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Abstract

The emergence of carbapenem resistant Escherichia coli represents a serious public health
concern. This study investigated the resistome, virulence, plasmids content and clonality of
27 carbapenem resistant E. coliisolated from 27 hospitalized patients at the American Uni-
versity of Beirut Medical Center (AUBMC) in Lebanon between 2012 and 2016. Whole-
genome sequencing (WGS) data were used to identify resistance determinants. Multilocus
sequence typing (MLST), pulsed field gel electrophoresis (PFGE), phylogenetic grouping
and PCR-based replicon typing (PBRT) were also performed. The 27 isolates were distrib-
uted into 15 STs, of which ST405 (14.8%; n = 4) was the most prevalent. All of the 27 iso-
lates were carbapenem resistant and 20 (74%) were extended-spectrum B-lactamase
(ESBL) gene carriers. The predominant detected carbapenemases were blagxa-as (48.1%;
n =13) and blapxa.-1s1 (7.4%; n = 2), for the ESBLs it was blactx.m-15 (55.6%; n=15) and
blactx-m-24 (18.5%; n = 5), and for the AmpC-type B—lactamases, blacyy.42 (40.7%; n=11)
and blacyy-2 (3.7%; n = 1). Thirteen replicons were identified among the 27 E. coliisolates
including: IncL/M, IncFIA, IncFIB, IncFll, Incl1, and IncX3. PFGE revealed a high genetic
diversity with the 27 isolates being grouped in 21 different pulsotypes. SNPs analysis and
PFGE showed a possible clonal dissemination of ST405, ST1284, ST354 and ST410 and
the dominance of certain STs, monitoring of which could help in elucidating routes of trans-
mission. This study represents the first WGS-based in depth analysis of the resistomes and
mobilomes of carbapenem resistant E. coliin Lebanon.

Introduction

Escherichia coli are one of the most common members of the family Enterobacteriaceae and
often exist as commensal in the gastrointestinal tract of humans and animals. However, they
can also colonize, infect and cause both hospital- and community-acquired infections leading
to serious clinical disorders at both intra- and extraintestinal sites such as urinary tract
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infections, septicemia, neonatal meningitis and bacteremia [1-3]. Over the past decade, there
has been a worldwide increase in extended-spectrum B-lactamase (ESBL) producing and car-
bapenem resistant E. coli [4, 5]. A varying number of different mechanisms are thought to be
involved in the resistance to carbapenems. Primarily, the process includes the production of
carbapenemases like class A KPC, class B metallo-B-lactamases (IMP, VIM and NDM) as well
as class D OXA-type enzymes (OXA-48-like) [6]. Carbapenem resistance may also be due to
AmpC type enzymes or ESBLs along with impermeability of the membrane [7]. Membrane
impermeability can be linked to modifications or absence of OmpC and/or OmpF porin chan-
nels [8] or presence of drug efflux pumps [9].

The frequency of infections caused by ESBL-producing Enterobacteriaceae increased from
2000 to 2011 in Lebanon [7]. This however, drastically surged during the period of 2012 to
2016, when Lebanon witnessed an unprecedented influx of refugees subsequently leading to
the dissemination of novel multidrug resistance mechanisms of public health importance such
as ESBLs and carbapenemases. In fact, of the fifteen thousand E. coli isolated from a tertiary-
care center in Beirut from 2012 to 2016, 24% to 29.5% were found to be ESBL producers (per-
sonal communication). In 2009, 2% of E. coli isolates collected from the same hospital were
both carbapenem resistant and ESBL-producing [10]. Since carbapenems are the last resort to
treat life-threatening E. coli infections, it is important to determine and understand routes of
transmission and to develop strategies to block or slow down the spread of resistant determi-
nants. We used whole-genome sequencing (WGS) to study the characteristics and determine
the genomic profiles and diversity among 27 carbapenem resistant E. coli collected from the
American University of Beirut Medical Center (AUBMC) during 2012 to 2016.

Results
Antimicrobial resistance

The antimicrobial resistance patterns to the tested antibiotics of the 27 E. coli isolates are sum-
marized in Fig 1. All isolates were resistant to ertapenem, followed by 37% (n = 10) and 14.8%
(n = 4) of the isolates that were resistant and intermediately resistant, respectively, to imipe-
nem and 22.2% (n = 6) and 3.7% (n = 1) that were resistant and intermediately resistant,
respectively, to meropenem. Also, 70.4% (n = 19) were resistant to ciprofloxacin and tazobac-
tam (70.4%; n = 19), followed by trimethoprim/sulfamethoxazole (66.7%; n = 18), gentamicin
(29.6%; n = 8), and amikacin (3.7%; n = 1).

All isolates were classified as MDR according to Magiorakos et al (2012) [11]. The isolates
harbored several antibiotic resistance genes, including B-lactam and aminoglycoside resistance
determinants. Among the in silico detected genes were: carbapenem hydrolyzing class D B-lac-
tamase blagxa.qg (48.1%; n = 13) and blagxa.-151 (7.4%; n = 2), extended-spectrum B-lacta-
mases blacrx.m-15 (55.6%; n = 15) and blacrx a4 (18.5%; n = 5), other B-lactamases blagxa_,
(51.9%; n = 14), blatpm.1p (48.1%; n = 13), blagxa-10 (3.7%; n = 1), and blagy.3s (3.7%; n = 1),
and plasmid borne AmpC cephalosporinases including blacyry.» (3.7%; n = 1) and blacyry-az
(40.7%; n = 11). Aminoglycoside resistance genes aadA5 (51.9%; n = 14) and aac(6’)Ib-cr
(48.1%; n = 13) conferring resistance to both aminoglycoside and fluoroquinolone were also
detected (Fig 2; S1 Table).

Out of the 12 isolates that were carbapenem resistant yet lacking carbapenemase encoding
genes, 75% (n = 9) showed multiple deletion events and truncations in ompC and ompF porin
encoding genes. Also, substitutions were observed in the OmpF and OmpC protein sequences.
In addition to truncated porin proteins, isolates AUH_IMP147, AUH_IMP157, AUH_IMP
167, AUM_IMP188, AUHM_IMP174 and AUH_IMP202 co-produced CTX-M-15, OXA-1
and CMY-42; Isolate AUH_IMP173 produced CMY-42; AUHM_IMP203 produced CTX-M-
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Fig 1. PFGE profiles, phylogenetic group, sequence types (STs), and antimicrobial susceptibility profiles of the sequenced isolates. The
isolate, year of isolation, phylogroup, ST, serotype, detected carabapenemase and antimicrobial susceptibility profiles are listed after each PFGE
pattern. AMK, amikacin; CIP, ciprofloxacin, ampicillin; GEN, gentamicin; TAZ, tazobactam, SXT, trimethoprim/sulfamethoxazole; EPM,

ertapenem. Black indicates “resistant”, grey indicates “intermediate susceptibility” and blank indicates “sensitive”.

NT: not typable; PT: pulsotype.
https://doi.org/10.1371/journal.pone.0203323.9001
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15 and TEM-1B; AUH_IMP396 produced TEM-33, OXA-1 and CMY-42; AUH_IMP149 pro-
duced TEM-1B, CTX-M-15 and OXA-1; AUH_IMP153 produced CTX-M-15 and OXA-1

while AUH_IMP161 produced CTX-M-15, TEM-1B and OXA-10 (S2 Table).

Genome statistics

Paired-end libraries (Illumina) were generated from extracted DNA and fragments with sizes
between 300-600 bp chosen. High-quality reads were obtained after error correction and qual-
ity trimming. The assembled genomes ranged between 75 to 342 contigs, with a G+C % con-
tent of 50.49% to 50.8%, and total reads of 4,807,211 bp to 5,394,442 bp (S3 Table).
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Fig 2. Antibiotic resistance genes detected within the draft genomes in relationship to wgSNPs distribution.
Classes of antibiotic resistance genes are marked as follows: A, aminoglycoside resistance genes; B, B-lactam resistance
genes; FL, fluoroquinolone resistance genes; FO, fosfomyocin resistance genes; MLS, macrolide, lincosamide and
streptogramin B resistance genes; P, Phenicol resistance genes; S, sulfonamide resistance genes; TE, tetracycline
resistance genes; TR, trimethoprim resistance genes and R, rifampicin resistance genes. UPGMA wgSNPs based tree
was constricted using BioNumerics software version 7.6.1 (Applied Maths, Belgium).

https://doi.org/10.1371/journal.pone.0203323.g002
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Plasmids

The combined results obtained from plasmid-based replicon typing (PBRT) and in silico repli-
con typing using PlasmidFinder identified the following replicons: IncA/C2 (18.5%; n = 5),
IncL/M (14.8%; n = 4), IncFIA (77.8%; n = 21), IncFIB (77.8%; n = 21), IncFII (81.5%; n = 22),
Incll (40.7%; n = 11), IncI2 (3.7%; n = 1), IncQ1 (11.1%; n = 3), IncX1 (25.9%; n = 7), IncX2
(33.3%; n = 9), IncX3 (40.7%; n = 11), and IncY (22.2%; n = 6) (S4 Table).

PLACNETw paired end reads in silico analysis disjointed chromosomal genomes from
accessory plasmid genomes and nine of the 13 blagxa_4s genes allocated on IncL/M plasmids
were detected, while two were confirmed by PlasmidFinder, and two were missed due to Illu-
mina short read sequencing and/or mis-assembly. The genetic environment of blagx_4s wWas
assessed using both the BioNumerics software version 7.6.1 multiple genome alignment
(Applied Maths, Belgium) and RAST annotation server (S1 Fig). Two copies of IS1999, brack-
eted blapxa_4s within the composite transposon Tn1999 in all nine isolates having blagxa s
present on IncL/M.

Of importance, two IncX3 plasmids carried a blagxa_1s; carbapenemase gene (AUH_IMP
194 and 605). AUH_IMP605 was characterized by Bitar et al. (2018) [12]. Moreover, IncIl
plasmids carrying the blacyy 4, showed the presence of ISEcpI insertion sequence upstream of
blacyy 42 gene in the eleven CMY-42 positive isolates (40.7%; n = 11).

Phylogenetic grouping, MLST and serotyping

In silico analysis of the 27 sequenced carbapenem resistant E. coli was performed and their phy-
logroups, ST's, and serotypes were determined. Isolates had the following distribution: A
(33.3%; n=9), Bl (7.4%;n =2), B2 (11.1%; n = 3) and D (48.1%; n = 13). A total of 15 different
STs were detected among the studied isolates (Fig 1). The most frequent ST was ST405 (14.8%;
n = 4) of serotype 0102:H6. Other detected STs and serotypes included: ST410 (11.1%; n = 3)
of serotype O8:H21, ST354 (11.1%; n = 3) of serotype O45:H6, ST167 (11.1%; n = 3) of sero-
type O9:H9 (3.7%; n = 1) and O89:H9 (7.4%; n = 2), ST38 (7.4%; n = 2) of serotype O2:H30,
ST88 (7.4%; n = 2) of serotype O8:H19, ST1284 (7.4%; n = 2) of serotype O89:H21, ST46
(3.7%; n = 1) of serotype O8:H4, ST48 (3.7%; n = 1) of serotype O30:H11, ST192 (3.7%; n=1)
of serotype O79:H28, ST205 (3.7%; n = 1) of serotype O100:H12, ST448 (3.7%; n = 1) of sero-
type O8:H8, ST617 (3.7%; n = 1) of serotype O89:H10, ST648 (3.7%; n = 1) of serotype H6 and
one untypable ST940.

Virulence determinants

Putative virulence factors (VFs) were identified using the CGE VirulenceFinder 1.5 tool
(Fig 3). The aerobactin siderophore-encoding gene clusters iutA and iucD were detected in
22.2% (n = 6) of the isolates including blagx s 45 positive isolates belonging to ST46, ST167
and ST410 and in blagxa_4s negative isolates belonging to ST617 and ST1284. gad was
detected in all the isolates except AUH_IMP149 (96.3%; n = 26). Genes encoding adhesins
(Ipfa, fimA, fimB, fimH, air or nfae) were also found in all the isolates, in addition to toxins,
such as senB, that was identified in three blagx a4 negative ST405 isolates (11.1%), astA in
blaoxa_ss negative ST205 and ST1284 isolates (7.4%; n = 2). Additionally, iss encoding an
outer membrane lipoprotein that enhances serum resistance was detected in 63% (n = 17)
of the isolates of various STs. The capsular gene, kpsM, was detected in blagxa_4s positive
ST38 isolates (7.4%; n = 2), ST405 (14.8%; n = 4) and blagxa_4s negative ST648 (3.7%;

n = 1). The highest occurrence of VFs was detected in one isolate belonging to phylogroup
D and ST354 (AUH_IMP322).
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Fig 3. Virulence determinants detected in the 27 E. coli isolates undertaken in this study. Virulence genes we marked as follows: A, adhesins; T, toxins; S,
siderophores; SR, serum resistance; AR, acid resistance; I, invasion genes and C, capsular genes. VF# is the number of virulence genes that were detected in an isolate;
Phylo: phylogroup; ST: sequence type; CR: carabapenemase encoding genes.

https://doi.org/10.1371/journal.pone.0203323.9003

PFGE and wgSNPs phylogenetic analysis

The PFGE profiles of the E. coli isolates were analyzed. Using an 80% similarity cutoff point
revealed that most of the isolates had a unique PFGE profile clustering into 21 distinct pulso-
types (Fig 1). wgSNPs-based phylogenetic typing separated the isolates based on their STs and
phylogroups in accordance with the used references into five distinct clades (Fig 2). The
obtained results suggested a possible clonal transmission of certain STs. For instance, all four
ST405 phylogroup D isolates, clustered together having slightly different resistance profiles.
Similarly, the three ST410 isolates belonged to phylogroup A clustered together with two of
these isolates being PT-20 and collected in 2013 and 2014. In line with this, the two ST1284
isolates were 98% identical based on wgSNPs, had the same pulsotype (PT-3), and were col-
lected consecutively in 2012 and 2013. Despite the association between the STs and wgSNPs
based clustering of some of the isolates, we were not able to further investigate and deduce
clonal relatedness and transmission. This was mainly attributed to the lack of a full clinical his-
tory, which was the major limitation and shortcoming of the study.

Discussion

In this study, the genomic characteristics of carbapenem resistant clinical E. coli isolates col-
lected from a tertiary hospital in Lebanon were investigated by determining and correlating
their resistance gene content, ST's, serotypes, plasmid content and replicon types, and VFs.
The increase in ESBL and CRE is a trend observed in hospital settings worldwide and in
Lebanon. In 2003, 2.0% of E. coli recovered from Lebanon were reported as being ESBL pro-
ducers [13]. An increase in ESBL-producing E. coli from 2.3% in 2000 to 16.8% in 2009 was
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later reported by Daoud et al. (2011) [14], and from 4% in 2000 to 30% in 2011 [7]. Similarly,
the rates of carbapenem resistant Enterobacteriaceae increased from 0.4% between 2008-2010
to 1.6% in 2012 and were predominantly associated with OXA-48-producing E. coli [15, 16]. A
general surveillance of carbapenem resistant Enterobacteriaceae performed during 2008 to
2014 in Lebanon, showed that OXA-48 was the most prevalent carbapenemase in the country
with 91% of the isolates harboring the blagxa 45 gene [17], with it being 73% in E. coli specifi-
cally [15]. This was in accordance with our results where carbapenemase resistance was linked
to OXA-48 production in (48.1%; n = 13) of the isolates.

The isolates in this study harbored a plethora of resistance genes, two being positive
(AUH_IMP194, and 605) for blagxa_1s1 carbapenemase gene carried on an IncX3 plasmid as
detailed by Bitar et al. (2018) [12]. blacyry» (n = 1) and blacyry_4» (n = 11) were also detected
in 44.4% (n = 12) of the isolates. blacyy » in general has a broad geographic distribution and
is the most prevalent plasmid-mediated AmpC B-lactamase worldwide [18, 19], but was not as
prevalent in Lebanon as shown by the findings of this study. The blacyry_4, gene was detected
on Incll plasmids, which was in harmony with Ingti et al. (2018) that reported the propagation
of blacyry 4 on Incll-type plasmids in E. coli ST5377, ST361 and ST672 collected in India
between 2012 and 2013 [20]. Studying its genetic environment, we observed upstream of the
blacay 4 the two genes previously reported by Singh et al. (2018) [21]: blc and sugE encoding
for an outer membrane lipoprotein and a drug efflux pump, respectively. We additionally
detected an intact ISEcp1 upstream of blacyy 42, which was not as previously shown by
Hentschke et al. (2011) [22] disrupted by ISI.

Isolates harboring blaoxa_4s (48.1%; n = 13) in this study were resistant to ertapenem.
blaoxa.4s was located on the IncL/M plasmid, which is a common blagxa_4s finding [23].
These plasmids usually have comparable sizes, they are self-conjugative, and do not carry any
other resistance determinants [24, 25]. OXA-48 was first identified in K. pneumoniae isolated
from Turkey in 2001 [26] whereas in 2016, 92% of carbapenemase-producing Enterobacteria-
ceae in Turkey were found to be OXA-48-like producers [27] compared to other countries
such as Morocco where only 5.42% of isolates collected in 2011 were OXA-48 positive [23].

CTX-M-15 was detected in 15 (55.6%) of the sequenced isolates but was not the only
detected ESBL-type. CTX-M-24 was seen in five isolates (18.5%), with none being additionally
positive for CTX-M-15. ST354 and ST38 strains, previously reported as being positive for
CTX-M-24 and CTX-M-9, colonized canine gastrointestinal tracts, and were linked to extrain-
testinal infections in dogs and humans [28]. The three ST354 isolates (AUH_IMP312, 322 and
394) in this study were similarly positive for CTX-M-24, and all were ciprofloxacin resistant.
These findings shed the light on the zooanthroponotic nature of such isolates with a clear evi-
dence on the possible bi-directional movement of MDR strains between humans and pets.

Among the detected plasmids is the IncF, which has a narrow host-range and the majority
of virulence-associated plasmids in E. coli were found to belong to the F incompatibility group
[29]. IncF plasmids frequently harbor blacrx m.15 and are often associated with blatgy. 1,
blaoxa-1, and aac(6')-Ib-cr [29]. Moreover, plasmid pCoo, which was detected in three of our
isolates (AUH_IMP186, 187, and 443), was the first CF-encoding plasmid detected in Entero-
toxigenic E. coli (ETEC). Sequencing revealed that it contains regions homologous with plas-
mid R100 from Shigella spp. [30, 31], and carries genes encoding for virulence determinants
such as CS1 fimbriae, polysaccharide deacetylase, and Ser-protease associated with CS1 fim-
briae [32]. Finally, IncX3 plasmid, a narrow-host-range plasmid of Enterobacteriaceae, was
detected in 10 of the studied isolates. IncX3 carried type IV secretion proteins in AUH_IMP
194, 205 and 605 and blatgpy ;p in the latter and in AUH_IMP314, and this was in harmony
with previous reports [33].
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Multireplicon plasmids with different FAB formulas were common. Ten FAB formulas
were seen in 14 isolates (51.9%) with the most common being F1:A1:B16, detected in three iso-
lates of phylogroup D and MLST sequence type ST405. Interestingly, the second most com-
mon FAB formula was F31:A4:B1 found in isolates of phylogroup A and sequence type ST410,
while a third ST410 isolate carried a plasmid with a FAB formula F1:A1:B49. The multireplicon
nature of these plasmids implicates a broader host range [32].

The observation that all isolates in this study were carbapenem resistant and yet only few
carried carbapenemase genes is attributed to one of the several factors including: alterations of
penicillin binding proteins due to mutations and/or reduction of outer membrane permeabil-
ity associated with porin loss, and/or the overexpression of an ESBL or an AmpC enzyme [34].
Moreover, previous studies have shown that the overexpression of CTX-M-15 along with
decreased membrane permeability could also lead to an increase in carbapenem resistance
[35]. On the other hand, 51.8% (n = 14) and 48.1% (n = 13) of the isolates carried blagxa.; and
blargp respectively, the overexpression of which when combined with the loss of OmpF and
OmpC porins could also lead to a higher catalytic activity towards carbapenems [34]. It’s note-
worthy, that the blacyy.4, found in 40.7% (n = 11) of the isolates encodes resistance to third
generation cephalosporins, and along with loss of porins results in carbapenem resistance [36].

Different MLST types were detected in this study. ST405, which was the most common,
was associated with the worldwide spread of blacrx am.15 and acc(6)-1b-cr [37]. All ST405 iso-
lates except for AUH_IMP173, harbored both genes. ST405 has a wide global distribution for-
merly detected in the Unites States [38], Japan [39], Norway [40], and also Lebanon [41].
Furthermore, ST410 was another important ST in this study, and was previously reported in
countries such as Egypt and Germany, and a common circulating clone within humans, ani-
mals, and water sources [42-44].

E. coli phylogroups reflect functional and evolutionary differences with phylogroup B2
being ancestral and A and B being sister clades [45, 46]. All phylogroups, as observed in this
study, exhibit considerable genetic heterogeneity, especially group D [47]. wgSNPs-based phy-
logenetic analysis was also in accordance with the isolates’ phylogroups. Two ST88
(AUH_IMP168, and 443) and three ST410 (AUH_IMP200, 319, and 194) type isolates were
shown to be closely related using wgSNP phylogenetic analysis. This was in agreement with
the formerly published comparative analysis by Falgenhauer et al. (2016) highlighting MLST
differences in only a single locus (purA) between the two ST's [48].

The findings of this study provided an insight on the mobilome of carbapenem resistant E.
coli, and highlighted on the degree of strain heterogeneity. The large diversity of plasmid-
encoded resistance genes in different E. coli serotypes was an important observation, the
understanding of which can help in limiting the transmission of drug-resistant determinants
within and across health care institutions. More in depth studies on the clonal dissemination
of MDR E. coli are highly recommended to better understand its routes of transmission.

Materials and methods
Ethical approval

Ethical approval was not required as clinical isolates were collected and stored as part of rou-
tine clinical care. Clinical isolates and patient records/information were anonymous and de-
identified prior to analysis

Clinical setting and bacterial isolates

E. coli isolates were collected and screened for carbapenem resistance using ertapenem disks at
the Clinical and Microbiology Laboratory at AUBMC between 2012 and 2016 following
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Clinical and Laboratory Standards Institute (CLSI) guidelines [49]. AUBMC is one of the larg-
est tertiary-care centers in Lebanon. It provides tertiary services for over 300,000 patients
annually with a 350-bed inpatient capacity, occupied by an expatriate population from all over
Lebanon as well as neighboring countries.

Bacterial identification and susceptibility testing

Isolates were identified to species level using API20E kits (bioMérieux, Marcy I’Etoile, France)
and 16S rRNA sequencing. All identified E. coli isolates were tested for resistance to amikacin,
ciprofloxacin, gentamicin, tazobactam, trimethoprim/sulfamethoxazole and ertapenem
(Biorad, Hercules, CA) by the disk agar diffusion technique. The zone diameters of each drug
were interpreted using the criteria published by the CLSI [49].Isolates, which showed interme-
diate resistance, or resistance to ertapenem were further tested for confirmation by MIC deter-
mination using Etest strips for ertapenem, meropenem, and imipenem. All these isolates

(n =27) were further characterized using WGS.

PCR screening

Bacterial DNA was extracted using the NucleoSpin®) Tissue kit (Macherey-Nagel, Germany)
following manufacturer’s instructions.

The phylogenetic origin of all isolates was determined by triplex PCR as previously reported
[50].

Plasmid identification was performed using the DIATHEVA PBRT kit (Diatheva, Fano,
Italy). Twenty-eight reference plasmids supplied by the kit were used as positive controls and
included for all performed reactions [29]. All PCR reactions were performed according to the
manufacturers’ instructions and visualized on a 2.5% agarose gel stained with ethidium
bromide.

PFGE

PFGE fingerprinting was performed using the Xbal restriction enzyme (ThermoScientific,
Waltham, MA, USA), 1% SeaKem agarose gel and the universal laboratory standard Salmo-
nella enterica subsp. enterica serovar Braenderup (ATCC® BAA664™) according to the stan-
dard PulseNet protocol (http://www.pulsenetinternational.org). Electrophoresis was
performed using the Bio-Rad laboratories CHEF DR-III system (Bio-Rad Laboratories, Bio-
Rad Laboratories Inc., Hercules, CA, USA) under the conditions set for non-O157 E. coli
strains (https://www.cdc.gov/pulsenet/). Gels were stained with ethidium bromide. For sam-
ples showing identical pulsotypes or were untypable by Xbal, PFGE was repeated using the
secondary enzyme Avrll (ThermoScientific, Waltham, MA, USA). PEGE profiles were ana-
lyzed with the BioNumerics software version 7.6.1 (Applied Maths, Belgium), with profiles
assigned as different pulsotypes if three or more bands were different between the two of them.
Pulsotypes were clustered based on the BioNumerics software analysis through dice correla-
tion coefficients with an optimization of 1% and tolerance of 1%.

Whole-genome sequencing

Genomic DNA (gDNA) was used as input for library preparation using the Illumina Nextera
XT DNA library preparation kit (Illumina, San Diego, CA, USA). The kit was used to simulta-
neously fragment and tag the library, as per the manufacturer’s instruction. The library was
normalized by bead-based affinity and then sequenced using the MiSeq version 3 600-cycle kit
(Ilumina) to perform 300 bp paired-end sequencing on the MiSeq instrument (Illumina),
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according to the manufacturer’s instructions. The assembly of the genomes was performed de
novo using A5 with the default parameters [51], and the assembled draft genomes were the
subjected to annotation using RAST [52].

In silico analyses

The Achtman Multilocus sequence typing (MLST) and pMLST typing were performed

on all isolates using the MLST web server MLST 1.8 and pMLST 1.4 respectively (www.
genomicepidemiology.org) [53, 54]. Identification of virulence genes was performed using
VirulenceFinder 1.5 and identification of serotypes was established using SerotypeFinder
1.1 [55]. Antibiotic resistance genes in the genome assemblies were identified by ResFinder
2.1 and plasmid typing was achieved utilizing PlasmidFinder 1.3 [56]. Phage identification
was performed using the publically available Phage Search Tool (PHAST) (http://phast.
wishartlab.com/index.html) [57].

PLACNETw was used to reconstruct plasmids from raw reads [58]. Genome alignments
and comparisons were performed using BioNumerics software version 7.6.1 (Applied Maths,
Belgium). Outer membrane porin proteins, OmpF and OmpC, were examined in silico using
BioNumerics software in all the isolates that were negative for carbapenemase encoding genes
using intact E. coli K-12 substr. MG1655 (accession # NC_000913.3) ompC and ompF genes as
references, respectively.

Supporting information

S1 Fig. Comparative analysis of the genetic environments of blagx_4s. Alignment was per-
formed against Kp11978 plasmid pOXA-48 (Accession # JN626286.1); Two copies of IS1999
bracketed blaoxa_4g making the composite transposon Tn1999; Green lines indicate inverted
aligned sequences.

(TIF)

S1 Table. Combined samples information and obtained results of the 27 sequenced E. coli
isolates. F: female; M: male; A, adhesins; T, toxins; S, siderophores; PT: pulsotype; Phylo: phy-
logroup.

(XLSX)

S2 Table. Analysis of the ompC and ompF in the 27 E. coli isolates. Nt: nucleotides sequence;
AA: amino acids sequence; A: deletion.
(XLSX)

$3 Table. Characteristics of the sequenced genomes.
(XLSX)

$4 Table. Distribution of replicons identified among the 27 E. coli isolates by using the
PlasmidFinder 1.3 Web server and PBRT replicon typing.
(XLSX)

Author Contributions
Conceptualization: George F. Araj, Sima Tokajian.
Data curation: Sima Tokajian.

Formal analysis: Christel Dagher, Tamara Salloum, Sahar Alousi, Harout Arabaghian, Sima
Tokajian.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203323  September 6, 2018 9/13


http://www.genomicepidemiology.org/
http://www.genomicepidemiology.org/
http://phast.wishartlab.com/index.html
http://phast.wishartlab.com/index.html
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203323.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203323.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203323.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203323.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203323.s005
https://doi.org/10.1371/journal.pone.0203323

@° PLOS | ONE

Molecular characterization of MDR E. coliin Lebanon

Funding acquisition: Sima Tokajian.

Investigation: Christel Dagher, Tamara Salloum, Sahar Alousi, Harout Arabaghian, Sima
Tokajian.

Methodology: Tamara Salloum, Sahar Alousi, Harout Arabaghian, Sima Tokajian.
Project administration: Sima Tokajian.

Resources: Sima Tokajian.

Software: Tamara Salloum, Sahar Alousi, Harout Arabaghian, Sima Tokajian.
Supervision: George F. Araj, Sima Tokajian.

Validation: Sima Tokajian.

Visualization: Sima Tokajian.

Writing - original draft: Christel Dagher, Tamara Salloum, Sahar Alousi, Harout Arabaghian,
George F. Araj, Sima Tokajian.

Writing - review & editing: Sima Tokajian.

References

1. Russo TA, Johnson JR. Proposal for a New Inclusive Designation for Extraintestinal Pathogenic Iso-
lates of Escherichia coli: EXPEC. J Infect Dis. 2000; 181: 1753—1754. https://doi.org/10.1086/315418
PMID: 10823778

2. Doumith M, Ellington MJ, Livermore DM, Woodford N. Molecular mechanisms disrupting porin expres-
sion in ertapenem-resistant Klebsiellaand Enterobacter spp. clinical isolates from the UK. J Antimicrob
Chemother. 2009; 63: 659-667. https://doi.org/10.1093/jac/dkp029 PMID: 19233898

3. Nikoli¢ E, Brandmajer T, Bokan V, Ulyashova M, Rubtsova M. Prevalence of Escherichia coli Resistant
to Beta-Lactam Antibiotics among Patients with Chronic Obstructive Pulmonary Disease and Urinary
Tract Infection. Tohoku J Exp Med. 2018; 244: 271-277. https://doi.org/10.1620/tlem.244.271 PMID:
29618675

4. Paterson DL, Bonomo RA. Extended-Spectrum -Lactamases: a Clinical Update. Clin Microbiol Rev.
2005; 18: 657-686. https://doi.org/10.1128/CMR.18.4.657-686.2005 PMID: 16223952

5. Nordmann P, Dortet L, Poirel L. Carbapenem resistance in Enterobacteriaceae: here is the storm!
Trends in Molecular Medicine. 2012; 18: 263—272. https://doi.org/10.1016/j.molmed.2012.03.003
PMID: 22480775

6. Papp-Wallace KM, Endimiani A, Taracila MA, Bonomo RA. Carbapenems: Past, Present, and Future.
Antimicrob Agents Chemother. 2011; 55: 4943-4960. https://doi.org/10.1128/AAC.00296-11 PMID:
21859938

7. ArajGF, Avedissian AZ, Ayyash NS, Bey HA, EI RA, Hammoud RZ, et al. A reflection on bacterial resis-
tance to antimicrobial agents at a major tertiary care center in Lebanon over a decade. J Med Liban.
2012; 60: 125-135. PMID: 23198452

8. Livermore DM, Woodford N. The B-lactamase threat in Enterobacteriaceae, Pseudomonas and Acine-
tobacter. Trends in Microbiology. 2006; 14: 413—420. https://doi.org/10.1016/j.tim.2006.07.008 PMID:
16876996

9. Groébner S, Linke D, Schutz W, Fladerer C, Madlung J, Autenrieth IB, et al. Emergence of carbapenem-
non-susceptible extended-spectrum B-lactamase-producing Klebsiella pneumoniae isolates at the uni-
versity hospital of Tlbingen, Germany. Journal of Medical Microbiology. 2009; 58: 912-922. https://doi.
org/10.1099/jmm.0.005850-0 PMID: 19502377

10. Matar GM, Dandache |, Carrér A, Khairallah M-T, Nordmann P, Sabra A, et al. Spread of OXA-48-medi-
ated resistance to carbapenems in Lebanese Klebsiella pneumoniae and Escherichia colithat produce
extended spectrum B-lactamase. Annals of Tropical Medicine & Parasitology. 2010; 104: 271-274.
https://doi.org/10.1179/136485910X12647085215651 PMID: 20507701

11. Magiorakos A-P, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, et al. Multidrug-resistant,
extensively drug-resistant and pandrug-resistant bacteria: an international expert proposal for interim
standard definitions for acquired resistance. Clin Microbiol Infect. 2012; 18: 268—281. https://doi.org/10.
1111/j.1469-0691.2011.03570.x PMID: 21793988

PLOS ONE | https://doi.org/10.1371/journal.pone.0203323  September 6, 2018 10/13


https://doi.org/10.1086/315418
http://www.ncbi.nlm.nih.gov/pubmed/10823778
https://doi.org/10.1093/jac/dkp029
http://www.ncbi.nlm.nih.gov/pubmed/19233898
https://doi.org/10.1620/tjem.244.271
http://www.ncbi.nlm.nih.gov/pubmed/29618675
https://doi.org/10.1128/CMR.18.4.657-686.2005
http://www.ncbi.nlm.nih.gov/pubmed/16223952
https://doi.org/10.1016/j.molmed.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22480775
https://doi.org/10.1128/AAC.00296-11
http://www.ncbi.nlm.nih.gov/pubmed/21859938
http://www.ncbi.nlm.nih.gov/pubmed/23198452
https://doi.org/10.1016/j.tim.2006.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16876996
https://doi.org/10.1099/jmm.0.005850-0
https://doi.org/10.1099/jmm.0.005850-0
http://www.ncbi.nlm.nih.gov/pubmed/19502377
https://doi.org/10.1179/136485910X12647085215651
http://www.ncbi.nlm.nih.gov/pubmed/20507701
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1111/j.1469-0691.2011.03570.x
http://www.ncbi.nlm.nih.gov/pubmed/21793988
https://doi.org/10.1371/journal.pone.0203323

@° PLOS | ONE

Molecular characterization of MDR E. coliin Lebanon

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Bitar I, Dagher C, Salloum T, Araj G, Tokajian S. First report of an Escherichia colifrom Lebanon carry-
ing an OXA-181 carbapenemase resistance determinant. J Glob Antimicrob Resist. 2018; 12: 113-114.
https://doi.org/10.1016/j.jgar.2018.01.002 PMID: 29353076

Daoud Z, Hakime N. Prevalence and susceptibility patterns of extended-spectrum beta lactamase-pro-
ducing Escherichia coliand Klebsiella pneumoniae in a general university hospital in Beirut, Lebanon.
Rev Esp Quimioter. 2003; 16(2):233-8. PMID: 12973463

Daoud Z, Afif C. Escherichia coliisolated from urinary tract infections of Lebanese patients between
2000 and 2009: epidemiology and profiles of resistance. Chemother Res Pract. 2011;218431. https://
doi.org/10.1155/2011/218431 PMID: 22295204

Beyrouthy R, Robin F, Delmas J, Gibold L, Dalmasso G, Dabboussi F, et al. IS1R-mediated plasticity of
IncL/M plasmids leads to the insertion of blaOXA-48 into the Escherichia colichromosome. Antimicrob
Agents Chemother. 2014; 58(7):3785-90. https://doi.org/10.1128/AAC.02669-14 PMID: 24752261

Alousi S, Salloum T, Arabaghian H, Matar GM, Araj GF, Tokajian ST. Genomic Characterization of
MDR Escherichia coliHarboring blaOXA-48 on the IncL/M-type Plasmid Isolated from Blood Stream
Infection. BioMed Res Int. 2018; 2018

Karlowsky JA, Lob SH, Kazmierczak KM, Badal RE, Young K, Motyl MR, et al. In Vitro Activity of Imipe-
nem against Carbapenemase-Positive Enterobacteriaceae: SMART Global Surveillance Program
2008-2014. J Clin Microbiol, 2017; JCM-02316.

Jacoby GA. AmpC B-lactamases. Clin Microbiol Rev. 2009; 22(1):161-82. https://doi.org/10.1128/
CMR.00036-08 PMID: 19136439

van Boxtel R, Wattel AA, Arenas J, Goessens WH, Tommassen J. Acquisition of carbapenem resis-
tance by plasmid-encoded-AmpC-expressing Escherichia coli. Antimicrob Agents Chemother. 2017; 61
(1):e01413-16. https://doi.org/10.1128/AAC.01413-16 PMID: 27799202

Ingti B, Saikia P, Paul D, Maurya AP, Dhar D, Chakravarty A, et al. Occurrence of blaCMY-42 through
Incl1 plasmid within multidrug-resistant Escherichia colifrom a tertiary referral hospital of India. J Glob
Antimicrob Res. 2018. https://doi.org/10.1016/j.jgar.2018.02.021 PMID: 29505913

Singh NS, Singhal N, Virdi JS. Genetic Environment of blaTEM-1, blaCTX-M-15, blaCMY-42 and Char-
acterization of Integrons of Escherichia coli Isolated From an Indian Urban Aquatic Environment. Front
Microbiol. 2018; 9:382. https://doi.org/10.3389/fmicb.2018.00382 PMID: 29563901

Hentschke M, Kotsakis SD, Wolters M, Heisig P, Miriagou V, Aepfelbacher M. CMY-42, a novel plas-
mid-mediated CMY-2 variant AmpC beta-lactamase. Microb Drug Resist. 2011; 17(2):165-9. https://
doi.org/10.1089/mdr.2010.0137 PMID: 21388298

Poirel L, Potron A, Nordmann P. OXA-48-like carbapenemases: the phantom menace. J Antimicrob
Chemother. 2012; 67(7):1597—606. https://doi.org/10.1093/jac/dks121 PMID: 22499996

Carrér A, Poirel L, Yilmaz M, Akan OA, Feriha C, Cuzon G, et al. Spread of OXA-48-encoding plasmid
in Turkey and beyond. Antimicrob Agents Chemother. 2010; 54(3):1369—73. https://doi.org/10.1128/
AAC.01312-09 PMID: 20086157

Carattoli A, Bertini A, Villa L, Falbo V, Hopkins KL, Threlfall EJ. Identification of plasmids by PCR-based
replicon typing. J Microbiol Methods. 2005; 63(3):219-28. https://doi.org/10.1016/j.mimet.2005.03.018
PMID: 15935499

Poirel L, Héritier C, Toliin V, Nordmann P. Emergence of oxacillinase-mediated resistance to imipenem
in Klebsiella pneumoniae. Antimicrob Agents Chemother. 2004; 48(1):15-22. https://doi.org/10.1128/
AAC.48.1.15-22.2004 PMID: 14693513

Baran I, Aksu N. Phenotypic and genotypic characteristics of carbapenem-resistant Enterobacteriaceae
in a tertiary-level reference hospital in Turkey. Ann Clin Microbiol Antimicrob. 2016; 15(1):20. https://doi.
org/10.1186/s12941-016-0136-2 PMID: 27048322

Guo S, Wakeham D, Brouwers HJM, Cobbold RN, Abraham S, Mollinger JL, et al. Human-associated
fluoroquinolone-resistant Escherichia coliclonal lineages, including ST354, isolated from canine feces
and extraintestinal infections in Australia. Microbes and Infection. 2015; 17: 266-274. https://doi.org/10.
1016/j.micinf.2014.12.016 PMID: 25576024

Carattoli A. Resistance Plasmid Families in Enterobacteriaceae. Antimicrob Agents Chemother. 2009;
53: 2227-2238. https://doi.org/10.1128/AAC.01707-08 PMID: 19307361

Froehlich B, Parkhill J, Sanders M, Quail MA, Scott JR. The pCoo Plasmid of Enterotoxigenic Escheri-
chia colils a Mosaic Cointegrate. J Bacteriol. 2005; 187: 6509-6516. https://doi.org/10.1128/JB.187.
18.6509-6516.2005 PMID: 16159784

Nakaya R, Nakamura A, Murata Y. Resistance transfer agents in Shigella. Biochemical and Biophysical
Research Communications. 1960; 3: 654—659. https://doi.org/10.1016/0006-291X(60)90081-4 PMID:
13727669

PLOS ONE | https://doi.org/10.1371/journal.pone.0203323  September 6, 2018 11/13


https://doi.org/10.1016/j.jgar.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29353076
http://www.ncbi.nlm.nih.gov/pubmed/12973463
https://doi.org/10.1155/2011/218431
https://doi.org/10.1155/2011/218431
http://www.ncbi.nlm.nih.gov/pubmed/22295204
https://doi.org/10.1128/AAC.02669-14
http://www.ncbi.nlm.nih.gov/pubmed/24752261
https://doi.org/10.1128/CMR.00036-08
https://doi.org/10.1128/CMR.00036-08
http://www.ncbi.nlm.nih.gov/pubmed/19136439
https://doi.org/10.1128/AAC.01413-16
http://www.ncbi.nlm.nih.gov/pubmed/27799202
https://doi.org/10.1016/j.jgar.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29505913
https://doi.org/10.3389/fmicb.2018.00382
http://www.ncbi.nlm.nih.gov/pubmed/29563901
https://doi.org/10.1089/mdr.2010.0137
https://doi.org/10.1089/mdr.2010.0137
http://www.ncbi.nlm.nih.gov/pubmed/21388298
https://doi.org/10.1093/jac/dks121
http://www.ncbi.nlm.nih.gov/pubmed/22499996
https://doi.org/10.1128/AAC.01312-09
https://doi.org/10.1128/AAC.01312-09
http://www.ncbi.nlm.nih.gov/pubmed/20086157
https://doi.org/10.1016/j.mimet.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15935499
https://doi.org/10.1128/AAC.48.1.15-22.2004
https://doi.org/10.1128/AAC.48.1.15-22.2004
http://www.ncbi.nlm.nih.gov/pubmed/14693513
https://doi.org/10.1186/s12941-016-0136-2
https://doi.org/10.1186/s12941-016-0136-2
http://www.ncbi.nlm.nih.gov/pubmed/27048322
https://doi.org/10.1016/j.micinf.2014.12.016
https://doi.org/10.1016/j.micinf.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25576024
https://doi.org/10.1128/AAC.01707-08
http://www.ncbi.nlm.nih.gov/pubmed/19307361
https://doi.org/10.1128/JB.187.18.6509-6516.2005
https://doi.org/10.1128/JB.187.18.6509-6516.2005
http://www.ncbi.nlm.nih.gov/pubmed/16159784
https://doi.org/10.1016/0006-291X(60)90081-4
http://www.ncbi.nlm.nih.gov/pubmed/13727669
https://doi.org/10.1371/journal.pone.0203323

@° PLOS | ONE

Molecular characterization of MDR E. coliin Lebanon

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Villa L, Garcia-Fernandez A, Fortini D, Carattoli A. Replicon sequence typing of IncF plasmids carrying
virulence and resistance determinants. J Antimicrob Chemother. 2010; 65: 2518-2529. https://doi.org/
10.1093/jac/dkq347 PMID: 20935300

Yang P, Xie Y, Feng P, Zong Z. blaNDM-5 Carried by an IncX3 Plasmid in Escherichia coli Sequence
Type 167. Antimicrob Agents Chemother. 2014; 58: 7548-7552. https://doi.org/10.1128/AAC.03911-14
PMID: 25246393

Tangdén T, Adler M, Cars O, Sandegren L, Léwdin E. Frequent emergence of porin-deficient subpopu-
lations with reduced carbapenem susceptibility in ESBL-producing Escherichia coli during exposure to
ertapenem in an in vitro pharmacokinetic model. J Antimicrob Chemother. 2013; 68: 1319—1326.
https://doi.org/10.1093/jac/dkt044 PMID: 23478794

D’Andrea MM, Arena F, Pallecchi L, Rossolini GM. CTX-M-type B-lactamases: A successful story of
antibiotic resistance. International Journal of Medical Microbiology. 2013; 303: 305-317. https://doi.org/
10.1016/j.ijmm.2013.02.008 PMID: 23490927

Rocha-Gracia RC, Cortés-Cortés G, Lozano-Zarain P, Bello F, Martinez-Laguna Y, Torres C. Faecal
Escherichia coliisolates from healthy dogs harbour CTX-M-15 and CMY-2 B-lactamases. The Veteri-
nary Journal. 2015; 203: 315-319. https://doi.org/10.1016/j.tv|l.2014.12.026 PMID: 25624187

Coque TM, Novais A, Carattoli A, Poirel L, Pitout J, Peixe L, et al. Dissemination of Clonally Related
Escherichia coli Strains Expressing Extended-Spectrum B-Lactamase CTX-M-15. Emerg Infect Dis.
2008; 14: 195-200. https://doi.org/10.3201/eid1402.070350 PMID: 18258110

Tian G-B, Rivera JI, Park YS, Johnson LE, Hingwe A, Adams-Haduch JM, et al. Sequence Type ST405
Escherichia colilsolate Producing QepA1, CTX-M-15, and RmtB from Detroit, Michigan. Antimicrob
Agents Chemother. 2011; 55: 3966—-3967. https://doi.org/10.1128/AAC.00652-11 PMID: 21670190

Matsumura Y, Yamamoto M, Nagao M, Ito Y, Takakura S, Ichiyama S, et al. Association of Fluoroquino-
lone Resistance, Virulence Genes, and IncF Plasmids with Extended-Spectrum-3-Lactamase-Produc-
ing Escherichia coli Sequence Type 131 (ST131) and ST405 Clonal Groups. Antimicrob Agents
Chemother. 2013; 57: 4736—4742. https://doi.org/10.1128/AAC.00641-13 PMID: 23856781

Samuelsen &, Naseer U, Karah N, Lindemann PC, Kanestrem A, Leegaard TM, et al. Identification of
Enterobacteriaceae isolates with OXA-48 and coproduction of OXA-181 and NDM-1 in Norway. J Anti-
microb Chemother. 2013; 68: 1682—1685. https://doi.org/10.1093/jac/dkt058 PMID: 23463214

Tokajian S, Salloum T, Eisen JA, Jospin G, Farra A, Mokhbat JE, et al. Genomic attributes of extended-
spectrum B-lactamase-producing Escherichia coliisolated from patients in Lebanon. Future Microbiol-
ogy. 2017; 12: 213-226. https://doi.org/10.2217/fmb-2017-0171 PMID: 28262042

Gamal D, Fernandez-Martinez M, El-Defrawy |, Ocampo-Sosa AA, Martinez-Martinez L. First identifi-
cation of NDM-5 associated with OXA-181 in Escherichia colifrom Egypt. Emerging Microbes & Infec-
tions. 2016; 5: €30. https://doi.org/10.1038/emi.2016.24 PMID: 27048740

Falgenhauer L, Waezsada SE, Gwozdzinski K, Ghosh H, Doijad S, Bunk B, et al. Chromosomal loca-
tions of mer-1 and blaCTX-M-15 in fluoroquinolone-resistant Escherichia coli ST410. Emerg Infect Dis.
2016; 22(9):1689. https://doi.org/10.3201/eid2209.160692 PMID: 27322919

Diab M, Hamze M, Bonnet R, Saras E, Madec JY, Haenni M. Extended-spectrum beta-lactamase
(ESBL)-and carbapenemase-producing Enterobacteriaceae in water sources in Lebanon. Vet Micro-
biol. 2018; 217:97-103. https://doi.org/10.1016/j.vetmic.2018.03.007 PMID: 29615264

Lecointre G, Rachdi L, Darlu P, Denamur E. Escherichia colimolecular phylogeny using the incongru-
ence length difference test. Mol Biol Evol. 1998; 15: 1685—1695. https://doi.org/10.1093/oxfordjournals.
molbev.a025895 PMID: 9866203

Carlos C, Pires MM, Stoppe NC, Hachich EM, Sato MI, Gomes TA, et al. Escherichia coliphylogenetic
group determination and its application in the identification of the major animal source of fecal contami-
nation. BMC Microbiology. 2010; 10: 161. https://doi.org/10.1186/1471-2180-10-161 PMID: 20515490

Salipante SJ, Roach DJ, Kitzman JO, Snyder MW, Stackhouse B, Butler-Wu SM, et al. Large-scale
genomic sequencing of extraintestinal pathogenic Escherichia coli strains. Genome Res. 2015; 25:
119-128. https://doi.org/10.1101/gr.180190.114 PMID: 25373147

Falgenhauer L, Imirzalioglu C, Ghosh H, Gwozdzinski K, Schmiedel J, Gentil K, et al. Circulation of
clonal populations of fluoroquinolone-resistant CTX-M-15-producing Escherichia coli ST410 in humans
and animals in Germany. International Journal of Antimicrobial Agents. 2016; 47: 457—-465. https://doi.
org/10.1016/j.ijantimicag.2016.03.019 PMID: 27208899

Wayne P. Clinical and Laboratory Standards Institute: Performance standards for antimicrobial suscep-
tibility testing: 20th informational supplement. CLSI document M100-S20. 2010; Available: https://ci.nii.
ac.jp/naid/10030235967/

Clermont O, Bonacorsi S, Bingen E. Rapid and Simple Determination of the Escherichia coli Phyloge-
netic Group. Appl Environ Microbiol. 2000; 66: 4555—4558. https://doi.org/10.1128/AEM.66.10.4555—
4558.2000 PMID: 11010916

PLOS ONE | https://doi.org/10.1371/journal.pone.0203323  September 6, 2018 12/13


https://doi.org/10.1093/jac/dkq347
https://doi.org/10.1093/jac/dkq347
http://www.ncbi.nlm.nih.gov/pubmed/20935300
https://doi.org/10.1128/AAC.03911-14
http://www.ncbi.nlm.nih.gov/pubmed/25246393
https://doi.org/10.1093/jac/dkt044
http://www.ncbi.nlm.nih.gov/pubmed/23478794
https://doi.org/10.1016/j.ijmm.2013.02.008
https://doi.org/10.1016/j.ijmm.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23490927
https://doi.org/10.1016/j.tvjl.2014.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25624187
https://doi.org/10.3201/eid1402.070350
http://www.ncbi.nlm.nih.gov/pubmed/18258110
https://doi.org/10.1128/AAC.00652-11
http://www.ncbi.nlm.nih.gov/pubmed/21670190
https://doi.org/10.1128/AAC.00641-13
http://www.ncbi.nlm.nih.gov/pubmed/23856781
https://doi.org/10.1093/jac/dkt058
http://www.ncbi.nlm.nih.gov/pubmed/23463214
https://doi.org/10.2217/fmb-2017-0171
http://www.ncbi.nlm.nih.gov/pubmed/28262042
https://doi.org/10.1038/emi.2016.24
http://www.ncbi.nlm.nih.gov/pubmed/27048740
https://doi.org/10.3201/eid2209.160692
http://www.ncbi.nlm.nih.gov/pubmed/27322919
https://doi.org/10.1016/j.vetmic.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29615264
https://doi.org/10.1093/oxfordjournals.molbev.a025895
https://doi.org/10.1093/oxfordjournals.molbev.a025895
http://www.ncbi.nlm.nih.gov/pubmed/9866203
https://doi.org/10.1186/1471-2180-10-161
http://www.ncbi.nlm.nih.gov/pubmed/20515490
https://doi.org/10.1101/gr.180190.114
http://www.ncbi.nlm.nih.gov/pubmed/25373147
https://doi.org/10.1016/j.ijantimicag.2016.03.019
https://doi.org/10.1016/j.ijantimicag.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27208899
https://ci.nii.ac.jp/naid/10030235967/
https://ci.nii.ac.jp/naid/10030235967/
https://doi.org/10.1128/AEM.66.10.45554558.2000
https://doi.org/10.1128/AEM.66.10.45554558.2000
http://www.ncbi.nlm.nih.gov/pubmed/11010916
https://doi.org/10.1371/journal.pone.0203323

@° PLOS | ONE

Molecular characterization of MDR E. coliin Lebanon

51.

52.

53.

54.

55.

56.

57.

58.

Tritt A, Eisen JA, Facciotti MT, Darling AE. An Integrated Pipeline for de Novo Assembly of Microbial
Genomes. PLOS ONE. 2012; 7: e42304. https://doi.org/10.1371/journal.pone.0042304 PMID:
23028432

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, et al. The RAST Server: Rapid Annota-
tions using Subsystems Technology. BMC Genomics. 2008; 9: 75. https://doi.org/10.1186/1471-2164-
9-75 PMID: 18261238

Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H, Marvig RL, et al. Multilocus Sequence Typ-
ing of Total-Genome-Sequenced Bacteria. J Clin Microbiol. 2012; 50: 1355-1361. https://doi.org/10.
1128/JCM.06094-11 PMID: 22238442

Carattoli A, Zankari E, Garcia-Fernandez A, Larsen MV, Lund O, Villa L, et al. In Silico Detection and
Typing of Plasmids using PlasmidFinder and Plasmid Multilocus Sequence Typing. Antimicrob Agents
Chemother. 2014; 58: 3895-3903. https://doi.org/10.1128/AAC.02412-14 PMID: 24777092

Joensen KG, Tetzschner AMM, Iguchi A, Aarestrup FM, Scheutz F. Rapid and easy in silico serotyping
of Escherichia coliusing whole genome sequencing (WGS) data. J Clin Microbiol. 2015; JCM.00008-
15. https://doi.org/10.1128/JCM.00008-15 PMID: 25972421

Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, et al. Identification of
acquired antimicrobial resistance genes. J Antimicrob Chemother. 2012; 67: 2640-2644. https://doi.
org/10.1093/jac/dks261 PMID: 22782487

Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. PHAST: A Fast Phage Search Tool. Nucleic Acids
Res. 2011; 39: W347-W352. https://doi.org/10.1093/nar/gkr485 PMID: 21672955

Lanza VF, Toro M de, Garcillan-Barcia MP, Mora A, Blanco J, Coque TM, et al. Plasmid Flux in Escheri-
chia coli ST131 Sublineages, Analyzed by Plasmid Constellation Network (PLACNET), a New Method
for Plasmid Reconstruction from Whole Genome Sequences. PLOS Genetics. 2014; 10: e1004766.
https://doi.org/10.1371/journal.pgen.1004766 PMID: 25522143

PLOS ONE | https://doi.org/10.1371/journal.pone.0203323  September 6, 2018 13/13


https://doi.org/10.1371/journal.pone.0042304
http://www.ncbi.nlm.nih.gov/pubmed/23028432
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1186/1471-2164-9-75
http://www.ncbi.nlm.nih.gov/pubmed/18261238
https://doi.org/10.1128/JCM.06094-11
https://doi.org/10.1128/JCM.06094-11
http://www.ncbi.nlm.nih.gov/pubmed/22238442
https://doi.org/10.1128/AAC.02412-14
http://www.ncbi.nlm.nih.gov/pubmed/24777092
https://doi.org/10.1128/JCM.00008-15
http://www.ncbi.nlm.nih.gov/pubmed/25972421
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1093/jac/dks261
http://www.ncbi.nlm.nih.gov/pubmed/22782487
https://doi.org/10.1093/nar/gkr485
http://www.ncbi.nlm.nih.gov/pubmed/21672955
https://doi.org/10.1371/journal.pgen.1004766
http://www.ncbi.nlm.nih.gov/pubmed/25522143
https://doi.org/10.1371/journal.pone.0203323

