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ABSTRACT Carbapenem-resistant Enterobacteriaceae (CRE), especially Klebsiella pneumoniae carbapenemase (KPC)-producing
K. pneumoniae, pose an urgent threat in health facilities in the United States and worldwide. K. pneumoniae isolates classified as
sequence type 258 (ST258) by multilocus sequence typing are largely responsible for the global spread of KPC. A recent compara-
tive genome study revealed that ST258 K. pneumoniae strains are two distinct genetic clades; however, the molecular origin of
ST258 largely remains unknown, and our understanding of the evolution of the two genetic clades is incomplete. Here we com-
pared the genetic structures and single-nucleotide polymorphism (SNP) distributions in the core genomes of strains from two
ST258 clades and other STs (ST11, ST442, and ST42). We identified an ~1.1-Mbp region on ST258 genomes that is homogeneous
to that of ST442, while the rest of the ST258 genome resembles that of ST11. Our results suggest ST258 is a hybrid clone— 80% of
the genome originated from ST11-like strains and 20% from ST442-like strains. Meanwhile, we sequenced an ST42 strain that
carries the same K-antigen-encoding capsule polysaccharide biosynthesis gene (cps) region as ST258 clade I strains. Comparison
of the cps-harboring regions between the ST42 and ST258 strains (clades I and II) suggests the ST258 clade I strains evolved from
a clade II strain as a result of cps region replacement. Our findings unravel the molecular evolution history of ST258 strains, an
important first step toward the development of diagnostic, therapeutic, and vaccine strategies to combat infections caused by
multidrug-resistant K. pneumoniae.

IMPORTANCE Recombination events and replacement of chromosomal regions have been documented in various bacteria, and
these events have given rise to successful pathogenic clones. Here we used comparative genomic analyses to discover that the
ST258 K. pneumoniae genome is a hybrid— 80% of the chromosome is homologous to ST11 strains, while the remaining 20% is
homologous to that of ST442. Meanwhile, a recent study indicated that ST258 strains can be segregated into two ST258 clades,
with distinct capsule polysaccharide gene (cps) regions. Our analysis suggests ST258 clade I strains evolved from clade II through
homologous recombination of cps region. Horizontal transfer of the cps region appears to be a key element driving the molecular
diversification in K. pneumoniae strains. These findings not only extend our understanding of the molecular evolution of ST258
but are an important step toward the development of effective control and treatment strategies for multidrug-resistant K. pneu-
moniae.
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Klebsiella pneumoniae carbapenemase (KPC) has emerged as a se-
rious clinical challenge in health care facilities in the United States

and worldwide (1). The blaKPC-harboring plasmid encoding the car-
bapenemase has been found in numerous K. pneumoniae sequence
types (STs)/clones as well as in other Gram-negative species; how-
ever, the vast majority of the global KPC-producing K. pneumoniae
isolates are associated with a single multilocus sequence type—
ST258 (2–4). K. pneumoniae ST258 emerged as a notable clinical
problem in the middle 2000s in the United States and remains the
main ST in the United States and elsewhere (3–6).

Recently, two KPC-harboring K. pneumoniae ST258 clinical
isolates were sequenced to closure (7). These genomes were used
as references for a comparative genome analysis of 83 ST258 clin-

ical isolates collected between 2002 and 2012 from geographically
diverse sources. Phylogenetic analysis of the core genome of these
isolates revealed that ST258 K. pneumoniae strains are comprised
of two distinct genetic clades (ST258 clades I and II), largely due to
an ~215-kb region of divergence (RD) that includes genes in-
volved in capsular polysaccharide (CPS) biosynthesis (7). Further
genotyping analysis with 2 cps-associated genes, wzi and wzy, in
ST258 and other unrelated K. pneumoniae strains identified the
ST258 clade I genotype in genetically distinct ST42 strains (7).
Interestingly, a GenBank BLAST search using nucleotides encom-
passing the ST258 clade II cps region indicated this region is highly
similar to that of a Brazilian ST442 strain, Kp13, which harbors
cpsKp13 (8, 9).
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The emergence and global spread of ST258 and recent reports
that this clone has diversified as a result of recombination and
replacement of the cps region raise the question of its evolutionary
history. One speculation is that ST11 (allelic profile 3-3-1-1-1-1-
4), a highly predominant multidrug-resistant clone in Asia and
South America (10–12), and a single-locus variant of ST258 (al-
lelic profile 3-3-1-1-1-1-79) gave rise to the ST258 clone through
the acquisition of the tonB79 allele (13).

To better understand the phylogeny of the ST11 and ST258
lineages, we compared the genomes of three ST11 strains
(HS11286, JM45, and ATCC BAA-2146), three ST258 strains
(NJST258_1, NJST258_2, and Kp1787 [a representative ST258
clade I strain present in our collection]), and an ST42 strain,
Kp1832. The comparative analysis of these genomes indicates that
large and repeated chromosomal exchanges in K. pneumoniae
have occurred between ST11 and ST258, with a significant role for
ST442 in the recent molecular evolution of epidemic ST258
strains.

RESULTS
Large ~1.1-Mbp recombination region in ST258. To elucidate
the phylogenetic relationship among ST258, ST11, and ST442
strains, we first compared the genome sequences of six closed
Klebsiella pneumoniae strains (Table 1). The size of the chromo-
somes was on average ~5.3 Mbp, but the number of mobile ge-
netic elements (MGEs), including plasmids, prophages, inte-
grated conjugative elements (ICEs), and insertion sequences (IS),
varied (Table 1; see Fig. S1 in the supplemental material). Consis-
tent with multilocus sequence typing (MLST) (Fig. 1A), which
indicates ST11 and ST258 differ by a single locus (the tonB allele
distinguishes the two sequence types), the 3 ST11 and 2 ST258

genomes have 7 of 8 prophages in common, and all harbor
ICEKp258.1 (see Fig. S1). Sequence comparison among the tonB
alleles shows tonB79 (in ST258) differs from tonB4 (in ST11) by
four single-nucleotide polymorphisms (SNPs) and differs from
tonB14 (in ST442) by a single SNP. Of note, the three ST11 strains
(HS11286, JM45, and ATCC BAA-2146) harbor three different cps
operons, a finding similar to the distinguishing cps genotypes in
ST258 clade I and II strains and which supports the observation
that cps switching provides K. pneumoniae the plasticity to change
its antigenic nature (Fig. 1B).

Comparative genome and SNP distribution analyses of the
core chromosome region, as depicted in Fig. 1B, uncovered a
number of surprising findings given the MLST results for ST11
and ST258. Except for differences in the tonB allele and the region
encoding the capsular polysaccharide biosynthetic machinery, the
6 genomes of ST11 and ST258 have a high degree of identity (re-
gions of the same color in Fig. 1B). However, further analysis of
the RD and flanking nucleotides revealed that the differences be-
tween ST11 and ST258 were expansive, covering an ~1.1-Mbp
contiguous region corresponding to nucleotide positions
1,660,631 to 2,723,681 in strain NJST258_1 (Fig. 1). Significantly,
the ~1.1-Mbp region identified in ST258 clade I and II strains has
identical chromosomal nucleotide boundaries (Fig. 2).

Analysis of SNPs in the genomes of ST258 strains (NJST258_1,
NJST258_2, and Kp1787) and ST11 strains (HS11286, JM45, and
ATCC BAA-2146) indicated that these strains differ by an average
of 9,647 SNPs, and 98.1% (9,460 SNPs) of these polymorphisms
are concentrated in the contiguous ~1.1-Mbp region (identified
above), which represents 20% of the genome (Fig. 3). By compar-
ison, the genomes of ST258 strains and ST442 strain Kp13 differed
by 21,095 SNPs, consistent with their genetically distinct MLST

TABLE 1 Features of completely sequenced ST258, ST11, and ST442 genomes

Parametera

Result for strain:

NJST258_1 NJST258_2 HS11286 JM45 ATCC BAA-2146 Kp13

ST no. 258 258 11 11 11 442
Yr 2010 2010 2011 2010 2010 2009
Country United States United States China China United States Brazil
bla genes blaKPC-3, blaOXA-9,

blaTEM-1

blaKPC-3, blaSHV-11 blaKPC-2,
blaCTX-M-14,
blaTEM-1

blaKPC-2,
blaCTX-M-24,
blaVEB-3

blaNDM-1, blaCTX-M-15,
blaCMY-6, blaOXA-1,
blaTEM-1, blaSHV-11

blaKPC-2, blaCTX-M-2,
blaOXA-9, blaTEM-1,
blaSHV-12, blaSHV-110

Size (bp) 5,263,329 5,293,301 5,333,942 5,273,813 5,435,369 5,307,003
G�C content (%) 57.4 57.5 57.5 57.5 57.3 57.5
No. of CDS 5,475 5,434 5,316 4,872 5,315 5,189
rRNA (n) 25 25 25 25 25 24

16S 8 8 8 8 8 8
23S 8 8 8 8 8 8
5S 9 9 9 9 9 8

tRNA (n) 77 86 87 83 85 86
Plasmids (n) 5 3 6 2 4 6
Prophages (n) 8 7 7 7 8 2
ICEs (n) 2 2 2 1 3 1
IS elements (n) 22 19 23 14 23 31
IS family (n) IS1294 (3), IS1400 (1),

IS5 (7), IS5075 (1),
IS903 (2), ISKpn1
(5), ISKpn18 (2),
ISSm1 (1)

IS1294 (2), IS1400 (1),
IS5 (7), IS903 (2),
ISKpn1 (5),
ISKpn18 (2)

IS1 (1), IS5 (1),
IS903 (7), ISEc22
(1), ISEcp1 (6),
ISKpn1 (6),
ISKpn18 (1)

IS1400 (1), IS5 (1),
ISEcp1 (1), ISKpn1
(6), ISKpn18 (6)

IS1 (1), IS1222 (1),
IS1400 (1), IS2 (2),
IS26 (2), IS6100 (1),
IS66 (3), ISEc36 (2),
ISEcp1 (2), ISKpn1
(5), ISKpn18 (2),
ISKpn21 (1)

IS1 (7), IS10 (1),
IS1222 (1), IS4321
(2), IS3 (1), IS5 (3),
IS903 (7), ISEc11
(2), ISEcp1 (1),
ISKpn1 (5),
ISKpn21 (1)

a ICE, integrated conjugative element; IS, insertion sequence; CDS, coding sequences.
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profiles (Fig. 1B and SNP matrix in Fig. 3). Most significantly, the
SNP mapping revealed contiguous ~1.1-Mbp regions that were
nearly identical in ST258 clade II (NJST258_1 and NJST258_2)
and ST442 (Kp13) strains, differing by only 206 SNPs (1.0%). As
depicted in Fig. 1B, the comparative genomic organization and
SNP results provide additional support to the idea that the ST258
clade II strain is a hybrid strain containing 80% (~4.2 Mbp) of the
chromosome from ST11 and 20% (~1.1 Mbp) from ST442
(Fig. 1B).

The ~1.1-Mbp chromosomal region in ST258 clade I and II
strains contains the ~215-kb RD and the cps gene cluster (Fig. 2).
ICEKp258.2 is common to the prototype ST258 strains shown in
Fig. 1B but is absent from ST442 strain Kp13. To determine the
level of conservation of ICEKp258.2 among ST258 clinical iso-
lates, we analyzed the DNA contigs of 83 additional ST258 ge-
nomes sequenced in our previous study (7). We found that
ICEKp258.2 is conserved in all of the queried ST258 genomes, and
the insertion of this element in ST258 clade I and II genomes is at
the same tRNA-Asn site (data not shown).

cps replacement in ST258 strains. In our previous study, we
identified seven ST42 strains that harbored cps genetic markers
(wzy and wzi) that are identical to those in ST258 clade I strains
(7), and we hypothesized that this unrelated sequence type (ST42)
was the donor for the cps region in ST258 clade I strains. As a first
step toward testing this hypothesis, we used Illumina Miseq to
sequence the DNA in the cps region of ST42 and ST258 clade I
strains and that in strain Kp1832, a representative ST42 isolate in
our strain collection. The gross organization between ST42 and
ST258 strains indicates their distal genetic relatedness (Fig. 1B), a
finding consistent with MLST data. An SNP analysis confirmed
that there was significant genome divergence between ST258 and
ST42 strains. A total of 31,157 SNPs distinguished the three ST258
strains from the ST42 strain, Kp1832, and 27% of these SNPs
(8,444 SNPs) were located in the ~1.1-Mbp recombination region
(Fig. 3).

Since the two sequenced reference strains (NJST258_1 and
NJST258_2) were genotyped as ST258 clade II strains, we created
a de novo genome sequence of the prototypic ST258 clade I strain

mdh infB tonB gapA phoE pgi rpoB

ST11
ST258
ST442
ST42

1   3
1   3
2  20
1   6

4
79
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3
3
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1
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1  11
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   (ST11)
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 (ST11)
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         (ST11)
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   (ST258 clade II)
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   (ST42)

~1.1 MB

ICE Kp258.2

0
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FIG 1 (A) MLST allele locations on NJST258_1 genome. The light green arrow denotes the genome of NJST258_1, and the light blue region shows the ~1.1-Mbp
putative recombination region between the ST11 and ST442 genomes. The chromosomal positions of the seven MLST housekeeping genes (gapA, infB, mdh, pgi,
phoE, rpoB, and tonB) are illustrated beneath the genome arrow of NJST258_1, and the corresponding allele numbers for ST11, ST258, ST442, and ST42 are listed
below the gene names. (B) Core genome SNP distributions in the ST11, ST258 (clades I and II), ST442, and ST42 strains. The number of SNPs (y axis) per 1,000 nt
is plotted according to the position on the NJST258_1 genome (x axis). Different homogeneous regions (�98% identity based on SNP comparisons) are color
coded. Specifically, the ~52-kb cps-containing regions in Kp1787 (ST258 clade I) and Kp1832 (ST42), which are nearly identical in these strains, are shaded in
green. ICEKp258.2 and cps are illustrated by small vertical bars, and the same cps regions are shown in the same color.
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(Kp1787) to use as a clade I reference genome. An ~450-kb region
of the Kp1787 genome, which contains the entire ~215-kb RD,
was used as a reference to examine recombination events between
Kp1832 (ST42) and Kp1787 (an ST258 clade I strain). The com-
parison revealed a nearly identical region (2 SNPs) spanning
~52 kb that contains the cps region; the alignment of the two
regions maps to the start of this DNA replacement at the same
location in the RD region (Fig. 2). In addition, the ICEKp258.2
element is absent from strain Kp1832, and there is nucleotide
divergence outside the aforementioned ~52-kb region (Fig. 1 and
2).

Comparative sequence analysis further showed that the neigh-
boring sequences upstream and downstream from this ~52-kb
region are identical in ST258 clade I and II strains (Fig. 2). In
addition, the SNP distribution among the 85 ST258 genomes re-
ported in our previous study revealed that 592 (89%) of the 664
SNPs in the RD are located within the ~52-kb cps-harboring re-
gion (7). Together, the genomic findings are consistent with the
hypothesis that clade I evolved rapidly through the acquisition of
the cps region from an ST42 strain. The evidence provided above
strongly suggests that replacement of the original (presumably
ST258 clade II) cps region in clade I contributes largely to the
noted phylogenetic difference between the two ST258 clades.

blaKPC-harboring genetic element. We and others have re-
ported that the blaKPC gene in ST258 strains is carried exclusively
by a Tn3-based transposon, Tn4401 (5, 7, 14). Tn4401 is 10 kb in
length, delimited by two 39-bp imperfect inverted repeat (IR) se-
quences, and harbors the blaKPC gene, a Tn3 transposase gene
(tnpA), a Tn3 resolvase gene (tnpR), and two insertion sequences,
ISKpn6 and ISKpn7 (15) (see Fig. S2 in the supplemental mate-
rial). In contrast, ST11 and ST442 strains harbor blaKPC-
containing elements that are distinct from those in ST258 strains
(see Fig. S2) and share only ~2 kb of sequence with Tn4401. Col-

lectively, these findings suggest ST258 strains are hybrid strains
that arose from an ancestral ST11 strain that acquired an ~1.1-
Mbp contiguous chromosomal segment from an ST442-like
strain by DNA recombination/replacement. The identification of
distinct blaKPC-harboring elements in ST258, ST11, and ST442
strains indicates blaKPC was acquired by ST258 strains via horizon-
tal gene transfer (rather than by vertical gene transmission from
ST11 or ST442 parental strains) after the recombination events.

DISCUSSION

The current rise of KPC-producing K. pneumoniae infections in
U.S. health care facilities has been overwhelmingly associated with
strains typed as ST258. To better understand the evolutionary
history of this epidemic clone, we compared the genome se-
quences of ST258 strains, single-locus variant ST11 strains, and
other selected K. pneumoniae strain types. Notably, we discovered
that ST258 strains are hybrid strains comprised of genomic DNA
from ST11 (~80%) and ST442 (~20%)-like strains—presumably
the product of a large chromosomal replacement event.

Recombination events and replacement of large chromosomal
regions have been documented in various bacteria, and there are
reported examples where the hybrid strains are associated with
epidemiological success. Robinson and Enright were the first to
report a naturally occurring bacterial hybrid—in this case, in a
Staphylococcus aureus strain known as ST239 (16). This hybrid
strain is a pandemic methicillin-resistant S. aureus (MRSA) strain
responsible for ~90% of the nosocomial infections throughout
mainland Asia and much of South America (17). ST239 is com-
prised of large chromosomal regions from two distantly related
lineages, ST8 and ST30. Approximately 20% of the ST8 genome
was replaced with an ~550-kb contiguous chromosomal fragment
from an ST30 donor strain, thereby creating ST239. This appar-
ently rare molecular event has not been explained or reproduced

cps ICEKp258.2

cps ICEKp258.2

tonB

FIG 2 Upstream and downstream junction SNPs for the ~1.1-Mbp recombination fragment and cps region in ST258, ST442, and ST42 strains. The start site of
the replacement of the ~52-kb cps-harboring region is the same as that of the ~215-kb RD in ST258 II clades (7). Sequences were obtained from Kp1878 (an ST258
clade I strain), NJST258_1 (an ST258 clade II strain), JM45 (an ST11 strain), Kp1832 (an ST42 strain), and Kp13 (an ST442 strain).
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in the laboratory. In group B Streptococcus (GBS), large single
chromosomal replacement events and multiple localized recom-
bination events occur naturally and can be reproduced in the lab-
oratory (18). For GBS, conjugation is the molecular pathway for
genomic movement (19). It is worth noting that genetic replace-
ment of the GBS cps region between unrelated sequence types is
the common mechanism by which this species alters its surface
antigen composition (18). Similarly, cps region replacement-
associated capsular switching has also been suggested as being an
intrinsic feature throughout the evolutionary history of Strepto-
coccus pneumoniae (20).

Here we discovered that ST258 clade II strains are hybrid strains in
which 20% of the K. pneumoniae ST11 genome was replaced with a

homologous ~1.1-Mbp contiguous region from a strain in the ST442
lineage. This region, which includes the previously described region
of difference (RD) and capsular polysaccharide biosynthetic genes,
has molecular scars of multiple localized recombination events, sim-
ilar to the phenomenon in Streptococcus agalactiae (18, 19). The find-
ing that ST442 and ST258 have a contiguous chromosomal region in
common and that the nucleotide boundaries between the ST442 and
ST258 clade I and II genomes are indistinguishable (Fig. 2) is evidence
that the recombination event creating an ST11 and ST442 hybrid
strain likely occurred once, thereby creating the ST258 clade II lineage
(Fig. 4).

Based on recent genome-scale studies, there have been numer-
ous putative chromosomal recombination events involving the

(ST11)

(ST258 clade II)

(ST442)

(ST42)

NJST258_1
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35032/12338

31848/8590

NJS
T25

8_
2
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(ST258 clade I)

FIG 3 (A) SNP matrix for different K. pneumonaie strains. The matrix is illustrated as (total no. of SNPs/no. of SNPs in the ~1.1-Mbp recombination region).
Green shading indicates the number of SNPs in ST258 strains compared to that in ST11 strains. Orange shading indicates the number of SNPs in ST258 strains
compared to that in ST442 strains. (B) Phylogenetic analysis of the eight isolates based upon 52,135 concatenated SNPs in the core genome.
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region encoding the CPS biosynthetic machinery (7). ST258
clades I and II have distinct cps regions, and this is also true of the
three ST11 strains analyzed in this study (Fig. 1B), further sup-
porting the notion that DNA exchange in and around the cps
regions may be a general mechanism used by K. pneumoniae to
rapidly diversify and that novel clades arise through cps switching
between ST258 (clade I or II) and unrelated K. pneumoniae se-
quence types.

The presence, absence, and diversity of genetic landmarks
within the acquired ~1.1-Mbp region provide clues into ST258’s
recent evolutionary origin and the extent of its genomic plasticity.
ICEKp258.2, which is absent in ST442, is present in both ST258
clades, where its chromosomal insertion site is conserved, suggest-
ing that this ICE was acquired after the major genome recombi-
nation event that gave rise to ST258 (Fig. 4). In support of the
notion that ICEKp258.2 is a relatively recent acquisition, the G�C
content of ICEKp258.2 is 37.1%, significantly less than the
~57.5% G�C content of the entire K. pneumoniae chromosome.
Taken together, these observations provide evidence that
ICEKp258.2 is exogenous and was likely acquired once by ST258,
before the recombination events involving the cps regions in
clades I and II (Fig. 4). Moreover, the replacement of the ST258
clade II cps region with that from ST42 (thus creating clade I)
occurred after the acquisition of ICEKp258.2 (Fig. 4).

Adler and colleagues investigated the association of the
ICEKp258.2 with ST258 by testing160 K. pneumoniae strains with
diverse sequence types for the presence of pilV, a gene carried on
ICEKp258.2 (21). They found that pilV was present only in ST258
and genetically related strains. Based on sequence analysis,
ICEKp258.2 harbors a type IV pilus gene cluster and a type III
restriction-modification system. A type IV pilus could increase the
uptake and exchange of DNA, such as plasmids, as well as facilitate
adherence to living and nonliving surfaces— e.g., the human gut
or the environment (22)—which may in part explain the high
transmissibility of ST258 strains and the movement of KPC genes.
Additionally, a type III restriction-modification system could
serve in “host specificity” regarding the exchange of certain com-
patible plasmids and other mobile elements (23). Restriction of
plasmids and specific mobile elements may explain the differences
observed between ST11 (which lacks ICEKp258.2) and ST258, as

the former is associated with a broad range of plasmids and car-
bapenemases (KPC, VIM, IMP, NDM, and OXA-48) (10–12, 24–
28), whereas ST258 strains predominantly harbor KPC. Taken
together, the association of ICEKp258.2 with ST258 K. pneu-
moniae strains raises the possibility that this element may contrib-
ute to epidemiological success of this sequence type. To investigate
whether ICEKp258.2 could potentially be an “epidemic clone-
specific” target, we are currently investigating the impact of alter-
ing the type IV pilus gene cluster and the type III restriction-
modification system in this element.

Taken together, our findings underscore the role of recombi-
nation in the rapid evolution of clinical strains of K. pneumoniae
in both creating hybrid clones and in more localized chromo-
somal replacements that alter antigenic presentation and ulti-
mately divert the host response.

MATERIALS AND METHODS
Sequence information. Data used in comparative analysis were down-
loaded from the NCBI database (http://www.ncbi.nlm.nih.gov/genome/
genomes/815), including complete genome sequences and annotation of
K. pneumoniae isolates HS11286 (CP003200) (29), JM45 (CP006656),
ATCC BAA-2146 (CP006659) (30), Kp13 (CP003999) (8),
NJST258_1(CP006923) (7), and NJST258_2 (CP006918) (7). Additional
sequence data were retrieved from our recent study on K. pneumoniae
ST258 (7).

Genome sequencing and assembly. Strain Kp1832 was selected from
one of the seven ST42 K. pneumoniae isolates that carry the same wzy and
wzi genes as ST258 cps-1 strains (7). Genomic DNA isolation and library
preparation were performed as described previously (7). The genome was
sequenced using an Illumina MiSeq platform, which generated 250-bp
paired-end reads. De novo assembly for Kp1832 and Kp1787 (a represen-
tative ST258 clade I strain, selected from our previous study [7]) was
accomplished by using a combination of CLC genomic workbench (v
7.0.3; CLC Bio, Aarhus, Denmark), Mira (31), and Velvet (32). The best
assemblies from each method were combined using Geneious Pro soft-
ware in order to generate the supercontig for the cps-harboring element.

Comparative genomics analysis. Visualization of circular genome
comparisons was performed using the BLAST ring image generator
(BRIG) (33). Prophages were identified by PHAST (34). Insertion se-
quences were identified using the IS Finder database (http://www
-is.biotoul.fr). De novo assembled contigs from Kp1832 and Kp1787 were
ordered and oriented relative to the NJST258_1 genome and then com-

ST11-like

ST442-like

ICEKp258.2

ST258
clade II

cps Kp13
(cps 258-2)

ST42

ST258
clade I

cps
(cps 258-1)

cps 258-2 cps 258-1

FIG 4 Hypothesized evolutionary history in K. pneumoniae ST258 strains.
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bined together as a pseudochromosome using the Mauve contig mover
(35). Multiple genome sequence alignments and comparison analysis
were then performed with Mauve (35). For core genomic analysis, SNPs
located on the MGEs, including prophases, ICEs, and insertion elements,
as well as those on rRNAs and tRNAs, were excluded. The concatenated
SNPs were used to generate a consensus phylogenetic tree by the maxi-
mum likelihood method based on the Tamura-Nei model with the MEGA
5 software (36). The SNP distribution among different genome sequences
was inferred from genome alignment using Mauve (35), and SNPs were
counted on a 1,000-nucleotide (nt) window based on the nucleotide po-
sition on NJST258_1.

Nucleotide sequence accession numbers. Illumina short read data for
ST258 have been deposited in the Sequence Read Archive (SRA) database
under accession no. SRP036874 (7). The Illumina short read data for
Kp1832 have been deposited in the SRA database under accession no.
SRX512850.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01355-14/-/DCSupplemental.

Figure S1, EPS file, 25.9 MB.
Figure S2, EPS file, 1.1 MB.

ACKNOWLEDGMENTS

This work was supported in part by a grant (to B.N.K.) from the National
Institutes of Health (1R01AI090155) and the Intramural Research Pro-
gram of the National Institute of Allergy and Infectious Diseases, National
Institutes of Health.

B.N.K. discloses that he holds two patents that focus on using DNA
sequencing to identify bacterial pathogens.

REFERENCES
1. CDC. 2013. Antibiotic resistance threats in the United States, 2013. CDC,

Atlanta, GA.
2. Patel G, Bonomo RA. 2013. “Stormy waters ahead”: global emergence of

carbapenemases. Front. Microbiol. 4:48. http://dx.doi.org/10.3389/
fmicb.2013.00048.

3. Munoz-Price LS, Poirel L, Bonomo RA, Schwaber MJ, Daikos GL,
Cormican M, Cornaglia G, Garau J, Gniadkowski M, Hayden MK,
Kumarasamy K, Livermore DM, Maya JJ, Nordmann P, Patel JB,
Paterson DL, Pitout J, Villegas MV, Wang H, Woodford N, Quinn JP.
2013. Clinical epidemiology of the global expansion of Klebsiella pneu-
moniae carbapenemases. Lancet Infect. Dis. 13:785–796. http://
dx.doi.org/10.1016/S1473-3099(13)70190-7.

4. Tzouvelekis LS, Markogiannakis A, Psichogiou M, Tassios PT, Daikos
GL. 2012. Carbapenemases in Klebsiella pneumoniae and other
Enterobacteriaceae: an evolving crisis of global dimensions. Clin. Micro-
biol. Rev. 25:682–707. http://dx.doi.org/10.1128/CMR.05035-11.

5. Kitchel B, Rasheed JK, Patel JB, Srinivasan A, Navon-Venezia S, Car-
meli Y, Brolund A, Giske CG. 2009. Molecular epidemiology of KPC-
producing Klebsiella pneumoniae isolates in the United States: clonal ex-
pansion of multilocus sequence type 258. Antimicrob. Agents Chemother.
53:3365–3370. http://dx.doi.org/10.1128/AAC.00126-09.

6. Schwaber MJ, Lev B, Israeli A, Solter E, Smollan G, Rubinovitch B,
Shalit I, Carmeli Y, Israel Carbapenem-Resistant Enterobacteriaceae
Working Group. 2011. Containment of a country-wide outbreak of
carbapenem-resistant Klebsiella pneumoniae in Israeli hospitals via a na-
tionally implemented intervention. Clin. Infect. Dis. 52:848 – 855. http://
dx.doi.org/10.1093/cid/cir025.

7. DeLeo FR, Chen L, Porcella SF, Martens CA, Kobayashi SD, Porter AR,
Chavda KD, Jacobs MR, Mathema B, Olsen RJ, Bonomo RA, Musser
JM, Kreiswirth BN. 2014. Molecular dissection of the evolution of
carbapenem-resistant multilocus sequence type 258 Klebsiella pneu-
moniae. Proc. Natl. Acad. Sci. U. S. A. 111:4988 – 4993. http://dx.doi.org/
10.1073/pnas.1321364111.

8. Ramos PI, Picão RC, Almeida LG, Lima NC, Girardello R, Vivan AC,
Xavier DE, Barcellos FG, Pelisson M, Vespero EC, Médigue C, Vascon-
celos AT, Gales AC, Nicolás MF. 2014. Comparative analysis of the
complete genome of KPC-2-producing Klebsiella pneumoniae Kp13 re-

veals remarkable genome plasticity and a wide repertoire of virulence and
resistance mechanisms. BMC Genomics 15:54. http://dx.doi.org/10.1186/
1471-2164-15-S2-P54.

9. Chen L, Chavda KD, Findlay J, Peirano G, Hopkins K, Pitout JD,
Bonomo RA, Woodford N, Deleo FR, Kreiswirth BN. 14 April 2014.
Multiplex PCR for identification of two capsular types in epidemic KPC-
producing Klebsiella pneumoniae ST258 strains. Antimicrob. Agents Che-
mother. http://dx.doi.org/10.1128/AAC.02673-14.

10. Qi Y, Wei Z, Ji S, Du X, Shen P, Yu Y. 2011. ST11, the dominant clone
of KPC-producing Klebsiella pneumoniae in China. J. Antimicrob. Che-
mother. 66:307–312. http://dx.doi.org/10.1093/jac/dkq431.

11. Pereira PS, de Araujo CF, Seki LM, Zahner V, Carvalho-Assef AP,
Asensi MD. 2013. Update of the molecular epidemiology of KPC-2-
producing Klebsiella pneumoniae in Brazil: spread of clonal complex 11
(ST11, ST437 and ST340). J. Antimicrob. Chemother. 68:312–316. http://
dx.doi.org/10.1093/jac/dks396.

12. Chiu SK, Wu TL, Chuang YC, Lin JC, Fung CP, Lu PL, Wang JT, Wang
LS, Siu LK, Yeh KM. 2013. National surveillance study on carbapenem
non-susceptible Klebsiella pneumoniae in Taiwan: the emergence and
rapid dissemination of KPC-2 carbapenemase. PLoS One 8:e69428. http://
dx.doi.org/10.1371/journal.pone.0069428.

13. Breurec S, Guessennd N, Timinouni M, Le TA, Cao V, Ngandjio A,
Randrianirina F, Thiberge JM, Kinana A, Dufougeray A, Perrier-Gros-
Claude JD, Boisier P, Garin B, Brisse S. 2013. Klebsiella pneumoniae
resistant to third-generation cephalosporins in five African and two Viet-
namese major towns: multiclonal population structure with two major
international clonal groups, CG15 and CG258. Clin. Microbiol. Infect.
19:349 –355. http://dx.doi.org/10.1111/j.1469-0691.2012.03805.x.

14. Cuzon G, Naas T, Truong H, Villegas MV, Wisell KT, Carmeli Y, Gales
AC, Venezia SN, Quinn JP, Nordmann P. 2010. Worldwide diversity of
Klebsiella pneumoniae that produce �-lactamase blaKPC-2 gene. Emerg.
Infect. Dis. 16:1349 –1356. http://dx.doi.org/10.3201/eid1609.091389.

15. Naas T, Cuzon G, Villegas MV, Lartigue MF, Quinn JP, Nordmann P.
2008. Genetic structures at the origin of acquisition of the beta-lactamase
blaKPC gene. Antimicrob. Agents Chemother. 52:1257–1263. http://
dx.doi.org/10.1128/AAC.01451-07.

16. Robinson DA, Monk AB, Cooper JE, Feil EJ, Enright MC. 2005. Evo-
lutionary genetics of the accessory gene regulator (agr) locus in Staphylo-
coccus aureus. J. Bacteriol. 187:8312– 8321. http://dx.doi.org/10.1128/
JB.187.24.8312-8321.2005.

17. Harris SR, Feil EJ, Holden MT, Quail MA, Nickerson EK, Chantratita
N, Gardete S, Tavares A, Day N, Lindsay JA, Edgeworth JD, de Len-
castre H, Parkhill J, Peacock SJ, Bentley SD. 2010. Evolution of MRSA
during hospital transmission and intercontinental spread. Science 327:
469 – 474. http://dx.doi.org/10.1126/science.1182395.

18. Bellais S, Six A, Fouet A, Longo M, Dmytruk N, Glaser P, Trieu-Cuot
P, Poyart C. 2012. Capsular switching in group B Streptococcus CC17
hypervirulent clone: a future challenge for polysaccharide vaccine devel-
opment. J. Infect. Dis. 206:1745–1752. http://dx.doi.org/10.1093/infdis/
jis605.

19. Brochet M, Rusniok C, Couvé E, Dramsi S, Poyart C, Trieu-Cuot P,
Kunst F, Glaser P. 2008. Shaping a bacterial genome by large chromo-
somal replacements, the evolutionary history of Streptococcus agalactiae.
Proc. Natl. Acad. Sci. U. S. A. 105:15961–15966. http://dx.doi.org/
10.1073/pnas.0803654105.

20. Wyres KL, Lambertsen LM, Croucher NJ, McGee L, von Gottberg A,
Liñares J, Jacobs MR, Kristinsson KG, Beall BW, Klugman KP, Parkhill
J, Hakenbeck R, Bentley SD, Brueggemann AB. 2013. Pneumococcal
capsular switching: a historical perspective. J. Infect. Dis. 207:439 – 449.
http://dx.doi.org/10.1093/infdis/jis703.

21. Adler A, Khabra E, Chmelnitsky I, Giakkoupi P, Vatopoulos A, Mathers
AJ, Yeh AJ, Sifri CD, De Angelis G, Tacconelli E, Villegas MV, Quinn
J, Carmeli Y. 2014. Development and validation of a multiplex PCR assay
for identification of the epidemic ST-258/512 KPC-producing Klebsiella
pneumoniae clone. Diagn. Microbiol. Infect. Dis. 78:12–15. http://
dx.doi.org/10.1016/j.diagmicrobio.2013.10.003.

22. Giltner CL, Nguyen Y, Burrows LL. 2012. Type IV pilin proteins: versa-
tile molecular modules. Microbiol. Mol. Biol. Rev. 76:740 –772. http://
dx.doi.org/10.1128/MMBR.00035-12.

23. Rao DN, Dryden DT, Bheemanaik S. 2014. Type III restriction-
modification enzymes: a historical perspective. Nucleic Acids Res. 42:
45–55. http://dx.doi.org/10.1093/nar/gkt1373.

24. Samuelsen Ø, Thilesen CM, Heggelund L, Vada AN, Kümmel A,

Klebsiella pneumoniae ST258 Is a Hybrid Strain

May/June 2014 Volume 5 Issue 3 e01355-14 ® mbio.asm.org 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

3 
O

ct
ob

er
 2

02
3 

by
 9

3.
41

.1
14

.1
23

.

http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.01355-14/-/DCSupplemental
http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.01355-14/-/DCSupplemental
http://dx.doi.org/10.3389/fmicb.2013.00048
http://dx.doi.org/10.3389/fmicb.2013.00048
http://dx.doi.org/10.1016/S1473-3099(13)70190-7
http://dx.doi.org/10.1016/S1473-3099(13)70190-7
http://dx.doi.org/10.1128/CMR.05035-11
http://dx.doi.org/10.1128/AAC.00126-09
http://dx.doi.org/10.1093/cid/cir025
http://dx.doi.org/10.1093/cid/cir025
http://dx.doi.org/10.1073/pnas.1321364111
http://dx.doi.org/10.1073/pnas.1321364111
http://dx.doi.org/10.1186/1471-2164-15-S2-P54
http://dx.doi.org/10.1186/1471-2164-15-S2-P54
http://dx.doi.org/10.1128/AAC.02673-14
http://dx.doi.org/10.1093/jac/dkq431
http://dx.doi.org/10.1093/jac/dks396
http://dx.doi.org/10.1093/jac/dks396
http://dx.doi.org/10.1371/journal.pone.0069428
http://dx.doi.org/10.1371/journal.pone.0069428
http://dx.doi.org/10.1111/j.1469-0691.2012.03805.x
http://dx.doi.org/10.3201/eid1609.091389
http://dx.doi.org/10.1128/AAC.01451-07
http://dx.doi.org/10.1128/AAC.01451-07
http://dx.doi.org/10.1128/JB.187.24.8312-8321.2005
http://dx.doi.org/10.1128/JB.187.24.8312-8321.2005
http://dx.doi.org/10.1126/science.1182395
http://dx.doi.org/10.1093/infdis/jis605
http://dx.doi.org/10.1093/infdis/jis605
http://dx.doi.org/10.1073/pnas.0803654105
http://dx.doi.org/10.1073/pnas.0803654105
http://dx.doi.org/10.1093/infdis/jis703
http://dx.doi.org/10.1016/j.diagmicrobio.2013.10.003
http://dx.doi.org/10.1016/j.diagmicrobio.2013.10.003
http://dx.doi.org/10.1128/MMBR.00035-12
http://dx.doi.org/10.1128/MMBR.00035-12
http://dx.doi.org/10.1093/nar/gkt1373
mbio.asm.org


Sundsfjord A. 2011. Identification of NDM-1-producing Enterobacteri-
aceae in Norway. J. Antimicrob. Chemother. 66:670 – 672. http://
dx.doi.org/10.1093/jac/dkq483.

25. Lascols C, Peirano G, Hackel M, Laupland KB, Pitout JD. 2013. Sur-
veillance and molecular epidemiology of Klebsiella pneumoniae isolates
that produce carbapenemases: first report of OXA-48-like enzymes in
North America. Antimicrob. Agents Chemother. 57:130 –136. http://
dx.doi.org/10.1128/AAC.01686-12.

26. Kristóf K, Tóth A, Damjanova I, Jánvári L, Konkoly-Thege M, Kocsis B,
Koncan R, Cornaglia G, Szego E, Nagy K, Szabó D. 2010. Identification
of a blaVIM-4 gene in the internationally successful Klebsiella pneu-
moniae ST11 clone and in a Klebsiella oxytoca strain in Hungary. J. An-
timicrob. Chemother. 65:1303–1305. http://dx.doi.org/10.1093/jac/
dkq133.

27. Ma L, Lu PL, Siu LK, Hsieh MH. 2013. Molecular typing and resistance
mechanisms of imipenem-non-susceptible Klebsiella pneumoniae in
Taiwan: results from the Taiwan Surveillance of Antibiotic Resistance
(TSAR) study, 2002-2009. J. Med. Microbiol. 62:101–107. http://
dx.doi.org/10.1099/jmm.0.050492-0.

28. Voulgari E, Zarkotou O, Ranellou K, Karageorgopoulos DE, Vrioni G,
Mamali V, Themeli-Digalaki K, Tsakris A. 2013. Outbreak of OXA-48
carbapenemase-producing Klebsiella pneumoniae in Greece involving an
ST11 clone. J. Antimicrob. Chemother. 68:84 – 88. http://dx.doi.org/
10.1093/jac/dks356.

29. Liu P, Li P, Jiang X, Bi D, Xie Y, Tai C, Deng Z, Rajakumar K, Ou HY.
2012. Complete genome sequence of Klebsiella pneumoniae subsp. pneu-

moniae HS11286, a multidrug-resistant strain isolated from human spu-
tum. J. Bacteriol. 194:1841–1842. http://dx.doi.org/10.1128/JB.00043-12.

30. Leski T, Vora GJ, Taitt CR. 2012. Multidrug resistance determinants from
NDM-1-producing Klebsiella pneumoniae in the USA. Int. J. Antimicrob.
Agents 40:282–284. http://dx.doi.org/10.1016/j.ijantimicag.2012.05.019.

31. Chevreux B, Wetter T, Suhai S. 1999. Genome sequence assembly using
trace signals and additional sequence information, p 45–56. In Computer
Science and Biology: Proceedings of the German Conference on Bioinfor-
matics (GCB). GCB, Hannover, Germany.

32. Zerbino DR, Birney E. 2008. Velvet: algorithms for de novo short read
assembly using de Bruijn graphs. Genome Res. 18:821– 829. http://
dx.doi.org/10.1101/gr.074492.107.

33. Alikhan NF, Petty NK, Ben Zakour NL, Beatson SA. 2011. BLAST Ring
Image Generator (Brig): simple prokaryote genome comparisons. BMC
Genomics 12:402. http://dx.doi.org/10.1186/1471-2164-12-402.

34. Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. 2011. PHAST: a fast
phage search tool. Nucleic Acids Res. 39:W347–W352. http://dx.doi.org/
10.1093/nar/gkq1255.

35. Darling AE, Mau B, Perna NT. 2010. progressiveMauve: multiple ge-
nome alignment with gene gain, loss and rearrangement. PLoS One
5:e11147. http://dx.doi.org/10.1371/journal.pone.0011147.

36. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011.
MEGA5: molecular evolutionary genetics analysis using maximum
likelihood, evolutionary distance, and maximum parsimony methods.
Mol. Biol. Evol. 28:2731–2739. http://dx.doi.org/10.1093/molbev/
msr121.

Chen et al.

8 ® mbio.asm.org May/June 2014 Volume 5 Issue 3 e01355-14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

3 
O

ct
ob

er
 2

02
3 

by
 9

3.
41

.1
14

.1
23

.

http://dx.doi.org/10.1093/jac/dkq483
http://dx.doi.org/10.1093/jac/dkq483
http://dx.doi.org/10.1128/AAC.01686-12
http://dx.doi.org/10.1128/AAC.01686-12
http://dx.doi.org/10.1093/jac/dkq133
http://dx.doi.org/10.1093/jac/dkq133
http://dx.doi.org/10.1099/jmm.0.050492-0
http://dx.doi.org/10.1099/jmm.0.050492-0
http://dx.doi.org/10.1093/jac/dks356
http://dx.doi.org/10.1093/jac/dks356
http://dx.doi.org/10.1128/JB.00043-12
http://dx.doi.org/10.1016/j.ijantimicag.2012.05.019
http://dx.doi.org/10.1101/gr.074492.107
http://dx.doi.org/10.1101/gr.074492.107
http://dx.doi.org/10.1186/1471-2164-12-402
http://dx.doi.org/10.1093/nar/gkq1255
http://dx.doi.org/10.1093/nar/gkq1255
http://dx.doi.org/10.1371/journal.pone.0011147
http://dx.doi.org/10.1093/molbev/msr121
http://dx.doi.org/10.1093/molbev/msr121
mbio.asm.org

	RESULTS
	Large ~1.1-Mbp recombination region in ST258. 
	cps replacement in ST258 strains. 
	blaKPC-harboring genetic element. 

	DISCUSSION
	MATERIALS AND METHODS
	Sequence information. 
	Genome sequencing and assembly. 
	Comparative genomics analysis. 
	Nucleotide sequence accession numbers. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

