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ABSTRACT Carbapenem-resistant Enterobacteriaceae (CRE) are an urgent public health concern. Rapid identification of the re-
sistance genes, their mobilization capacity, and strains carrying them is essential to direct hospital resources to prevent spread
and improve patient outcomes. Whole-genome sequencing allows refined tracking of both chromosomal traits and associated
mobile genetic elements that harbor resistance genes. To enhance surveillance of CREs, clinical isolates with phenotypic resis-
tance to carbapenem antibiotics underwent whole-genome sequencing. Analysis of 41 isolates of Klebsiella pneumoniae and En-
terobacter cloacae, collected over a 3-year period, identified K. pneumoniae carbapenemase (KPC) genes encoding KPC-2, —3,
and —4 and OXA-48 carbapenemases. All occurred within transposons, including multiple Tn4401 transposon isoforms, embed-
ded within more than 10 distinct plasmids representing incompatibility (Inc) groups IncR, -N, -A/C, -H, and -X. Using short-
read sequencing, draft maps were generated of new KPC-carrying vectors, several of which were derivatives of the IncN plasmid
pBK31551. Two strains also had Tn4401 chromosomal insertions. Integrated analyses of plasmid profiles and chromosomal
single-nucleotide polymorphism (SNP) profiles refined the strain patterns and provided a baseline hospital mobilome to facili-
tate analysis of new isolates. When incorporated with patient epidemiological data, the findings identified limited outbreaks
against a broader 3-year period of sporadic external entry of many different strains and resistance vectors into the hospital.
These findings highlight the utility of genomic analyses in internal and external surveillance efforts to stem the transmission of
drug-resistant strains within and across health care institutions.

IMPORTANCE We demonstrate how detection of resistance genes within mobile elements and resistance-carrying strains fur-
thers active surveillance efforts for drug resistance. Whole-genome sequencing is increasingly available in hospital laboratories
and provides a powerful and nuanced means to define the local landscape of drug resistance. In this study, isolates of Klebsiella
pneumoniae and Enterobacter cloacae with resistance to carbapenem antibiotics were sequenced. Multiple carbapenemase genes
were identified that resided in distinct transposons and plasmids. This mobilome, or population of mobile elements capable of
mobilizing drug resistance, further highlighted the degree of strain heterogeneity while providing a detailed timeline of carbap-
enemase entry into the hospital over a 3-year period. These surveillance efforts support effective targeting of infection control
resources and the development of institution-specific repositories of resistance genes and the mobile elements that carry them.
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arbapenem-resistant Enterobacteriaceae (CRE) are an urgent

problem since they cause infections with high morbidity and
mortality and lengthen hospital stays (1, 2). Klebsiella pneumoniae
carbapenemases (KPCs) most commonly confer carbapenem re-
sistance among members of the Enterobacteriaceae. These class A
serine beta-lactamases were first detected in 1996 in North Caro-
lina and have subsequently spread worldwide (3). Among the 22
characterized variants (http://www.lahey.org/studies), KPC-2
and —3 occur most commonly (4), along with less common car-
bapenemases that include OXA-48, NDM, and VIM (5). Phenotypic
resistance to carbapenem antibiotics can also occur with noncarbap-
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enemase beta-lactamases, such as AmpC, and extended-spectrum
beta-lactamases (ESBLs) when they occur with chromosomal porin
defects and the AmpD and AmpR regulatory proteins (6, 7).

KPC genes commonly occur on Tn4401, a 10-kb Tn3 family
element flanked by 38-bp inverted repeats and containing two
interrupting insertion sequences (IS), ISKpn6 and ISKpn7 (8).
Tn4401 has 5 isoforms, denoted as a to e, that are differentiated by
deletions upstream from the KPC gene (8). Transposition gener-
ates identical 5-bp terminal direct repeats (TDR) at the insertion
site (8). Tn4401 has been identified in many plasmids and in chro-
mosomal insertions (8—10). Other carbapenemases are associated
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FIG1 Carbapenem genotype-phenotype correlations of K. pneumoniae and
E. cloacae. Percentages of phenotypic resistance to ertapenem and imipenem/
meropenem in K. pneumoniae (A) and E. cloacae (B) isolates for all isolates
cultured from 2011 to 2015. (C and D) Carbapenemases and ESBLs identified
in sequenced isolates of K. pneumoniae (C) and E. cloacae (D). Asterisks indi-
cate strains where the beta-lactamases also included a chromosomally encoded
AmpC.

with different transposons, such as OXA-48 gene carriage by the
Tn1999 transposon (11).

When present on mobile elements, carbapenem resistance
may spread clonally and through inter- and intraspecies lateral
gene transfer. Each mechanism presents different epidemio-
logical risks within health care systems. Integrated analyses of
chromosomal, plasmid, and transposable elements within
strains can better support hospital surveillance by identifying
resistance-carrying strains and the risks for intra- and interspe-
cies transfer of mobile elements harboring resistance determi-
nants over time (10, 12—14).

We used whole-genome sequencing of carbapenem-resistant
clinical isolates of Klebsiella pneumoniae and Enterobacter cloacae
to establish a hospital-specific database of resistance determi-
nants, their genomic context, and time points of entry within the
health care system. The resulting data set provided a locally in-
formed genomic landscape of resistance genes and carrying vec-
tors, used to support ongoing analyses and infection control ef-
forts.

RESULTS

Carbapenem resistance in hospital isolates of K. pneumoniae
and E. cloacae. Phenotypic susceptibility testing identified unique
populations of putative CREs and raised concerns regarding
clonal populations within the hospital (Fig. 1). Amongall K. pneu-
moniae isolates, 1.5% demonstrated resistance to ertapenem and
imipenem and/or meropenem, while an additional 0.5% of iso-
lates were resistant to ertapenem but susceptible to both imi-
penem and meropenem and 98% of strains were carbapenem sus-
ceptible (Fig. 1A). In contrast, 4.0% of Enterobacter cloacae isolates
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demonstrated pancarbapenem resistance, with 15.8% showing re-
sistance to ertapenem but susceptibility to imipenem and mero-
penem (Fig. 1B). A cohort of 41 clinical isolates of K. pneumoniae
and E. cloacae (see Table S1 in the supplemental material) under-
went whole-genome sequencing to identify resistance determi-
nants, their genomic contexts, and strain patterns over time.

Genomic context of carbapenemases and other beta-
lactamases. Among the isolates sequenced, 17 strains had a car-
bapenemase gene that was detectable by genome sequencing (see
Table S2 in the supplemental material). Targeted PCRs for KPC
and OXA-48 genes confirmed these results (data not shown).
Carbapenemase-producing strains also carried between 2 and 5
additional beta-lactamases, including CTX-M-15, as well as SHV,
TEM, and OXA family enzymes. KPC-2 and KPC-3 occurred
most commonly in K. pneumoniae strains, though KPC-4 and
OXA-48 were also detected (Fig. 1C). In contrast, E. cloacae iso-
lates with carbapenemases uniformly carried KPC-4 with 2 to 3
additional beta-lactamases, including a chromosomally encoded
AmpC family enzyme (ACT and MIR family), as well as mobile
OXA and TEM family enzymes (Fig. 1D; see also Table S2 in the
supplemental material).

Among strains with phenotypic carbapenem resistance that
did not harbor a detectable carbapenemase gene, 0 to 4 other
beta-lactamase genes were identified per strain (Fig. 1C and D; see
also Table S3 in the supplemental material). Carbapenemase
gene-negative isolates of K. pneumoniae commonly carried chro-
mosomal copies of SHV and Len family narrow-spectrum beta-
lactamase genes. Four strains (BWH-NC5, -NC6, -NC7, and
-NC36) (“BWH?” in the strain designations denotes Brigham and
Women’s Hospital, and “NC” denotes non-carbapenemase-
carrying strains) also carried the epidemic ESBL CTX-M-15, along
with OXA-1 (BWH-NC6) or OXA-1 with TEM-1 (BWH-NC7 and
BWH-NC36). Of the E. cloacae non-carbapenemase-producing
strains, all harbored chromosomally encoded AmpC family beta-
lactamases, while BWH-NC28 and BWH-NC17 also carried (respec-
tively) mobile-element-encoded CTX-M-15 and TEM-116
extended-spectrum beta-lactamases in addition to the chromosomal
AmpC (Fig. 1D; see also Table S3). Interestingly, BWH-NCI18, a
highly resistant strain isolated 1 month previously from the same
patient as BWH-NC17, did not have a detectable TEM-116 gene.

Phenotype-genotype concordance among carbapenemase-
producing K. pneumoniae and E. cloacae isolates. All isolates
harboring a KPC carbapenemase gene demonstrated phenotypic
resistance to ertapenem, imipenem, and meropenem (Fig. 1; see
also Table S2 in the supplemental material). However, panresis-
tance also occurred through other mechanisms, highlighted by the
finding that 32.4% of meropenem-resistant strains, 39.5% of
imipenem-resistant strains, and 52.3% of ertapenem-resistant
strains did not carry a carbapenemase gene that was detectable by
sequencing or targeted PCR (data not shown). Genome sequenc-
ing in these strains identified non-KPC etiologies, including other
beta-lactamase genes in conjunction with disruptions in the genes
encoding porins OmpC (OmpK36) and OmpF (OmpK35) or mu-
tations in the gene encoding the AmpC-regulator AmpD (Fig. 1C
and D; see also Tables S3 and S4) (6, 7, 15-19).

Transposon carriage of carbapenemase genes. All KPC genes
occurred in the context of Tn4401 transposons (Table 1). Among
these, Tn4401a and Tn4401e isoforms were found to be carrying
KPC-2 genes and the Tn4401b isoform was found to be carrying
KPC-3 and KPC-4 genes. While the majority of KPC strains har-
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TABLE 1 Genomic context and transposon or plasmid identities in carbapenemase gene-carrying isolates

Plasmid Inc group(s) Closest reference
Strain Species®  BLA(s)? Transposon(s) or genomic location Plasmid or ME¢ plasmid % identity
BWH-C1 KP KPC-2 Tn4401a IncR pKPC-484 pKPC-484 >99
BWH-C2 KP KPC-2 Tn4401a IncR pKPC-484 pKPC-484 >99
BWH-C3 KP KPC-4 Tn4401b (interrupted ~ IncN pBWH-C3-KPC pBK31551 75
by IS110)

BWH-C4 KP OXA-48 Tn1999 IncL/M E71T E71T >99
BWH-C5 KP KPC-3 Tn4401b Chromosomal
BWH-Cé6 KP KPC-3 Tn4401b Chromosomal

KP KPC-3 Tn4401b IncI2 pBK15692 pBK15692 98
BWH-C7 KP KPC-2 Tn4401e IncA/C2 pBWH-C7-KPC PR55 97
BWH-C8 KP KPC-3 Tn4401b Untypeable Pp34399-43.500kb Pp34399-43.500kb 98
BWH-C9 KP KPC-3 Tn4401b IncX3 pBWH-C9-KPC p34618-43.380kb >99
BWH-C10 KP KPC-3 Tn4401b Untypeable p34399-43.500kb Pp34399-43.500kb 98
BWH-CI11 EC TEM-1, OXA-1,  Tn4401b (interrupted ~ Unresolvable plasmid =~ ME-BWH-C11-KPC =~ pBK31551 90

KPC-4 by Tn6901)
BWH-CI12 EC TEM-1, OXA-1,  Tn4401b (interrupted ~ Unresolvable plasmid =~ ME-BWH-C11-KPC ~ pBK31551 90
KPC-4 by Tn6901)

BWH-C13 EC KPC-4 Tn4401b IncH12A/IncH12 pBWH-C13-KPC pK29 91
BWH-C14 EC KPC-4 Tn4401b IncH12A/IncH12 pBWH-C13-KPC pK29 91
BWH-CI15 EC KPC-4 Tn4401b IncH12A/IncH12 pBWH-C13-KPC pK29 91
BWH-C16 EC KPC-4 Tn4401b IncN pBWH-C16-KPC pBK31551 85
BWH-C17 EC KPC-4 Tn4401b IncN pBWH-C16-KPC pBK31551 85

@ KP, Klebsiella pneumoniae; EC, Enterobacter cloacae.
b BLA, beta-lactamase; KPC, Klebsiella pneumoniae carbapenemase.
¢ ME, mobile element.

bored only a single copy of Tn4401, transposon insertion site anal-
yses identified two Tn4401 copies in BWH-C6 (carbapenemase
carriage is denoted by “C” in the strain designation), one chromo-
somal and one plasmid borne, highlighting the capacity for the
transposon cassette to mobilize within carrying strains.

In addition to KPC carbapenemase genes in the context of
Tn4401, one instance of the OXA-48 carbapenemase gene was also
found, on TnI1999 inserted in an incompatibility (Inc) group
IncL/M plasmid in K. pneumoniae strain BWH-C4 (20, 21).

Klebsiella plasmids. Carbapenemase gene-carrying trans-
posons were borne by members of Inc group IncR, -N, -L/M, -I,
and -X plasmids in Klebsiella (Table 1). While repetitive sequences
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can make plasmid assembly with short reads challenging, im-
proved finished plasmid references in GenBank supported the cre-
ation of draft plasmid maps for most strains. These analyses iden-
tified several known KPC-carrying vectors, including pKPC-484
(strains BWH-C1 and -C2) (10), E71T (strain BWH-C4) (21),
pBK15692 (strain BWH-C6) (22), and p34399-43.500kb (strains
BWH-C8 and -C10) (GenBank accession number CP010387.1).
The analyses also identified vectors without close references.
Strain BWH-C3’s plasmid, pPBWH-C3-KPC, carried a KPC-4 gene
(see Fig. Slain the supplemental material). The plasmid backbone
demonstrated only 75% identity to pPBK31551, a plasmid that had
Tn4401 interrupted by IS110 and Tn6901 elements (Fig. 2a) (23).
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FIG 2 pBK31551-derived mobile elements. (A) The pBK31551 sequence is shown, with open reading frames (ORFs) in blue, KPC gene-carrying Tn4401
transposons in green, other insertion sequences and transposons in orange, and class I integron sequences in grey. (B to D) Red boxes indicate homologous
regions of pBK31551. (B) pPBWH-C3-KPC lacks regions that correspond to class I integron resistance, Tra/Stb factors, and the IS110 and Tn6901 mobile elements
within Tn4401. (C) pBWH-C16-KPC lacks the same regions except for Tra/Stb (grey box). (D) ME-BWH-C11-KPC covers an ~30-kb region of pBK31551 that
includes Tn4401 (interrupted by Tn6901 [orange box]). This construct does not include the IS110 insertion found in the parent pBK31551 construct (yellow box
in panel A).
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However, unlike pBK31551, pBWH-C3-KPC lacks these inter-
rupting elements (Fig. 2b). pPBWH-C3-KPC also lacked the class I
integron, an ISCRI element located upstream from Tn4401, and a
region of plasmid transfer and stability machinery (Fip, Tra, and
Stb genes) (Fig. 2b).

Other plasmid vectors, previously described as non-KPC plas-
mids, were found with Tn4401 insertions. Strain BWH-C7
(KPC-2) carried an IncA/C plasmid with 97% sequence identity to
PR55 (see Fig. S1b in the supplemental material), first identified in
aclinical isolate of K. pneumoniae from France in 1969 (24). In this
plasmid, designated pPBWH-C7-KPC, Tn440Ie inserted between
the ter and kfrA genes (see Fig. S1b). In plasmid pBWH-C9-KPC,
carried in strain BWHC9, Tn4401b inserted into an oxidoreduc-
tase gene in an IncX plasmid with >99% identity to p34618-
43.380kb (unpublished data; GenBank accession number
CP010395.1) (see Fig. S1c). This construct bears a close relation-
ship to pKPSn90, a KPC-3-bearing IncX plasmid with Tn4401
inserted at a different location than in pPBWH-C9-KPC (25).

While the majority of strains carried Tn4401 in a plasmid back-
bone, K. pneumoniae strains BWH-C5 and BWH-C6 carried chro-
mosomal insertions. BWH-C6 also harbored a plasmid copy of
Tn4401 in pBK15692. Interestingly, strain BWH-C5 also carried
plasmid pBK15692, though Tn4401 appears to have been excised,
highly suggestive of a transposon jump from pBK15692 to the
chromosome in these strains (see Fig. S2a and b in the supplemen-
tal material).

Enterobacter plasmids. KPC carriage has been less well char-
acterized in Enterobacter species than in Klebsiella species. In this
cohort, carbapenemase-bearing strains of E. cloacae contained a
single, plasmid-borne copy of KPC-4 within Tn4401b. Mobile el-
ement analyses of these strains further identified three subgroups.

Group 1 strains carried mobile element ME-C11-KPC, which
harbors Tn4401::blayp_, and TEM-1 and OXA-1 genes in an ap-
proximately 28-kb segment with 100% identity to the IncN plas-
mid pBK31551, originally detected in K. pneumoniae (Fig. 2d). Of
the two mobile elements that disrupt the Tn4401 insertion in
pBK31551, 1S1618 (IS110 family) and Tn6901, only Tn6901 is
present. However, the group 1 Enterobacter cloacae strains lack the
IS110 insertion but have the Tn6901 insertion. This strain carries
two other Enterobacter plasmids with >99% identity to p35374-
141.404kb and p34399-106.698kb, neither of which has been de-
scribed as carrying a KPC or other beta-lactamase gene. With
short-read analyses, it was not possible to link ME-BWH-C11-
KPC into a larger plasmid backbone; however, the raw-read cov-
erage was approximately 2X that of the plasmids, suggesting that
the segment occurred as a duplication that collapsed into a chime-
ric contig, as described by Conlan et al. (10).

Group II strains, whose mobile elements are represented by
pBWH-C13-KPC (see Fig. S1d in the supplemental material) car-
ried a KPC-4 gene on Tn4401b embedded in a plasmid with 91%
identity to the IncHI2 plasmid, pK29 (26). This construct was
originally isolated from K. pneumoniae in Taiwan and shown to be
negative for a KPC gene but carried the AmpC beta-lactamase
CMY-8 gene and the ESBL CTX-M-3 gene, neither of which oc-
curred in the backbone identified in plasmid pBWH-C13-KPC,
though an OXA-129 gene was identified.

Group III strains, whose mobile elements are represented by
pBWH-C16-KPC (Fig. 2C; see also Fig. Sle in the supplemental
material), carried a KPC-4 gene on Tn4401b, along with TEM-1
on an IncN plasmid with 85% identity to pBK31551. This con-
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struct is quite similar to pPBWH-C3-KPC (Fig. 2) in that the trans-
poson is not disrupted by either of the mobile elements found in
pBK31551. It additionally lacks the same regions of the upstream
class I integron. However, unlike pPBWH-C3-KPC, this construct
contains the Tra/Stb-encoding region found downstream from
the KPC-encoding region (Fig. 2C).

Epidemiology of carbapenemase elements over time. To
evaluate similarities among carbapenemase-carrying strains, dis-
tance trees based on core chromosomal single-nucleotide poly-
morphisms (SNPs) were compared with the strains’ multilocus
sequence types (MLSTs), carbapenemase genes, and transposon
and plasmid carriage profiles (Fig. 3 and 4).

For K. pneumoniae strains, the major branches corresponded
to a variety of MLSTs (Fig. 3), including ST258 (8 strains), the
major KPC-bearing clone in the United States (8). Additional
MLST types included ST15 (n = 2), ST38, ST113, ST16, ST29,
ST101, ST1562, and ST1393 (n = 1 each) and several strains with
an unknown ST (n = 4). A single pancarbapenem-resistant ST258
strain, BWH-NC12, did not have a carbapenemase gene that was
detectable by sequencing or targeted PCR but demonstrated dis-
rupted OmpK35 and OmpK36 porin genes, likely contributing to
its highly resistant phenotype (see Table S4 in the supplemental
material).

The numbers of SNPs separating K. pneumoniae isolates in
this study ranged widely, from 8 to 35,520 (Table 2). Among
the ST258 isolates, strains differed by 35 to 612 SNPs. Two sets
of KPC strains that carried identical plasmids and were cul-
tured from different patients, BWH-C1 and -C2 and BWH-C8
and -C10, differed by 106 and 35 SNPs, respectively. Strains
BWH-C5 and BWH-C6, which harbored chromosomal
Tn4401 insertions in the same location, differed by 171 SNPs,
suggesting that they are related but not immediately so. Fur-
thermore, BWH-C6 also harbored a second copy of Tn4401 in
pBK15692, suggesting an additional transposition event in an
ancestor in common with BWH-C5.

Clinical isolates of E. cloacae also belonged to a variety of
MLSTs (Fig. 4), with the most common being ST78 (n = 6), in
addition to ST171 (n = 3), ST190 (n = 3), ST252 (n = 1), ST162
(n = 1), ST133 (n = 1), and unknown MLST types (n = 6).
Carbapenemase-harboring strains belonged to ST78 and ST171.
Non-carbapenemase-carrying strains within ST78 included
BWH-NC16 and BWH-NC28. The former was resistant to ertap-
enem but susceptible to imipenem and meropenem. This strain
had a chromosomal AmpC gene, as well as a deletion in the
C-terminal-domain region of the AmpD gene, which is associated
with a carbapenem-resistant phenotype (16). BWH-NC28 was
panresistant but was carbapenemase gene negative. It carried the
CTX-M-15 ESBL gene in addition to the chromosomal AmpC
gene, which in combination have been reported to cause pheno-
typic resistance to ertapenem (27). A disrupted porin (OmpF)
likely also contributed to this isolate’s highly resistant phenotype
(see Table S4 in the supplemental material).

The Enterobacter cloacae isolates demonstrated less overall SNP
diversity than the Klebsiella strains, with a range of 0 to 14,550
SNPs among strains (Table 3). Isolates within the ST78 group of
strains differed by 6 to 19 SNPs. Two sets of two strains carried a
KPC-4 gene on the same mobile element; these were strains
BWH-C16 and -C17 (pBWH-C16-KPC) and strains BWH-CI11
and -C12 (ME-BWH-C11-KPC). Chromosomal SNP analyses
showed them to be separated by 9 and 6 SNPs, respectively, mak-
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FIG 3 Maximum-likelihood phylogenetic tree of K. pneumoniae clinical isolates. SNPs in the core chromosome (excluding mobile elements) were calculated
using strain KP-MGH-78578 as a reference (indicated by an asterisk). Isolates taken from the same patient (during separate inpatient stays) are denoted by double
asterisks. Corresponding MLSTs, KPC variants, and carbapenemase gene-bearing plasmids (if present) are indicated. Strains with similar KPC gene-bearing
constructs, i.e., chromosomal/pBK15692 (green), pKPC-484 (blue), and p34399-43.500kb (red), are indicated. Scale bar indicates a distance of 5,000 SNPs. Local

support values are indicated at the nodes.

ing them the most similar pairs within the ST78 group. Among the
ST171 group, strains BWH-C13, -C14, and -C15 were virtually
identical (0 to 1 SNPs) and carried a KPC-4 gene on mobile ele-
ment pPBWH-C14-KPC (Fig. 4).

Epidemiological detection of strain entry and outbreaks. Pa-
tient diagnoses, lengths of inpatient stays, locations within the
hospital, and coisolates cultured over the 3-year period of analyses
were collected for all patients (Fig. 5). The analyses identified lim-
ited outbreaks within the hospital but, more prominently, noted
sporadic detection of strains with identical plasmids months to
more than a year apart. In the latter cases, a common hospital-
based reservoir could not be identified. The most closely linked
isolates in this cohort, BWH-C13, -C14, and -C15, differed by 0 or
1 SNP and were collected within 18 days of each other from pa-
tients being treated by the same clinical service.

DISCUSSION

Several studies have shown the utility of clinical microbial genome
sequencing to aid in outbreak detection and the tracking of viru-
lence and resistance factors (28, 29). We used genome sequencing
to identify the genetic determinants of carbapenem resistance and
their context within mobile elements or chromosomal sequences.
In this manner, a hospital-specific repository of resistance genes,
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transposons, and mobile elements enabled more refined and rapid
analyses of new isolates as they occurred (see Fig. S3 in the sup-
plemental material).

Among the K. pneumoniae isolates, phenotypic resistance to
carbapenems was mediated by KPC-2, -3, and -4 and OXA-48, as
well as other beta-lactamases, in conjunction with accessory pro-
teins, such as porins. OXA-48 has only recently been reported in
the United States (30). In contrast, carbapenemase-producing
E. cloacae strains harbored only KPC-4, which has been reported
uncommonly in other CRE surveys (10, 12, 14, 31, 32). Non-
carbapenemase-carrying isolates of E. cloacae with phenotypic
carbapenem resistance carried ESBL genes and/or mutated AmpD
and porin genes.

Klebsiella KPC genes were carried on different isoforms of
Tn4401, a, b, and e, which were further inserted into seven differ-
ent plasmids and, in two instances, chromosomally. We identified
several known KPC-encoding constructs, such as pKPC-484,
pBK15692, p34399-43.500kbp, and E71T.

pKPC-484 (Tn440la:blagpe,) (10) and p34399-43.500kb
(Tn4401b::blaypc_5) were each identified in two patients with
no obvious epidemiological connections. The Incl plasmid
pBK15692, first identified in a K. pneumoniae strain isolated in
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2005 in a New Jersey hospital, carries a KPC-3 gene within
Tn4401b that has inserted into Tni331 (22). Strain BWH-C6,
which has a chromosomal Tn4401b, carries the pBK15692 plas-
mid with an additional copy of Tn4401b and a small deletion in
Tnl1331, removing the aad and blayy ,_o genes. Interestingly, strain
BWH-C5, with an identical chromosomal Tn4401b, carries the
pBK15692 backbone with Tn4401b apparently excised. The only
OXA-48 carbapenemase gene identified in this study was carried
by plasmid E71T, an IncL/M plasmid first described in Ireland
(21).

Novel plasmids identified in Klebsiella isolates included
pBWH-C3-KPC, which carried the only KPC-4 gene identified in
Klebsiella and showed the closest identity (75%) to pBK31551, a
KPC-4 gene-bearing IncN plasmid that was first detected in New
Jersey (23). In addition, plasmid pBWH-C7-KPC carried a
Tn4401e insertion in the backbone of the IncA/C plasmid PR55,
along with a large bacteriophage (24).

Plasmid analyses further refined the groupings among the
KPC-carrying Enterobacter strains, identifying three distinct
groups with pBWH-C13-KPC, pBWH-C16-KPC, or ME-BWH-
C11-KPC. The backbone of the KPC-4 gene-carrying plasmid
pBWH-C13-KPC showed 91% identity to the IncH12A/IncH12
plasmid pK29 (26). This construct occurred in the most closely
related strains (0 to 1 SNPs), isolated within 18 days of each other
from patients receiving care from the same inpatient service but
housed on different floors of the hospital.

Notably, the other two Enterobacter carbapenemase gene-
bearing elements, (P BWH-C16-KPC and, ME-BWH-C11-KPC),
along with Klebsiella plasmid pBWH-C3-KPC, share homology
with the IncN plasmid pBK31551, illustrating its capacity to trans-
mit KPC-4 across species. We suggest one possible scenario link-
ing the pBK31551-related constructs across species (see Fig. S4 in
the supplemental material), namely, hospital entry within a
K. pneumoniae ST834 or ST113 strain and spread to E. cloacae
ST78 strains at a time prior to the start of genomic surveillance
in 2011. The pBWH-C3-KPC construct in Klebsiella and the ME-
BWH-C11-KPC and pBWH-C16-KPC derivatives in Enterobacter
were then detected the following year.

Plasmid analyses among the K. pneumoniae MLST types fur-
ther refined strain relationships. In particular, the relatively low
number of SNPs among isolates carrying identical plasmids sug-
gests the spread of clonal strains with their plasmids over the
3-year period, rather than significant transfer of plasmids to other
strains. In contrast to Klebsiella, relatively little is known about the
prevalence of KPC carriage among Enterobacter MLSTs, though
an MLST scheme has recently been described for E. cloacae (33—
35). These studies illustrated the multiclonal nature of drug-
resistant Enterobacter strains by finding KPC-4 carriage in ST78
and ST171.

These results demonstrate the importance of analyzing resistance-
carrying transposons and plasmids to enrich epidemiological track-
ing of resistance determinants within and across institutions. Among
CRE strains from the same ST type that shared chromosomal SNP
profiles, plasmid analyses improved the subclassification of strains
and their nature as sporadic or associated with a potential internal
outbreak or reservoir. The transposon, plasmid, and chromosomal
SNP profiles further enabled the development of a hospital-specific
repository of chromosomes and mobile elements that could addi-
tionally contribute to national surveillance efforts, which will be
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Strain MLST | KPC| LOCATION
- BWH-NC19 ST252
- BWH-NC37 ST162
BWH-NC22 |Unknown
BWH-NC14  |Unknown
- ENHKUO01*
--BWH-NC15  [Unknown
- BWH-C13 ST171 |KPC4| pBWH-C13-KPC
' BWH-C14 ST171 |KPC4| pBWH-C13-KPC
- BWH-C15 ST171 |KPC4| pBWH-C13-KPC
- BWH-NC25 ST133
-~ BWH-NC20 |Unknown
BWH-NC21  |Unknown
‘BWH-NCZ4 Unknown
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~ BWH-NC28 ST78
- BWH-NC16 ST78
-BWH-C11 ST78 |KPC4|ME-BWH-C11-KPC
BWH-C12 ST78 |KPC4|ME-BWH-C11-KPC
BWH-C16 ST78 |KPC4| pBWH-C16-KPC
BWH-C17 ST78 |KPC4| pBWH-C16-KPC

FIG 4 Maximum-likelihood phylogenetic tree of E. cloacae clinical isolates. SNPs in the core chromosome (excluding mobile elements) were calculated using
strain KP-ENHKUOL as a reference (indicated by an asterisk). Isolates taken from the same patient (during separate inpatient stays) are denoted by double
asterisks. Corresponding MLSTs, KPC variants, and carbapenemase gene-bearing plasmids (if present) are indicated. Strains with similar KPC-bearing con-
structs, i.e., pPBWH-C13-KPC (green), pBWH-C16-KPC (blue), and ME-BWH-C11-KPC (red) are indicated. Scale bar indicates a distance of 2,000 SNPs. Local

support values are indicated at the nodes.

needed to more effectively identify and track resistance determinants
across institutions.

Our data also highlight the strengths and weaknesses of short-
read sequencing platforms to analyze mobile genetic elements
with highly repetitive sequences. Currently, long-read sequencing
technology remains beyond the capacity of most clinical microbi-
ology laboratories. Closed reference-quality plasmid sequences
are rarely obtained with short-read sequencing alone. However,
assembled contigs from short-read platforms can be used to read-
ily identify specific resistance genes and their immediate genomic
context. The growing plasmid reference content in public data-
bases further enhances the capacity to generate clinically valu-
able draft plasmid maps using short-read platforms. As more
clinical laboratories move to perform such analyses, it will be
possible to undertake more robust analyses of strain and mo-
bile element transmission of drug resistance by institution, re-
gion, and timeframe, as well as in environments external to
health care systems.

MATERIALS AND METHODS

Bacterial strains and data. All strains and data were collected under IRB
protocol 2011-P-002883 approved by the Partners Healthcare Internal

July/August 2015 Volume 6 Issue 4 e01030-15

Review Board. Strains were collected from the Clinical Microbiology Lab-
oratory at Brigham and Women’s Hospital (BWH), a 793-bed hospital in
Boston, MA, that supports a number of inpatient and outpatient services.
Standing queries in the Crimson LIMS (36) flagged resistance to ertap-
enem, meropenem, and/or imipenem among members of the Enterobac-
teriaceae identified during routine clinical microbiologic testing. Thirty-
seven isolates of carbapenem-nonsusceptible Klebsiella pneumoniae and
Enterobacter cloacae, along with four pansusceptible and ESBL strains,
were collected from October 2011 to October 2014 and included in
genomic analyses. Phenotypic resistance was determined by MIC (Vitek 2
platform), Kirby-Bauer disk diffusion, and/or E-test strips (bioMérieux,
Crapone, France) (37). Total DNA was isolated from each strain on the
Qiagen EZ1 platform using the tissue DNA isolation kit (Qiagen, Venlo,
Netherlands). Phenotypic resistance at BWH was tracked and charted
using WHOnet (38). Patient data were analyzed in the hospital electronic
medical records (EMR).

KPC PCR. KPC genes were amplified according to the method of
Mathers et al. (39).

Library preparation and sequencing. Libraries were prepared using
the Nextera XT system (Illumina, San Diego, CA). Strains were sequenced
on the MiSeq platform (Illumina), using the V1 (150-bp paired-end
reads) or V3 (300-bp paired-end reads) kit. The average sequencing depth
resulted in 103X coverage.

mBio mbio.asm.org 7


mbio.asm.org

Pecora et al.

0 T6TFI 88THFI TETHL LECHI 19€FD 68THI  8STHI 790S  TO6TWL 16TWI  68THI  €TTHI  €ITHL €6TFL S6TVL  TETHL TETHI 1€CHL 16TF1 68TF1  LEON-HME
16771 0 96LS 1089 6185 9T6°¢l 1LLS 818G 88TYI 96LS L6LS 4! 8685  166°¢1 €l €l 0885 0885 6185 61 Y1 8CON-HMdA
88TF1 96LS 0 ye61 PIST  0L6°¢T 1241 8€LT  80€VL [43 I¢ 86LS 8VSy  L86°C1 L6LS 66LS €9v €ov ooy 108S 865  9CON-HMA
TETYI 108¢ yeol 0 8707 868Cl ¥861 TTOL  LSTYI 9¢61 Se6l 108¢ SISy L¥6'El 08¢S ¥08S 097 097 109% L08S €08¢  SCON-HMdA
LEETT 618¢ V181 8¢0¢ 0 LEOFI 6L G681  08EVI V181 €181 €8S 89SF 69071 T8¢ TT8s 919¥% 919¥% SI9¥% LT8S €8S VION-HMd
19€PT  916°CT  0L6°€T  868Cl  LEOFI 0 /86°€T TIL6CT FETHL TL6'CT TL6'ET 9I6CT 989°CT OFPSOT LIG'Cl 6I6°€l 0TLCT 0TLEl TTLCT 0T6ET 916°€l TION-HMI
68TF1 1LLS 1LL1 7861 6L L86‘C1 0 181  6TEFI 1LLT 0LLT SLLS ISy F1091 VLLS VLLS oSy oSy ¥9Sv 6LLS SLLS  TTON-HMA
8GTV1L 8189 8¢L1 (441 G681 1L6CI 1681 0 86TFI 9¢Ll SELT T8s 90sy €701 618¢ 618¢ €9SY €95V oSy TT8s 818S 0CON-HMdA

7905 88TFI  SOEFI LSTHFT 0SEFT FETVI 6TEFI 86TFI 0 €IEFT TIEPL 88THI 0STHFL FOIVL 06TFL T6THFI SE€TFL SETHI ¥PETFI 06TFT 88TVI 6ION-HMI
T6TY1 96LS [43 9¢61 PIST 1L6°¢T 1221 9€LT  €IEFT 0 1 86LS LVSy  886°¢1 L6LS 66LS 129v 129v 079% 1085 865 8ION-HMA
16771 L6LS 1€ Se6l CIST  TL6CL 0LLT GELT  TIEYL 1 0 66LS 8¥Sy  686°¢1 86LS 008S v v 129% 208s 665  LIDN-HMA
68TF1 4! 86LS 1085 €785 9TI6‘Cl SLLS TT8S  88TVI 86LS 66LS 0 098S  £86°€1 €l €l 7885 7885 €889 61 71 9TON-HMdA
€TTYI 8G68S 8¥S¥ Sesy 89SF  989°CI Lisy 90S¥  0STHI LYSY 8¥Sv 0985 0 878¢€l G989 G989 9791 9791 91 798¢ 798  SION-HMdA
CITHT T66°Cl  L86CT  LV6'ET 690F1 0FPSOT FIOFI €TOFT FOIVI 886°CT 686°CT L86°Cl  8TYEI 0 886°€T 066°Cl TLYET TLSCT €L8'CT T66Cl L86°€T FION-HMI
€6TF1 €l L6LS c08s TT8S  LI6ETL VLLS 6185  06TF1 L6LS 86LS €l G985  886°Cl 0 9 G88S G88S ¥88¢ 91 11 LID-HMd
S6TTI €l 66LS ¥08S TT8S  6I6Cl VLLS 618S  T6TTI 66LS 008S €l G98S  066°Cl 9 0 G889 G889 ¥88¢ 91 11 91D-HM4A
TETYI 088¢ €ov °09% 919%  0TL€T S9S¥ €9SY  SETYI 129v ooy ¥88¢ 9791  TL8¢€1 G88¢ G88¢ 0 0 1 988¢ 988¢ SIO-HMdA
TETYI 0885 €Y 097 919% 0TL€1 oSy €9Sy  SETVl 129% or 7885 9791 /8¢l G889 G889 0 0 1 988¢ 988¢ YIO-HM4
1€TP1 6L8S (444 1097 SI9%  TTL€1 oSy 9y vETTI 0Z9% 129% €889 GT9T  €/8€l 7885 ¥88S 1 1 0 G889 G88¢ €IO0-HMA
1671 61 1089 £08S LT85 0T6€L 6LLS 778 06TVI 108S c08s 61 7985 1661 91 91 988¢ 988¢ G88¢ 0 6 CIO-HMd
68T 4! 86LS €085 €8S 9I6‘Cl SLLS 818G 88TYI 86LS 66LS 4! 7985 L86°€1 11 11 988¢ 988¢ G889 6 0 1TO-HMd
LEON  8CON  9TON  SCON  ¥¢ON  CCON IZON  0CON  6ION  8ION LZION 9ION SION ¥ION L1D 910 SIO [410) €10 [410) 110 ureng
"HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd -HMd

SUTEI)S PIIBIIPUT U2IMIIq TIJIP JBY) SINS JO "ON

SIY[OST 2VIVO]) 42120Q0.42JU7 10] XINEW NS € TTIV.L

Issue 4 e01030-15

July/August 2015 Volume 6

8 mBio mbio.asm.org


mbio.asm.org

A) K. pneumoniae

Genomically Informed Pathogen Surveillance

Plasmid ) Strain

P34399-43.500kb ST-258  BWH-C10

P34399-43.500kb ST-258  BWH-C8

pKPC-484 ST-258  BWH-C1

pKPC-484 ST-258  BWH-C2

chromosomal ST-258  BWH-C5

chromosomal, pBK15692 ST-258  BWH-C6
pBWH-C7-KPC ST-258  BWH-NC12

No KPC ST-258  BWH-C7

Q(Ig\'\ QQ\\\ Qb}'@ \Q\'\(L Q\'\n’ \\\\“) Q\\V ®\v

B) E. cloacae Plasmid MLST  Strain
o pBWH-C13-KPC ST-171  BWH-C14
] pBWH-C13-KPC ST-171  BWH-C15
pBWH-C13-KPC ST-171  BWH-C13
% No KPC ST-78  BWH-NC28
% pBWH-C16-KPC ST-78  BWH-C16
w pBWH-C16-KPC ST-78  BWH-C17

ME-BWH-C11-KPC ST-78  BWH-C11
H }—CI%} Q—  ME-BWH-C11-KPC ST-78  BWH-C12
© No KPC ST-78  BWH-NC16

NN ' ‘ ' ' ‘
qu\ 009\\ Qb‘\\'l' \Q\,{L éo\\”’ \\\\"9 QQX\"‘ 'Og\"‘

FIG 5 Integrating genomics with patient metadata. All members of each MLST with more than one representative (including at least one carbapenemase
producer) were associated with patient metadata (dates of inpatient stays, diagnoses, and providers). Admissions and discharges are denoted by grey circles linked
by thick lines (not visible for short stays). Dates of first positive CRE cultures are indicated by red asterisks. Associated carbapenemase gene-bearing plasmids are
indicated to the right. Isolates of K. pneumoniae ST258 (A) and E. cloacae ST171 and ST78 (B) are shown.

Contigassembly and analysis. De novo assembly was performed using
SPAdes (version 3.1) (40), and the resulting contigs were assessed with
QUAST (41), which showed an average N5, of 273,646 bp across isolates.
Resistance genes were identified by BLAST against a database of resistance
genes compiled from the Comprehensive Antibiotic Resistance Database
(CARD), the Lahey Clinic (http://www.lahey.org/studies), and the Lacta-
mase Engineering database (http://www.laced.uni-stuttgart.de) (42). The
criteria used to positively call specific classes of beta-lactamases were (i)
coverage of >97% query length of the putative gene, (ii) >97% identity
with the matching reference sequence, and (iii) <5 mismatches, as well as
no gaps in the alignment. To determine chromosomal versus mobile
genomic context of the beta-lactamases discovered, the surrounding se-
quence neighborhoods on the parent contigs that contained beta-
lactamase gene(s) were compared to the GenBank nt database using
BLAST to assess matches to reference plasmids or chromosomes.

Transposon carriage was assessed by using BLAST to compare the de
novo contigs against a set of transposon sequences derived from GenBank.
To assess transposon terminal direct repeats (TDRs), copy numbers, and
insertion sites, Bowtie2 was used to align raw reads to transposon junc-
tions, which were grouped by the 5-bp TDR generated by the transposon
(43). Five-base-pair TDRs that had a matching TDR on both the 5" and 3’
end of the transposon were considered to be the borders of a complete
transposon. The nontransposon sequence adjoining the TDR was com-
pared to the GenBank nt database using BLAST in order to confirm the
insertion site.

Plasmid incompatibility (Inc) groups were assessed using BLAST and
the PlasmidFinder database from the Center for Genomic Epidemiology
(CGE) (44). To identify all plasmid-associated contigs in an isolate, a
BLAST search was conducted against the NCBI bacterial plasmid database
(http://www.ncbi.nlm.nih.gov/). Contigs that demonstrated a likely plas-
mid origin were selected and then compared to the GenBank nt database
using BLAST for a more accurate identification and to arrive at a list of
candidate plasmids, which were classified according to the plasmid repli-
cons. To assess the strength of plasmid identifications and analyze antibi-

July/August 2015 Volume 6 Issue 4 e01030-15

otic resistance regions, raw reads were aligned to plasmid reference se-
quences using Bowtie (45). Plasmids with the highest coverage by raw
reads, where at least 65% of the backbone was accounted for, were selected
as the best matches. To ascertain whether isolates contained regions not
present in the reference plasmid, de novo contigs generated in SPAdes
were ordered to the sequence of the reference plasmid using the MAUVE
aligner and novel regions identified (46). Plasmid maps were then gener-
ated from each set of ordered contigs, annotated using the RAST engine,
and given a new plasmid name if they were <98% identical to the refer-
ence construct or included novel insertions not present in the reference
sequence (i.e., Tn4401) (47, 48). Carbapenemase-containing elements
which could not be placed in a plasmid backbone were denoted as “ME,”
for mobile element. Maps were visualized with MacVector software
(MacVector, Inc., Cary, NC).

Chromosomal analyses of resistance genes and modifying muta-
tions. Genes involved in the regulation of AmpC (ampD and ampR), as
well as the porin genes ompC and ompF (ompK36 and ompK35 in Kleb-
siella strains), were assessed for premature stop codons, disruptive inser-
tion sequences (IS), and nonsynonymous mutations known to affect en-
zyme function (7, 15-19).

MLST. Multilocus sequence typing (MLST) was done by using the
MLST finder tool at the Center for Genetic Epidemiology (49).

SNP typing. Chromosomal single-nucleotide polymorphisms (SNPs)
across sequenced isolates were called in de novo-assembled contigs using
the Nucmer and showSNPs tools in the Mummer package (50). Calls were
made in comparison to chromosomal sequences from reference strains
K. pneumoniae KP_MGH_78578 (NC_009648) and E. cloacae ENHKUO01
(NC_018405). Default settings were used for Nucmer, and the “-CIIrT”
options were used with showSNPs. Additional filtering steps applied to
SNP calls were as follows: (i) removal of SNPs mapping within genes
associated with bacteriophage or other mobile elements, (ii) removal of all
SNPs within 20 bp of another SNP, (iii) removal of all SNPs within 20 bp
of the end of a contig, (iv) removal of SNPs from noncoding regions, and
(v) removal of SNPs from any region with greater than 2X the depth of
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coverage of the strain average. Concatenated SNPs were used to construct
phylogenetic trees using the approximate-maximum-likelihood-based
approach in FastTree with parameters “-nt -gtr” (51). Trees were visual-
ized in FigTree using the midpoint-branching tree-building option
(http://tree.bio.ed.ac.uk/software/figtree/). Local support values for each
of the nodes were calculated in FastTree.

Sequence data accession numbers. Accession numbers for draft se-
quence files (raw reads) are in Table S5 in the supplemental material.
Reference plasmid sequences were downloaded from ftp://ftp.ncbi
.nlm.nih.gov/genomes/Plasmids/. Reference transposon sequences used
in this study are available at http://metagenomics.partners.org
/PathogenGenomes/.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
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