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Infections caused by drug-resistant bacteria are a major problem
worldwide. Carbapenem-resistant Klebsiella pneumoniae, most nota-
bly isolates classified as multilocus sequence type (ST) 258, have
emerged as an important cause of hospital deaths. ST258 isolates
are predominantly multidrug resistant, and therefore infections
caused by them are difficult to treat. It is not known why the
ST258 lineage is the most prevalent cause of multidrug-resistant
K. pneumoniae infections in the United States and other countries.
Here we tested the hypothesis that carbapenem-resistant ST258
K. pneumoniae is a single genetic clone that has disseminated world-
wide. We sequenced to closure the genomes of two ST258 clinical
isolates and used these genomes as references for comparative ge-
nome sequencing of 83 additional clinical isolates recovered from pa-
tients at diverse geographic locations worldwide. Phylogenetic analysis
of the SNPs in the core genome of these isolates revealed that ST258
K. pneumoniae organisms are two distinct genetic clades. This unex-
pected finding disproves the single-clone hypothesis. Notably, genetic
differentiation between the two clades results from an∼215-kb region
of divergence that includes genes involved in capsule polysaccharide
biosynthesis. The region of divergence appears to be a hotspot for
DNA recombination events, and we suggest that this region has con-
tributed to the success of ST258 K. pneumoniae. Our findings will
accelerate research on novel diagnostic, therapeutic, and vaccine strat-
egies designed to prevent and/or treat infections caused by multidrug
resistant K. pneumoniae.
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Antimicrobial resistance is a significant problem for treatment
of infectious diseases worldwide. Carbapenem-resistant

Enterobacteriaceae, especially Klebsiella pneumoniae, have emerged
as important causes of morbidity and mortality among hospital-
acquired and long-term care–associated infections (1, 2). Notably,
there is very high mortality (∼30–70%) among patients with bac-
teremia or pulmonary infections caused by carbapenemase-
producing K. pneumoniae (1, 3–7). The large majority of these
isolates are characterized genetically as multilocus sequence type
258 (ST258) and are presumed to be clonally related by descent
(1, 8, 9). Strains of ST258 are resistant to all β-lactam antibiotics
and typically contain plasmid-borne genes that encode amino-
glycoside-modifying enzymes and chromosomal mutations that
confer fluoroquinolone resistance (2). Carbapenem resistance in
ST258 strains is predominantly encoded by K. pneumoniae car-
bapenemase (KPC), and the gene, blaKPC, is located on a trans-
posable element (Tn4401) that is integrated into many different
plasmids (10, 11). Thus, blaKPC (along with other plasmid-associated
resistance elements) is exchanged readily among K. pneumoniae

and other Enterobacteriaceae, a feature key to the spread and high
prevalence of multidrug-resistant strains (12).
Infections caused by carbapenem-resistant K. pneumoniae

occur primarily in individuals who have significant clinical risk
factors for acquiring these pathogens. These attributes suggest
that disease is caused by poor/defective host defense rather than by
enhanced bacterial virulence or transmissibility. However, there are
no data that bear on these issues, nor is there a clear explanation for
the predominance of ST258 globally. Therefore, it is possible that
there has been clonal dissemination of an ST258 strain or clone that
has high transmissibility and/or enhanced capacity to circumvent
killing by the innate immune system and/or to escape the humoral
immune response by antigenic variation. To test the clonal-dissem-
ination hypothesis, we sequenced to closure the genomes of two
KPC-producing ST258 K. pneumoniae clinical isolates and then
performed comparative whole-genome sequencing of 83 additional
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K. pneumoniae clinical isolates obtained from human infections
at diverse geographic locations worldwide. Our data provide in-
formation that is important for our understanding of the success of
ST258 as a human pathogen, extending beyond antibiotic resistance.

Results and Discussion
Genome Sequence of Carbapenem-Resistant ST258 K. pneumoniae
Clinical Isolates. The two reference ST258 K. pneumoniae clinical
isolates, one with mucoid and the other with nonmucoid colony
morphology, were obtained in 2010 from patients with urinary
tract infections at two separate healthcare institutions in New
Jersey (Dataset S1). The genomes of these two KPC-producing
ST258 isolates were 5,266,518 bp for the isolate named NJST258_1
and 5,293,301 bp for the isolate named NJST258_2 (Fig. 1),
similar in length to other K. pneumoniae genomes (range, 5.3–5.6
Mbp) (13–15).
NJST258_1 has eight putative prophages (phages 1–8, desig-

nated 258.1–8), 22 insertion sequences (IS), and two integrated
conjugative elements (ICE) (Fig. 1 and Table 1). NJST258_2 lacks
one of these prophages (a phage analogous to 258.6, i.e., phage 6)
and has three fewer IS, but the MGE content otherwise is similar

to that of NJST258_1 (Fig. 1 and Table 1). ICE Kp258.1 and phages
258.1, 258.5, 258.7, and 258.8 also are present in ST11 K. pneu-
moniae strains (ST11 is a single-locus variant of ST258), HS11286
(GenBank accession no.: CP003200), and JM45 (accession no.:
CP006656). Moreover, prophages 258.2 and 258.4 are present in
JM45 and HS11286, respectively. However, these prophage ele-
ments are largely divergent in or absent from several other
K. pneumoniae strains, including CG43, KCTC2242, Kp1084,
Kp342, MGH78578, and NTUH-K2044 (Fig. 1). Whether the
prophages or other mobile genetic elements (MGEs) present in the
ST258 lineage have contributed to its recent success remains to
be determined.

Plasmid and Genome-Encoded Antibiotic Resistance. NJST258_1 and
NJST258_2 are resistant to β-lactam antibiotics (including carba-
penem antibiotics) and β-lactamase inhibitors (e.g., clavulanate and
tazobactam), quinolones (ciprofloxacin and levofloxacin), and
aminoglycosides (amikacin and tobramycin). NJST258_1 also is
resistant to trimethoprim-sulfamethoxazole, gentamicin, min-
ocycline, colistin, and polymyxin B but is susceptible to tigecy-
cline (Dataset S1 and Table S1). We discovered that many of

Fig. 1. K. pneumoniae genomes. Selected K. pneumoniae genomes were compared with the two reference ST258 genomes, NJST258_1 and NJST258_2 (red
and orange inner circles). Notable features, such as prophages (Phage) and other MGEs or variable regions, are indicated by rectangles. An RD is indicated by
the bracket and dotted lines.
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the antibiotic-resistance determinants are encoded on plasmids
in these two strains.
NJST258_1 and NJST258_2 contain five plasmids (pNJST258N1–

pNJST258N5) and three plasmids (pNJST258C1–pNJST258C3),
respectively, which vary in size from 10,925–142,768 bp and collec-
tively encode resistance to multiple classes of antibiotics and heavy
metals (Fig. 2 and Table S1). Five plasmids were identified in
strain NJST258_1: pNJST258N1 (142,788 bp), pNJST258N2
(73,636 bp), pNJST258N3 (36,109 bp), pNJST258N4 (14,249 bp),
and pNJST258N5 (10,925 bp) (Fig. 2A). pNJST258N2 has nine
resistance determinants, including blaKPC-3, blaTEM-1, blaOXA-9
(β-lactam resistance), aacA4, aadA1, strA, strB (aminoglycoside
modifying enzymes), sul2 (sulfonamide resistance), and dfrA14
(trimethoprim resistance), and a nickel-resistance operon (Table
S1). pNJST258N4 has blaTEM-1, and pNJ258N5 has blaTEM-1,
blaOXA-9, aacA4, and aadA1.
The three plasmids identified in NJST258_2 [pNJST258C1 (86,232

bp), pNJST258C2 (25,284 bp), and pNJST258C3 (12,399 bp)] col-
lectively contained fewer antibiotic and/or heavy metal resistance
determinants than did the plasmids in strain NJST258_1 (Fig. 2B).
A single copy of blaSHV-11 was identified on the chromosome of
NJST258_2.
The quinolone resistance-determining regions in both ge-

nomes, including gyrA, gyrB, parC, and parE genes, contained
several amino acid replacements (Ser83Ile and Asp87Gly in
GyrA, and Ser80Ile in ParC for NJST258_1; Ser83Ile and
Asp87Asn in GyrA, and Ser80Ile in ParC for NJST258_2) that
likely explain quinolone resistance in these strains. Taken to-
gether, our data indicate that NJST258_1 and NJST258_2 are
carbapenem-resistant K. pneumoniae clinical isolates that encode

extensive resistance to other classes of antibiotics, resulting in
the critical multidrug resistance phenotype.

Genome Sequencing of Geographically Diverse ST258 Clinical Isolates.
To gain a better understanding of the emergence and evolution
of the ST258 clone, we next performed whole-genome DNA
sequencing of 83 additional K. pneumoniae clinical isolates
(Dataset S1) and mapped the DNA sequence reads to reference
strain NJST258_1. Isolates were selected based on the geo-
graphic and temporal distributions, KPC variants, and Tn4401
patterns. These clinical isolates were cultured from blood, urine,
sputum, or skin of infected individuals or from a rectal swab over
a time period encompassing 2003–2012 (Dataset S1). Isolates
were obtained from healthcare facilities at diverse geographic
locations in the United States (Florida, Illinois, Pennsylvania,
New Jersey, New York, and Texas), Canada, Colombia, and
Italy. Seventy-five (89%) of these strains were ST258; the others
were ST379 (4), ST512 (4), or ST418 (1)—all single-locus var-
iants of ST258.
There were 2,436 unique SNPs in the core genome (defined

here as all nucleotide positions except those in plasmids and
MGEs, which includes prophages, ICEs, and ISs) of all 84 iso-
lates (including NJST258_2) compared with reference isolate
NJST238_1 (Datasets S2 and S3). The 84 query isolates differed
from NJST258_1 on average by 350 SNPs (range, 116–784 SNPs)
in the core genome, indicating that the isolates are closely re-
lated (Dataset S3). In comparison, we previously reported less
core genome genetic diversity—an average of ∼50 SNPs—among
isolates of the epidemic community-associated methicillin-resistant
Staphylococcus aureus clone, USA300 (16). Of the 2,436 unique
SNPs among all isolates, 310 (12.7%) were intergenic, 881 (36.2%)
were synonymous, and 1,245 (51.1%) were nonsynonymous.
Details about the location of SNPs and ratio of nonsynonymous-
to-synonymous SNPs are provided below.

Phylogenetic Analyses.To estimate genetic relationships among the
85 K. pneumoniae clinical isolates (83 query isolates plus
NJST258_2 and NJST258_1), we performed phylogenetic analyses
using concatenated SNP nucleotides present in the core genome
(Fig. 3). All isolates segregated into two distinct subclades, herein
referred to as clade 1 and clade 2 (Fig. 3A and Dataset S3). Iso-
lates within clade 1 differed on average by 136 SNPs (range, 29–
291), and those within clade 2 differed by an average of 82 SNPs
(range, 2–231). In comparison, the two clades differed from each
other by an average of 529 SNPs (range, 310–784). Moreover,
96.3% of the KPC-producing isolates within clade 1 primarily
contained plasmids encoding KPC2, whereas 96.2% of those in
clade 2 encoded KPC3 (Dataset S1). Collectively, the data in-
dicate that the two lineages have had distinct evolutionary his-
tories and thus emerged independently. These findings were
unexpected, because the ST258 lineage has been considered
to be a single clone or strain (1, 8, 9).
It also is noteworthy that genes encoding KPC2 and KPC3 are

associated primarily with three blaKPC-harboring Tn4401 iso-
forms and plasmid integration sites (ISS) on blaKPC-harboring
plasmids in the ST258 strains. Two of these blaKPC-harboring
elements (Tn4401d-ISS-1 and Tn4401b-ISS-2) were associated
exclusively with clade 2 (Dataset S1), supporting the idea that
spread of the KPC gene occurs at least in part through clonal
dissemination of ST258 strains. On the other hand, some plas-
mids [e.g., a pKpQIL-like plasmid (Dataset S1)] are present in
both clades, suggesting there has been horizontal acquisition of
the same or similar plasmids into each clade.
The ratio of nonsynonymous-to-synonymous SNPs was 1.4:1

among all isolates, but the ratios for the two clades (excluding
MGEs) were quite different. The ratio of nonsynonymous-
to-synonymous SNPs was 0.9:1 in the core genome of clade 1 but
was 2.4:1 for clade 2, underscoring the notion that the two clades
have had different evolutionary histories. Moreover, the relatively
high ratio of nonsynonymous-to-synonymous SNPs in clade 2 sug-
gests these isolates have undergone recent diversification. These

Table 1. Key features of the ST258 genome

NJST258_1 NJST258_2

Size, bp 5,266,518 5,293,301
G+C content, % 57.4 57.5
No. of CDS 5,497 5,454
rRNA,n

16S 8 8
23S 8 8
5S 10 9

tRNA, n 77 86
Plasmids, n 5 3
Prophages, n 8 7

Phage258.1 + +
Phage258.2 + +
Phage258.3 + +
Phage258.4 + +
Phage258.5 + +
Phage258.6 + —

Phage258.7 + +
Phage258.8 + +

ICEs, n 2 2
ICE258.1 + +
ICE258.2 + +

IS elements, n 22 19
IS1294 3 2
ISKpn1 5 5
IS5075 1 0
ISKpn18 2 2
ISSm1 1 0
IS903 2 2
IS5 7 7
IS1400 1 1

CDS, coding sequences; ICE, integrated conjugative element; IS, insertion
sequence. Data refer to the chromosome only, except where plasmids are
indicated.
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findings are consistent with the recent prominence of KPC3-
containing strains as a cause of human infections.

Identification of an ∼215-kbp Region of Divergence. To understand
better the molecular processes that underlie the distinct evolu-
tion of clades 1 and 2, we analyzed the distribution of SNPs in
specific genes and/or regions of the core genome. Unexpectedly,
we found an ∼215-kbp region of the ST258 genome (nucleotide
position 1778210–1992999 in strain NJST258_1) that had a dis-
proportionate number of SNPs (664 SNPs, approximately one
SNP per 324 nucleotides), compared with those present in the
remaining ∼5 Mbp of the genome (1,772 SNPs, approximately
one SNP per 2,850 nucleotides) (Dataset S2). Phylogenetic
analysis of the core genome minus this region of divergence
(RD) and analysis of the RD alone revealed that the genetic
differentiation in the core genomes between the two clades is
largely attributed to SNPs in the RD (Figs. 3A and 4A). Notably,
the ratio of nonsynonymous-to-synonymous SNPs within the RD
was 0.2:1 for clade 1 and 3.9:1 for clade 2, whereas that for the
reminder of the core genome these ratios were 2.2:1 and 2.4:1,
respectively. These results suggest that the RD present in clade 1
isolates has undergone purifying selection and, more importantly,
provide strong support for the idea that the RD of clade 1 likely
originated from an unrelated K. pneumoniae donor strain. In
comparison, the RD in clade 2 has undergone recent diversification
(based on the relatively high ratio of nonsynonymous-to-synony-
mous SNPs), and this high ratio of nonsynonymous-to-synonymous
SNPs is more similar to that of the core genomes of either refer-
ence strain than to the RD of clade 1. These findings indicate
different evolutionary histories for clade 1 and clade 2, a finding
that changes our fundamental understanding of the origins of the
epidemic carbapenem-resistant ST258 organisms.
Capsule polysaccharide (CPS) is a well-known contributor to

the success of K. pneumoniae as a pathogen, in part because the
variation in genes that encode enzymes involved in CPS synthesis
results in serologic diversity. Notably, the CPS gene island, which
encodes the capsule K-antigen in K. pneumoniae, is located
within the RD (Fig. 1 and Fig. 4B). Currently, more than 78
different K-serotypes have been identified, some of which are
significantly associated with serious human infections [e.g., K1 and

K2 are associated with pyogenic liver abscess in Asian populations
(17)]. Unexpectedly, we identified two distinct cps gene clusters in
the genomes of the ST258 clinical isolates (ST258 cps 1 in clade 1
and cps 2 in clade 2) (Fig. 4C). The genetic differences between
these two cps clusters are primarily responsible for the segregation
of ST258 isolates into two distinct clades (Fig. 4 A and C).
To investigate further the genetic differences between the

ST258 cps 1 and cps 2 regions, we aligned the DNA sequences of
the wzy gene, which encodes the capsule polymerase, the core
enzyme in capsule biosynthesis (16). The nucleotide similarity
between cps 1 and cps 2 was only 44.5%, confirming the high
degree of genetic variation in this region of the genome. We next
designed cps 1- and cps 2-specific multiplex PCR primers to
screen for the presence of wzy among our collection of ∼500
clinical K. pneumoniae isolates collected from 1995 to the pres-
ent from more than 10 hospitals in New York and New Jersey.
As expected, the wzy PCR assay differentiated ST258 strains into
cps 1 and cps 2 types, but, surprisingly, the cps 1 wzy primers
produced a positive PCR amplicon among seven of the ST42
K. pneumoniae isolates tested (collected in 2001–2002 from New
York City hospitals). Further sequencing of the full-length wzy
gene and the neighboring cps wzi gene in these seven ST42 iso-
lates revealed that these genes had 100% identity to the ST258
cps 1 genes. One possible explanation for these observations is
that the cps and RD present in the clade 1 ST258 isolates orig-
inated from the ST42 lineage, presumably as the result of a rel-
atively large recombination event.

Concluding Remarks. Carbapenem-resistant Enterobacteriaceae—
most notably ST258 K. pneumoniae—now are classified as an
“Urgent Threat” by the Centers for Disease Control and Pre-
vention (CDC) (18). Although the absolute number of estimated
deaths caused by carbapenem-resistant Enterobacteriaceae is
relatively low (in the United States 610 deaths annually versus
11,000 caused by methicillin-resistant S. aureus and 14,000
caused by Clostridium difficile), the potential exists for transfer
of multidrug resistance to Gram-negative community-associated
pathogens such as Escherichia coli. As suggested by the CDC
report on antibiotic resistance threats, a multitiered approach is
needed to prevent or moderate the threat posed by carbapenem-

Fig. 2. Plasmids and multidrug resistance. Plasmids present in NJST258_1 (A) and NJST258_2 (B). Antibiotic and heavy metal-resistance elements are indicated
for each plasmid.
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resistant Enterobacteriaceae (18). Such an approach includes
understanding the evolutionary genomic history of the microbe
as a means to gain new insight into its success as a human
pathogen, as we have done herein. Unexpectedly, we discovered
that the ST258 “strain” is comprised of at least two distinct lin-
eages or clades rather than being a single clone as previously
suggested (1, 8, 9). The two clades are differentiated largely by
an RD that encodes CPS biosynthesis machinery (cps 1 and cps 2),
and this region of the genome was introduced into clade 1 by a
relatively large chromosome recombination event (horizontal gene
transfer) or possibly by multiple recombination events. Thus, in-
dependent acquisition of genetic material by an ancestral ST258
clone (rather than within-ST258 diversification) is the primary
basis for segregation of these isolates into two clades.
Chromosomal recombination events are known to contribute

to the genetic plasticity and ultimate success of many bacterial
pathogens. For example, the origin and emergence of a highly
successful serotype M1 group A Streptococcus clone was linked in
part to the acquisition of a 36-kb region of DNA that contains
NAD+-glycohydrolase and streptolysin O, which are proven
streptococcal virulence factors (19). The basis for the success of
ST258 (and related single-locus variants) as a prominent human
pathogen worldwide has remained unclear, because carbapenem
resistance is not unique to this multilocus sequence type and has
been acquired by numerous other K. pneumoniae lineages. The
large (∼215 kb) RD of K. pneumoniae reported herein contains
the genes encoding CPS biosynthesis, which is one of the primary
determinants of antigenicity and antigenic diversity among
K. pneumoniae. Notably, capsule polysaccharides of K. pneu-
moniae contribute to the evasion of innate host defense and thus
are known to be important for survival in the host (20–22). We

speculate that the cps-containing RD is a factor that contributes
to the global success of ST258 above and beyond antibiotic re-
sistance. Preliminary studies with human neutrophils in vitro
revealed little or no killing of isolates from clades 1 and 2 under
our assay conditions, although there was some isolate-to-isolate
variance (Fig. S1). Further investigation is needed to elucidate
the basis for the inability of neutrophils to kill K. pneumoniae in
vitro and to determine whether isolates from these clades have
enhanced capacity to circumvent killing by neutrophils as com-
pared with isolates representative of other K. pneumoniae lineages.
Our molecular deconvolution of the evolutionary history of

ST258 strains was made possible by sequencing to closure two
representative carbapenem-resistant ST258 clinical isolates, cou-
pled with our comparative genomics investigative strategy. This
information will assist our efforts to develop diagnostics, thera-
peutics, and vaccines designed to diagnose, treat, and/or prevent
infections caused by multidrug resistant K. pneumoniae.

Materials and Methods
For full details, see SI Materials and Methods.

K. pneumoniae Isolates. We selected two representative ST258 carbapenem-
resistant K. pneumoniae isolates for genome sequencing based upon the pres-
ence of KPC3 and mucoid and nonmucoid phenotypes. The selection of the
isolates used for comparative genome sequencing was based on their geo-
graphical and temporal distributions, KPC variants, and Tn4401 isoforms (Dataset
S1). K. pneumoniae isolates were obtained from healthcare facilities at diverse
geographic locations in the United States, Canada, Colombia, and Italy.

Characterization of K. pneumoniae Strains. Minimum inhibitory concentrations of
K. pneumoniae isolates were determined by broth microdilution in cation-

Fig. 3. SNP-based phylogenetic analysis of ST258 clinical isolates. (A) Phylogenetic analysis of 86 K. pneumoniae clinical isolates [85 study isolates and
KPNIH1, an ST258 isolate originally recovered from a patient at the National Institutes of Health Clinical Center (4)] based on 2,436 unique, concatenated SNP
nucleotides present in the core genome (excluding MGEs) of the 85 study isolates (Dataset S1). KPNIH1 was included because of its clinical significance. (B)
Phylogenetic analysis of the clinical isolates shown in A but excluding the RD (∼215 kb). NJST258_1 is the fully closed mucoid ST258 reference strain to which
all isolates are compared (see Fig. 1). NJST258_2 is the fully closed nonmucoid ST258 strain as presented in Fig. 1.
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adjusted Mueller–Hinton broth using Sensititre GNX2F panels (Thermo Fisher
Scientific) according to Clinical and Laboratory Standards Institute methods and
interpretations (23, 24).

K. pneumoniae de Novo DNA Sequencing. ThegenomesofK.pneumoniae strains
NJST258_1 and NJST258_2 were sequenced using Roche 454/Life Sciences GS FLX
(454 Life Sciences) and IlluminaHisEq 2000 (Illumina) sequencers. Thegenomeand
plasmid DNA sequences of NJST258_1 and NJST258_2 have been deposited in
GenBank under the National Center for Biotechnology Information (NCBI) acces-
sion nos. CP006923 (NJST258_1 chromosome), CP006927 (pNJST258N1), CP006926
(pNJST258N2), CP006925 (pNJST258N3), CP006928 (pNJST258N4), and CP006924
(pNJST258N5) and NCBI accession nos. CP006918 (NJST258_2 chromosome),
CP006922 (pNJ258C1), CP006919 (pNJ258C2), and CP006921 (pNJ258C3).

K. pneumoniae Comparative Genome Sequencing. Genome sequencing for 83
query ST258 K. pneumoniae isolates was performed using an Illumina HisEq
2000 sequencer as described in SI Materials and Methods. Metadata were
deposited in the NCBI sequence read archive (SRA) (www.ncbi.nlm.nih.gov/sra)
under the accession no. SRP036874.
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Fig. 4. RD. (A) Phylogenetic analysis of 85 ST258 (or single-locus multilocus sequence type variants) K. pneumoniae clinical isolates based upon 664 unique,
concatenated SNP nucleotides present in the RD alone. (B) Linear schematic of the RD indicating the location of the genes encoding the cps biosynthesis
enzymes and ICE Kp258.2. (C) Comparison of the cps regions in clades 1 and 2.
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