important role in Klebsiella

persistence inside and outside human hosts by resisting
complement-mediated lysis or phagocytosis, and offering
some protection against environmental desiccation; they
may also have a neutralising effect on antibodies as a re-
sult of the release of excessive capsular material [41].
However, we did not detect the presence of any of the
well-known hypervirulent capsular serotypes (i.e. K1, K2
and K5) in our isolates, which supports the view that
multidrug-resistant strains and hypervirulent clonal
complexes do not currently overlap [43].
Iron scavenging is important during infections because

hosts have little free iron under physiological conditions
[44]. Interestingly, our finding of the Yersinia pestis HPI
in all but one of the ST258 isolates from the 12 patients
with complicated urinary tract infections, and in one
ST512 isolate from a patient with septicemia, suggests that
these pathogens had adapted to their hosts very well. It
should be noted that the chromosomal rather than plasmi-
dic location of the virulence genes is a pathogenic strategy
because chromosomal genes are retained by replication
even in the absence of selective pressure, and this reduces
the likelihood of the gene being lost to the bacterial popu-
lation [18]. The pathogenicity of K. pneumoniae is further
increased by the additional and easy acquisition of β-
lactamase encoding genes although, ultimately, the suc-
cessful evolution of the infection also greatly depends on a
number of host-dependent factors [45].
Together with some specific characteristics of the bac-
terial strain, plasmid replicon content is currently used
as a marker for bacterial typing during epidemiological
investigations because it is the primary source of gene
variability [46]. K. pneumoniae can have multiple repli-
con types, which have been classified into discrete in-
compatibility (inc) groups or families on the basis of the
inability of closely related plasmids to stably propagate
within the same bacterial strain [47]. Whole-genome se-
quencing using short-read technologies (e.g. Illumina)
has become cheap and accessible, but some limitations
relating to de novo assembly prevent the accurate recon-
struction of the genomic context surrounding repeated
sequences in plasmids. However, comparison of our
68 Klebsiella genomic sequences with those in the Plas-
midFinder database allowed us to detect the plasmids
often associated with antimicrobial resistance in clinic-
ally relevant bacterial pathogens and relate them to the
sequences currently included in the database. The vari-
ability in plasmid structure and content among strains
isolated in the same hospital suggests that additional
plasmid types and arrangements may occur, and close
surveillance is required.
The genotyping results of the in silico MLST analysis

showed that, as in a number of other countries, the epi-
demic spread of CRKP in Italy is mainly due to hyper-
epidemic clonal complex 258. However, increasing clone
diversity has been reported in the literature [48], and our
samples included three ST307 strains and one ST101, in
addition to the ST512, ST258, ST745 and ST1519 strains.
The identification of the whole-genome core SNP set

allowed us to obtain a higher-resolution strain tracking
and discrimination than those provided by automated
REP-PCR, which is currently used in our hospital to in-
vestigate bacteria clonal relationships. The REP-PCR and
MLST results did not completely correlate: the REP-
PCR group 2 and larger group 3 contained all of the
ST258 strain and its variants ST745 and ST1519, but
also ST512 (Kp7), ST307 (Kp56) and ST101 (Kp27). The
phylogenetic core SNP tree showed that the four major
lineages correlated with the MLST results. Among the
isolates with the same ST, it was often possible to iden-
tify common genetic traits associated with virulence (the
Yersinia pestis HPI in all but one ST258 strain) and anti-
biotic resistance (ST258_blaKPC-2 and ST512_blaKPC-
3 isolates, and the common mgrB gene disruption in two
ST512 colistin- resistant strains). However, the phylo-
genetic reconstruction obtained from the core genome
SNPs, which correlated well with the genome back-
ground of related isolates, was not fully corroborated by
conventional epidemiological data.
The effective tracing and tracking of outbreak isolates

in order to control the spread of K. pneumoniae requires
a detailed understanding of possible transmission routes.
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In healthcare settings, Klebsiella bacteria can spread
as a result of person-to-person contact or, less fre-
quently, environmental contamination. Unfortunately,
the retrospective nature of this study means that it
has some limitations in terms of the acquisition of
the patients’ epidemiological and clinical data. For ex-
ample, it was often impossible to find details concern-
ing previous hospitalisations in other facilities or
previous antibiotic treatments in the patients’ medical
records, or establish the degree of environmental
contamination during a patient’s stay in our hospital.
Consequently, our analysis hypothesised possible
patient-to-patient transmission events only on the
basis of blaKPC gene correlations between the iso-
lates of patients who were in the same ward for an
overlapping period. In the A2a sub-lineage, the Kp1
and Kp5 samples were isolated from two patients in
the infectious diseases ward within a period of just a
few days. In the A2b sub-lineage, two ST512 isolates
(Kp8 and Kp10) from patients simultaneously admit-
ted to the general surgery ward, two isolates (Kp24
and Kp28) from patients in the medicine ward, and
two isolates (Kp61 and Kp62) from patients in the in-
fectious diseases ward were considered to be involved
in person-to-person transmission. Two further strains
(Kp3 and Kp7), which grouped closely in the B
branch of the core SNP tree, were recovered from pa-
tients simultaneously staying in the surgery ward.
These results only partially correlated with the REP-
PCR data, which showed a very close genetic correl-
ation only in the case of two isolate pairs (Kp8/Kp10
and Kp24/28).
Conclusion
In conclusion, our findings show that whole-genome
analysis can accurately reconstruct the molecular
characterisation of isolates, including resistome, viru-
lome and plasmid replicon content, and determine
the phylogenetic relationships among strains circulat-
ing in a single hospital. The future clinical implemen-
tation of real-time sequencing could transform the
surveillance and management of problematic nosoco-
mial pathogens by overcoming the resolution limita-
tions of analysing only a small portion of the genome.
The latest techniques may also reduce working times
and allow the prompt administration of the best treat-
ment, thus avoiding the emergence of new antibiotic-
resistant strains. Finally, it may be possible to identify
the genetic variations underlying changes in bacterial
virulence or tissue specificity, and genomic surveil-
lance of these key phenotypic attributes may improve
our understanding of the pathogenicity of multi-
resistant agents and control its evolution.
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