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Carbapenemase-producing Gram-negative bacilli have been a global concern over the past 2 decades because these organisms
can cause severe infections with high mortality rates. Carbapenemase genes are often carried by mobile genetic elements, and
resistance plasmids can be transferred through conjugation. We conducted whole-genome sequencing (WGS) to demonstrate
that the same plasmid harboring a metallo-�-lactamase gene was detected in two different species isolated from a single patient.
Metallo-�-lactamase-producing Achromobacter xylosoxidans (KUN4507), non-metallo-�-lactamase-producing Klebsiella pneu-
moniae (KUN4843), and metallo-�-lactamase-producing K. pneumoniae (KUN5033) were sequentially isolated from a single
patient and then analyzed in this study. Antimicrobial susceptibility testing, molecular typing (pulsed-field gel electrophoresis
and multilocus sequence typing), and conjugation analyses were performed by conventional methods. Phylogenetic and molecu-
lar clock analysis of K. pneumoniae isolates were performed with WGS, and the nucleotide sequences of plasmids detected from
these isolates were determined using WGS. Conventional molecular typing revealed that KUN4843 and KUN5033 were identical,
whereas the phylogenetic tree analysis revealed a slight difference. These two isolates were separated from the most recent com-
mon ancestor 0.74 years before they were isolated. The same resistance plasmid harboring blaIMP-19 was detected in metallo-�-
lactamase-producing A. xylosoxidans and K. pneumoniae. Although this plasmid was not self-transferable, the conjugation of
this plasmid from A. xylosoxidans to non-metallo-�-lactamase-producing K. pneumoniae was successfully performed. The sus-
ceptibility patterns for metallo-�-lactamase-producing K. pneumoniae and the transconjugant were similar. These findings sup-
ported the possibility of the horizontal transfer of plasmid-borne blaIMP-19 from A. xylosoxidans to K. pneumoniae in a single
patient.

Carbapenemase-producing Gram-negative bacilli, which in-
clude Enterobacteriaceae and nonfermenters, have been a

global threat over the past 2 decades (1). These organisms can
cause life-threatening infections, including bloodstream infec-
tions, nosocomial pneumonia, surgical site infections, peritonitis,
endocarditis, and urinary tract infections. These organisms are
usually resistant to all �-lactams and are often resistant to other
classes of antibiotics. Therefore, infections caused by these organ-
isms tend to have high mortality rates (2).

Carbapenemases related to resistance against carbapenems
without any other permeability defects are so-called true carbap-
enemases belonging to Ambler molecular class A, B, or D (3).
These carbapenemases include KPC- and GES-type �-lactamases
(class A), metallo-�-lactamases (MBLs [class B]), and carbap-
enem-hydrolyzing class D �-lactamases (CHDLs) (e.g., OXA-48
and its derivatives). Among the MBL producers, IMP-, VIM-, and
NDM-type MBLs are primarily identified. IMP-type MBLs, of which
52 variants have been found to date, are widespread in Asian and
Australian regions (http://www.ncbi.nlm.nih.gov/pathogens/submit
_beta_lactamase/) (2).

The carbapenemase genes are known to be carried by mobile
genetic elements (e.g., plasmids, transposons, integrons, and in-
sertion sequences) that support the horizontal transfer of these
resistance genes. Resistance plasmid (R plasmid) conjugation
contributes to disseminating resistance genes between bacteria
through conjugation (4). Two types of plasmids, conjugative and

mobilizable plasmids, play important roles in the process of con-
jugative transfer. Conjugative plasmids contain a full set of con-
jugation genes, whereas mobilizable plasmids contain minimal
gene sets that allow them to be transferred through conjugation
when they cooccur with a conjugative plasmid in the same donor
cell (4).

Although several studies have demonstrated the horizontal
transfer of the carbapenemase gene in a single patient (5–9), data
on the recipient strains are lacking. The main objective of this
study was to clarify whether the interspecies dissemination of a
plasmid harboring MBL genes can occur in a single patient.

Received 29 April 2016 Returned for modification 19 May 2016
Accepted 21 June 2016

Accepted manuscript posted online 5 July 2016

Citation Yamamoto M, Matsumura Y, Gomi R, Matsuda T, Tanaka M, Nagao M,
Takakura S, Uemoto S, Ichiyama S. 2016. Interspecies dissemination of a
mobilizable plasmid harboring blaIMP-19 and the possibility of horizontal gene
transfer in a single patient. Antimicrob Agents Chemother 60:5412–5419.
doi:10.1128/AAC.00933-16.

Address correspondence to Masaki Yamamoto, masakiy@kuhp.kyoto-u.ac.jp.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.00933-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

5412 aac.asm.org September 2016 Volume 60 Number 9Antimicrobial Agents and Chemotherapy

http://orcid.org/0000-0001-8595-8944
http://www.ncbi.nlm.nih.gov/pathogens/submit_beta_lactamase/
http://www.ncbi.nlm.nih.gov/pathogens/submit_beta_lactamase/
http://dx.doi.org/10.1128/AAC.00933-16
http://dx.doi.org/10.1128/AAC.00933-16
http://dx.doi.org/10.1128/AAC.00933-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00933-16&domain=pdf&date_stamp=2016-7-5
http://aac.asm.org


MATERIALS AND METHODS
Clinical course and isolates used. The studied patient was a 54-year-old
male. He had liver cirrhosis caused by chronic hepatitis C virus infection
and received a living-donor liver transplantation in 2009 at Kyoto Uni-
versity Hospital, Kyoto, Japan. Figure 1 shows the clinical course of this
patient. First, MBL-producing Achromobacter xylosoxidans KUN4507 was
isolated from ascites on postoperative day (POD) 5. Thereafter, MBL-
producing A. xylosoxidans was sequentially detected in many specimens
(e.g., urine, blood, bile juice, and sputum) until POD 101. On POD 37,
MBL-producing A. xylosoxidans caused bacteremia, and piperacillin-ta-
zobactam was used as a treatment. This bacteremic episode was the only
infection caused by MBL-producing A. xylosoxidans, and isolates from
other sites were considered to be colonizations because antimicrobial
treatment against these isolates was not needed. Klebsiella pneumoniae
was first detected on POD 85 and caused pneumonia, which was treated
with cefazolin. Subsequently, bacteremia caused by K. pneumoniae
KUN4843 occurred on POD 108. Although these K. pneumoniae isolates
did not produce MBL, MBL-producing K. pneumoniae KUN5033 was
detected in the ascites on POD 151. We used A. xylosoxidans KUN4507
and K. pneumoniae KUN4843 and KUN5033 to analyze the horizontal
transfer of the MBL gene from A. xylosoxidans to K. pneumoniae isolated
from a single patient. The Institutional Review Board of Kyoto University
Hospital approved this study protocol. No informed consent was needed
because the data were analyzed anonymously.

Antimicrobial susceptibility testing and metallo-�-lactamase-pro-
duction. Antimicrobial susceptibility testing was performed using the
broth microdilution method with dry plates (Eiken Chemical, Tokyo,
Japan) according to CLSI guidelines (10). MBL detection was phenotyp-
ically performed using a double-disk synergy test with sodium mercapto-
acetate (metallo-�-lactamase SMA Eiken; Eiken Chemical) and three
commercial Kirby-Bauer (KB) disks (Eiken Chemical) containing 30 �g
of ceftazidime (CAZ), 10 �g of imipenem (IPM), or 10 �g of meropenem
(MEPM) as previously described (11).

Molecular typing was performed using pulsed-field gel electrophoresis
(PFGE) with a GenePath system (Bio-Rad, Tokyo, Japan) and the restric-
tion enzyme XbaI (TaKaRa Bio, Tokyo, Japan) as previously described
(12). A multilocus sequence typing (MLST) analysis was performed for
the K. pneumoniae isolates according to the Institut Pasteur MLST and
whole-genome MLST databases (http://bigsdb.web.pasteur.fr/klebsiella
/klebsiella.html) (13).

Whole-genome sequencing (WGS). The total genomic DNA of each
bacterial isolate was extracted using a DNeasy blood and tissue kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s instructions.

Samples were prepared using a Nextera XT DNA sample preparation kit
according to the manufacturer’s instructions and sequenced (2- by 300-
mer reads) on a MiSeq benchtop sequencer (Illumina, Inc., San Diego,
CA, USA). To filter out low-quality regions, raw Illumina paired-end
reads were trimmed using ERNE-FILTER (14), with the following param-
eters: min-mean-phred-quality, 20; min-phred-value-mott, 20; and min-
size, 50. De novo assembly was performed using SPAdes with default pa-
rameters (15), and the assembly quality was analyzed using QUAST (16).

Phylogenetic tree and SNP analysis. In addition to the Illumina reads
of K. pneumoniae KUN4843 and KUN5033, those of 35 K. pneumoniae
isolates were downloaded from the Sequence Read Archive (SRA) data-
base (http://www.ncbi.nlm.nih.gov/sra/) (see Table S1 in the supplemen-
tal material) to identify homologous recombination sites and for phylo-
genetic tree analysis. Trimmed reads were mapped to a reference genome
using Burrows-Wheeler Aligner (BWA) (17). The 5,438,894-bp K. pneu-
moniae Kp52.145 genome (GenBank accession number FO834906) was
used for reference because this strain was the first isolate with complete
genome sequence data available and an isolation date. Single nucleotide
polymorphism (SNP) calling was performed using the Genome Analysis
Toolkit (18) and SAMtools (19). High-quality SNPs were based on the
following parameters: depth of coverage of �10 and Phred quality score of
�20. The core genome sequence was defined as the sequences that were
shared by all strains. The consensus genome sequence for each strain was
generated using VCFtools (https://vcftools.github.io/man_latest.html).
To identify the homologous recombination sites, BRATNextGen was
used as previously described (20). The core genome sequences of 37 K.
pneumoniae isolates without recombination sites were used for the phy-
logenetic tree analysis. The maximum-likelihood tree was generated using
RAxML with the general time-reversible (GTR) gamma substitution
model and 100 rapid bootstrap replicates (21).

Molecular clock analysis. To estimate the time at which the two K.
pneumoniae isolates KUN4843 and KUN5033 separated from their most
recent common ancestor (MRCA), a molecular clock analysis was per-
formed using the core genome sequences of 17 K. pneumoniae isolates
with known isolation dates (see Table S1 in the supplemental material)
using the program Bayesian Analysis of Population Structure (BEAST)
(22). The parameters were as follows: Hasegawa-Kishino-Yano substitu-
tion model, coalescent constant size tree prior, and Markov chain Monte
Carlo chain length of 100,000,000. Tracer was used to evaluate conver-
gence to ensure that Bayesian runs reached an effective sample size greater
than 200 (22).

Plasmid analysis. Plasmids of each strain were extracted using a
PureLink HiPure Plasmid Midiprep kit (Thermo Fisher Scientific, MA,

FIG 1 Clinical course and bacterial isolates. The red circles indicate clinical isolates of metallo-�-lactamase (MBL)-producing Achromobacter xylosoxidans. The
black squares indicate clinical isolates of Klebsiella pneumoniae (non-MBL producer). The red square indicates a clinical isolate of MBL-producing K. pneu-
moniae. The numbers above each isolate indicate the day from surgery (living-donor liver transplantation). The red boxes without shading indicate the sites from
which each isolate was isolated. The red boxes with shading indicate the isolates used in this study, the isolation sites of these isolates, and MBL production. The
blue boxes with shading indicate the antimicrobial agents, and the length of the boxes indicates the duration of antimicrobial therapy for each agent. There was
no treatment between POD 57 and POD 85 because this patient showed no sign of sepsis after isolation of MBL-producing A. xylosoxidans.
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USA) according to the manufacturer’s instructions. Plasmid sequence
data were extracted from whole-genome sequencing data sets generated
by Illumina MiSeq. To identify the contigs derived from the plasmids, a
Basic Local Alignment Search Tool (BLAST) analysis was performed for
all generated contigs (23). We defined the contig containing the plasmid
components as the plasmid-derived contig. Furthermore, to circularize
the plasmids extracted from A. xylosoxidans KUN4507 and K. pneumoniae
KUN4843, WGS with a PacBio RS II system (Pacific Biosciences [PacBio],
Menlo Park, CA USA) was also performed by Macrogen Japan. PacBio
long reads were analyzed using SMRT analysis software (24). A hierarchi-
cal genome assembly process (HGAP) was used for de novo assembly, and
Quiver was used to polish the data. For one plasmid extracted from A.
xylosoxidans KUN4507, PCR and Sanger sequencing were performed to
close the gap with the primers listed in Table S2 in the supplemental
material. The PCR conditions were as follows: 2 min at 95°C, followed by
35 cycles of 10 s at 98°C, 30 s at 55°C, and 5 min at 72°C. The Rapid
Annotation using Subsystem Technology (RAST) annotation pipeline
(25), the Microbial Genome Annotation Pipeline (MiGAP) (www.migap
.org), and BLAST were used to annotate these plasmids. To compare the
harbored plasmids, Illumina reads from each isolate were mapped to cir-
cularized plasmids (pKUN4507_1, pKUN4843_1, and pKUN4843_2)
and contigs derived from other plasmids using BWA.

Plasmid conjugation analysis. An in vitro conjugation assay was per-
formed using the liquid mating method as previously described with cer-
tain modifications (26). We used A. xylosoxidans KUN4507 as the donor.
Azide-resistant Escherichia coli ME8067, streptomycin-resistant E. coli
ME8568 derived from HB101, and K. pneumoniae KUN4843 were used as
the recipients (see Table S3 in the supplemental material). For the conju-
gation experiment between A. xylosoxidans KUN4507 and E. coli ME8067,
deoxycholate hydrogen sulfide lactose (DHL) agar with azide (100 �g/ml)
and ceftazidime (2 �g/ml) was used as the selective agar. For the other
conjugation experiments, a suitable selective agar was not found. There-
fore, we selected transconjugants by the following method. First, we used
the culture conditions to select transconjugants. A. xylosoxidans is an ob-
ligate aerobe, whereas E. coli and K. pneumoniae are facultative anaerobes.
After liquid mating, the donor and recipient mixture was cultured on
DHL agar with ceftazidime (2 �g/ml) under anaerobic conditions for 24
h. Then, red-purple colonies identified as Enterobacteriaceae were selected
and used for subculturing. Finally, a colony PCR was performed to con-
firm the species and MBL gene. The PCR primers were manually designed

to target specific regions of the 16S rRNA for each species as well as
blaIMP-19 (see Table S2 in the supplemental material). The PCR reagents
were as follows: 1� Ex Taq buffer, 1.5 mM MgCl2, 0.2 mM (each) deoxy-
nucleoside triphosphates, 0.3 �M (each) species-specific primers, 1 �M
primers for blaIMP-19 genes, and 1 U of Ex Taq polymerase (TaKaRa Bio,
Otsu, Japan) to a volume of 30 �l achieved by the addition of ultrapure
water. A toothpick was used to collect individual colonies, and it was then
dipped into the reaction tube. Amplification was conducted in a TaKaRa
PCR Thermal Cycler Dice Touch (TaKaRa Bio). After an initial denatur-
ation for 2 min at 95°C, 30 cycles were completed, each consisting of 10 s
at 98°C, 30 s at 55°C, and 60 s at 72°C. A final extension of 5 min at 72°C
was applied with an infinite hold at 4°C. The species and MBL genes
were confirmed by electrophoresis of the amplified PCR products us-
ing QIAxcel (Qiagen). Each conjugation experiment was performed
three times.

Accession numbers. The genome data have been deposited in the
GenBank/DDBJ database under accession numbers DRX052506,
DRX052507, DRX052508, LC155906, LC155907, LC155908, and
LC155909.

RESULTS
Antimicrobial susceptibility testing and molecular typing. The
antimicrobial susceptibility testing results are shown in Table 1. K.
pneumoniae KUN5033 and the transconjugant derived from K.
pneumoniae KUN4843 (recipient) that acquired blaIMP-19 revealed
nearly the same MICs for the test antimicrobial agents. This result
suggests that blaIMP-19 is related to �-lactam resistance, including
resistance to carbapenems. The MICs of cephalosporins and car-
bapenems for the transconjugant were higher than those for the
recipient strain (K. pneumoniae KUN4843). All of the isolates an-
alyzed in this study were susceptible to piperacillin-tazobactam
and colistin (with the exception of A. xylosoxidans KUN4507).
The PFGE analysis revealed that K. pneumoniae KUN4843 and
KUN5033 showed the same PFGE patterns (see Fig. S1 in the
supplemental material). Furthermore, these isolates belonged to
the same MLST (sequence type [ST] 29).

Whole-genome sequencing statistics. The sequencing statis-
tics are shown in Tables S1 and S4 in the supplemental material.

TABLE 1 Antimicrobial susceptibility testing of each isolate and transconjugant

Antibiotic agent

MICs (�g/ml) for:

A. xylosoxidans
KUN4507

K. pneumoniae
KUN4843

K. pneumoniae
KUN5033 Transconjuganta

Piperacillin �4 �64 �64 �64
Piperacillin-tazobactamb 4/4 4/4 8/4 8/4
Cefazolin �8 �8 �8 �8
Cefotaxime �16 �1 �16 �16
Ceftazidime �16 �1 �16 �16
Cefepime �16 �1 �16 �16
Imipenem �8 �0.25 �8 8
Meropenem �8 �0.25 4 2
Aztreonam �16 �1 �1 �1
Gentamicin �8 �1 �1 �1
Tobramycin �8 �1 �1 �1
Amikacin �32 �1 �1 �1
Ciprofloxacin �4 �4 �4 �4
Levofloxacin �4 �4 �4 �4
Minocycline �16 �16 �16 �16
Colistin 4 �2 �2 �2
a Transconjugant derived from K. pneumoniae KUN4843 that acquired blaIPM-19.
b The MIC of piperacillin-tazobactam is indicated by the concentration of piperacillin-tazobactam.
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The average sequencing coverage was approximately 45�. The
numbers of contigs and N50 (bp) of each isolate (A. xylosoxidans
KUN4507 and K. pneumoniae KUN4843 and KUN5033) were
148/82,254 bp, 98/361,546 bp, and 135/330,754 bp, respectively
(see Table S4). The breadth of coverage compared to the K. pneu-
moniae Kp52.145 reference sequence was 87.2% (KUN4843) and
83.3% (KUN5033) (see Table S1).

Phylogenetic tree and SNP analysis. Although conventional
molecular typing analyses revealed that the two K. pneumoniae
isolates (KUN4843 and KUN5033) were identical, we conducted
phylogenetic tree analysis using SNPs to compare these isolates in
more detail. Initially, the total number of SNP sites compared to
the K. pneumoniae Kp52.145 reference sequence including ho-
mologous recombination sites was 112,689 (average 26,636 �
589). BRATNextGen detected 346 recombination sites (see Fig. S2
in the supplemental material). The total base pair length of the
recombination sites was 193,842 bp (average, 560 � 2,643 bp).
The total number of SNP sites compared to the K. pneumoniae
Kp52.145 reference sequence excluding recombination sites was
103,517 (average, 24,739 � 564). The total base pair of the core
genome sequence from 37 K. pneumoniae isolates was 4,258,806
bp (78.3% of the reference genome). Although differences be-
tween K. pneumoniae KUN4843 and KUN5033 were not observed
by conventional molecular typing, a phylogenetic tree and SNP
analysis revealed that these isolates were slightly different from
each other (see Fig. S3). K. pneumoniae KUN4843 had 24,132
SNPs, and KUN5033 had 24,131 SNPs compared to the K. pneu-
moniae Kp52.145 reference genome. Of these SNPs, 24,128 SNPs
were common among these isolates. Compared with the sequence
of the MRCA, K. pneumoniae KUN4843 had four SNPs, and K.
pneumoniae KUN5033 had three SNPs (Table 2).

Molecular clock analysis. To assess when the two K. pneu-
moniae isolates (KUN4843 and KUN5033) diverged from the
MRCA, we performed molecular clock analysis. All of the param-
eters had an effective sample size greater than 220. As a result of
the molecular clock analysis, the MRCA was divided into two
groups of descendants 0.74 years before K. pneumoniae KUN4843
and KUN5033 appeared (95% highest posterior density [HPD],
0.21 to 1.38) (see Fig. S4 in the supplemental material). These

findings support the possibility of the occurrence of the MRCA
and its two descendant variations in this patient and the likelihood
of contact with A. xylosoxidans harboring the MBL gene during
the clinical course.

Plasmid sequencing. To analyze plasmid mobility, we re-
vealed the sequence of plasmids using WGS. Two plasmids
(pKUN4507_1 detected from A. xylosoxidans KUN4507 and K.
pneumoniae KUN5033 and pKUN4843_2 detected from K. pneu-
moniae KUN4843 and KUN5033) could be circularized directly
from contigs generated by SPAdes. One plasmid (pKUN4507_2)
was circularized by PCR and Sanger sequencing, and another plas-
mid (pKUN4843_1) was circularized by PacBio RS II analysis.
Two circularized plasmids (pKUN4507_1 with 26,345 bp and
pKUN4507_2 with 19,889 bp) were detected in A. xylosoxidans
KUN4507 (Fig. 2A and B). The plasmid incompatibility group was
not determined in pKUN4507_1, and it was identified as a Col-
like plasmid for pKUN4507_1 (88.5% similarity). One of the two
plasmids, pKUN4507_1, harbored the MBL gene (blaIMP-19) lo-
cated in the class 1 integron. In K. pneumoniae KUN4843, two cir-
cularized plasmids (pKUN4843_1 with 38,744 bp and
pKUN4843_2 with 34,541 bp) were detected (Fig. 2C and D).
Although pKUN4843_1 was revealed to be an IncR plasmid
(100% identical), the plasmid incompatibility group was not de-
termined in pKUN4843_2. Furthermore, as a result of the BLAST
analysis, 6 of the 98 contigs belonging to KUN4843 were consid-
ered to be derived from plasmids other than the above two plas-
mids although they were not circularized. The total number of
bases in these contigs was 103,616 bp. For convenience, we named
these noncircularized contigs en masse “pKUN4843_others.” The
pKUN4843_others contigs included contigs 22, 29, 34, 35, 39, and
53 (Table 3). The coding genes of plasmids related to conjugative
transfer are shown in Table 3. Although pKUN4507_1 had all of
the conjugative transfer gene components, many of the mating
pair formation (MPF) genes were lacking. This result suggests that
pKUN4507_1 is not a conjugative plasmid but a mobilizable plas-
mid. Because of the lack of conjugative transfer genes (relaxase
genes and type IV secretion system coupling protein [T4CP]
genes), another plasmid detected from A. xylosoxidans KUN4507,
pKUN4507_2, was found to be nontransferable. These findings

TABLE 2 Summary of SNPs that differ between Klebsiella pneumoniae isolates KUN4843 and KUN5033

Isolate
SNP position
(nt)a

Reference
base

Alternate
baseb Mutation type Region Functional description of the region (GenBank accession no.)

KUN4843 526319 G A Nonsynonymous uxuA2 Similar to mannonate dehydratase from Lactococcus lactis
subsp. cremoris (KGH33940)

1329788 G A Synonymous Unnamed
protein

Highly similar to phospholipid-glycerol acyltransferase from
Enterobacter cloacae (EPR31355)

1350124 C T Synonymous sbcC Similar to ATP-dependent double-stranded DNA
exonuclease SbcC from Escherichia coli O103:H2 strain
12009; enterohemorrhagic Escherichia coli (BAI29239)

2885006 C G Nonsynonymous hipA Similar to protein HipA from Escherichia coli strain K-12
(LN832404)

KUN5033 2704847 G T Noncoding
3607720 G A Nonsynonymous edd Highly similar to phosphogluconate dehydratase from

Escherichia coli O6 (EZA74923)
4062427 C T Nonsynonymous ompC Highly similar to outer membrane protein C from Klebsiella

pneumoniae (KHF63615)
a Position in the reference strain K. pneumoniae Kp52.145 (GenBank accession number FO834906). nt, nucleotide.
b Alternate nonreference allele.

R Plasmid Transfer in a Single Patient

September 2016 Volume 60 Number 9 aac.asm.org 5415Antimicrobial Agents and Chemotherapy

http://www.ncbi.nlm.nih.gov/nuccore?term=KGH33940
http://www.ncbi.nlm.nih.gov/nuccore?term=EPR31355
http://www.ncbi.nlm.nih.gov/nuccore?term=BAI29239
http://www.ncbi.nlm.nih.gov/nuccore?term=LN832404
http://www.ncbi.nlm.nih.gov/nuccore?term=EZA74923
http://www.ncbi.nlm.nih.gov/nuccore?term=KHF63615
http://www.ncbi.nlm.nih.gov/nuccore?term=FO834906
http://aac.asm.org


suggest that A. xylosoxidans KUN4507 cannot deliver the resis-
tance genes (e.g., blaIMP-19) by itself to other bacteria through
conjugative transfer. Of the plasmids detected in K. pneumoniae
KUN4843, pKUN4843_1 had no transfer ability, whereas
pKUN4843_2 had almost all of the sets of genes required for con-
jugative transfer except for virB7 and was considered to be a con-
jugative plasmid. The structure of this plasmid is similar to that of
the conjugative plasmid pFSEC-01 described by Zhang et al. (27).
Other conjugative transfer genes (finO, traA, traE, traI, traJ, traK,
traL, traM, traX, and traY) were also found in pKUN4843_others.
The pKUN4507_1 (100% identical) plasmid that harbored
blaIMP-19 was detected by both MBL-producing isolates (A. xy-
losoxidans KUN4507 and K. pneumoniae KUN5033). Based on the
mapping analysis using plasmids derived from K. pneumoniae
KUN4843 as a reference and the K. pneumoniae KUN4843 and
KUN5033 Illumina reads, K. pneumoniae KUN4843 and
KUN5033 had the same plasmids, including pKUN4843_1,
pKUN4843_2, and pKUN4843_others (Table 3).

Plasmid conjugation. To assess the mobility of the
pKUN4507_1 plasmid, we performed plasmid conjugation anal-

ysis. Plasmid conjugation from A. xylosoxidans KUN4507 (donor)
to E. coli (ME8067 and ME8568) (recipients) was not observed.
However, the conjugation experiment between A. xylosoxidans
KUN4507 (donor) and K. pneumoniae KUN4843 (recipient) was
performed successfully, with an average conjugation frequency of
2.36 � 10�7 � 0.13 � 10�7 transconjugants per recipient. These
findings suggest that the MRCA and its two descendant variations
harbored plasmids with the same structures (other than
pKUN4507_1) and are capable of acquiring the plasmid
pKUN4507_1 from A. xylosoxidans KUN4507.

DISCUSSION

The aim of this study was to demonstrate the horizontal transfer of
the R plasmid harboring the MBL gene from A. xylosoxidans to K.
pneumoniae in a single patient. Our data supported the possibility
that the MRCA of K. pneumoniae or its descendant could acquire
the plasmid harboring the MBL gene from A. xylosoxidans. Be-
cause two closely related descendant variants were detected in this
patient’s clinical specimens, it is reasonable to assume that the
MRCA and its descendants occurred in this patient (Fig. 3).

FIG 2 Schema of circularized plasmids. The red arrows indicate mobility genes (relaxase gene and type IV secretion system coupling protein [T4CP] gene). The
orange arrows indicate mating pair formation (MPF) genes. The aqua arrows indicate establishment genes. The green arrows indicate replication and stability
genes. The gray arrows indicate other coding genes. The black arrows indicate hypothetical protein-encoding genes. The innermost ring shows GC content, and
the middle ring shows GC skew. (A) pKUN4507_1 detected from Achromobacter xylosoxidans KUN4507 and Klebsiella pneumoniae KUN5033. The plasmid
pKUN4507_1 harbors mobility genes and two MPF genes, which indicate a mobilizable plasmid. This plasmid harbored a class 1 integron including blaIMP-19. (B)
pKUN4507_2, another plasmid detected in A. xylosoxidans KUN4507. The plasmid pKUN4507_2 lacks a relaxase gene and many MPF genes and is not
considered to be transferable. (C) pKUN4843_1, including a class 1 integron and many transposase genes detected in Klebsiella pneumoniae KUN4843 and
KUN5033. (D) pKUN4843_2, detected in K. pneumoniae KUN4843 and KUN5033. This plasmid has almost all of the genes required for conjugative transfer and
was considered to be a conjugative plasmid.
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Lieberman et al. reported the similar detection of SNP differences
in closely related clinical isolates around the same time (28). In
their study of patients with cystic fibrosis, Burkholderia dolosa iso-
lates accumulated SNPs over time, and closely related descendants
were isolated at nearly the same time. Based on the molecular
clock analysis performed in our study, it is possible that the hori-
zontal gene transfer (HGT) occurred during this patient’s clinical
course. The evidence that no other MBL-producing K. pneu-
moniae isolates were detected in our hospital during this period

(data not shown) also suggests that it is unlikely that this patient
was infected by this organism as a nosocomial infection. To date,
five studies on the horizontal transfer of the carbapenemase gene
in a single patient have been published (5–9). These articles de-
scribe the same plasmid harboring the carbapenemase genes, such
as KPC genes, MBL genes, and OXA-48 genes, among different
bacterial species isolated from a single patient, and they mainly
addressed in vitro conjugal transfer. Drieux et al. performed only
in vivo conjugation experiments in an animal model, and four
other studies performed conventional conjugation analyses. Al-
though we did not perform conjugation using an animal model in
our study, we used an actual clinical isolate as the recipient of the
conjugation analysis. Therefore, the advantage of our study is that
we not only demonstrated the transfer of the plasmid harboring
the MBL gene but also supported the presence of the recipient
strain in a single patient.

In addition, whole-genome sequencing was used to clarify the
details of plasmid harboring genes related to conjugation. Conju-
gation is a DNA transfer process through the type IV secretion
system (T4SS), and three groups of conjugative transfer genes (re-
laxase gene, T4CP gene, and MPF gene) perform central roles
(29). To complete horizontal gene transfer through conjugation,
all of the conjugative transfer genes are considered to be essential
and must be located on the plasmids in a single donor bacterial
cell. The plasmid harboring the MBL gene, pKUN4507_1 detected
in A. xylosoxidans KUN4507, harbors relaxase genes and the T4CP
gene but lacks many of the MPF genes. Therefore, this plasmid was
not conjugative but mobilizable (not self-transferable). Moreover,
because another plasmid detected in A. xylosoxidans KUN4507,

TABLE 3 Summary of the genes related to conjugative transfer

Plasmid name (GenBank
accession no.)

Length
(bp)

Mobility gene(s)

T4SS MPF
gene(s)b

Plasmid
transferability

Plasmid/contig profile of:d

Similarity
(% [WSS])c

Relaxase
gene(s) T4CPa

A. xylosoxidans
KUN4507

K. pneumoniae
KUN4843

K. pneumoniae
KUN5033

pKUN4507_1 (LC155906) 26,345 nikB,
mobC

trwB virB5, virB6, traG Mobilizable � � � 100 (100)e

pKUN4507_2 (LC155907) 19,889 traD traA, traC, traG Nontransferable � � �
pKUN4843_1 (LC155908) 38,744 Nontransferable � � � 100 (99.99)f

pKUN4843_2 (LC155909) 34,541 mobC virD4 virB2, virB4, virB5,
virB6, virB8,
virB9, virB10,
virB11, virD2,
traC

Conjugative � � � 100 (100)f

pKUN4843_others 103,616 � � �
Contig 22 57,649 � � �h 100f,g

Contig 29 22,103 � � �h 100f,g

Contig 34 8,638 � � �h 100f,g

Contig 35 8,329 finO, traA, traE,
traI, traJ, traK
traL, traM, traX,
traY

� � �h 100f,g

Contig 39 5,844 � � �h 100f,g

Contig 53 1,053 � � �h 99.0f,g

a Type IV secretion system coupling protein.
b T4SS, type IV secretion system; MPF, mating pair formation.
c Sequence similarity was determined using mapping analysis, and whole-sequence similarity (WSS) of circularized plasmids was calculated using ClustalW.
d Presence (�) or absence (�) of the plasmid/contig is indicated.
e Sequence similarity between A. xylosoxidans KUN4507 and K. pneumoniaeKUN5033.
f Sequence similarity between K. pneumoniae KUN4843 and K. pneumoniae KUN5033.
g Excluding the regions where depth of coverage is 	10%.
h The Illumina reads of K. pneumoniae KUN5053 could be mapped to this contig of KUN4843.

FIG 3 SNPs accumulated from the most recent common ancestor (MRCA) of
Klebsiella pneumoniae. Two variants of a K. pneumoniae descendant (DESC)
occurred in the same patient. One of the two descendant (DESC2) variants was
considered to be in close contact with Achromobacter xylosoxidans KUN4507,
and the plasmid harboring the MBL gene (pKUN4507_1) was transferred
from A. xylosoxidans KUN4507 to DESC2. The red bar indicates the duration
of the contact of A. xylosoxidans KUN4507 with DESC2. HPD, highest poste-
rior density; POD, postoperative day.
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pKUN4507_2, also lacked MPF genes, A. xylosoxidans KUN4507
alone could not transfer the plasmid harboring the MBL gene to
other bacteria through so-called conjugation. The conjugation of
plasmids harboring the MBL gene (pKUN4507_1) from A. xy-
losoxidans to E. coli was not successful. However, the conjugative
transfer of this resistant plasmid between A. xylosoxidans and K.
pneumoniae could be observed. One of the conjugation processes,
triparental mating, can explain this horizontal transfer of a mobi-
lizable plasmid. K. pneumoniae KUN4843 or other bacteria har-
boring a conjugative plasmid could act as helper strains during
conjugation. In this process, it is conceivable that a conjugative
plasmid was once transferred into A. xylosoxidans and thereafter, a
mobilizable plasmid harboring blaIMP-19 (pKUN4507_1) was
transferred into K. pneumoniae. As with other mechanisms of
HGT, a DNA uptake system found in some bacteria (e.g., Neisseria
gonorrhoeae) can also be considered (30).

In this evaluation of the clinical course of a single patient, K.
pneumoniae was found to survive despite numerous exposures to
antibiotic agents to which it is normally susceptible. Liao et al.
reported that extracellular CHDL produced by Acinetobacter bau-
mannii helped other susceptible bacteria to survive against the
eradication of carbapenem and named this phenomenon the shel-
tering effect (31). This effect is strongly affected by a strong pro-
moter of the CHDL gene. Regarding MBL production, certain
promoter variants (e.g., a PcS variant) located on the class 1 inte-
gron integrase gene are known to be strong promoters (32). As we
demonstrated in the previous study, the PcS strong promoter was
found in pKUN4507_1, which harbors blaIMP-19 (33). Given the
possibility of close contact between MBL-producing A. xylosoxi-
dans and K. pneumoniae, the sheltering effect is an effective mea-
sure to promote the continued presence of this organism.

Our research also revealed the important findings that A. xy-
losoxidans could cause infection and become a reservoir of MBL
genes. A. xylosoxidans is a nonfermentative, aerobic Gram-nega-
tive bacillus that can cause life-threatening infections, especially in
immunocompromised patients (34). The clinical importance of
this species has increased in recent decades. Several studies have
reported that A. xylosoxidans harbors MBL genes, including
blaIMP-1, blaIMP-19, blaVIM-1, blaVIM-2, and blaTMB-1 (33, 34). All of
these MBL genes were located on a class 1 integron as one of the
gene cassettes, whereas only blaIMP-1, blaIMP-19, and blaVIM-2 were
revealed to be plasmid components. Although these three MBL
genes were presumed to be transferred through conjugation, evi-
dence supporting this hypothesis was lacking.

One limitation should be noted. Although we demonstrated
the possibility of horizontal gene transfer in a single patient, we
did not provide evidence of direct horizontal gene transfer of the
plasmid harboring blaIMP-19. Therefore, we could not completely
exclude other possibilities. First, the patient might have already
carried the MBL-producing A. xylosoxidans and the K. pneu-
moniae strains when hospitalized. Second, the MBL-producing
plasmid might have been transferred from K. pneumoniae to A.
xylosoxidans or from a third, unknown donor to both A. xylosoxi-
dans and K. pneumoniae. However, horizontal gene transfer of the
plasmid harboring blaIMP-19 from MBL-producing A. xylosoxi-
dans to K. pneumoniae strains isolated from a single patient was
demonstrated by the conjugation analysis. Therefore, it is con-
ceivable that the plasmid harboring blaIMP-19 could be transferred
from A. xylosoxidans to K. pneumoniae.

In summary, our findings supported the possibility that the

horizontal transfer of plasmid-borne blaIMP-19 occurs from A. xy-
losoxidans to K. pneumoniae in a single patient. Surprisingly, this
plasmid was not self-transferable, and other conjugative plasmids
were not found in the donor A. xylosoxidans. This result suggests
that there is triparental mating or another mechanism associated
with horizontal gene transfer, such as a DNA uptake system. Fi-
nally, clinicians should pay attention to the facts that MBL genes
and other carbapenemase genes may be transferred and that the
susceptibility patterns of clonal isolates can suddenly be changed
in a single patient during his/her clinical course. The recent devel-
opment of rapid identification tools, such as matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-
TOF MS), has greatly reduced the time required for species iden-
tification (35); therefore, the recognition of this type of change in
antimicrobial susceptibility is more important than ever.
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