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Abstract

Previous studies have reported the occurrence of transferable quinolone resistance determinants in environmental Escherichia
coli. However, little is known about their vectors and genetic contexts. To gain insights into these genetic characteristics,
we analyzed the complete genomes of 53 environmental E. coli isolates containing one or more transferable quinolone
resistance determinants, including 20 sequenced in this study and 33 sourced from RefSeq. The studied genomes carried
the following transferable quinolone resistance determinants alone or in combination: aac(6')-Ib-cr, 0gxAB, gepAl, gnrAl,
qnrB4, qnrB7, qnrB19, gnrD1, gnrS1, and gnrS2, with gnrS1 being predominant. These resistance genes were detected on
plasmids of diverse replicon types; however, aac(6')-1b-cr, gnrS1, and gnrS2 were also detected on the chromosome. The
genetic contexts surrounding these genes included not only those found in clinical isolates but also novel contexts, such as
gnrDI1 embedded within a composite transposon-like structure bounded by Tn3-derived inverted-repeat miniature elements
(TIMES). This study provides deep insights into mobile genetic elements associated with transferable quinolone resistance
determinants, highlighting the importance of genomic surveillance of antimicrobial-resistant bacteria in the environment.

Keywords Escherichia coli - Antimicrobial resistance - Transferable mechanisms of quinolone resistance (TMQR) -
Plasmid-mediated quinolone resistance (PMQR) - Genetic context

Introduction

Escherichia coli is a commensal member of the gut micro-
biota of humans and animals but can also cause intestinal
and extraintestinal infections [1]. Another concern besides
pathogenicity is the rise of antimicrobial resistance (AMR)
in E. coli [2]. This is due to the accumulation of AMR deter-
minants, including acquired AMR genes and chromosomal
point mutations [3].

Quinolones are antibiotics that are widely used for the
treatment of infections caused by a variety of bacteria,
including E. coli [4]. Quinolone resistance in E. coli is
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mainly attributed to mutations in the quinolone resistance-
determining regions (QRDRs) of the topoisomerase genes
gyrA and parC [5, 6]. Although these chromosomal muta-
tions are generally not horizontally transferred, there are
quinolone resistance determinants that can be transmitted
between bacteria, including for target protection (gnr), anti-
biotic efflux (gepA and ogxAB), and antibiotic modification
(aac(6')-Ib-cr) [7]. These transferable resistance determi-
nants are called plasmid-mediated quinolone resistance
(PMQR) genes or transferable mechanisms of quinolone
resistance (TMQR) determinants (a recent review recom-
mended the use of TMQR because these genes are some-
times present on the chromosome, so we use the term TMQR
in this paper) [7]. It is known that the levels of resistance
conferred by TMQR are relatively low; however, TMQR
can play an important role in the development of quinolone
resistance because (i) the effect of TMQR on quinolone
minimum inhibitory concentrations (MICs) is additive to
that conferred by other transferable or chromosome-medi-
ated quinolone resistance determinants, and (ii) TMQR can
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facilitate the selection of mutants with higher-level qui-
nolone resistance [7, 8].

Information on the vectors and genetic contexts of AMR
genes is important for multiple reasons: for example, (i) it
allows identification of frequently associated/linked resist-
ance genes and thus can provide information on co-resist-
ance; (ii) it facilitates better understanding of the evolution
of multidrug resistance regions and how resistance genes
spread [9, 10]. Previous studies reported the occurrence of
TMQR determinants in environmental E. coli, and some
studies also reported the sequences of replicons carrying
TMQR determinants [11, 12]. However, in-depth analysis
of the genetic contexts of TMQR determinants has not been
performed in most cases, and whether the environmental
isolates carry TMQR determinants in the contexts related
to those in clinical isolates or in previously unreported con-
texts is largely unknown. Here, we analyzed the complete
genomes of environmental E. coli isolates, sequenced in this
study or obtained from the NCBI reference sequence (Ref-
Seq) database, with the aim to acquire genomic insights into
TMQR, including their vectors and genetic contexts.

Materials and Methods
E. colilsolates

Twenty-four environmental E. coli isolates carrying TMQR
determinants isolated in Japan were characterized in this
study. These 24 isolates included 19 isolates from our pre-
vious collections: (i) three isolates from river water sam-
ples collected in 2010 (1002W03, 1008513, and 1008S19)
[13], (ii) ten isolates from river water samples collected
between 2011 and 2013 (KFu015, KMi012, KMi014,
KMi029, KKa014, KFu021, KOr024, KTa005, KTa007,
KTa009) [14], and (iii) six extended-spectrum B-lactamase
(ESBL)-producing E. coli isolates obtained from municipal
wastewater (JSWP006, JISWP021) and hospital wastewater
(JKHS004, JKHS006, JKHS016, and JKHS019) in 2015
[15]. Five isolates were obtained in the present study: three
isolates were screened from E. coli isolated from munici-
pal wastewater using CHROMagar ECC (Kanto Chemical
Co., Tokyo, Japan) supplemented with cefotaxime (1 mg/L)
between 2019 and 2020 (19M19, 19A14, and 20A24), and
two isolates were screened from E. coli isolated from river
water using CHROMagar ECC supplemented with cip-
rofloxacin (0.03 mg/L) between 2021 and 2022 (21F61
and 22F46). For the newly obtained isolates, the presence
of TMQR genes was confirmed by PCR using primers
described previously [13, 16, 17], with a slight modification
(5'-GTGAAGTCGATCAGTCAGTG-3' was used instead of
ogxAFw).
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Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing of the 24 isolates
was performed by microdilution using Dry Plate Eiken
(Eiken, Tokyo, Japan) according to CLSI specifications
(see Table S1 for antimicrobials used). The MIC of cip-
rofloxacin was also determined using the Etest (bioMé-
rieux, Marcy-l’Etoile, France). The results were evalu-
ated according to CLSI criteria (M100-Ed30) [18] and
EUCAST epidemiological cutoff (ECOFF) values (https://
mic.eucast.org/search/). Intermediate susceptibility to each
antimicrobial agent was considered to be resistance.

Genome Sequencing and Assembly

The genomes of 24 isolates were sequenced using a com-
bination of short-read (Illumina NovaSeq 6000 platform)
and long-read (Oxford Nanopore Technologies MinION
platform) sequencing. A hybrid assembly of Illumina short
reads and ONT long reads was performed using both a
long-read-first approach and a short-read-first approach.
The details of genome sequencing and assembly are
described in the Supplementary Materials and Methods.
Of the 24 isolates, the genomes of 20 isolates could be
completed, while the genomes of four isolates (KMi014,
KTa007, KTa009, JKHS019) could not be completed
despite repeated long-read sequencing. The 20 completed
genomes were further analyzed to elucidate the genetic
contexts of TMQR determinants.

Retrieving Complete E. coli Genomes with TMQR
Determinants from the NCBI Database

RefSeq E. coli genomes with an assembly level of “com-
plete genome” (n=2815) were downloaded using the
ncbi-genome-download tool (v0.3.1, https://github.com/
kblin/ncbi-genome-download) in July 2023. Metadata
information, including strain name and isolation source,
was extracted from the downloaded files, and genomes
determined to be of environmental origin (i.e., surface
water, sediment, wastewater, and soil) (n=203) were
retained. AMR genes were detected using ABRicate
(v1.0.1, https://github.com/tseemann/abricate) with the
NCBI database [19]. This identified 48 genomes with
at least one TMQR determinant. For each of the 48
genomes, we searched PubMed and Google Scholar for
the associated publication. This identified publications for
33 genomes, which were further analyzed in this study.
Detailed information on these 33 genomes is summarized
in Table S2.
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Genomic Analysis

The E. coli genomes sequenced in this study and those
retrieved from RefSeq were subjected to the following
genomic analysis. AMR genes were detected using Res-
Finder 4.1 [20] and ABRicate (v1.0.1, https://github.com/
tseemann/abricate) with the NCBI database [19]. Multi-
locus sequence typing (MLST) was performed using mlst
(v2.19.0, https://github.com/tseemann/mlst). Plasmid repli-
cons were detected using PlasmidFinder 2.1, and plasmids
were typed using pMLST 2.0 [21]. Genomes were annotated
using the RAST server [22], ISfinder [23], and the blastn
program (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with the
core nucleotide (core_nt) database (last accessed in Decem-
ber 2024). The genetic contexts were visualized and com-
pared using CLC Genomics Workbench 11 (Qiagen, Hilden,
Germany).

Results and Discussion

Basic Characteristics of E. coli Isolates Sequenced
in This Study

Twenty-four E. coli isolates with TMQR determinants
were sequenced in the present study. These E. coli isolates
belonged to 20 different STs, including clinically important
lineages such as ST131 (Table S1). These isolates carried
the following TMQR determinants alone or in combination:
gnrS1 (n=12), gnrD1 (n=6), aac(6')-Ib-cr (n=4), gnrB7
(n=3), gnrS2 (n=3), gepAl (n=1), gnrB19 (n=1), and
0gxAB (n=1) (Table S1).

The isolates were resistant to a wide variety of antibiot-
ics (Table S1). Resistance rates for quinolones were 29.2%
for nalidixic acid, 37.5% for ciprofloxacin (evaluated by
Etest), and 37.5% for levofloxacin. Isolates that carried a
QRDR mutation(s) alongside the TMQR were resistant to
all quinolones. The accumulation of QRDR mutations led to
a steep increase in quinolone MICs, and the isolates had the
highest quinolone MICs when they carried multiple QRDR
mutations alongside the TMQR. Isolates with TMQR deter-
minants but without QRDR mutations were susceptible to
nalidixic acid but either susceptible or resistant to cipro-
floxacin and levofloxacin, and these resistant isolates carried
gnrS1. These are consistent with previous studies reporting
that (i) isolates with TMQR determinants but without QRDR
mutations sometimes show an unusual phenotype of nali-
dixic acid susceptibility and ciprofloxacin resistance [7], and
(ii) gnrS1 confers a relatively higher increase in ciprofloxa-
cin MIC than other TMQR determinants [6]. Isolates with
TMQR determinants but without QRDR mutations were all
classified as non-wild type to ciprofloxacin and levofloxacin
according to the ECOFF criteria, indicating that interpreting

results with ECOFF values can increase the sensitivity for
detection of TMQR determinants.

Basic Characteristics of RefSeq E. coli Genomes
with TMQR Determinants

Thirty-three RefSeq E. coli genomes with TMQR determi-
nants were retrieved, which were associated with 12 publica-
tions. These were from wastewater (n= 18) or environmental
water (n=15), isolated between 2012 and 2022, and from
various geographical locations, with Switzerland (n =14
from two publications) and Japan (n=10 from three publi-
cations) being predominant (Table S2). In total, 24 different
STs were detected among the genomes. These genomes car-
ried the following transferable quinolone resistance deter-
minants alone or in combination: gnrS1 (n=21), aac(6')-
Ib-cr (n=9), gnrB4 (n=3), ogxAB (n=3), gnrS2 (n=2),
gnrAl (n=1), and gnrB19 (n=1) (Table S2). Although we
extracted RefSeq genomes associated with publications, the
genetic contexts of TMQR genes were investigated only for
four genomes in four publications (Table S2). Even for these
genomes, the contexts were often insufficiently or incor-
rectly annotated. We thus performed an in-depth analysis of
the genetic contexts in the RefSeq genomes together with
our genomes as below.

Genetic Contexts of gnrA1

A RefSeq genome analyzed in this study carried gnrAl on an
IncA/C plasmid, p009_A. ISCRI is usually present upstream
of gnrAl, whereas downstream structures of gnrAl are
known to be divergent [24]. In p009_A, gnrAl was embed-
ded in a structure related to class 1 integrons In36 and In37
[25] (Fig. 1). A structure related to another class 1 integron,
In4873, was detected upstream of gnrAl [26]. The associa-
tion of In36/In37-like structure and In4873-like structure
seems to be rare: blastn analysis found only one closely
related structure in an IncHI2/IncHI2A plasmid, pME-1a,
from a clinical Enterobacter hormaechei isolate from the
USA [27] (Fig. 1). It is assumed that these closely related
structures derive from the same ancestral structure, which
was (i) separately introduced into an IncA/C plasmid and an
IncHI2/IncHI2A plasmid or (ii) generated in or introduced
into one plasmid, which was then mobilized to the other.

Genetic Contexts of gnrB4

Three RefSeq genomes carried gnrB4 on different IncF plas-
mids. gnrB4 is known to be globally distributed and often
associated with the AmpC type p-lactamase gene blapya_;
[24]. In all three plasmids, gnrB4 is linked to blap,_; and
also to other AMR genes (Fig. 2a). The context from sul/
to the truncated class 1 integron was detected in multiple
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Fig. 1 Genetic contexts of gnrAl. Red arrows indicate TMQR deter-
minants, pink arrows indicate other AMR genes, gray pointed boxes
indicate insertion sequences (ISs), and black arrows indicate other
genes. Diagrams are not exactly to scale (this also applies to the other
figures). Inc type, nucleotide accession number, country of origin,
isolation source, and sequence note are shown in parentheses next

clinical isolates (e.g., CP058590), but the broader context
seen in pl42_A-OXA181, which links gnrB4 and gnrS1,
was not detected in any other public genomes by blastn
analysis. The effect on susceptibility to quinolones by car-
rying multiple gnr genes is not completely understood but
is potentially minor because the products of these two genes
would compete for binding to gyrase [24].

Genetic Contexts of gnrB7

Two isolates sequenced to closure in the present study car-
ried gnrB7. gnrB7 was previously reported to be associ-
ated with the ESBL gene blagyy., [24]. However, reports
of complete plasmid (or chromosome) sequences carrying
gnrB7 are scarce; blastn analysis identified only four com-
plete plasmid sequences carrying gnrB7. One of them, the
IncX3 plasmid pLHST2018_IncX3 harbored by a clinical
Salmonella enterica isolate from India, carried both gnrB7
and blagyyy. i, [28]. In our isolates, gnrB7 was also carried
by IncX3 plasmids and associated with blagyy. i, (Fig. 2b).
The genetic contexts in our isolates and pLHST2018_IncX3
were similar, but a region next to blagyy. 1, was deleted in
pLHST2018_IncX3, probably due to intramolecular transpo-
sition of IS26. Detection of closely related AMR plasmids in
environmental and clinical bacteria from different countries
highlights the importance of global One Health surveillance
to track the spread of AMR genes.

Genetic Contexts of gnrB19
Two genomes, one sequenced by us and the other from

RefSeq, carried gnrB19. gnrB19 is usually mobilized by
transposition units (TPU) mediated by ISEcpl, such as
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to the plasmid name. The context detected in pME-1a is shown for
reference purposes and thus the name is not bolded. pME-1a carries
blay_4 instead of blayyy, ;. The blue shaded regions indicate nucleo-
tide sequences with>99% identity. IR, inverted repeat; IRi, inverted
repeat at intl] end; IRt, inverted repeat at tni end. This figure (and the
other figures) was prepared using Microsoft PowerPoint

Tn2012 and Tn5387, or small ColE1-like plasmids contain-
ing fragments of these transposons [29]. The most common
gnrBI9-carrying ColE1-like plasmid is a 2699 bp plasmid
named pPAB19-1 (or pSGI15/pECY6-7/pMK100), with
others being minor variants of this plasmid [29]. The two
gnrB19-positive genomes carried this gene on small ColE1-
like plasmids, p20A24_1 and p32-4_E. p20A24_1 is related
to the common plasmid pPAB19-1, with modifications in
two regions (Fig. 2c). p32-4_E was identified as a cointe-
grate comprising pPAB19-1 and a 1718 bp plasmid almost
identical (single nucleotide difference) to pMB9272_7
(CP103528), with putative oriT regions being the cointe-
gration points. No close hits were found for this plasmid by
blastn analysis (all hits were below 80% query coverage).
pMBO9272_7 carries only two genes encoding hypothetical
proteins, and no plasmid replicon was identified by Plasmid-
Finder. Cointegrates comprising ColE1-like plasmids and
large plasmids were previously shown to play an important
role in the spread of AMR [30]. The example of p32-4_E
indicates cointegrates of ColE1-like plasmids and other
small plasmids may also contribute to the spread of AMR.

Genetic Contexts of gnrD1

Three genomes sequenced to closure in the present study
carried gnrD1. gnrD1 was first described on a 4270 bp plas-
mid, p2007057, in a clinical Salmonella enterica strain iso-
lated in China [31]. gnrD1 has since been detected on multi-
ple plasmids; however, blastn analysis identified that gnrD1
is rare in Enterobacteriaceae and mostly detected on~2.7
kbp plasmids in Morganellaceae. Two of the three genomes
carried gnrD1 on a plasmid identical to p2007057 (Fig. 3).
The remaining genome carried gnrD1 on a 6657 bp plasmid,
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Fig.2 Genetic contexts of gnrB genes. Genes and elements are
shown as in Fig. 1. IncF replicon sequence types are indicated in
square brackets. Nucleotide sequences with>99% identity are indi-
cated by the blue shaded regions. a Genetic contexts of gnrB4. In
pS3_A, the Aintll-dfrAl7-AaadAS structure is inverted, and the
Aintl] sequence is 63-bp longer compared with the other two plas-
mids. b Genetic contexts of gnrB7. The contexts are almost identi-
cal in pKTa005_4 and pKFu015_3 except that a 1.9 kbp fragment of
1S3000 is inserted next to another IS3000 in pKTa005_4. The con-
text in pLHST2018_IncX3 is shown for reference purposes and thus
the name is not bolded. ¢ Genetic contexts of gnrBI9. Panel (c) is

pMB9272_7-like plasmid

enlarged compared with panels (a) and (b) and describes the whole
plasmid structures. p20A24_1 has undergone modifications in vari-
able regions called VR1 and VR2 in comparison to the common plas-
mid pPAB19-1 [29]. A circular structure of p32-4_E is also shown
to describe the relationship to pPAB19-1 and the pMB9272_7-like
plasmid. The putative ColE1-like ori (RNAI, RNAII, and oriV), oriT,
and Xer sites (sites used for converting plasmid multimers into mono-
mers) are indicated. The oriT sequence in the pMB9272_7-like plas-
mid was predicted by comparison with well-characterized plasmids
such as ColEL. hp, hypothetical protein
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pKMi029_6 (Col3M, CP147115, Japan, river water, this study)
pKTa005_7 (Col3M, CP147091, Japan, river water, this study)
identical to p2007057

y
y

-y
ORF2 ORF3

qnrD1 ORF4 (mob) ORF5
pKFu015_4 (Col3M/ColRNAI, CP147134, Japan, river water, this study)
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repea — repe L )
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209 bp repeat [IR,.: GGGGTCTGAAGGCCAATAGAACGAAAACGTACG
(TIME;g107) LIRx: GGGGTTTGAGGTCCAACCGTACGAAAACGTACG

Fig.3 Structures of plasmids carrying gnrD1. Genes and elements
are shown as in earlier figures. The light blue shaded regions indi-
cate nucleotide sequences with~95% identity. pKFu015_4 carries
regions corresponding to the ori, bom (basis of mobility), rom (RNA

named pKFu015_4, with no close blastn hits (all hits were
below 50% query coverage). The gnrDI region, including
gnrDI1 and ORF2, in pKFu015_4, is identical to~2.7 kbp
Morganellaceae plasmids such as pRS12-11 (KF364953)
and is ~95% identical to the corresponding region in
p2007057 (and thus pKMi029_6 and pKTa005_7). Anal-
ysis of sequences surrounding the gnrD1 region revealed
209 bp directly oriented repeats upstream and downstream
of the region. This repeat carries imperfect 33 bp inverted
repeats (IRs) closely related to some Tn3-family transpo-
sons (e.g., TnEc4), though it does not encode a transposase.
The blastn analysis revealed that this repeat is identical to
a Tn3-derived inverted-repeat miniature element (TIME),
named TIMEg;,; [32]. Pairs of TIMEs are known to be
involved in the mobilization of intervening sequences when
the corresponding Tn3 family transposases are provided in
trans, and these composite transposon-like structures were
previously named TIME-COMP [32, 33]. Thus, the TIME-
COMP structure, TIME g, ;-gnrD1-ORF2-TIMEg,,;, seems
to have been mobilized as a single unit into a ColE1-like
plasmid, generating pKFu015_4. The presence of 5 bp direct
repeats (AGCTA) surrounding this structure supports this
idea. Moreover, we also found a ColE1-like plasmid without
insertion of this TIME-COMP structure among the genomes
sequenced in this study (pKMi029_5, CP147114), further
supporting this. gnrD1 was previously suggested to be mobi-
lized as a mobile insertion cassette (mic) element (a non-
autonomous element bracketed by two IRs) [34], but this
observation indicates another mode of gnrDI mobilization,
namely TIME-COMP.

Genetic Contexts of gnrS1

gnrS1 was found to be the most prevalent TMQR gene both
in our isolates (n=12) and in the RefSeq genomes (n=21),
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one inhibition modulator), mob, and cer (ColEl resolution sequence)
regions in plasmid ColE1 [50]. IR;, inverted repeat left; IRy, inverted
repeat right. IR; and IRy of TIME,,; are shown at the bottom of the
figure, and different nucleotides are marked in red

irrespective of the source (i.e., surface water or wastewater),
and was detected on plasmids of diverse replicon types or on
the chromosome (Tables S1 and S2). Although earlier stud-
ies showed low gnrS1 prevalence [7], some recent studies
identified gnrS1 as the most prevalent TMQR gene in the
One Health context (i.e., human, animal, and environmental
E. coli) [35, 36]. The genetic contexts of gnrS1 were largely
classified into 13 types (types A to M in Fig. 4). Types B, E,
and I are found only in the genomes analyzed in this study,
and no other hits were found by blastn analysis. On the other
hand, the other genetic contexts were found in at least one
public genome, and some were described in previous stud-
ies (e.g., types A, F, and G previously described in clinical
or animal isolates) [37—40]. gnrSI is frequently linked to
other resistance genes in the contexts, including an ESBL
gene blacrx.. 5 in types B—D. The potential evolutionary
pathways of these context types are described in Fig. S1.
Briefly, [S26-mediated rearrangements and ISEcp/-medi-
ated transposition seem to have played major roles in the
diversification of the contexts and linkage of gnrS/ to other
AMR genes.

Genetic Contexts of gnrS2

Two genomes sequenced to closure in this study and two
RefSeq genomes carried gnrS2. gnrS2 was previously
reported to be part of a mic element bracketed by 22-bp
imperfect IRs [41]. In all four genomes, the mic elements
containing gnrS2 were truncated (Fig. 5). Two RefSeq
genomes carried gnrS2 in the same genetic context on
IncX1 plasmids. The gnrS2 region in these plasmids was
followed by the fosA3 genetic context type K [42], linking
qnrS2 to fosA3, Ablargy, and blacry v.ss- This linkage was
not detected in any other public genomes by blastn analy-
sis. Two ST2179 genomes sequenced in this study carried
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Fig.4 Genetic contexts of gnrSI. Genes and elements are shown
as in earlier figures. The blue shaded regions indicate nucleotide
sequences with>99% identity. Note that for simplicity, only gnrSI
and directly flanking regions without complex rearrangements (such
as inversions) are shaded in blue (e.g., the left ISKpn19 in the type-F

gnrS2 on the chromosome. In 19M 19, the gnrS2 region was
duplicated. The blastn search identified six E. coli genomes
carrying gnrS2 on the chromosome, three of which belong
to ST2179. The genetic contexts of gnrS2 in these three
genomes were closely related to that in 19M19, but the
gnrS2 region was not duplicated (Fig. 5). It is assumed
that a resistance region containing gnrS2 was inserted
into an ancestral ST2179 genome, which was followed by

qnrS1
AISEci2 \“Q V\QQ
—-- - ISKpn19 -
q rS 1 QQ“ ?‘
AISEcI2 © $‘°Q

context shares >99% nucleotide identity with ISKpnI9 in the type-G
context, but this region is not shaded). The number of genomes carry-
ing each context type is shown in parentheses. See Tables S1 and S2
for information on genomes carrying each context type, and Fig. S1
for possible evolutionary pathways of these contexts

IS26-mediated rearrangements, yielding the variation of the
contexts seen in Fig. 5.

Genetic Contexts of aac(6')-1b-cr
Three genomes sequenced to closure in this study and

nine RefSeq genomes carried aac(6')-1b-cr. aac(6')-
Ib-cr was detected on the chromosome (n = 6) or on IncF
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pGSH8M-2-3 (IncX1, NZ_AP019678.1, Japan, wastewater, RefSeq)
pWP8-S18-CRE-02_3 (IncX1, NZ_AP022248.1, Japan, wastewater,

RefSeq)
identical to pHNMCO02 (fosA3 genetic context type K)
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|
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mic V mic " \§ (TnAs1) N} D) R
(truncated) (truncated)

CUVET18-62 (ST2179, CP150987, Thailand, dog urine, reference)
EC0430(ST2179, CP123046, China, clinical isolate, reference)
pure_strain (ST2179, OX442407, unknown, unknown, reference)

identical to p37

E. coli chromosomal genes

Hm IRR ;
-= aac(6’)-Ib-cr region T -q?&-_l 1S 26| -
< Q Atransposase \é\
mic
(truncated)V (TnAs1) v

Fig.5 Genetic contexts of gnrS2. Genes and elements are shown as
in earlier figures. JKHS004 and 19M19 carry gnrS2 on the chromo-
some, and chromosomal STs are indicated instead of plasmid types.
The blue shaded regions indicate nucleotide sequences with>99%
identity. The shared context detected in CUVET18-62, EC0430, and

plasmids (n=6) (Fig. 6). The isolates with chromosomal
aac(6')-Ib-cr belonged to five different STs (ST10,
ST410, ST648, ST1266, and ST2179). A chromosomal
location for aac(6')-1b-cr was also reported previously in
clinical ST131 and ST648 isolates from Spain [43]. These
examples indicate chromosomal integration of aac(6')-
Ib-cr has occurred multiple times in different STs.

aac(6')-1b-cr has been identified in a gene cassette as
a segment of class 1 integrons [44]. The 1S26-aac(6')-
Ib-cr-blagy s -AcatB3-1S26 structure was prevalent and
detected in seven genomes (58%), while the upstream
and downstream sequences were divergent (Fig. 6).
This structure is also common in public genomes (more
than 1000 hits by blastn). However, the IS26 sequences
are inversely oriented and thus this structure is neither
a transposon nor a pseudo-compound transposon [45].
The prevalence of this structure among various plasmids/
chromosomes can partially be explained by the presence
of other mobile genetic elements surrounding it, which
might have aided the movement of multiresistance regions
containing this structure.

@ Springer

pure_strain is shown for reference purposes and thus the names are
not bolded. The chromosomal 1S26-gnrS2-AmpR-1S26 structure in
ST2179 genomes is different from that in the IncX1 plasmids, in that
the IS26 sequences are directly-oriented and a~200 bp fragment is
present between the truncated mic and the left IS26

Genetic Contexts of ogxAB

Mobile ogxAB genes are commonly found within an IS26-
0qxA-0qxB-0gxR-1S26 pseudo-compound transposon,
named Tn6010 [46]. All four ogxAB genes identified in
the present study are situated within Tn6070 and carried
by plasmids of different Inc types (Fig. 7). The sequences
upstream of Tn60170 (in reference to the orientation of
0gxAB genes) in three RefSeq plasmids share some com-
mon regions, which were also detected upstream of Tn6010
in multiple public genomes by blastn. On the other hand, the
upstream sequence of Tn6010 was replaced by a truncated
Tnl721 and a truncated Tn2 in pJKHS004_1, linking tetA
and a truncated blargy, to 0ogxAB. No genomes were found
by blastn analysis to carry this multiresistance region.

Genetic Contexts of gepA
gepA genes are typically associated with ISCR3 and embed-

ded within complex integrons [47]. One isolate sequenced in
this study carried gepAl, and the gene was located between



Quinolone Resistance Genes gnr, aac(6')-Ib-cr, ogxAB, and gepA in Environmental...

Page9of13 6

Chromosome

JKHS004 (ST2179, CP147069, Japan, wastewater, this study)
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Fig.6 Genetic contexts of aac(6')-Ib-cr. The contexts are shown
separately for chromosomes and plasmids. aac(6')-Ib-cr is abbrevi-
ated as aac in the figure. Genes and elements are shown as in ear-
lier figures. The blue shaded regions indicate nucleotide sequences
with>99% identity. Note that for simplicity, only aac(6')-Ib-cr and
flanking regions are shaded in blue (e.g., IS26 sequences in JKHS004
and 19M19 share>99% nucleotide identity to IS26 sequences in

a truncated int/] and ISCR3 on an IncF plasmid (Fig. 8).
Other AMR genes, dfrB4, sull, and mph(A), were found
to be linked to gepAl in this context. The blastn analysis
of the entire resistance region bounded by IS26 revealed
closely related sequences in three E. coli plasmids, one from
a clinical isolate in the USA and two from clinical isolates
in Myanmar [48, 49], indicating the intercontinental occur-
rence of this multi-resistance region and highlighting the
need for a One Health approach to AMR surveillance.

Study Limitations

This study has some limitations. First, a limited number
of complete genomes (n=20) were determined in this
study. We also included RefSeq genomes in our analysis
to extend our dataset, which might partially mitigate this

Plasmid
pJSWP021_1 (IncF [F10:A1:B49], CP147076, Japan, wastewater,
this study)
|5 26 - - ([S26 -
AtnpA m aac & Q;b
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i
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pC-F-164_A-OXA140 (IncF [F36:A4:B-], NZ_CP048368.1,
Switzerland, surface water, RefSeq)

IRTn5403
- 1S26 - IS26bI "
tnpR AtnpA aac o 8;5 acTX-M-15
(Tn5403) (Tn1721) N4 b(;'b AISEcp1

p2_025943 (IncF [F47:A-:B75], NZ_CP027200.1, China,
wastewater, RefSeq)

IRi
14.—~- . - -1 ISCR1 )
intl1 aac Vn_, ,{/\ \O @b\ sul1

N\
& o"”é sz»"

C-SRM-3, but these regions are not shaded). In all replicons except
p2_025943, either or both of the 5'-conserved segment and the
3'-conserved segment of class 1 integrons containing aac(6')-1b-cr
are interrupted by IS26. These truncated integrons are likely to have
originated from the class 1 integron intll-aac(6')-Ib-cr-blagy -
catB3-arr-3-qacEA1-sull

limitation. Second, there are potential biases in the ana-
lyzed isolates. Even though we supplemented our dataset
with RefSeq genomes, most RefSeq genomes were from
Japan and Switzerland. This seems to reflect the situa-
tion where long-read sequencing is still not widely used
to study antibiotic resistance in environmental bacteria.
Another potential bias lies in the isolation procedure. For
example, our nine wastewater isolates and some RefSeq
isolates were obtained using selective media for ESBL-
producers. This could have influenced the relative abun-
dance of certain genetic contexts (e.g., gnrS1 genetic con-
text types B—D, which link blacrx .15 With gnrSI). Third,
the numbers of complete genomes were small for gnrAl
(n=1), gnrB7 (n=2), gnrB19 (n=2), and gepA (n=1).
This might reflect the scarcity of these genes in environ-
mental E. coli. However, we also included genomes of
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Fig.7 Genetic contexts of ogxAB. Genes and elements are shown
as in earlier figures. The blue shaded regions indicate nucleotide
sequences with>99% identity. Note that for simplicity, only Tn6010
and flanking regions are shaded in blue (e.g., the left IS26 in Tn4352

shares >99% nucleotide identity to other IS26 sequences, but these
regions are not shaded). Tn60/0 in pJKHS004_1 has an internally
deleted copy of I1S26

pKMi012_1 (IncF [C4:F18:A-:B1], CP147126, Japan, river water, this study)
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Fig.8 Genetic contexts of gepA. Genes and elements are shown as in
earlier figures. The blue shaded regions indicate nucleotide sequences
with>99% identity. The contexts detected in three plasmids from
clinical isolates are shown for reference purposes, and thus, the
names are not boldfaced. These clinical plasmids carry gepA7 or

clinical isolates in our analysis, which allowed compara-
tive genomic analysis for these genomes. Notably, and
while not a limitation of our own study, we unexpectedly
found that even though the sequences of these clinical

@ Springer
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,b AtniA

Q @ (Tn402-like)

gepAS instead of gepAl. The Aintl1/groEL-dfrB4-qacEAI-sull-Aorf5
region, the chromate resistance (chrA) region, and the macrolide
resistance (mph(A)) region are present downstream of gepA in all
four plasmids

isolates were previously reported, the genetic contexts of
TMQR genes were not analyzed in many of the original
studies and thus were elucidated for the first time in the
present study.
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Conclusions

Here, we performed an in-depth analysis of the genetic
contexts of TMQR determinants in environmental E. coli.
To our knowledge, this is the most comprehensive study
analyzing the genetic contexts of TMQR determinants in
environmental bacteria. The genetic contexts described in
this study included those closely related to the contexts
found in clinical isolates, which highlights the need for
One Health surveillance to track the spread and circu-
lation of AMR. We also detected novel contexts in our
genomes (e.g., TIME-COMP containing gnrD1) and previ-
ously uncharacterized contexts in RefSeq genomes (e.g., a
small cointegrate plasmid carrying gnrB19). Some TMQR
genes were frequently linked to other AMR genes in the
described contexts, and this information will contribute to
our understanding of how multidrug resistance emerges
and spreads in bacteria. We also found multiple exam-
ples of TMQR determinants located on the chromosome.
The chromosomal location of TMQR genes may contrib-
ute to the maintenance of these genes, but further studies
are needed to confirm this. Overall, this study provides
valuable insights into mobile genetic elements associated
with TMQR determinants and highlights the importance
of genomic surveillance of antimicrobial-resistant bacteria
in the environment.
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Acknowledgements Computations were partially performed on
the NIG supercomputer at ROIS National Institute of Genetics.
We acknowledge the NGS core facility of the Genome Information
Research Center at the Research Institute for Microbial Diseases of
Osaka University for the support in DNA sequencing. We also thank
Isao Nakamoto and Yasufumi Matsumura for their support in antimi-
crobial susceptibility testing.

Author Contribution Conceptualization: R.G.; methodology: R.G.;
validation: R.G.; formal analysis: R.G.; investigation: R.G. and F.A;
resources: R.G. and F.A; data curation: R.G.; visualization: R.G.; fund-
ing acquisition: R.G.; writing — original draft: R.G.; writing — review
& editing: R.G. and F.A.

Funding This work was supported by JSPS KAKENHI (grant num-
ber JP22K18038), the Kurita Water and Environment Foundation
(22B006), the Sumitomo Foundation (2230113), and the Environment
Research and Technology Development Fund (JPMEERF20235R01)
of the Environmental Restoration and Conservation Agency, provided
by the Ministry of the Environment of Japan.

Data Availability The complete genomes and sequence reads obtained
in the present study have been deposited in GenBank and the NCBI

SRA under BioProject PRINA1078256 (also see Table S1 for the
accession number of each genome).

Declarations

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kaper JB, Nataro JP, Mobley HL (2004) Pathogenic Escherichia
coli. Nat Rev Microbiol 2:123-140. https://doi.org/10.1038/nrmic
ro818

2. Denamur E, Clermont O, Bonacorsi S, Gordon D (2021) The
population genetics of pathogenic Escherichia coli. Nat Rev
Microbiol 19:37-54. https://doi.org/10.1038/s41579-020-0416-x

3. Poirel L, Madec JY, Lupo A, Schink AK, Kieffer N, Nordmann
P, Schwarz S (2018) Antimicrobial resistance in Escherichia coli.
Microbiol Spectr 6: ARBA-0026-2017. https://doi.org/10.1128/
microbiolspec. ARBA-0026-2017

4. Aldred KJ, Kerns RJ, Osheroff N (2014) Mechanism of quinolone
action and resistance. Biochemistry 53:1565-1574. https://doi.
org/10.1021/bi5000564

5. Aoike N, Saga T, Sakata R, Yoshizumi A, Kimura S, Iwata M,
Yoshizawa S, Sugasawa Y, Ishii Y, Yamaguchi K, Tateda K (2013)
Molecular characterization of extraintestinal Escherichia coli iso-
lates in Japan: relationship between sequence types and mutation
patterns of quinolone resistance-determining regions analyzed by
pyrosequencing. J Clin Microbiol 51:1692—1698. https://doi.org/
10.1128/JCM.03049-12

6. van der Putten BCL, Remondini D, Pasquini G, Janes VA, Mata-
moros S, Schultsz C (2019) Quantifying the contribution of four
resistance mechanisms to ciprofloxacin MIC in Escherichia coli:
a systematic review. J Antimicrob Chemother 74:298-310. https:/
doi.org/10.1093/jac/dky417

7. Ruiz J (2019) Transferable mechanisms of quinolone resistance
from 1998 onward. Clin Microbiol Rev 32:¢00007-00019. https://
doi.org/10.1128/CMR.00007-19

8. Hooper DC, Jacoby GA (2015) Mechanisms of drug resistance:
quinolone resistance. Ann N'Y Acad Sci 1354:12-31. https://doi.
org/10.1111/nyas.12830

9. Partridge SR (2011) Analysis of antibiotic resistance regions
in Gram-negative bacteria. FEMS microbiol Rev 35:820-855.
https://doi.org/10.1111/j.1574-6976.2011.00277.x

10. Partridge SR, Tsafnat G (2018) Automated annotation of mobile
antibiotic resistance in gram-negative bacteria: the multiple anti-
biotic resistance annotator (MARA) and database. J Antimicrob
Chemother 73:883-890. https://doi.org/10.1093/jac/dkx513

11. Amin MB, Saha SR, Islam MR, Haider SMA, Hossain MI,
Chowdhury A, Rousham EK, Islam MA (2021) High preva-
lence of plasmid-mediated quinolone resistance (PMQR) among
E. coli from aquatic environments in Bangladesh. PLoS One
16:¢0261970. https://doi.org/10.1371/journal.pone.0261970

12. Che Y, Xu X, Yang Y, Brinda K, Hanage W, Yang C, Zhang T
(2022) High-resolution genomic surveillance elucidates a multi-
layered hierarchical transfer of resistance between WWTP- and

@ Springer


https://doi.org/10.1007/s00248-025-02502-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrmicro818
https://doi.org/10.1038/nrmicro818
https://doi.org/10.1038/s41579-020-0416-x
https://doi.org/10.1128/microbiolspec.ARBA-0026-2017
https://doi.org/10.1128/microbiolspec.ARBA-0026-2017
https://doi.org/10.1021/bi5000564
https://doi.org/10.1021/bi5000564
https://doi.org/10.1128/JCM.03049-12
https://doi.org/10.1128/JCM.03049-12
https://doi.org/10.1093/jac/dky417
https://doi.org/10.1093/jac/dky417
https://doi.org/10.1128/CMR.00007-19
https://doi.org/10.1128/CMR.00007-19
https://doi.org/10.1111/nyas.12830
https://doi.org/10.1111/nyas.12830
https://doi.org/10.1111/j.1574-6976.2011.00277.x
https://doi.org/10.1093/jac/dkx513
https://doi.org/10.1371/journal.pone.0261970

6

Page 12 of 13

R. Gomi, F. Adachi

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

human/animal-associated bacteria. Microbiome 10:16. https://doi.
org/10.1186/s40168-021-01192-w

. Adachi F, Yamamoto A, Takakura K, Kawahara R (2013) Occur-

rence of fluoroquinolones and fluoroquinolone-resistance genes in
the aquatic environment. Sci Total Environ 444:508-514. https://
doi.org/10.1016/j.scitotenv.2012.11.077

Gomi R, Matsuda T, Matsumura Y, Yamamoto M, Tanaka M,
Ichiyama S, Yoneda M (2017) Whole-genome analysis of antimi-
crobial-resistant and extraintestinal pathogenic Escherichia coli
in river water. Appl Environ Microbiol 83:€02703-02716. https://
doi.org/10.1128/AEM.02703-16

Gomi R, Matsuda T, Matsumura Y, Yamamoto M, Tanaka M,
Ichiyama S, Yoneda M (2017) Occurrence of clinically impor-
tant lineages, including the sequence type 131 C1-M27 sub-
clone, among extended-spectrum-beta-lactamase-producing
Escherichia coli in wastewater. Antimicrob Agents Chemother
61:¢00564-e517. https://doi.org/10.1128/AAC.00564-17
Yamane K, Wachino J, Suzuki S, Arakawa Y (2008) Plasmid-
mediated gepA gene among Escherichia coli clinical isolates from
Japan. Antimicrob Agents Chemother 52:1564—1566. https://doi.
org/10.1128/AAC.01137-07

Hansen LH, Sorensen SJ, Jorgensen HS, Jensen LB (2005)
The prevalence of the OqxAB multidrug efflux pump amongst
olaquindox-resistant Escherichia coli in pigs. Microb Drug Resist
11:378-382. https://doi.org/10.1089/mdr.2005.11.378

CLSI (2020) Performance standards for antimicrobial susceptibil-
ity testing—thirtieth editioN: M100

Feldgarden M, Brover V, Gonzalez-Escalona N, Frye JG, Haendi-
ges J, Haft DH, Hoffmann M, Pettengill JB, Prasad AB, Tillman
GE, Tyson GH, Klimke W (2021) AMRFinderPlus and the Ref-
erence Gene Catalog facilitate examination of the genomic links
among antimicrobial resistance, stress response, and virulence.
Sci Rep 11:12728. https://doi.org/10.1038/s41598-021-91456-0
Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir
V, Philippon A, Allesoe RL, Rebelo AR, Florensa AF, Fagelhauer
L, Chakraborty T, Neumann B, Werner G, Bender JK, Stingl K,
Nguyen M, Coppens J, Xavier BB, Malhotra-Kumar S, Westh
H, Pinholt M, Anjum MF, Duggett NA, Kempf I, Nykasenoja
S, Olkkola S, Wieczorek K, Amaro A, Clemente L, Mossong J,
Losch S, Ragimbeau C, Lund O, Aarestrup FM (2020) ResFinder
4.0 for predictions of phenotypes from genotypes. J Antimicrob
Chemother 75:3491-3500. https://doi.org/10.1093/jac/dkaa345
Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M,
Lund O, Villa L, Moller Aarestrup F, Hasman H (2014) In silico
detection and typing of plasmids using PlasmidFinder and plas-
mid multilocus sequence typing. Antimicrob Agents Chemother
58:3895-3903. https://doi.org/10.1128/AAC.02412-14

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA,
Formsma K, Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ,
Olson R, Osterman AL, Overbeek RA, McNeil LK, Paarmann D,
Paczian T, Parrello B, Pusch GD, Reich C, Stevens R, Vassieva O,
Vonstein V, Wilke A, Zagnitko O (2008) The RAST server: rapid
annotations using subsystems technology. BMC Genomics 9:75.
https://doi.org/10.1186/1471-2164-9-75

Siguier P, Perochon J, Lestrade L, Mahillon J, Chandler M (2006)
ISfinder: the reference centre for bacterial insertion sequences.
Nucleic Acids Res 34:D32-36. https://doi.org/10.1093/nar/gkjO14
Strahilevitz J, Jacoby GA, Hooper DC, Robicsek A (2009)
Plasmid-mediated quinolone resistance: a multifaceted threat.
Clin Microbiol Rev 22:664-689. https://doi.org/10.1128/CMR.
00016-09

Wang M, Tran JH, Jacoby GA, Zhang Y, Wang F, Hooper DC
(2003) Plasmid-mediated quinolone resistance in clinical isolates
of Escherichia coli from Shanghai, China. Antimicrob Agents
Chemother 47:2242-2248. https://doi.org/10.1128/AAC.47.7.
2242-2248.2003

Springer

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Papagiannitsis CC, Izdebski R, Baraniak A, Fiett J, Herda
M, Hrabak J, Derde LP, Bonten MJ, Carmeli Y, Goossens H,
Hryniewicz W, Brun-Buisson C, Gniadkowski M, Mosar Wp
WP, groups WPs, Mosar Wp WP, groups WPs (2015) Survey of
metallo-beta-lactamase-producing Enterobacteriaceae coloniz-
ing patients in European ICUs and rehabilitation units, 2008-11.
J Antimicrob Chemother 70:1981-1988. https://doi.org/10.1093/
jac/dkv055

Chavda KD, Westblade LF, Satlin MJ, Hemmert AC, Castanheira
M, Jenkins SG, Chen L, Kreiswirth BN (2019) First report of
blay_4- and mcr-9-coharboring Enterobacter species isolated
from a pediatric patient. mSphere 4. https://doi.org/10.1128/
mSphere.00629-19

Jacob 1], Pragasam AK, Vasudevan K, Veeraraghavan B, Kang G,
John J, Nagvekar V, Mutreja A (2021) Salmonella Typhi acquires
diverse plasmids from other Enterobacteriaceae to develop cepha-
losporin resistance. Genomics 113:2171-2176. https://doi.org/10.
1016/j.ygeno.2021.05.003

Tran T, Andres P, Petroni A, Soler-Bistue A, Albornoz E, Zor-
reguieta A, Reyes-Lamothe R, Sherratt DJ, Corso A, Tolmasky
ME (2012) Small plasmids harboring gnrB19: a model for plas-
mid evolution mediated by site-specific recombination at oriT and
Xer sites. Antimicrob Agents Chemother 56:1821-1827. https://
doi.org/10.1128/AAC.06036-11

Ares-Arroyo M, Rocha EPC, Gonzalez-Zorn B (2021) Evolu-
tion of ColEl-like plasmids across gamma-Proteobacteria: from
bacteriocin production to antimicrobial resistance. PLoS Genet
17:¢1009919. https://doi.org/10.1371/journal.pgen.1009919
Cavaco LM, Hasman H, Xia S, Aarestrup FM (2009) gnrD, a
novel gene conferring transferable quinolone resistance in Salmo-
nella enterica serovar Kentucky and Bovismorbificans strains of
human origin. Antimicrob Agents Chemother 53:603-608. https://
doi.org/10.1128/AAC.00997-08

Szuplewska M, Ludwiczak M, Lyzwa K, Czarnecki J, Bartosik
D (2014) Mobility and generation of mosaic non-autonomous
transposons by Tn3-derived inverted-repeat miniature elements
(TIMEs). PLoS One 9:¢105010. https://doi.org/10.1371/journal.
pone.0105010

Partridge SR, Kwong SM, Firth N, Jensen SO (2018) Mobile
genetic elements associated with antimicrobial resistance. Clin
Microbiol Rev 31:e00088-00017. https://doi.org/10.1128/CMR.
00088-17

Guillard T, Grillon A, de Champs C, Cartier C, Madoux J, Bercot
B, Lebreil AL, Lozniewski A, Riahi J, Vernet-Garnier V, Cambau
E (2014) Mobile insertion cassette elements found in small non-
transmissible plasmids in Proteeae may explain gnrD mobiliza-
tion. PLoS One 9:e87801. https://doi.org/10.1371/journal.pone.
0087801

Aworh MK, Kwaga JKP, Hendriksen RS, Okolocha EC, Harrell
E, Thakur S (2023) Quinolone-resistant Escherichia coli at the
interface between humans, poultry and their shared environment-
a potential public health risk. One Health Outlook 5:2. https://doi.
org/10.1186/s42522-023-00079-0

Muloi DM, Hassell IM, Wee BA, Ward MJ, Bettridge JM, Kivali
V, Kiyong’a A, Ndinda C, Gitahi N, Ouko T, Imboma T, Akoko
J, Murungi MK, Njoroge SM, Muinde P, Alumasa L, Kaitho T,
Amanya F, Ogendo A, van Bunnik BAD, Kiiru J, Robinson TP,
Kang’ethe EK, Kariuki S, Pedersen AB, Fevre EM, Woolhouse
MEIJ (2022) Genomic epidemiology of Escherichia coli: antimi-
crobial resistance through a One Health lens in sympatric humans,
livestock and peri-domestic wildlife in Nairobi, Kenya. BMC Med
20:471. https://doi.org/10.1186/s12916-022-02677-7

Karah N, Poirel L, Bengtsson S, Sundqvist M, Kahlmeter G, Nor-
dmann P, Sundsfjord A, Samuelsen O, Norwegian Study Group
on P (2010) Plasmid-mediated quinolone resistance determinants
gnr and aac(6’)-1b-cr in Escherichia coli and Klebsiella spp. from


https://doi.org/10.1186/s40168-021-01192-w
https://doi.org/10.1186/s40168-021-01192-w
https://doi.org/10.1016/j.scitotenv.2012.11.077
https://doi.org/10.1016/j.scitotenv.2012.11.077
https://doi.org/10.1128/AEM.02703-16
https://doi.org/10.1128/AEM.02703-16
https://doi.org/10.1128/AAC.00564-17
https://doi.org/10.1128/AAC.01137-07
https://doi.org/10.1128/AAC.01137-07
https://doi.org/10.1089/mdr.2005.11.378
https://doi.org/10.1038/s41598-021-91456-0
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1093/nar/gkj014
https://doi.org/10.1128/CMR.00016-09
https://doi.org/10.1128/CMR.00016-09
https://doi.org/10.1128/AAC.47.7.2242-2248.2003
https://doi.org/10.1128/AAC.47.7.2242-2248.2003
https://doi.org/10.1093/jac/dkv055
https://doi.org/10.1093/jac/dkv055
https://doi.org/10.1128/mSphere.00629-19
https://doi.org/10.1128/mSphere.00629-19
https://doi.org/10.1016/j.ygeno.2021.05.003
https://doi.org/10.1016/j.ygeno.2021.05.003
https://doi.org/10.1128/AAC.06036-11
https://doi.org/10.1128/AAC.06036-11
https://doi.org/10.1371/journal.pgen.1009919
https://doi.org/10.1128/AAC.00997-08
https://doi.org/10.1128/AAC.00997-08
https://doi.org/10.1371/journal.pone.0105010
https://doi.org/10.1371/journal.pone.0105010
https://doi.org/10.1128/CMR.00088-17
https://doi.org/10.1128/CMR.00088-17
https://doi.org/10.1371/journal.pone.0087801
https://doi.org/10.1371/journal.pone.0087801
https://doi.org/10.1186/s42522-023-00079-0
https://doi.org/10.1186/s42522-023-00079-0
https://doi.org/10.1186/s12916-022-02677-7

Quinolone Resistance Genes gnr, aac(6')-Ib-cr, ogxAB, and gepA in Environmental...

Page130f13 6

38.

39.

40.

41.

42.

43.

44,

Norway and Sweden. Diagn Microbiol Infect Dis 66:425-431.
https://doi.org/10.1016/j.diagmicrobio.2009.12.004

Dolejska M, Villa L, Hasman H, Hansen L, Carattoli A (2013)
Characterization of IncN plasmids carrying blacrx.\_; and gnr
genes in Escherichia coli and Salmonella from animals, the envi-
ronment and humans. J Antimicrob Chemother 68:333-339.
https://doi.org/10.1093/jac/dks387

Kehrenberg C, Friederichs S, de Jong A, Michael GB, Schwarz S
(2006) Identification of the plasmid-borne quinolone resistance
gene gnrS in Salmonella enterica serovar Infantis. J Antimicrob
Chemother 58:18-22. https://doi.org/10.1093/jac/dkl213

He W, Gao M, Lv L, Wang J, Cai Z, Bai Y, Gao X, Gao G, Pu
W, Jiao Y, Wan M, Song Q, Chen S, Liu JH (2023) Persistence
and molecular epidemiology of blaypy-positive gram-negative
bacteria in three broiler farms: a longitudinal study (2015-2021).
J Hazard Mater 446:130725. https://doi.org/10.1016/j.jhazmat.
2023.130725

Cattoir V, Poirel L, Aubert C, Soussy CJ, Nordmann P (2008)
Unexpected occurrence of plasmid-mediated quinolone resistance
determinants in environmental Aeromonas spp. Emerg Infect Dis
14:231-237. https://doi.org/10.3201/eid1402.070677

Lv L, Huang X, Wang J, Huang Y, Gao X, Liu Y, Zhou Q, Zhang
Q, Yang J, GuoJY, Liu JH (2020) Multiple plasmid vectors medi-
ate the spread of fosA3 in extended-spectrum-beta-lactamase-pro-
ducing Enterobacterales isolates from retail vegetables in China.
mSphere 5:¢00507-00520. https://doi.org/10.1128/mSphere.
00507-20

Ruiz E, Saenz Y, Zarazaga M, Rocha-Gracia R, Martinez-Mar-
tinez L, Arlet G, Torres C (2012) gnr, aac(6')-1b-cr and gepA
genes in Escherichia coli and Klebsiella spp.: genetic environ-
ments and plasmid and chromosomal location. J Antimicrob
Chemother 67:886-897. https://doi.org/10.1093/jac/dkr548
Rodriguez-Martinez JM, Machuca J, Cano ME, Calvo J, Martinez-
Martinez L, Pascual A (2016) Plasmid-mediated quinolone resist-
ance: two decades on. Drug Resist Updat 29:13-29. https://doi.
org/10.1016/j.drup.2016.09.001

45.

46.

47.

48.

49.

50.

Harmer CJ, Pong CH, Hall RM (2020) Structures bounded by
directly-oriented members of the 1S26 family are pseudo-com-
pound transposons. Plasmid 111:102530. https://doi.org/10.
1016/j.plasmid.2020.102530

Norman A, Hansen LH, She Q, Sorensen SJ (2008) Nucleotide
sequence of pOLAS2: a conjugative IncX1 plasmid from Escheri-
chia coli which enables biofilm formation and multidrug efflux.
Plasmid 60:59-74. https://doi.org/10.1016/j.plasmid.2008.03.003
Cattoir V, Poirel L, Nordmann P (2008) Plasmid-mediated qui-
nolone resistance pump QepA?2 in an Escherichia coli isolate from
France. Antimicrob Agents Chemother 52:3801-3804. https://doi.
org/10.1128/AAC.00638-08

Johnson TJ, Aziz M, Liu CM, Sokurenko E, Kisiela DI, Paul
S, Andersen P, Johnson JR, Price LB (2016) Complete genome
sequence of a CTX-M-15-producing Escherichia coli strain
from the H30Rx subclone of sequence type 131 from a patient
with recurrent urinary tract infections, closely related to a lethal
urosepsis isolate from the patient’s sister. Genome Announc
4:¢00334-e316. https://doi.org/10.1128/genomeA.00334-16
Sugawara Y, Akeda Y, Sakamoto N, Takeuchi D, Motooka D,
Nakamura S, Hagiya H, Yamamoto N, Nishi I, Yoshida H, Okada
K, Zin KN, Aye MM, Tomono K, Hamada S (2017) Genetic char-
acterization of blaypy-harboring plasmids in carbapenem-resist-
ant Escherichia coli from Myanmar. PLoS One 12:e0184720.
https://doi.org/10.1371/journal.pone.0184720

Chan PT, Ohmori H, Tomizawa J, Lebowitz J (1985) Nucleotide
sequence and gene organization of ColE1 DNA. J Biol Chem
260:8925-8935

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.diagmicrobio.2009.12.004
https://doi.org/10.1093/jac/dks387
https://doi.org/10.1093/jac/dkl213
https://doi.org/10.1016/j.jhazmat.2023.130725
https://doi.org/10.1016/j.jhazmat.2023.130725
https://doi.org/10.3201/eid1402.070677
https://doi.org/10.1128/mSphere.00507-20
https://doi.org/10.1128/mSphere.00507-20
https://doi.org/10.1093/jac/dkr548
https://doi.org/10.1016/j.drup.2016.09.001
https://doi.org/10.1016/j.drup.2016.09.001
https://doi.org/10.1016/j.plasmid.2020.102530
https://doi.org/10.1016/j.plasmid.2020.102530
https://doi.org/10.1016/j.plasmid.2008.03.003
https://doi.org/10.1128/AAC.00638-08
https://doi.org/10.1128/AAC.00638-08
https://doi.org/10.1128/genomeA.00334-16
https://doi.org/10.1371/journal.pone.0184720

	Quinolone Resistance Genes qnr, aac(6′)-Ib-cr, oqxAB, and qepA in Environmental Escherichia coli: Insights into Their Genetic Contexts from Comparative Genomics
	Abstract
	Introduction
	Materials and Methods
	E. coli Isolates
	Antimicrobial Susceptibility Testing
	Genome Sequencing and Assembly
	Retrieving Complete E. coli Genomes with TMQR Determinants from the NCBI Database
	Genomic Analysis

	Results and Discussion
	Basic Characteristics of E. coli Isolates Sequenced in This Study
	Basic Characteristics of RefSeq E. coli Genomes with TMQR Determinants
	Genetic Contexts of qnrA1
	Genetic Contexts of qnrB4
	Genetic Contexts of qnrB7
	Genetic Contexts of qnrB19
	Genetic Contexts of qnrD1
	Genetic Contexts of qnrS1
	Genetic Contexts of qnrS2
	Genetic Contexts of aac(6′)-Ib-cr
	Genetic Contexts of oqxAB
	Genetic Contexts of qepA
	Study Limitations

	Conclusions
	Acknowledgements 
	References


