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A 22-year-old male developed a recurrent sacral abscess associated with embedded shrapnel following a blast injury. Cultures
grew extended-spectrum �-lactamase (ESBL)-producing, carbapenem-susceptible Escherichia coli. Ertapenem was adminis-
tered, but the infection recurred after each course of antibiotics. Initial surgical interventions were unsuccessful, and subsequent
cultures yielded E. coli and Morganella morganii, both nonsusceptible to carbapenems. The isolates were Carba NP test nega-
tive, gave ambiguous results with the modified Hodge test, and amplified the blaOXA48-like gene by real-time PCR. All E. coli iso-
lates were sequence type 131 (ST131), carried nine resistance genes (including blaCTX-M-27) on an IncF plasmid, and were identi-
cal by genome sequencing, except for 150 kb of plasmid DNA in carbapenem-nonsusceptible isolates only. Sixty kilobases of this
was shared by M. morganii and represented an IncN plasmid harboring blaOXA-181. In M. morganii, the gene was flanked by
IS3000 and ISKpn19, but in all but one of the E. coli isolates containing blaOXA-181, a second copy of ISKpn19 had inserted adja-
cent to IS3000. To the best of our knowledge, this is the first report of blaOXA-181 in the virulent ST131 clonal group and carried
by the promiscuous IncN family of plasmids. The tendency of M. morganii to have high MICs of imipenem, a blaOXA-181 sub-
strate profile that includes penicillins but not extended-spectrum cephalosporins, and weak carbapenemase activity almost re-
sulted in the presence of blaOXA-181 being overlooked. We highlight the importance of surveillance for carbapenem resistance in
all species, even those with intrinsic resistances, and the value of advanced molecular techniques in detecting subtle genetic
changes.

Blast injuries account for the overwhelming majority of combat
injuries sustained by coalition forces in Iraq and Afghanistan

(1). A specific type, dismounted complex blast injury (DCBI), has
become significantly more prevalent and can cause extensive
damage to the perineum/pelvic areas (2). Contamination of these
wounds with environmental debris and contents from the gastro-
intestinal tract can impair wound healing and serve as sources of
infection (2, 3). When these fragments lie close to vital organs or
systems, it is often preferable to leave them in place rather than
risk surgery (4). Although specific guidelines for infection preven-
tion and prophylactic antibiotics exist for DCBI (2, 5), the increas-
ing incidence of antibiotic-resistant strains has resulted in an ever
dwindling arsenal of effective drugs (6).

Escherichia coli is a leading cause of extraintestinal surgical site
infections (7, 8). In particular, strains belonging to E. coli sequence
type 131 (ST131) (serotype O25:H4) appear to be more virulent,
have disseminated worldwide (9, 10), and have a propensity to
harbor multiple antibiotic resistance genes (11). A recent study
from the United States showed that 67 to 69% of all extended-
spectrum �-lactamase (ESBL)-producing E. coli strains tested be-
longed to this ST (12). The expansion of ESBL-producing strains
has resulted in a greater reliance on “last resort” antibiotics, par-
ticularly the carbapenems (13), although their efficacies are now
compromised by the global spread of carbapenem-hydrolyzing
enzymes (14).

While still uncommon, gene-mediated carbapenem resistance in
E. coli is increasing worldwide (15). In the United States, it is
primarily mediated by the class A Klebsiella pneumoniae carba-
penemase (KPC), but strains carrying the metallo-�-lactamase
NDM have been reported (16). OXA48-like enzymes (OXA48,

-162, -163, -181, -204, and -232) are an emerging concern as they
are difficult to detect by conventional methods due to a substrate
profile that includes penicillins but not extended-spectrum ceph-
alosporins (with the exception of OXA-163 [17]). Furthermore,
OXA-48-like enzymes exhibit low carbapenemase activity com-
pared to class A and B enzymes (18), making their detection even
more difficult. One variant, OXA-181, has recently been identified
in a K. pneumoniae clinical isolate in the United States (19) and has
previously been detected in clinical isolates of Citrobacter freundii,
Enterobacter cloacae, E. coli, Klebsiella pneumoniae, and Providen-
cia rettgeri with links to the Indian subcontinent (for a recent
review see, reference 18). To date, blaOXA-181 has only been found
on plasmids, although information on many of these plasmids is
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scant. In a C. freundii isolate cultured from a urine sample from a
French woman with recent surgery in India, blaOXA-181 was carried
on pT-OXA-181, an 83.5-kb IncT plasmid (20). In contrast,
blaOXA-181 was harbored on pKP3-A, a 7-kb ColE2-type plasmid in
K. pneumoniae KP3, cultured from the wound of a patient in the
Sultanate of Oman who had received recent hospital treatment in
Tanzania and India (21). The genetic environments surrounding
blaOXA-181 were significantly different in both plasmids, but
ISEcp1 appears to have played a role in mobilizing blaOXA-181 in
both (20, 21).

Here, we report on the in vivo transfer of an IncN plasmid
containing blaOXA-181 from Morganella morganii to an ESBL-pro-
ducing ST131 strain of E. coli, resulting in carbapenem resistance.
Unlike other descriptions of the genetic environment surround-
ing blaOXA-181, mobilization appeared to be facilitated by IS3000.
The isolates gave ambiguous results with the modified Hodge Test
(mHT) (22) and were negative using the Carba NP test (23).

CASE REPORT

A 22-year-old service member sustained multiple fragment
wounds of the pelvis and lower extremities, resulting in sacral and
coccygeal fractures, colorectal perforation, and cerebral spinal
fluid (CSF) leakage, following a DCBI in Afghanistan (day 1). He
was evacuated through Germany to Maryland, where initial groin
surveillance swabs (day 6) grew an extended-spectrum �-lacta-
mase (ESBL)-producing E. coli isolate (designated MRSN 17749)
(Table 1) susceptible to amikacin, ertapenem, gentamicin, imi-
penem, piperacillin-tazobactam, and tobramycin. On day 10, aer-
obic and anaerobic blood culture bottles grew E. coli (MRSN
17758) with the same susceptibilities. Repeat blood cultures were
negative on day 13, following initiation of treatment with mero-
penem. Initial intraoperative tissue wound cultures were negative.

On day 62, the patient developed fever and back pain, and
computerized tomography (CT) revealed a presacral abscess. Tis-
sue culture from this area (day 65) grew ESBL-producing E. coli
(MRSN 18675) with the aforementioned susceptibilities. Four
days later (day 69), the patient was discharged and was treated for
a total of 6 weeks with ertapenem (1 g/24 h) for presacral abscess
with possible contiguous osteomyelitis. A repeat CT scan 4 weeks
into therapy showed a significant decrease in abscess size. One
week after completion of ertapenem therapy, the patient pre-

sented with recurrent fever and chills, and imaging showed reac-
cumulation of the presacral abscess. The patient was restarted on
ertapenem for presumed recurrence of the same organism and
completed an additional 9 weeks of therapy with resultant nor-
malization of inflammatory markers and resolution of symptoms.
However, 1 week after antibiotic therapy was discontinued, fever
and abdominal pain recurred. CT imaging again showed reaccu-
mulation of the abscess with clear proximity to a sacral fragment.
Drainage and fragment removal were planned but aborted after
fragment migration presented significant concern for nerve dam-
age/paralysis. An alternate anterior drainage approach was instead
pursued via an exploratory laparotomy (already planned colos-
tomy reversal) on day 180. Unfortunately, the sacral fragment
could not be safely accessed during the procedure. The repeated
abscess drainage grew an ESBL E. coli isolate with the same sensi-
tivities as that described above (MRSN 24213).

Ultimately, the patient underwent posterior sacral hemilami-
nectomy with abscess drainage and fragment removal (day 293).
Cultures from the abscess drainage revealed growth of M. morga-
nii (MRSN 22709), E. coli now resistant to ertapenem and imi-
penem (MIC of 4) (MRSN 22710, 22711, and 22712), and Bacte-
roides fragilis. Antibiotic coverage was changed from initial
empirical vancomycin and meropenem at the time of clinical de-
compensation to colistin, tigecycline, and metronidazole, when
culture results became available. Within 12 h after the procedure,
the patient developed lower-extremity parasthesias, and an emer-
gent magnetic resonance imaging (MRI) revealed anterior-track-
ing abscess fluid with development of an epidural abscess. This
abscess was drained and grew only carbapenem-resistant E. coli
(MRSN 22713).

The patient completed 2 weeks of therapy prior to stopping
tigecycline for gastrointestinal intolerance and then colistin, 2.5
weeks later, for renal toxicity. Metronidazole was continued for 6
weeks (to day 338). There have been no fevers, elevation of inflam-
matory markers, or evidence of abscess recurrence as of this writ-
ing (day 620).

MATERIALS AND METHODS
Bacterial strains and detection of carbapenemases. Strain identification
and antibiotic susceptibilities were determined using the BD Phoenix (BD
Diagnostics Systems, MD) with panels NMIC/ID 133 (Gram negative)

TABLE 1 Phenotypic characteristics of the clinical isolates in this study

Straina Day postinjuryb Sourcec

MIC (�g/ml) ofd

SAM ETP IPM MEM CAZ FEP CRO TZP

E. coli MRSN 17749 6 Groin swab 8/4 �0.5 �0.25 �0.25 8 16 �32 �2/4
E. coli MRSN 17749T NAe NA �16/8 2 4 2 8 16 �32 �64/4
E. coli MRSN 22624 293 Sacral abscess �16/8 4 4 2 8 16 �32 �64/4
M. morganii MRSN 22709 293 Sacral abscess �16/8 4 8 2 �2 �1 �2 �64/4
E. coli MRSN 22713 295 Epidural abscess �16/8 4 4 4 8 �16 �32 �64/4
K. pneumoniae 11978 NA �16/8 �4 16 16 �16 �16 �32 �64/4
a The MRSN strain number is the deidentified designation used to track isolates throughout the Multidrug-Resistant Organism Repository and Surveillance Network (MRSN).
Klebsiella pneumoniae 11978 is the blaOXA-48 type strain. MRSN 17758, 18675, and 24213 had the same susceptibility profile as MRSN 17749. MRSN 22710, 22711, and 22712 had
the same susceptibility profile as MRSN 22624.
b Number of days after the initial injury.
c Clinical site where the isolate was recovered.
d Antibiotic susceptibilities were determined using the BD Phoenix (BD Diagnostics Systems, MD) with NMIC/ID 133 panels (Gram negative), except for the MICs of imipenem
and meropenem, which were determined in quintuplicate by broth microdilution (24). CAZ, ceftazidime; CRO, ceftriaxone; ETP, ertapenem; FEP, cefepime; IPM, imipenem;
MEM, meropenem; SAM, ampicillin-sulbactam; TZP, piperacillin-tazobactam.
e NA, not applicable.
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and PMIC/ID 107 (Gram positive) in a College of American Pathologists
(CAP)-accredited laboratory. MICs of imipenem and meropenem were
confirmed using broth microdilution as described previously (24).

Phenotypic detection of carbapenemase production was performed
using the mHT (22) and the Carba NP test with various inoculum sizes
(23, 25) from overnight cultures on blood agar. Molecular detection of
blaOXA48-like genes was performed using real-time PCR and primer pair
OXA48-60F (GTAGCAAAGGAATGGCAA) and OXA48-185R (GCCCG
TTTAAGATTATTGG), which amplify a 125-bp product from all 6 vari-
ants of blaOXA48 described to date (OXA-48, -162, -163, -181, -204, and
-232). Real-time PCR was performed in 20-�l volumes with 200 nM
primer on a Bio-Rad CFX96 real-time PCR instrument (Bio-Rad Labora-
tories, Hercules, CA) using SsoAdvanced universal SYBR green supermix
(Bio-Rad Laboratories, CA). The cycling parameters were 95°C for 5 min
followed by 40 cycles of 95°C for 10 s and 56°C for 10 s. Appropriate
positive (K. pneumoniae 11978 [26]) and negative (K. pneumoniae ATCC
1706) controls were incorporated into every test.

S1 nuclease plasmid profiling. S1 nuclease plasmid profiling was
performed using pulsed-field gel electrophoresis (PFGE). Briefly,
overnight cultures were diluted in cell resuspension buffer (100 mM
Tris-HCl [pH 8], 10 mM EDTA [pH 8]) to an optical density at 600 nm
(OD600) of between 0.68 and 0.72, and 200 �l of the resulting suspen-
sion was mixed with 200 �l of molten 1.8% agarose and 1 mg/ml of
proteinase K. The agarose-cell suspension mixture was allowed to set
in disposable plug molds (Bio-Rad Laboratories, Hercules, CA) and
incubated overnight at 55°C in lysis buffer (50 mM Tris-HCl [pH 7.5
to 8.0], 50 mM EDTA [pH 8], 10 mg/ml sodium laurylsarcosine) and
proteinase K (0.1 mg/ml). Plugs were washed twice in sterile water and
three times in Tris-EDTA (TE) buffer at 55°C and then incubated with
50 U of S1 nuclease in 200-�l volumes at 37°C for 2 h. EDTA was added
to a final volume of 35 mM and heated to 70°C for 10 min to inactivate
the S1 nuclease. One percent PFGE agarose gels were run for 15 h at a
gradient of 6 V/cm, an included angle of 120°, and initial and final
switch times of 10 s and 40 s, respectively.

Plasmid mating. Overnight cultures of M. morganii MRSN 22709
(donor) and E. coli MRSN 17749 (recipient) were diluted to an OD600 of
0.6. One milliliter of a 1:1 and 1:10 ratio of donor to recipient was added to
4 ml of LB broth and incubated with shaking for 5 h. Serial dilutions were
plated onto Mueller-Hinton agar supplemented with cefepime (64 �g/
ml) and imipenem (2 �g/ml) and incubated for 48 h at 37°C. Aliquots
were also plated onto Mueller-Hinton agar alone, Mueller-Hinton agar
supplemented with cefepime (64 �g/ml), and Mueller-Hinton agar sup-
plemented with imipenem (2 �g/ml). Potential transformants were se-
lected and confirmed as E. coli using the BD Phoenix (BD Diagnostics
Systems). Plasmid transfer efficiency was calculated as the ratio of con-
firmed E. coli transformants to the total number of E. coli cells isolated on
Mueller-Hinton agar supplemented with cefepime. One transformant,
designated MRSN 17749T, was selected for whole-genome sequencing.

Plasmid stability. MRSN 22624 and 22713, carrying 4 and 14 copies of
pMR3-OXA181, respectively, were subcultured daily for 2 weeks on Mu-
eller-Hinton agar with and without meropenem at a final concentration of
1 �g/ml. Each day, DNA was rapidly extracted (27) from 3 colonies and
tested by real-time PCR for the single-copy chromosomal genes yccT and
uidA (28) and for three genes carried by pMR3-OXA181: traG (traGRT-F
[GTCGGGGAAAACGGTACTC] and traGRT-R [GTGATCGACCGTGA
CTTC]), IS3000 (IS3000RT-F [CTGACCAAAAGGGATCTGGA] and
IS3000RT-R GACTTTCTTTCTCGTCGCAG), and blaOXA-181 (see above
for primer sequences). Real-time PCR was performed as described above.
Experiments were performed from three biological replicates.

Whole-genome sequencing. Whole-genome sequencing was per-
formed using an Illumina MiSeq desktop sequencer as previously de-
scribed (27). Newbler version 2.7 (454 Life Sciences, Branford, CT)
was used to assemble MiSeq sequencing reads into de novo contigs and
scaffolds. Comparative genomic analyses were performed using Ge-
neious (Biomatters, Auckland, New Zealand) (29). Antimicrobial re-

sistance genes were annotated using ResFinder 2.0 (30), transposons
and insertion sequences were identified using ISfinder (31), and po-
tential promoter binding domains were identified using BPROM (32).
Plasmid maps were generated using Easyfig 2.1 (33) and Lasergene 11
(DNASTAR, Madison, WI).

Nucleotide sequence accession numbers. The whole-genome shot-
gun (WGS) sequences of MRSN 17749, 22464, and 22709 have been de-
posited in the DDBJ/EMBL/GenBank WGS database under accession no.
JRKU00000000, JRKV00000000, and JRKW00000000, respectively. The
complete sequence of plasmid pMR3-OXA181 has been deposited in
the DDBJ/EMBL/GenBank nucleotide database under accession no.
KM660724.

RESULTS
Phenotypic characteristics of clinical isolates. Nine E. coli iso-
lates and one M. morganii isolate were obtained from the patient
over the course of treatment (Table 1). The first E. coli isolate,
MRSN 17749, was cultured from a groin surveillance swab 6 days
after the initial injury. The isolate had MICs of ertapenem, imi-
penem, and meropenem of �0.5 �g/ml and was also susceptible
to ampicillin-sulbactam (SAM) and piperacillin-tazobactam
(TZP). Successive E. coli isolates cultured from different anatom-
ical sites over the following 7 months displayed the same antibiotic
susceptibility profile (Table 1). On day 293, multiple E. coli isolates
and M. morganii MRSN 22709 were obtained from the sacral re-
gion following surgery (Table 1), with MICs of ertapenem, imi-
penem, and meropenem of �2 �g/ml—nonsusceptible by CLSI
standards (24). Furthermore, all isolates were no longer suscepti-
ble to SAM and TZP (Table 1). The final E. coli isolate, MRSN
22713, was cultured from an epidural abscess 295 days after the
initial injury.

Detection of carbapenemase activity. All carbapenem-non-
susceptible isolates were negative for carbapenemase activity us-
ing the Carba NP test, irrespective of inoculum size (23, 25), with
the exception of E. coli MRSN 22713. This isolate displayed a very
weak color change, from red to red-orange after 2 h, but only
when 3 loopfuls were inoculated. The modified Hodge test (mHT)
results with both ertapenem and meropenem were difficult to in-
terpret for many of the isolates (see Fig. S1 in the supplemental
material). With ertapenem, all E. coli isolates carrying blaOXA-181

were positive, although the characteristic cloverleaf pattern was
reduced in all isolates, with the exception of E. coli MRSN 22713,
compared to the reference strain, K. pneumoniae ATCC BAA-
1705 (see Fig. S1). Conversely, carbapenem-nonsusceptible M.
morganii MRSN 22709 was negative. In contrast, the mHT results
with meropenem were the opposite: positive with M. morganii
MRSN 22709 but negative for all E. coli isolates, with the exception
of MRSN 22713 (see Fig. S1). Molecular testing detected a
blaOXA-48-like gene in the carbapenem-nonsusceptible E. coli and
M. morganii isolates but not in carbapenem-sensitive E. coli.

WGS and plasmid analysis. Whole-genome sequencing was
performed on every E. coli isolate collected from the patient, the
single M. morganii isolate, the E. coli transformant MRSN 17749T,
and MRSN 22711 and MRSN 22713 after 12 days of serial passage
on Mueller-Hinton agar with and without meropenem. The aver-
age genome coverage was 85� (�15). All E. coli isolates belonged
to ST131, shared �99.9% identity, and had approximately 132 kb
of plasmid DNA that was not found in the M. morganii isolate. An
additional 150 kb of plasmid DNA was found only in carbap-
enem-nonsusceptible E. coli isolates, and 60 kb of this was shared
with M. morganii. S1 nuclease digestion confirmed the presence of
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the 132-kb plasmid in all E. coli isolates but also detected two
additional plasmids, approximately 90 kb and 60 kb in carbap-
enem-nonsusceptible E. coli only (Fig. 1). The 60-kb plasmid was
also present in M. morganii and carried blaOXA-181 by WGS. Plas-
mid assembly was greatly facilitated by having sequencing reads
from all isolates, including those carrying one, two, or all three of
the plasmids identified. Furthermore, pMR3-OXA181 (see be-
low), carrying blaOXA-181, was the only plasmid in M. morgannii
and shared no sequence with the other plasmids found in the E.
coli isolates. This fortunate set of circumstances allowed pMR3-
OXA181 to be assembled into a single closed contig with no am-
biguities.

The approximately 132-kb plasmid, designated pMR0713, be-
longed to incompatibility group F (IncF) and shared closest ho-
mology (99.9% identity over 89% of the plasmid) to plasmid
pKF3-140 (GenBank accession no. FJ876827.1), isolated from a K.
pneumoniae culture collected from the sputum of a patient in
Wenzhou, China, in 2006 (34). The plasmid harbored nine anti-
biotic resistance genes, including genes encoding resistance to
aminoglycosides (aadA5, strA, and strB), macrolides (mphA), sul-
fonamides (sul1 and sul2), tetracyclines (tetA), trimethoprim
(dfrA17), and the extended-spectrum �-lactamase (blaCTX-M-27).

The approximately 90-kb plasmid, designated pMR0514, be-
longed to IncI1 and shared the closest homology (98.6% identity
over 90% of the plasmid) to pESBL-12 (GenBank accession no.
CP008735), an IncFII plasmid isolated from E. coli. The plasmid
had 105 putative or confirmed open reading frames (ORFs), in-
cluding a conjugal transfer gene cluster, a pilus assembly cluster,
and genes involved in plasmid maintenance and stability. The
plasmid carried no antibiotic resistance genes.

The final 57,797-bp plasmid, designated pMR3-OXA181, was
present in carbapenem-nonsusceptible E. coli and in M. morganii
MRSN 22709 only. The plasmid copy number varied from just a
single copy in M. morganii MRSN 22709 to approximately 14 cop-
ies in MRSN 22713 based on average sequence read coverage (see
Fig. S2 in the supplemental material). pMR3-OXA181 belonged to
incompatibility group N (IncN) and shared the closest homology

to pNDM-BTR (GenBank accession no. KF534788), a plasmid
carrying blaNDM-1 from an E. coli isolate cultured in China (Fig.
2A). pMR3-OXA181 and pNDM-BTR share �99.9% identity
over 92% of the plasmid, and the inversion of a 7-kb region
flanked by IS26 accounts for the majority of the differences in their
shared backbone (Fig. 2A).

pMR3-OXA181 has 90 confirmed or putative open reading
frames, including genes encoding a conjugal transfer system and
three genes encoding resistance to trimethoprim (dfrA14),
quinolones (qnrS1), and �-lactams, including the carbapen-
ems (blaOXA-181). blaOXA-181 is situated on a 3,075-bp region that
shares �99% identity with a region in plasmid pKP3-A (21) but
has lost approximately 4 kb corresponding to the oriV gene, the
mobilization genes mobA, mobB, mocC, and mobD, and all but 265
bp of ISEcp1 (Fig. 2A). Of note, the terminal inverted repeat (IR)
and the putative �35 (TTGAAA) and �10 (TACAAT) promoter
sequence of ISEcp1 identified in pKP3-A (21) have been retained
in pMR3-OXA181. A second putative �35 (TTAGCA) and �10
(TATATT) promoter sequence is also located 20 bp upstream of
the blaOXA-181 start codon (Fig. 2B), and the contribution of both
these promoters to blaOXA-181 expression remains to be deter-
mined. The 	lysR and 	ere fragments identified in pKP3-A have
been retained in pMR3-OXA181, but ISKpn19 and IS3000 have
inserted into repA, resulting in two repA fragments that are situ-
ated at the extremities of the unit. A 5-bp target duplication (AA
GAT) beside the 50-bp inverted repeats of ISKpn19 and IS3000
(31) suggests that IS3000 was involved in the initial mobilization
of this region (Fig. 2B) (35).

Unexpectedly, analysis of the plasmid in M. morganii MRSN
22709 and the five E. coli strains (Table 1) revealed that in four of
the E. coli isolates (MRSN 22624, 22710, 22712, and 22713) a
second copy of ISKpn19 had inserted into the region directly
downstream of IS3000 (Fig. 2C). Consequently, pMR3-OXA181
was 60,657 bp in these isolates. A 9-bp target duplication at the site
of insertion suggests ISKpn19 was mobilized by replicative trans-
position (31).

pMR3-OXA181 transferred from M. morganii MRSN 22709 to
the initial carbapenem-susceptible E. coli isolate MRSN 17749
with an efficiency of 4 � 10�5, resulting in MRSN 17749T. This
resulted in increased resistance to carbapenems and �-lactamase
inhibitors (Table 1). Plasmid analysis by S1 digestion and WGS of
one transformant, MRSN 17749T, confirmed that this corre-
sponded to the transfer of pMR3-OXA181 (Fig. 1).

Stability of pMR3-OXA181. Normalization of the three plas-
mid-carried genes traG, IS3000, and blaOXA-181 to the single-copy
chromosomal genes yccT and uidA allowed daily monitoring of
plasmid copy number by real-time PCR in the presence and ab-
sence of meropenem in two strains. MRSN 22711 was isolated
prior to the patient being administered meropenem and con-
tained 3 to 4 copies of pMR3-OXA181, based on average read
coverage with WGS (see Fig. S1 in the supplemental material).
MRSN 22713 was the final E. coli isolate recovered from the pa-
tient and was cultured 48 h after the patient was administered
meropenem. Unlike all other isolates, MRSN 22713 contained 13
to 14 copies of pMR3-OXA181, was weakly Carba NP positive,
and had MICs of meropenem equal to 4 �g/ml (Table 1).

In the absence of meropenem, the plasmid copy number in
MRSN 22711 remained stable at 4 copies for 12 days. In MRSN
22713, the plasmid copy number dropped from 13 to 4 after 48 h
and remained at 3 (�1) copies for the remaining 10 days. Of

FIG 1 Pulsed-field gel electrophoresis (PFGE) of S1 nuclease-digested DNA.
Lanes 1 and 7, PFGE size standard lambda (
) ladder (Bio-Rad Laboratories):
lane 2, E. coli MRSN 17749, carbapenem susceptible; lane 3, M. morganii
MRSN 22709, carbapenem nonsusceptible; lane 4, E. coli MRSN 17749T trans-
formant, carbapenem nonsusceptible; lane 5, E. coli MRSN 22624, carbap-
enem nonsusceptible; lane 6, MRSN 22713, carbapenem nonsusceptible.
pMR3-OXA181 is indicated by the white arrow. The MRSN 17769 plasmid
profile is representative of MRSN 17758, 18675, and 24213. The MRSN 22624
plasmid profile is representative of 22710, 22711, and 22712, each of which
carries 4 copies of pMR3-OXA181. MRSN 22713 carries 14 copies of pMR3-
OXA181.
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interest, in one of the three biological replicates of MRSN 22713,
the plasmid copy number dropped to just 1 after 48 h and was no
longer detectable after 72 h. Daily passage in the presence of 1
�g/ml meropenem resulted in substantial variation in plasmid
copy number. In MRSN 22711, the plasmid number varied from 4
to 8 over the course of the 12 days, even within single colonies
isolated from the same plate. A similar result was observed with
MRSN 22713, with plasmid copy number dropping from 13 to 8
after 48 h and remaining at 6 (�4) copies for the remaining 10

days. WGS of MRSN 22711 and 22713 after the 12 days supported
these findings.

DISCUSSION

Active surveillance for carbapenemases identified the first case of
blaOXA48-like genes within the U.S. Military Healthcare System
(36). The gene encodes OXA-181, an OXA-48-like protein that
differs from OXA-48 by 4 amino acids but shares a similar sub-
strate profile (37). blaOXA-181 was carried on pMR3-OXA181, a

FIG 2 Analysis of pMR3-OXA181 and the blaOXA-181 environment. (A) Alignment of pNDM-BTR, pMR3-OXA181, and pKP3-A. Block arrows indicate
confirmed or putative open reading frames (ORFs) and their orientations. Arrow size is proportional to predicted ORF length. Resistance genes are indicated by
red arrows, except for blaOXA-181 (green arrow). Conjugal transfer genes are indicated by yellow arrows. DNA mobilization genes are indicted by white arrows.
Plasmid mobility, replication, and maintenance genes are indicated by blue arrows. Pseudogenes are indicated by pink rectangles. Hypothetical and unknown
genes are indicted by gray arrows. The light gray regions between the three plasmids indicate nucleotide identity of �98% by BLASTN. For clarification, only a
subset of gene names are included. Gene nomenclature was assigned based on the closest BLAST match from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi; last
accessed March 2015). (B and C) Genetic environment surrounding blaOXA-181 in M. morganii MRSN 22709 and E. coli MRSN 22711 (B) and E. coli MRSN 22624,
22710, 22712, and 22713 (C). Open reading frames are shown as block arrows and truncated genes by rectangles. Arrows indicate the direction of transcription.
blaOXA-181 is represented by a green block arrow. Pink rectangles represent pseudogenes. The disrupted repA gene is indicated by blue rectangles. White block
arrows are used to represent ISKpn19 and IS3000. (Note that ISKpn19 is composed of three ORFS [35].) The 5-bp (B) and 9-bp (C) target site duplications,
indicative of IS3000 and ISKpn19 transposition, respectively, are indicated. The 5-bp target site duplications have been underlined for clarification. The positions
of the two putative promoters upstream of the blaOXA-181 are indicated by black arrows. The putative composite transposon formed by the replicative transpo-
sition of ISKpn19 is indicated by a double arrow (C).
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58-kb IncN plasmid (Fig. 2) that likely transferred in vivo from M.
morgannii to an ESBL-producing E. coli isolate belonging to the
virulent, global ST ST131 (serotype O25:H4) (9).

The mHT was ambiguous and inconsistent (see Fig. S1 in the
supplemental material), and all isolates were negative for carbap-
enemase production using the most recent Carba NP methodol-
ogy (38), in agreement with previous studies with some OXA181-
producing strains (25, 39). The exception was MRSN 22713,
which gave a weak red to red-orange color change when excess
inoculum was used, as suggested by Tijet and coworkers (25). This
was most likely the result of increased OXA-181 production due to
the 14 copies of pMR3-OXA181 carried in this isolate (described
below).

pMR3-OXA181, carrying blaOXA-181, was carried by carbap-
enem-nonsusceptible E. coli isolates and M. morganii MRSN
22709 only. The copy number varied from just a single copy in M.
morganii MRSN 22709 to 14 in MRSN 22713 (see Fig. S2 in the
supplemental material), and this likely modulated OXA-181 pro-
duction, in accordance with the positive Carba NP test and mHT
results with MRSN 22713. It is noteworthy that MRSN 22713 was
the last E. coli isolate cultured from the patient (Table 1) and was
the only isolate recovered after the patient was administered
meropenem. The presence of a more potent carbapenem could
help explain why MRSN 22713 had 14 copies of pMR3-OXA181,
and this is supported by in vitro data showing significant variation
in plasmid copy number when strains were cultured for 12 days in
the presence of 1 �g/ml meropenem.

To the best of our knowledge, this is the first description of a
blaOXA-48-like gene on an IncN plasmid. This is concerning be-
cause IncN plasmids are common among the Enterobacteriaceae
and have played an important role in the spread of carbapenemase
genes, including blaKPC, blaVIM, and blaNDM (40). pMR3-OXA181
was initially identified in an M. morganii isolate and E. coli from
the same wound sample. Previous cultures from the same site
grew only E. coli without pMR3-OXA181, suggesting transfer of
the plasmid from M. morganii to E. coli in vivo. Epidemiological
data suggest that M. morganii was most likely introduced to the
wound site from the patient’s gastrointestinal tract following an
unsuccessful attempt to remove the contaminated sacral fragment
via exploratory laparotomy 4 months prior. The patient received
prolonged, ineffective ertapenem therapy between the laparot-
omy and the final surgery, providing the necessary selective pres-
sure to promote in vivo plasmid transfer due to antibiotic use. This
is supported by in vitro data showing transfer of pMR3-OXA181
from M. morganii to the initial carbapenem-susceptible E. coli
isolate after just 5 h of coincubation.

In this study, a 3.1-kb fragment carrying blaOXA-181 was incor-
porated into pMR3-OXA181. This region shares �99% homol-
ogy to the corresponding region in pKP3-A, but an intermediate
step has resulted in the removal of the remaining sequence of
pKP3-A, including all but 265 bp of ISEscp1. It is noteworthy that
the left IR of ISEcp1, the target repeat (ATATA), and the putative
promoter identified by Potron and colleagues have also been
maintained in pMR3-OXA181, providing additional evidence
that pKP3-A, or a similar structure, was the original location of
blaOXA-181 (21). The loss of ISEcp1 may have stabilized blaOXA-181

by disrupting ISEcp1 transposase activity, as previously speculated
for blaOXA-232, a single-amino-acid variant of OXA-181 (41). In-
stead of ISEscp1, mobilization of blaOXA-181 into pMR3-OXA181
appeared to be mediated by IS3000, as suggested by the presence of

5-bp target repeats that are consistent with IS3000 insertions
(Fig. 2B) (35). The orientation of the two fragments of repA at the
termini of the insert suggests that IS3000 initially captured a pro-
genitor plasmid—likely pKP3-A or a derivative—that subse-
quently lost the missing sequence. Unexpectedly, in four of the
five E. coli isolates, a second copy of ISKpn19 was inserted directly
downstream of IS3000 (Fig. 2C). A 9-bp target repeat flanking the
second copy of ISKpn19 suggests that this occurred via replicative
transposition and may represent the formation of a novel com-
posite transposon (Fig. 2C). The insertion of ISKpn19 directly
downstream of IS3000 suggests that both IS elements recognize a
consensus sequence, possibly within repA, that can be used to
facilitate transposition.

Ultimately, surgical removal of the fragment, in combination
with tigecycline and colistin, was required to resolve the infection.
The presence of blaOXA-181 in M. morganii, a species that tends to
have high MICs of imipenem (42), confounds the already difficult
task of identifying this carbapenemase (18). Only resistance to
ertapenem and the �-lactam/�-lactamase inhibitors alerted per-
sonnel to the potential presence of a carbapenemase in this isolate,
even though the ambiguous mHT and negative Carba NP test
suggested otherwise. As the current reservoir for blaOXA-181 ap-
pears to be the Indian subcontinent, it is plausible that the M.
morganii isolate was passively acquired during the deployment to
Afghanistan and then selected for due to prolonged ertapenem
therapy. These data underscore the critical importance of active
surveillance for carbapenem resistance in all species, including
those with intrinsic resistances, to ensure potential reservoirs for
antibiotic resistance plasmids are detected rapidly. Furthermore,
advanced molecular techniques should ideally be performed
whenever ambiguities are recorded with phenotypic tests.
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