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ABSTRACT Outbreaks of infection occur more often than they are reported in most
developing countries, largely due to poor diagnostic services. A Klebsiella species
bacteremia outbreak in a newborn unit with high mortality was recently encoun-
tered at a location being surveilled for childhood bacteremia. These surveillance ef-
forts offered the opportunity to determine the cause of this neonatal outbreak. In
this report, we present the whole-genome sequences of New Delhi metallo-g-
lactamase (NDM-5)-containing Klebsiella quasipneumoniae subsp. similipneumoniae
bloodstream isolates from a neonatal bacteremia outbreak at a tertiary hospital in
Nigeria and as part of the largest collection of K. pneumoniae bloodstream isolates
from children in Africa. Comparative analysis of the genetic environment surround-
ing the NDM-5 genes revealed nearly perfect sequence identity to blaypy.s-bearing
IncX3-type plasmids from other members of the Enterobacteriaceae.

IMPORTANCE Carbapenem-resistant Klebsiella pneumoniae is of global health impor-
tance, yet there is a paucity of genome-based studies in Africa. Here we report fatal
blood-borne NDM-5-producing K. quasipneumoniae subsp. similipneumoniae infec-
tions from Nigeria, Africa. New Delhi metallo-B-lactamase (NDM)-producing Klebsiella
spp. are responsible for high mortality and morbidity, with the NDM-5 variant show-
ing elevated carbapenem resistance. The prevalence of NDM-5 in Klebsiella has been
limited primarily to K. pneumoniae, with only one isolate being collected from Africa.
During an outbreak of sepsis in a teaching hospital in Nigeria, five NDM-5-producing
K. quasipneumoniae subsp. similipneumoniae sequence type 476 isolates were identi-
fied. Given the increased resistance profile of these strains, this study highlights the
emerging threat of blaypy.s dissemination in hospital environments. The observation
of these NDM-5-producing isolates in Africa stresses the urgency to improve moni-
toring and clinical practices to reduce or prevent the further spread of resistance.

KEYWORDS ESBL, Enterobacteriaceae, Klebsiella, New Delhi metallo-B-lactamase
(NDM-5), Nigeria, antimicrobial resistance, bacteria, carbapenemase, neonate

he global dissemination of carbapenemase-producing Klebsiella spp. poses a seri-

ous public health threat. Among the newly emerging carbapenemases, NDM is one
of the most clinically significant due to its increased resistance phenotype, rapid and
ongoing evolution, and global dissemination. Since NDM-1 was initially identified from
Klebsiella pneumoniae in 2008 (1), 16 new blay,, alleles have been identified, with most
of them originating from Asia. NDM producers now include multiple bacterial genera
and have spread to virtually every continent (2), largely due to the plasmid-mediated
transfer of blayp.
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TABLE 1 Select genomic features and metadata for the K. quasipneumoniae subsp. similipneumoniae genomes sequenced in this study?

Length Patient Presence
BioSample accession no.  Strain (Mbp) Nso MLST ST  MLST allelic profile® age (days) Date of isolation  of NDM
SAMNO05960914 G747 5.9 5395457 476 18-22-26-22-93-37-99 6 25 Feb 2013 -
SAMNO05960931 G4582 5.8 219823 476 18-22-26-22-93-37-99 2 14 Apr 2016 +
SAMNO05960932 G4584 5.9 5446060 476 18-22-26-22-93-37-99 1 15 Apr 2016 +
SAMNO05960934 G4593 5.8 226966 476 18-22-26-22-93-37-99 1 20 Apr 2016 +
SAMNO05960936 G4601 5.8 208789 476 18-22-26-22-93-37-99 1 26 Apr 2016 +
SAMNO05960939 G4612 5.8 208978 476 18-22-26-22-93-37-99 4 04 May 2016 +
SAMNO05960940 G4704 54 368354 1031 18-22-18-23-134-13-51 2 18 Jul 2016 -

aAll isolates originated from the blood of patients at the University of Abuja Teaching Hospital, Gwagwalada, Nigeria.

bThe alleles are for gapA-infB-mdh-pgi-phoE-rpoB-tonB.

In 2011, a multidrug-resistant (MDR) Escherichia coli strain isolated in the United
Kingdom from a patient returning from a recent hospitalization in India was found to
harbor NDM-5 (3). In comparison to the prevalent NDM-1 allele, NDM-5, a 2-amino-acid
variant, conferred elevated carbapenem resistance (3) and has subsequently been
identified in isolates from other members of the Enterobacteriaceae family worldwide
(4-30). Among the Enterobacteriaceae, reports of NDM-5-producing Klebsiella spp. are
sporadic (17-19, 21-24, 31), with only one isolate collected from a hospitalized infant
in northern Africa (20). Furthermore, the prevalence of NDM-5 in Klebsiella has been
limited primarily to K. pneumoniae strains.

In this study, we report on an NDM-5-producing K. quasipneumoniae subsp. simili-
pneumoniae strain representing the sequence type 476 (ST476) clonal group isolated
from neonates at the University of Abuja Teaching Hospital, Gwagwalada, Nigeria.

RESULTS AND DISCUSSION

Clinical setting of Klebsiella outbreak. The evaluation of the causative agent of
this outbreak was facilitated by one of the surveillance laboratories for the Community-
Acquired Bacteremic Syndrome in Young Nigerian Children (CABSYNC) program, which
is located at the University of Abuja Teaching Hospital, Gwagwalada, Nigeria, and the
diagnostic service was offered at no cost to the parents of these babies. At most health
care facilities in Nigeria and, indeed, throughout sub-Saharan Africa, diagnostic micro-
biology laboratories are not readily available, and where they are available, the service
is neither free nor affordable; thus, most septic newborns are treated empirically.

An outbreak of neonatal sepsis occurred during the month of April 2016, when there
was a high admission in the special care baby unit of the University of Abuja Teaching
Hospital, Gwagwalada, in central Nigeria. This is one of two special care neonatal units
in the Federal Capital Territory, both of which cater to a population of over 3 million
(National Bureau of Statistics, Nigeria). The bed occupancy rates typically exceed the
total number of beds, with babies being nursed on Resuscitaire units (Drager, Libeck,
Germany) and less critically ill babies occasionally sharing cots. Mechanized respiratory
support was limited to continuous positive airway pressure (CPAP). The outbreak
prompted an increased level of infection control, such as enforced hand washing,
restricted access to the unit, and temporary closing of the unit for 4 days for sanitiza-
tion, which presumably led to resolution of the outbreak by the beginning of May 2016.

Sequencing of neonatal bloodstream isolates of MDR Klebsiella spp. lllumina
NextSeq genome sequencing was performed on seven bloodstream isolates of Kleb-
siella spp. from babies being treated in the University of Abuja Teaching Hospital,
Gwagwalada, in central Nigeria, as part of an ongoing (2012 to 2016) surveillance for
community-acquired bacteremic syndromes (CABSYNC). Part of this collection included
five isolates obtained during the April 2016 outbreak of neonatal sepsis. The resulting
de novo assembly lllumina sequence coverage of five of the seven isolates was between
90-fold (for isolate G4612) and 230-fold (for isolate G4584) across an average of 121
contigs per genome (minimum, 46 for G4704; maximum, 146 for G4612), resulting in
average draft genome sizes of between 5.4 Mbp (G4704) and 5.8 Mbp (G4601) (Table 1).
Two representative isolates, G4584 and G747, which received additional Oxford Nano-
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pore minlON sequencing, resulted in a hybrid de novo assembly of seven circular
contigs including one chromosome (5,446,060 bp) and six plasmids (3,733 bp to
218,935 bp) and a de novo assembly of six circular contigs including one chromosome
(5,395,457 bp) and five plasmids (3,733 bp to 218,944 bp), respectively. The resulting
hybrid de novo assembly sequence coverage of G4584 was 760-fold (234 times by
lllumina NextSeq sequencing and 525 times by Oxford Nanopore sequencing), and that
of G747 was 164-fold (105 times by lllumina NextSeq sequencing and 60 times by
Oxford Nanopore sequencing).

Taxonomic classification. Phylogenetic characterization via in silico multilocus
sequence typing (MLST) and determination of single nucleotide polymorphisms (SNPs)
of publicly available Klebsiella species genome sequences (n = 4,963), including Kleb-
siella species isolates from Nigeria (n = 93), revealed that the Nigerian isolates in this
study could be taxonomically classified as K. quasipneumoniae subsp. similipneumoniae
(Fig. 1). The taxonomy of all Klebsiella species genomes was confirmed by the average
nucleotide sequence identity (ANI). Those phylogenetically characterized as K. quasi-
pneumoniae subsp. similipneumoniae (n = 102) in this study had >98% ANI to K.
quasipneumoniae subsp. similipneumoniae 07A044T (see Table S1 in the supplemental
material). Sequence type 476 (ST476) was identified in six of the K. quasipneumoniae
subsp. similipneumoniae isolates collected from the University of Abuja Teaching
Hospital, Gwagwalada, Nigeria (Table 1), representing a clonal group with 98.94% to
100% identity by pairwise ANI.

Phenotypic susceptibility characterization. Antimicrobial susceptibility testing of
the K. quasipneumoniae subsp. similipneumoniae isolates demonstrated various degrees
of resistance to broad-spectrum antibiotics (Table 2). The April 2016 outbreak isolates,
G4582, G4584, G4593, G4601, and G4612, were resistant to virtually every antibiotic
tested, including the carbapenems imipenem, meropenem, and ertapenem (MICs,
>32 pg/ml). Exceptions for resistance to other antibiotics included intermediate resis-
tance to amikacin (MICs, 24 to 32 ug/ml) and, in the case of G4612, also resistance to
chloramphenicol (MIC, 16 wg/ml). No other K. quasipneumoniae subsp. similipneu-
moniae isolate obtained as part this study had a high level of resistance to all antibiotics
tested, including the carbapenems. G747, which shares the same sequence type, ST476,
and five of six plasmids with G4584 but was isolated from the same hospital 3 years
earlier, exhibited a similar resistance profile but was sensitive to imipenem (MIC,
0.5 ng/ml), meropenem (MIC, 0.125 ug/ml), and ertapenem (MIC, 0.064 ng/ml), as well
as cefoxitin (MIC, 8 wg/ml). Similarly, G4704, obtained 3 months later, was also sensitive
to carbapenems (imipenem, meropenem, and ertapenem), as well as cefoxitin, cefta-
zidime, cefepime, piperacillin-tazobactam, and amikacin, and showed intermediate
resistance to amoxicillin-clavulanic acid.

Genotypic characterization of NDM-5-containing K. quasipneumoniae subsp.
similipneumoniae isolates. Multidrug-resistant K. quasipneumoniae subsp. similipneu-
moniae isolates G4582, G4584, G4593, G4601, and G4612 were found to harbor
B-lactamase genes bldcry.m-15 blanpomes: blackp-g-er Dlaoxa.1, @and blagy,.,, and non-p-
lactam acquired resistance genes included aac(6’)-Ib-cr, bleys, gnrB1, and sul2 (Ta-
ble S2). Complete genomic sequencing of G4584 revealed a circularized IncX3-type
plasmid carrying the NDM-5 allele in the outbreak strain and confirmed the absence of
the blaypm.s-bearing plasmid in the preoutbreak strain, G747. Compared with other
publicly available K. quasipneumoniae subsp. similipneumoniae strains (n = 102), this is
the first report of NDM-5 in an ST476 isolate (Fig. 1; Table S1), and to the best of our
knowledge, this is the first occurrence of an NDM-5-producing Klebsiella sp. in Nigeria
and one of few Klebsiella species NDM producers in Africa (20, 32-40).

Screening for putative virulence genes revealed no difference between the carriage
of a virulence-associated gene/gene clusters among NDM-5-containing and NDM-5-
noncontaining Nigerian isolates. Genes coding for the urease (ureABCDEFG) and fimbria
(mrkABCDFHIJ and fimFGH) gene clusters, glucuronic acid transferase (wabG), the
siderophores enterobactin (entABCDEF), and ferric iron uptake (kfuABC) were detected
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FIG 1 Phylogenetic analysis of K. quasipneumoniae subsp. similipneumoniae isolates. The resulting tree
was rooted with type strain K. quasipneumoniae subsp. similipneumoniae 07A044 (GenBank accession no.
NZ_CBZR010000000) and annotated with genotypes of resistance to common carbapenemases. The
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TABLE 2 Antimicrobial susceptibility testing of K. quasipneumoniae subsp. similipneumoniae isolates

MIC (pg/ml)e

Strain AMP AMC CEF FOX CAZ CRO CTX FEP TZP IPM MEM ETP GEN AMK TOB SXT TET CIP CHL ESBL CAZ-CLA ESBL CTX-CLA
G747 >256 48 >256 8 >256 >256 >256 >256 >256 0.5 0.125 0.064 256 24 48 >32 >256 32 12 >32/0.38 (+) >16/0.19 (+)

G4582 >256 >256 >256 >256 >256 >256 >256 >256 >256 >32 >32 >32 >256 24 256 >32 >256 >32 24 >32/>4 (=) >16/>1(-)
G4584 >256 >256 >256 >256 >256 >256 >256 >256 >256 >32 >32 >32 >256 32 192 >32 >256 >32 24 >32/>4 (=) >16/>1(-)
G4593 >256 256 >256 >256 >256 >256 >256 >256 >256 >32 >32 >32 >256 24 192 >32 >256 32 24 >32/4 (+) >32/0.19 (+)
G4601 >256 256  >256 >256 >256 >256 >256 >256 >256 >32 >32 >32 256 32 64 >32 >256 >32 32 >32/>4 (—) >16/>1
G4612 >256 >256 >256 >256 >256 >256 >256 >256 >256 >32 >32 >32 >256 32 256 >32 >256 >32 16 >32/>4 (=) >16/>1(—)
G4704 >256 16 >256 8 15 >256 >256 6 6 0.5 0.094 0.023 >256 4 12 >32 >256 4 >256 <0.5/0.25 (—) >16/0.125 (+)

aAMP, ampicillin; AMC, amoxicillin-clavulanic acid; CEF, cephalothin; FOX, cefoxitin; CAZ, ceftazidime; CRO, ceftriaxone; CTX, cefotaxime; FEP, cefepime; TZP,
piperacillin-tazobactam; IPM, imipenem; MEM, meropenem; ETP, ertapenem; GEN, gentamicin; AMK, amikacin; TOB, tobramycin; SXT, trimethoprim-sulfamethoxazole;
TET, tetracycline; CIP, ciprofloxacin; CHL, chloramphenicol; CAZ-CLA, ESBL ceftazidime-clavulanic acid; CTX-CLA, ESBL cefotaxime-clavulanic acid; +, positive; —,
negative.

in all seven Nigerian isolates, while genes coding for the allantoinase gene cluster
(allABCDRS), the two-component system KvgAS (kvgAS), and mucoid phenotype regu-
lators (rmpA and rmpA2) and the gIxKR, ybbWY, yIbEF, hyi, arcC, and fdrA virulence-
associated genes were absent.

Comparative analysis of the NDM-5 genetic environment. IncX3-type plasmids
have a narrow host range and are found primarily within the Enterobacteriaceae (41),
and IncX3-type plasmids containing blaypy.s Were found within several members of
the Enterobacteriaceae, including E. coli, Salmonella enterica subsp. enterica serovar
Typhimurium, K. pneumoniae, K. michiganensis, and K. quasipneumoniae (Fig. 2). Com-
parative analysis of all fully sequenced IncX3 plasmids containing an NDM-5 allele was
performed to assess the genetic context of the NDM-5 gene. Ten different structural
forms were identified from a total of 48 plasmid sequences available in GenBank and
the five outbreak isolates from this study and are denoted groups A to J (Fig. 2). The
plasmid backbone was nearly identical across the groups (conserved region, Fig. 2),
with all plasmids carrying genes for replication (pir and bis), partitioning (parA-parB),
entry exclusion (eex), maintenance (topB and stpA), and conjugative transfer (type IV
secretion system and taxA, taxB, taxC, and taxD). However, there were some structural
differences resulting from potential insertions/deletions of components of existing
insertion sequence (IS) elements (Fig. 2, blue arrows). For example, group F may have
had a second insertion of IS5, disrupting the 1S3000 transposase, and groups B, D to G,
and J displayed apparent insertions of ISAba125 between 1S3000 and IS5 that were
lacking in the prototype sequences from group C. It is difficult to determine from the
available sequence data whether the group C sequences resulted from deletion of
these IS elements or whether the other groups represented novel IS insertions relative
to group C. Only group |, represented by the unpublished E. coli plasmid pMTC948,
possesses an additional bla gene (blag,,,). These results suggest that the variable region
(Fig. 2) may be highly dynamic, but other than the loss of a promoter from the end of
the ISAba 125 fragment, previously shown to drive the expression of blaypy.; and bley,g,
(42), it is unclear if these differences have any effect on the expression of blayppm.s,
bley,g., Or the accessory genes trpF and dsbC. Both trpF and dsbC appeared to be tightly
linked to blayp.s in all sequences examined, with the exception of the sequence of the
unpublished plasmid pTBCZNDMO1 in group H, which lacked both trpF and dsbC,
suggesting a critical role either in the stability, retention, or spread of this element or
in facilitating enzyme functionality. The NDM-5-containing plasmid from K. quasipneu-
moniae subsp. similipneumoniae is structurally similar to members of group E, with two
differences: a partial duplication of the I1S3000 element and truncation of the accessory
replication protein Bis via insertion of the Tn5403 transposon. Inactivation of bis results

FIG 1 Legend (Continued)

isolates discussed in this study are highlighted. The predicted sequence type (ST), isolation year, and
geographical origin are displayed. Novel STs are indicated by “new.” The numbers at the nodes represent
>50% bootstrap support. The scale bar represents the number of nucleotide substitutions per site.
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FIG 2 Linear comparison of the genetic environment of the blayyy.s region found on IncX3 plasmids from members of the Enterobacteriaceae. E. coli plasmid
pPEC14_35 (GenBank accession no. JN935899) represents the prototypical IncX3 plasmid that lacks known antibiotic resistance determinants. Group A represents
the sequence from E. coli plasmid pNDM5-NJ-IncX3 (GenBank accession no. KX447767). Group B consists of two sequences (GenBank accession no.
NEWC01000014.1 and NEWB01000014.1), both from K. quasipneumoniae. Group C has 3 members: sequences with GenBank accession no. CP027204 and
MF547511 from E. coli and the sequence with GenBank accession no. CP028536 from Enterobacter hormaechei. Group D represents the sequence with GenBank
accession no. KY041843 from E. coli plasmid pZHDC40. Group E contains 37 examples consisting of sequences with GenBank accession no. CP019073, CP021692,
CP021738, CP024825, CP025948, CP026577, CP028577, CP028705, CP029245, KF220657, KT824791, KU167608, KU167609, KX023261, KX507346, KX960109,
MF547507, MF547508, MF547509, MF547510, MF679143, MG252891, MG545911, MG825368, MG825382, MG825384, and MH094148 from E. coli; CM007781 and
MTKV01000083 from Salmonella enterica subsp. enterica serovar Typhimurium; CP024820 from Citrobacter freundii; CP014006, KF220657, KU761328, MH161191,
and MH341575 from K. pneumoniae; CP022351 and CP023188 from Klebsiella michiganensis; and MG833406 from Klebsiella oxytoca. Group F represents the
sequence with GenBank accession no. KY435936 from E. coli plasmid pNDM5_WCHEC0215. Group G represents the sequence with GenBank accession no.
MG591703 from E. coli plasmid pNDM-EC36. Group H represents the sequence with GenBank accession no. MH107030 from K. pneumoniae plasmid
pTBCZNDMOT1. Group | represents the sequence with GenBank accession no. MH349095 from E. coli plasmid pMTC948. Group J contains 5 examples (from this
study), sequences with GenBank accession no. NZ_NFXE01000097 (G4582), CP034133 (G4584), NZ_NFXD01000099 (G4593), NZ_NFXB01000102 (G4601), and
NZ_NFWY01000105 (G4612), all from K. quasipneumoniae subsp. similipneumoniae. Arrows indicate protein-coding genes (CDSs) drawn to scale and colored as
follows: salmon for factors involved in plasmid replication, yellow for factors involved in plasmid maintenance and mobility, red for antibiotic resistance
determinants, blue for mobile elements, green for other known proteins, and gray for unknown proteins. Homologous CDSs between adjacent groups are
joined vertically by colored lines.

in the loss of beta origin replication, but not alpha or gamma origin replication, in the
prototypical IncX family plasmid R6K (43). Given that similar IncX3 plasmids possess
multiple origins of replication (44), it is unlikely that the loss of Bis will reduce the
spread of antibiotic resistance.

Transmission of NDM-5. The transmission of a plasmid carrying NDM-5 was
evidenced by performing conjugation experiments with donor cells harboring the
NDM-5-containing plasmid. Due to the extensive drug resistance of strain G4584, the
NDM-5-containing plasmid was electroporated into E. coli DH10B and subsequently
transferred to a separate E. coli strain (JW2786-1). JW2786-1 cells harboring the NDM-
5-containing plasmid grew on CHROMagar KPC plates supplemented with kanamycin
only if the NDM-5-containing plasmid transferred via conjugation from DH10B to
JW2786-1. Transfer of the blaypm.s INcX3-type plasmid to recipient cells (E. coli
JW2786-1) was confirmed by PCR and the acquisition of carbapenem resistance in the
recipient strain, which was measured using disk diffusion. The recipient strain turned
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resistant to meropenem (decrease in zone diameter, 35mm to 15mm), cefoxitin
(23 mm to 6 mm), amoxicillin-clavulanic acid (22 mm to 8 mm), and cefepime (36 mm
to 12 mm) after acquiring the blaypy.s INcX3-type plasmid.

In conclusion, we describe the occurrence of clonal (ST476) NDM-5-producing K.
quasipneumoniae subsp. similipneumoniae isolates in Africa with an IncX3-type plasmid
highly similar to the plasmids found in other members of the Enterobacteriaceae. The
original source and transmission route of these isolates are unclear, but the close
proximity of patients within the hospital when this outbreak occurred could have
played a role in its transmission to other neonates in the unit. After the introduction of
infection control measures, no isolates with NDM-5 were identified. Given the increased
resistance profile of these strains and the associated high mortality rate among infected
patients, this study highlights the emerging threat of the plasmid-mediated transfer
and spread of blaypy.s in hospital environments. Furthermore, the increasing perva-
siveness of NDM-5 enzymes confirmed in North Africa and the now newly identified
occurrence in western Africa stress the urgency to improve monitoring and clinical
practices to reduce or prevent further the spread of resistance.

MATERIALS AND METHODS

Participant description. Children were enrolled per a previously published protocol (45, 46). Briefly,
children less than 5 years old who presented to any of the enrolling clinical facilities in the Federal Capital
Territory of Nigeria with clinical symptoms that were suggestive of bacteremia were enrolled following
the provision of informed consent by the parent or guardian.

Bacterial isolation and culturing. Blood sampling and processing were as previously described (45,
46). Briefly, only aerobic blood culture bottles were utilized, and cultures were held in a Bactec 9050
incubator for a maximum of 5 days. Bacteria were identified by a combination of morphology and
biochemical testing for Enterobacteriaceae using an API 20E system (bioMérieux, France). All blood-borne
bacterial isolates that were recovered from September 2012 to September 2016 and that were identified
as Klebsiella spp. were shipped to the University of Nebraska, where secondary confirmation of their
identity was performed using standard biochemical tests. For genomic DNA isolation, Klebsiella isolates
were cultured aerobically at 250 rpm in 1.5 ml brain heart infusion (BHI) medium overnight at 37°C. Only
one bacterial isolate was processed per participant.

AST. Antibiotic susceptibility testing (AST) was performed by the University of Nebraska Medical Center
(UNMCQ) using the Etest (bioMérieux, France). The antimicrobial drugs tested were ampicillin, amoxicillin-
clavulanate, cephalothin, cefoxitin, ceftazidime, ceftriaxone, cefotaxime, cefepime, piperacillin-tazobactam,
imipenem, meropenem, ertapenem, gentamicin, amikacin, tobramycin, trimethoprim-sulfamethoxazole,
tetracycline, ciprofloxacin, chloramphenicol, the extended-spectrum B-lactamase (ESBL) ceftazidime-
clavulanic acid, and the ESBL cefotaxime-clavulanic acid.

DNA isolation and whole-genome sequencing. Using a 1-ml overnight BHI culture, genomic DNA
was isolated using a MasterPure Gram-positive DNA purification kit (Epicentre). The extracted genomic
DNA was resuspended in ~30 ul Tris-EDTA (TE) buffer and quantified using a NanoDrop spectropho-
tometer. Paired-end 150-bp Nextera XT libraries of whole genomic DNA were sequenced on an lllumina
NextSeq sequencer with a target average coverage of 100-fold. All sequences were de novo assembled
individually using the SPAdes algorithm (47). The genomes of strains G747 and G4584 were selected for
additional sequencing using the Oxford Nanopore minlON technology (one-dimensional sequencing on
an R9.4 flow cell). G4584 was hybrid de novo assembled using reads from both the lllumina NextSeq and
Oxford Nanopore minlON sequencers with the Unicycler (v0.4.6) assembler (48). G747 was de novo
assembled using the long-read assembler Canu (v1.7.1) (49), and the consensus sequence was generated
using the Racon (v1.3.1) program (50). The circular nature of the assembled contigs was determined
based on the presence of nearly identical repeats at the contig ends. The redundant regions were
trimmed from one end, and the contig orientation and starting position were adjusted such that the first
gene of the chromosome and plasmids was dnaA and repA, respectively. The final G747 assembly was
polished using the Pilon (v1.22) tool (51) and the lllumina reads. All assembled sequences were
annotated with NCBI's prokaryotic genome annotation pipeline (PGAP) (52).

Genomic analysis. /n silico MLST of the seven-locus K. pneumoniae Pasteur Institute MLST scheme
(http://bigsdb.pasteur.fr/klebsiella/) and identification of virulence factors were performed using the
LOCUST typer (53). Resistance Gene Identifier (RGI) software (54) in strict mode was used to predict the
antibiotic resistome from whole-genome sequence data using the Comprehensive Antibiotic Resistance
Database (CARD) (54-56). A whole-genome alignment was inferred from SNPs identified by the Northern
Arizona SNP Pipeline (NASP; v1.0.2) (57) using the genome of K. quasipneumoniae subsp. similipneu-
moniae 07A044T (GenBank accession no. NZ_CBZR010000000) as the reference. The resulting alignment
was run through the Gubbins (v2.2.1) program (58) to filter out the effects of recombination on our
maximum likelihood phylogenetic tree, generated using the RAXML tool (59) under the GTRCAT model
with 100 bootstrap replicates. The resulting tree was rendered with metadata annotated using the
Interactive Tree of Life (iTOL) (60-62). Taxonomic assignments were confirmed using the Mash (v1.1.1)
program, which is based on ANI (63).
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Plasmid and NDM-5 synteny analysis. Plasmid incompatibility groups were identified using
Plasmid Finder (v1.3) software (https://cge.cbs.dtu.dk/services/PlasmidFinder/) (64). Coding sequences
(CDSs) were determined based on the available NCBI PGAP annotations, and nucleotide comparisons of
CDSs between fully sequenced IncX3-type plasmids containing an NDM-5 allele were performed using
the NCBI legacy BLAST (v2.2.9) program. The presence of transposons and insertion sequences was
confirmed using the IS Finder database (65). A linear illustration of the NDM-5-containing plasmids was
generated using the SimpleSynteny tool (66) and edited using Adobe lllustrator software.

Plasmid conjugation assay. The whole genome from isolate G4584 was transformed into E. coli
DH10B (Mem~ Kan~) (Invitrogen, USA) using electroporation, and carbapenem-resistant colonies were
selected on CHROMagar KPC plates (CHROMagar, Paris, France). Transformation of blay,,.s-containing
plasmids was confirmed by PCR using NDM primers (NDM-Fwd, 5'-GTTTGGCGATCTGGTTTTC-3’; NDM-
Rev, 5'-CGGAATGGCTCATCACGATC-3’). This NDM-5-containing E. coli DH10B/pG4584:NDM-5 (Mem*
Kan~) strain was used as a donor and cocultured with a recipient strain, E. coli JW2786-1 (Mem~ Kan™)
(Coli Genetic Stock Center number 10181; Yale University, USA) on a Mueller-Hinton agar plate to
promote conjugation. Transconjugants were selected on CHROMagar KPC plates containing 50 pg/ml of
kanamycin. Simultaneously, donor and recipient strains were cultured separately and plated on CHRO-
Magar KPC plates with 50 wg/ml of kanamycin as controls. Disk diffusion using meropenem, cefoxitin,
cefepime, amoxicillin-clavulanic acid, and kanamycin antibiotic disks was performed for all the strains to
determine the change in resistance. The zone diameter for each antibiotic was measured and interpreted
according to Clinical and Laboratory Standards Institute (CLSI) guidelines (2017).

Ethics statement. This study was approved by the ethics committees of the Federal Capital Territory,
University of Abuja Teaching Hospital, Gwagwalada, Nigeria, and the University of Nebraska Medical
Center, Omaha, Nebraska, Institutional Review Board for the Community-Acquired Bacteremic Syndrome
in Young Nigerian Children (CABSYNC).

Accession number(s). The genomes sequenced and analyzed in this study, as well as their associ-
ated metadata, are available at NCBI under BioProject no. PRINA351846 with the following accession
numbers: for G4582, NFXEO0000000; for G4584, CP034129 to CP034135; for G4593, NFXD00000000; for
G4601, NFXB00000000; for G4612, NFWY00000000; for G747, CP034136 to CP034140 and CP034339; and
for G4704, NFWX00000000. In addition, AST results for strain G4584 for ceftazidime-avibactam, aztreo-
nam, aztreonam-avibactam, and colistin are available under BioSample accession no. SAMN05960932.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
mSphere.00685-18.

TABLE S1, PDF file, 0.1 MB.

TABLE S2, PDF file, 0.04 MB.

ACKNOWLEDGMENTS

We thank the following individuals for their support in this study: Eyinade Olateju
and Usman Sanni for clinical care in Nigeria; Joy Richard, Nosakhare Izevbigie, and
lieoma Duru for primary blood cultures and AST in Nigeria; Theresa Ajose and Ronke
Arogbonlo for project coordination in Nigeria; Fareha Razvi, Xing Zhao, Caitlin Murphy,
Paul Fey, and Nicholas Komich for secondary isolate and AST conformation, DNA
extraction, and data support at the University of Nebraska Medical Center (UNMC); and
Toby Clark, Chris Greco, Jason Inman, Indresh Singh, Pratap Venepally, and Granger
Sutton from the J. Craig Venter Institute (JCVI) for bioinformatics support on this study.

This work has been funded in whole or in part with federal funds from the National
Institute of Allergy and Infectious Diseases, National Institutes of Health, U.S. Depart-
ment of Health and Human Services, under award numbers R01AI099525-04 (to S.K.O.)
and UT9AI110819 (to JCVI).

We have no conflict of interest to declare.

REFERENCES

mSphere’

1. Yong D, Toleman MA, Giske CG, Cho HS, Sundman K, Lee K, Walsh TR. 2009.

Characterization of a new metallo-beta-lactamase gene, blaypy,.,, and a
novel erythromycin esterase gene carried on a unique genetic structure in
Klebsiella pneumoniae sequence type 14 from India. Antimicrob Agents
Chemother 53:5046-5054. https://doi.org/10.1128/AAC.00774-09.

. Lee C-R, Lee JH, Park KS, Kim YB, Jeong BC, Lee SH. 2016. Global
dissemination of carbapenemase-producing Klebsiella pneumoniae: epi-
demiology, genetic context, treatment options, and detection methods.
Front Microbiol 7:895. https://doi.org/10.3389/fmicb.2016.00895.

. Hornsey M, Phee L, Wareham DW. 2011. A novel variant, NDM-5, of the
New Delhi metallo-B-lactamase in a multidrug-resistant Escherichia coli

March/April 2019 Volume 4 Issue 2 e00685-18

ST648 isolate recovered from a patient in the United Kingdom.
Antimicrob Agents Chemother 55:5952-5954. https://doi.org/10.1128/
AAC.05108-11.

4. Yousfi M, Touati A, Mairi A, Brasme L, Gharout-Sait A, Guillard T, De

Champs C. 2016. Emergence of carbapenemase-producing Escherichia
coli isolated from companion animals in Algeria. Microb Drug Resist
22:342-346. https://doi.org/10.1089/mdr.2015.0196.

. Zenati K, Touati A, Bakour S, Sahli F, Rolain JM. 2016. Characterization of

NDM-1- and OXA-23-producing Acinetobacter baumannii isolates from
inanimate surfaces in a hospital environment in Algeria. J Hosp Infect
92:19-26. https://doi.org/10.1016/j.jhin.2015.09.020.

msphere.asm.org 8


https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA351846
https://www.ncbi.nlm.nih.gov/nuccore/NFXE00000000
https://www.ncbi.nlm.nih.gov/nuccore/CP034129
https://www.ncbi.nlm.nih.gov/nuccore/CP034135.1/
https://www.ncbi.nlm.nih.gov/nuccore/NFXD00000000
https://www.ncbi.nlm.nih.gov/nuccore/NFXB00000000
https://www.ncbi.nlm.nih.gov/nuccore/NFWY00000000
https://www.ncbi.nlm.nih.gov/nuccore/CP034136
https://www.ncbi.nlm.nih.gov/nuccore/CP034140
https://www.ncbi.nlm.nih.gov/nuccore/CP034339
https://www.ncbi.nlm.nih.gov/nuccore/NFWX00000000
https://www.ncbi.nlm.nih.gov/biosample/SAMN05960932
https://doi.org/10.1128/mSphere.00685-18
https://doi.org/10.1128/mSphere.00685-18
https://doi.org/10.1128/AAC.00774-09
https://doi.org/10.3389/fmicb.2016.00895
https://doi.org/10.1128/AAC.05108-11
https://doi.org/10.1128/AAC.05108-11
https://doi.org/10.1089/mdr.2015.0196
https://doi.org/10.1016/j.jhin.2015.09.020
https://msphere.asm.org

Nigerian NDM-5-Containing Klebsiella quasipneumoniae

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

Bitar |, Piazza A, Gaiarsa S, Villa L, Pedroni P, Oliva E, Nucleo E, Pagani L,
Carattoli A, Migliavacca R. 2017. ST405 NDM-5 producing Escherichia coli
in northern Italy: the first two clinical cases. Clin Microbiol Infect 23:
489-490. https://doi.org/10.1016/j.cmi.2017.01.020.

. Howard JC, Creighton J, Heffernan H, Werno A. 2017. Evidence of

transmission of an NDM-5-producing Klebsiella pneumoniae in a health-
care facility in New Zealand. J Antimicrob Chemother 72:949-951.
https://doi.org/10.1093/jac/dkw498.

. Park M, Park SD, Lee MH, Kim S-H, Lim K, Lee G, Woo HJ, Kim HW, Yang

JY, Eom Y-B, Moon C, Uh Y, Kim JB. 2016. The first report of NDM-5-
producing uropathogenic Escherichia coli isolates in South Korea. Diagn
Microbiol Infect Dis 85:198-199. https://doi.org/10.1016/j.diagmicrobio
.2016.02.006.

. Hasassri ME, Boyce TG, Norgan A, Cunningham SA, Jeraldo PR, Weissman

S, Patel R, Banerjee R, Pogue JM, Kaye KS. 2016. An immunocompro-
mised child with bloodstream infection caused by two Escherichia coli
strains, one harboring NDM-5 and the other harboring OXA-48-like
carbapenemase. Antimicrob Agents Chemother 60:3270-3275. https://
doi.org/10.1128/AAC.03118-15.

Rahman M, Shukla SK, Prasad KN, Ovejero CM, Pati BK, Tripathi A, Singh
A, Srivastava AK, Gonzalez-Zorn B. 2014. Prevalence and molecular
characterisation of New Delhi metallo-B-lactamases NDM-1, NDM-5,
NDM-6 and NDM-7 in multidrug-resistant Enterobacteriaceae from India.
Int J Antimicrob Agents 44:30-37. https://doi.org/10.1016/j.ijantimicag
.2014.03.003.

Gamal D, Fernédndez-Martinez M, El-Defrawy |, Ocampo-Sosa AA,
Martinez-Martinez L. 2016. First identification of NDM-5 associated with
OXA-181 in Escherichia coli from Egypt. Emerg Microbes Infect 5:e30.
https://doi.org/10.1038/emi.2016.24.

Soliman AM, Khalifa HO, Ahmed AM, Shimamoto T, Shimamoto T. 2016.
Emergence of an NDM-5-producing clinical Escherichia coli isolate in
Egypt. Int J Infect Dis 48:46-48. https://doi.org/10.1016/).ijid.2016.05
.003.

Zhang F, Xie L, Wang X, Han L, Guo X, Ni Y, Qu H, Sun J. 2016. Further
spread of blaypy.s in Enterobacteriaceae via IncX3 plasmids in Shanghai,
China. Front Microbiol 7:424. https://doi.org/10.3389/fmicb.2016.00424.
Chen D, Gong L, Walsh TR, Lan R, Wang T, Zhang J, Mai W, Ni N, Lu J, Xu
J, Li J. 2016. Infection by and dissemination of NDM-5-producing Esch-
erichia coli in China. J Antimicrob Chemother 71:563-565. https://doi
.0rg/10.1093/jac/dkv352.

Zhang L-P, Xue W-C, Meng D-Y. 2016. First report of New Delhi metallo-
B-lactamase 5 (NDM-5)-producing Escherichia coli from blood cultures of
three leukemia patients. Int J Infect Dis 42:45-46. https://doi.org/10
.1016/.ijid.2015.10.006.

Hammerum AM, Littauer P, Hansen F. 2015. Detection of Klebsiella
pneumoniae co-producing NDM-7 and OXA-181, Escherichia coli produc-
ing NDM-5 and Acinetobacter baumannii producing OXA-23 in a single
patient. Int J Antimicrob Agents 46:597-598. https://doi.org/10.1016/j
.jantimicag.2015.07.008.

Vaidyanathan R, Krishnaraju M, Kamatchi C, Jha AK, Devasena N, Vennila
R, Sumathi G. 2015. Complete sequencing of an IncX3 plasmid carrying
blaypm.s allele reveals an early stage in the dissemination of the blaypy,
gene. Indian J Med Microbiol 33:30. https://doi.org/10.4103/0255-0857
.148373.

Liu P-P, Liu Y, Wang L-H, Wei D-D, Wan L-G. 2016. Draft genome
sequence of an NDM-5-producing Klebsiella pneumoniae sequence type
14 strain of serotype K2. Genome Announc 4(2):e01610-15. https://doi
.org/10.1128/genomeA.01610-15.

Du H, Chen L, Tang Y-W, Kreiswirth BN. 2016. Emergence of the mcr-1
colistin resistance gene in carbapenem-resistant Enterobacteriaceae.
Lancet Infect Dis 16:287-288. https://doi.org/10.1016/51473-3099(16)
00056-6.

Khalifa HO, Soliman AM, Ahmed AM, Shimamoto T, Shimamoto T. 2016.
NDM-4- and NDM-5-producing Klebsiella pneumoniae coinfection in a
6-month-old infant. Antimicrob Agents Chemother 60:4416-4417.
https://doi.org/10.1128/AAC.00479-16.

Shin J, Baek JY, Cho SY, Huh HJ, Lee NY, Song J-H, Chung DR, Ko KS.
2016. blaypyy.s-bearing IncFll-type plasmids of Klebsiella pneumoniae
sequence type 147 transmitted by cross-border transfer of a patient.
Antimicrob Agents Chemother 60:1932-1934. https://doi.org/10.1128/
AAC.02722-15.

Cho SY, Huh HJ, Baek JY, Chung NY, Ryu JG, Ki C-S, Chung DR, Lee NY,
Song J-H. 2015. Klebsiella pneumoniae co-producing NDM-5 and OXA-

March/April 2019 Volume 4 Issue 2 e00685-18

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

mSphere’

181 carbapenemases, South Korea. Emerg Infect Dis 21:1088-1089.
https://doi.org/10.3201/eid2106.150048.

Balm MND, La M-V, Krishnan P, Jureen R, Lin RTP, Teo JWP. 2013.
Emergence of Klebsiella pneumoniae co-producing NDM-type and OXA-
181 carbapenemases. Clin Microbiol Infect 19:E421-E423. https://doi
.org/10.1111/1469-0691.12247.

Bathoorn E, Rossen JW, Lokate M, Friedrich AW, Hammerum AM. 2015.
Isolation of an NDM-5-producing ST16 Klebsiella pneumoniae from a
Dutch patient without travel history abroad, August 2015. Euro Surveill
20(41):pii=30040. https://doi.org/10.2807/1560-7917.ES.2015.20.41
.30040.

Zhu Y-Q, Zhao J-Y, Xu C, Zhao H, Jia N, Li Y-N. 2016. Identification of an
NDM-5-producing Escherichia coli sequence type 167 in a neonatal
patient in China. Sci Rep 6:29934. https://doi.org/10.1038/srep29934.
Sassi A, Loucif L, Gupta SK, Dekhil M, Chettibi H, Rolain J-M. 2014. NDM-5
carbapenemase-encoding gene in multidrug-resistant clinical isolates of
Escherichia coli from Algeria. Antimicrob Agents Chemother 58:
5606-5608. https://doi.org/10.1128/AAC.02818-13.

Nakano R, Nakano A, Hikosaka K, Kawakami S, Matsunaga N, Asahara M,
Ishigaki S, Furukawa T, Suzuki M, Shibayama K, Ono Y. 2014. First report
of metallo-B-lactamase NDM-5-producing Escherichia coli in Japan. An-
timicrob Agents Chemother 58:7611-7612. https://doi.org/10.1128/AAC
.04265-14.

Wailan AM, Paterson DL, Kennedy K, Ingram PR, Bursle E, Sidjabat HE.
2016. Genomic characteristics of NDM-producing Enterobacteriaceae iso-
lates in Australia and their blayp,, genetic contexts. Antimicrob Agents
Chemother 60:136-141. https://doi.org/10.1128/AAC.01243-15.

Pitart C, Solé M, Roca |, Roman A, Moreno A, Vila J, Marco F. 2015.
Molecular characterization of blaypy.5 carried on an IncFll plasmid in an
Escherichia coli isolate from a nontraveler patient in Spain. Antimicrob
Agents Chemother 59:659-662. https://doi.org/10.1128/AAC.04040-14.
de Man TJB, Perry KA, Avillan JJ, Rasheed JK, Limbago BM. 2015. Draft
genome sequence of a New Delhi metallo-B-lactamase-5 (NDM-5)-
producing multidrug-resistant Escherichia coli isolate. Genome Announc
3(2):e00017-15. https://doi.org/10.1128/genomeA.00017-15.

Li A, Yang Y, Miao M, Chavda KD, Mediavilla JR, Xie X, Feng P, Tang Y-W,
Kreiswirth BN, Chen L, Du H. 2016. Complete sequences of mcr-1-
harboring plasmids from extended-spectrum-p-lactamase- and
carbapenemase-producing Enterobacteriaceae. Antimicrob Agents Che-
mother 60:4351-4354. https://doi.org/10.1128/AAC.00550-16.

Dortet L, Poirel L, Nordmann P. 2014. Worldwide dissemination of the
NDM-type carbapenemases in gram-negative bacteria. Biomed Res Int
2014:249856. https://doi.org/10.1155/2014/249856.

Brink AJ, Coetzee J, Clay CG, Sithole S, Richards GA, Poirel L, Nordmann
P. 2012. Emergence of New Delhi metallo-beta-lactamase (NDM-1) and
Klebsiella pneumoniae carbapenemase (KPC-2) in South Africa. J Clin
Microbiol 50:525-527. https://doi.org/10.1128/JCM.05956-11.

Poirel L, Revathi G, Bernabeu S, Nordmann P. 2011. Detection of NDM-
1-producing Klebsiella pneumoniae in Kenya. Antimicrob Agents Che-
mother 55:934-936. https://doi.org/10.1128/AAC.01247-10.

Chereau F, Herindrainy P, Garin B, Huynh B-T, Randrianirina F, Padget M,
Piola P, Guillemot D, Delarocque-Astagneau E. 2015. Colonization of
extended-spectrum-B-lactamase- and NDM-1-producing Enterobacteri-
aceae among pregnant women in the community in a low-income
country: a potential reservoir for transmission of multiresistant Entero-
bacteriaceae to neonates. Antimicrob Agents Chemother 59:3652-3655.
https://doi.org/10.1128/AAC.00029-15.

Bathoorn E, Friedrich AW, Zhou K, Arends JP, Borst DM, Grundmann H,
Rossen JW. 2013. Latent introduction to the Netherlands of multiple
antibiotic resistance including NDM-1 after hospitalisation in Egypt,
August 2013. Euro Surveill 18(42):pii=20610. https://doi.org/10.2807/
1560-7917.ES2013.18.42.20610.

Ben Nasr A, Decré D, Compain F, Genel N, Barguellil F, Arlet G. 2013.
Emergence of NDM-1 in association with OXA-48 in Klebsiella pneu-
moniae from Tunisia. Antimicrob Agents Chemother 57:4089-4090.
https://doi.org/10.1128/AAC.00536-13.

Poirel L, Benouda A, Hays C, Nordmann P. 2011. Emergence of NDM-1-
producing Klebsiella pneumoniae in Morocco. J Antimicrob Chemother
66:2781-2783. https://doi.org/10.1093/jac/dkr384.

Barguigua A, El Otmani F, Lakbakbi El Yaagoubi F, Talmi M, Zerouali K,
Timinouni M. 2013. First report of a Klebsiella pneumoniae strain copro-
ducing NDM-1, VIM-1 and OXA-48 carbapenemases isolated in Morocco.
APMIS 121:675-677. https://doi.org/10.1111/apm.12034.

de Jager P, Chirwa T, Naidoo S, Perovic O, Thomas J. 2015. Nosocomial

msphere.asm.org 9


https://doi.org/10.1016/j.cmi.2017.01.020
https://doi.org/10.1093/jac/dkw498
https://doi.org/10.1016/j.diagmicrobio.2016.02.006
https://doi.org/10.1016/j.diagmicrobio.2016.02.006
https://doi.org/10.1128/AAC.03118-15
https://doi.org/10.1128/AAC.03118-15
https://doi.org/10.1016/j.ijantimicag.2014.03.003
https://doi.org/10.1016/j.ijantimicag.2014.03.003
https://doi.org/10.1038/emi.2016.24
https://doi.org/10.1016/j.ijid.2016.05.003
https://doi.org/10.1016/j.ijid.2016.05.003
https://doi.org/10.3389/fmicb.2016.00424
https://doi.org/10.1093/jac/dkv352
https://doi.org/10.1093/jac/dkv352
https://doi.org/10.1016/j.ijid.2015.10.006
https://doi.org/10.1016/j.ijid.2015.10.006
https://doi.org/10.1016/j.ijantimicag.2015.07.008
https://doi.org/10.1016/j.ijantimicag.2015.07.008
https://doi.org/10.4103/0255-0857.148373
https://doi.org/10.4103/0255-0857.148373
https://doi.org/10.1128/genomeA.01610-15
https://doi.org/10.1128/genomeA.01610-15
https://doi.org/10.1016/S1473-3099(16)00056-6
https://doi.org/10.1016/S1473-3099(16)00056-6
https://doi.org/10.1128/AAC.00479-16
https://doi.org/10.1128/AAC.02722-15
https://doi.org/10.1128/AAC.02722-15
https://doi.org/10.3201/eid2106.150048
https://doi.org/10.1111/1469-0691.12247
https://doi.org/10.1111/1469-0691.12247
https://doi.org/10.2807/1560-7917.ES.2015.20.41.30040
https://doi.org/10.2807/1560-7917.ES.2015.20.41.30040
https://doi.org/10.1038/srep29934
https://doi.org/10.1128/AAC.02818-13
https://doi.org/10.1128/AAC.04265-14
https://doi.org/10.1128/AAC.04265-14
https://doi.org/10.1128/AAC.01243-15
https://doi.org/10.1128/AAC.04040-14
https://doi.org/10.1128/genomeA.00017-15
https://doi.org/10.1128/AAC.00550-16
https://doi.org/10.1155/2014/249856
https://doi.org/10.1128/JCM.05956-11
https://doi.org/10.1128/AAC.01247-10
https://doi.org/10.1128/AAC.00029-15
https://doi.org/10.2807/1560-7917.ES2013.18.42.20610
https://doi.org/10.2807/1560-7917.ES2013.18.42.20610
https://doi.org/10.1128/AAC.00536-13
https://doi.org/10.1093/jac/dkr384
https://doi.org/10.1111/apm.12034
https://msphere.asm.org

Brinkac et al.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

outbreak of New Delhi metallo-B-lactamase-1-producing gram-negative
bacteria in South Africa: a case-control study. PLoS One 10:e0123337.
https://doi.org/10.1371/journal.pone.0123337.

Johnson TJ, Bielak EM, Fortini D, Hansen LH, Hasman H, Debroy C, Nolan
LK, Carattoli A. 2012. Expansion of the IncX plasmid family for improved
identification and typing of novel plasmids in drug-resistant Enterobac-
teriaceae. Plasmid 68:43-50. https://doi.org/10.1016/j.plasmid.2012.03
.001.

Dortet L, Nordmann P, Poirel L. 2012. Association of the emerging
carbapenemase NDM-1 with a bleomycin resistance protein in Entero-
bacteriaceae and Acinetobacter baumannii. Antimicrob Agents Che-
mother 56:1693-1697. https://doi.org/10.1128/AAC.05583-11.
Mukhopadhyay P, Filutowicz M, Helinski DR. 1986. Replication from one
of the three origins of the plasmid R6K requires coupled expression of
two plasmid-encoded proteins. J Biol Chem 261:9534-9539.
Liakopoulos A, van der Goot J, Bossers A, Betts J, Brouwer MSM, Kant A,
Smith H, Ceccarelli D, Mevius D. 2018. Genomic and functional charac-
terisation of IncX3 plasmids encoding blagy,,_,, in Escherichia coli from
human and animal origin. Sci Rep 8:7674. https://doi.org/10.1038/
$s41598-018-26073-5.

Obaro SK, Hassan-Hanga F, Olateju EK, Umoru D, Lawson L, Olanipekun
G, Ibrahim S, Munir H, lhesiolor G, Maduekwe A, Ohiaeri C, Adetola A,
Shetima D, Jibir BW, Nakaura H, Kocmich N, Ajose T, Idiong D, Masokano
K, Ifabiyi A, lhebuzor N, Chen B, Meza J, Akindele A, Rezac-Elgohary A,
Olaosebikan R, Suwaid S, Gambo M, Alter R, Davies HD, Fey PD. 2015.
Salmonella bacteremia among children in central and northwest Nigeria,
2008-2015. Clin Infect Dis 61(Suppl 4):5325-S331. https://doi.org/10
.1093/cid/civ745.

Obaro S, Lawson L, Essen U, Ibrahim K, Brooks K, Otuneye A, Shetima D,
Ahmed P, Ajose T, Olugbile M, Idiong D, Ogundeji D, Ochigbo C,
Olanipekun G, Khalife W, Adegbola R. 2011. Community acquired bac-
teremia in young children from central Nigeria—a pilot study. BMC
Infect Dis 11:137. https://doi.org/10.1186/1471-2334-11-137.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell sequenc-
ing. J Comput Biol 19:455-477. https://doi.org/10.1089/cmb.2012.0021.
Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial
genome assemblies from short and long sequencing reads. PLoS Com-
put Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595.
Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. 2017.
Canu: scalable and accurate long-read assembly via adaptive -mer
weighting and repeat separation. Genome Res 27:722-736. https://doi
.org/10.1101/gr.215087.116.

Vaser R, Sovi¢ |, Nagarajan N, Siki¢ M. 2017. Fast and accurate de novo
genome assembly from long uncorrected reads. Genome Res 27:
737-746. https://doi.org/10.1101/gr.214270.116.

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo
CA, Zeng Q, Wortman J, Young SK, Earl AM. 2014. Pilon: an integrated
tool for comprehensive microbial variant detection and genome assem-
bly improvement. PLoS One 9:e112963. https://doi.org/10.1371/journal
.pone.0112963.

Tatusova T, DiCuccio M, Badretdin A, Chetvernin V, Nawrocki EP,
Zaslavsky L, Lomsadze A, Pruitt KD, Borodovsky M, Ostell J. 2016. NCBI
prokaryotic genome annotation pipeline. Nucleic Acids Res 44:
6614 -6624. https://doi.org/10.1093/nar/gkw569.

Brinkac LM, Beck E, Inman J, Venepally P, Fouts DE, Sutton G. 2017.

March/April 2019 Volume 4 Issue 2 e00685-18

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

mSphere’

LOCUST: a custom sequence locus typer for classifying microbial isolates.
Bioinformatics 33:1725-1726. https://doi.org/10.1093/bioinformatics/
btx045.

McArthur AG, Waglechner N, Nizam F, Yan A, Azad MA, Baylay AJ, Bhullar
K, Canova MJ, De Pascale G, Ejim L, Kalan L, King AM, Koteva K, Morar M,
Mulvey MR, O'Brien JS, Pawlowski AC, Piddock LJV, Spanogiannopoulos
P, Sutherland AD, Tang |, Taylor PL, Thaker M, Wang W, Yan M, Yu T,
Wright GD. 2013. The comprehensive antibiotic resistance database.
Antimicrob Agents Chemother 57:3348-3357. https://doi.org/10.1128/
AAC.00419-13.

Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P, Tsang KK, Lago BA,
Dave BM, Pereira S, Sharma AN, Doshi S, Courtot M, Lo R, Williams LE,
Frye JG, Elsayegh T, Sardar D, Westman EL, Pawlowski AC, Johnson TA,
Brinkman FSL, Wright GD, McArthur AG. 2017. CARD 2017: expansion
and model-centric curation of the comprehensive antibiotic resistance
database. Nucleic Acids Res 45:D566-D573. https://doi.org/10.1093/nar/
gkw1004.

McArthur AG, Wright GD. 2015. Bioinformatics of antimicrobial resis-
tance in the age of molecular epidemiology. Curr Opin Microbiol 27:
45-50. https://doi.org/10.1016/j.mib.2015.07.004.

Sahl JW, Lemmer D, Travis J, Schupp JM, Gillece JD, Aziz M, Driebe EM,
Drees KP, Hicks ND, Williamson CHD, Hepp CM, Smith DE, Roe C,
Engelthaler DM, Wagner DM, Keim P. 2016. NASP: an accurate, rapid
method for the identification of SNPs in WGS datasets that supports
flexible input and output formats. Microb Genom 2:€000074. https://doi
.org/10.1099/mgen.0.000074.

Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD,
Parkhill J, Harris SR. 2015. Rapid phylogenetic analysis of large samples
of recombinant bacterial whole genome sequences using Gubbins.
Nucleic Acids Res 43:e15. https://doi.org/10.1093/nar/gku1196.
Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics 30:1312-1313.
https://doi.org/10.1093/bioinformatics/btu033.

Letunic |, Bork P. 2016. Interactive Tree of Life (iTOL) v3: an online tool
for the display and annotation of phylogenetic and other trees. Nucleic
Acids Res 44:W242-W245. https://doi.org/10.1093/nar/gkw290.

Letunic |, Bork P. 2011. Interactive Tree of Life v2: online annotation and
display of phylogenetic trees made easy. Nucleic Acids Res 39:
WA475-W478. https://doi.org/10.1093/nar/gkr201.

Letunic I, Bork P. 2007. Interactive Tree of Life (iTOL): an online tool for
phylogenetic tree display and annotation. Bioinformatics 23:127-128.
https://doi.org/10.1093/bioinformatics/btl529.

Ondov BD, Treangen TJ, Melsted P, Mallonee AB, Bergman NH, Koren S,
Phillippy AM. 2016. Mash: fast genome and metagenome distance esti-
mation using MinHash. Genome Biol 17:132. https://doi.org/10.1186/
513059-016-0997-x.

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

Siguier P, Perochon J, Lestrade L, Mahillon J, Chandler M. 2006. ISfinder:
the reference centre for bacterial insertion sequences. Nucleic Acids Res
34:D32-D36. https://doi.org/10.1093/nar/gkjo14.

Veltri D, Wight MM, Crouch JA. 2016. SimpleSynteny: a web-based tool
for visualization of microsynteny across multiple species. Nucleic Acids
Res 44:W41-W45. https://doi.org/10.1093/nar/gkw330.

msphere.asm.org 10


https://doi.org/10.1371/journal.pone.0123337
https://doi.org/10.1016/j.plasmid.2012.03.001
https://doi.org/10.1016/j.plasmid.2012.03.001
https://doi.org/10.1128/AAC.05583-11
https://doi.org/10.1038/s41598-018-26073-5
https://doi.org/10.1038/s41598-018-26073-5
https://doi.org/10.1093/cid/civ745
https://doi.org/10.1093/cid/civ745
https://doi.org/10.1186/1471-2334-11-137
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1101/gr.214270.116
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.1093/bioinformatics/btx045
https://doi.org/10.1093/bioinformatics/btx045
https://doi.org/10.1128/AAC.00419-13
https://doi.org/10.1128/AAC.00419-13
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1016/j.mib.2015.07.004
https://doi.org/10.1099/mgen.0.000074
https://doi.org/10.1099/mgen.0.000074
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/nar/gkw290
https://doi.org/10.1093/nar/gkr201
https://doi.org/10.1093/bioinformatics/btl529
https://doi.org/10.1186/s13059-016-0997-x
https://doi.org/10.1186/s13059-016-0997-x
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1093/nar/gkj014
https://doi.org/10.1093/nar/gkw330
https://msphere.asm.org

	RESULTS AND DISCUSSION
	Clinical setting of Klebsiella outbreak. 
	Sequencing of neonatal bloodstream isolates of MDR Klebsiella spp. 
	Taxonomic classification. 
	Phenotypic susceptibility characterization. 
	Genotypic characterization of NDM-5-containing K. quasipneumoniae subsp. similipneumoniae isolates. 
	Comparative analysis of the NDM-5 genetic environment. 
	Transmission of NDM-5. 

	MATERIALS AND METHODS
	Participant description. 
	Bacterial isolation and culturing. 
	AST. 
	DNA isolation and whole-genome sequencing. 
	Genomic analysis. 
	Plasmid and NDM-5 synteny analysis. 
	Plasmid conjugation assay. 
	Ethics statement. 
	Accession number(s). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

