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ABSTRACT The complete nucleotide sequences of six IMP-4-encoding plasmids recov-
ered from Enterobacteriaceae isolates of wildlife origin were characterized. Sequencing
data showed that plasmids of different incompatibility groups (IncM, Incl1, IncF, and
nontypeable [including an IncX5_2 and two pPrY2001-like]) carried the bla,,p,-carrying
integrons In809 or In1460. Most of the plasmids carried an mph(A) region, and chrA-like,
aac(3)-lld, and blargy,.,, genes. Finally, plasmid analysis revealed the involvement of two
different 1S26- and Tn1696-associated mechanisms in the mobilization of IMP-4-encoding
integrons.
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cquired carbapenem-hydrolyzing metallo-B-lactamases (MBLs) are resistance determi-

nants in Gram-negative pathogens that are of increasing clinical importance. Of these,
IMP-4 may be the most prevalent carbapenemase in certain regions (1, 2), but globally,
NDM-type MBLs are more frequently reported. In a previous study from our group, a total
of 116 IMP-4-producing Enterobacteriaceae isolates were identified in cloacal samples that
were collected from 80 out of 200 (40%) gull chicks at a nesting colony in New South Wales,
Australia (3). The bla,p., gene was carried by plasmids of variable sizes and by diverse
replicons, including HI2-N (n = 30), HI2 (n = 11), A/C (n = 17), A/C-Y (n = 2), LM (n = 5),
IT (n = 1), and nontypeable (n = 6). However, the complete nucleotide sequences of
bla,\e_4-carrying plasmids, being positive for HI2 or A/C replicons, have been previously
described (4, 5). Therefore, in the present study, we characterized the complete nucleotide
sequences of bla,e_4-carrying plasmids, which were assigned to different incompatibility
(Inc) groups using a PCR-based replicon typing (PBRT) method (6), in order to examine the
nature of the genetic mobile elements involved in the acquisition and spread of bla,,p_, in
Enterobacteriaceae of wildlife origin.

Six bla,yp_4-carrying plasmids representative of different sizes and replicons (Table 1)
were selected for complete sequencing. Five of the bla,s_,-carrying plasmids were
transferred by conjugation from clinical strains, although with different transfer fre-
quencies (Table 1), while the remaining plasmid was transferred by transformation. All
IMP-4-producing recombinants exhibited resistance to cefotaxime and ceftazidime (see
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Table S1 in the supplemental material), while they remained susceptible to piperacillin-
tazobactam and carbapenems. Variations observed in the MICs of piperacillin and
aztreonam might reflect the presence of additional resistance mechanisms in some of
the recombinants. Plasmids were extracted from Escherichia coli transconjugants or
transformants and were sequenced using the Illumina MiSeq platform (lllumina Inc.,
San Diego, CA). Initial paired-end reads were quality trimmed using the Trimmomatic
tool v0.36 (7) with a sliding window size of 4 bp, required average base quality of =17,
and minimum read length of 48 bases. For assembly of the plasmids, reads were
mapped to the reference E. coli strain K-12 substrain MG1655 genome (GenBank
accession no. U00096) using the BWA-MEM algorithm (8), in order to filter out the
chromosomal DNA. All of the unmapped reads were then assembled by use of the de
Bruijn graph-based de novo assembler SPAdes v3.11.0 (9). The sequence gaps were
filled by a PCR-based strategy and Sanger sequencing.

Plasmid pEc42 was also sequenced using MinlON technology, which provides long
reads of single-molecule DNA and enables the closing of the whole plasmid sequence
in repetitive shufflon regions. Library preparations were performed using a SQK-LSK208
ligation sequencing 2D kit according to the manufacturer’s protocol. The library was
loaded onto a flow cell (FLO-MIN106 R9.4 SpotON) and sequenced for 48 h. Base calling
was performed in real time via ONT's Metrichor service (desktop agent v2.43.1 and 2D
basecalling workflow v1.125). After passing Metrichor quality control, MinlON 2D reads
were converted from fast5 to fastq format using the poretools toolkit (10). Short
lllumina reads were trimmed using Trimmomatic (7). MinlON reads yielded 2,937,908,973
bases, with a read count of 442,546 reads (N5, = 14,235 bp). The long reads from MinlON
were used as a scaffold, and along with short lllumina reads they were assembled using
SPAdes hybrid assembly (9). Hybrid assembly produced a unique contig of 112,530 bp,
with a k-mer coverage of 565X.

For sequence analysis and annotation, the BLAST algorithm (www.ncbi.nlm.nih.gov/
BLAST), the ISfinder database (wwwe-is.biotoul.fr/), and the ORF Finder tool (www
.bioinformatics.org/sms/) were utilized. Comparative genome alignments were per-
formed using the Mauve v2.3.1 program (11).

Sequence analysis demonstrated that, in all plasmids (except pPp47), the bla,yp..
gene occurred as the first cassette of the class 1 integron In809, which also included an
array of gacG2, aacA4, and catB3 gene cassettes. Plasmid pPp47 had a new integron,
In1460, whose variable region comprised the blaye.., qacG2, aacA4, and qacG cas-
settes. The variable region of In1460 was interrupted by insertion of a group lic intron,
downstream of the attC site of the aacA4 gene cassette.

Plasmid pEa1631, being an 85,489-bp molecule, is a derivative of the IncM bla,p_,-
carrying plasmid pEl1573 (94% coverage and 100% identity) (see Fig. S1 in the supplemen-
tal material) described from a clinical isolate of Enterobacter cloacae (EI1573) recovered in
Sydney in 2004 (12). Plasmid pEa1631 was composed of a contiguous segment of
60,176 bp (nt 1 to 53,777 and 79,091 to 85,489) sharing extensive similarity with the
backbone of IncM plasmids (12, 13) and a 25,313-bp multidrug resistance (MDR)
sequence (nt 53,778 to 79,090) inserted in the same position as that reported in
pElI1573. Plasmid pEa1631 differed from pEI1573 by the deletion of a 6,920-bp segment,
including the gnrB2 gene, a second copy of an integron 3’ conserved sequence
(3'-CS), 1S5075, and chrA-like (Fig. 1). The deleted segment was occupied by a
4,678-bp sequence (nt 62,349 to 67,026 in pEa1631), which exhibited 99% identity
with a contiguous region described in the chromosomes of Klebsiella pneumoniae
isolates, like K. pneumoniae ATCC 35657 (GenBank accession no. CP015134). A
similar sequence has also been observed in the A/C, plasmids pCf52 and pCf53, which
were characterized from the same collection of IMP-producing Enterobacteriaceae
isolates (5).

Plasmid pEc42 is a 112,530-bp molecule with a sequence closely related to those of the
Incl1 plasmids, like pEC008 (88% coverage and 99% identity) (Fig. S1) from an E. coli strain
EC008 isolate recovered from a chicken (GenBank accession no. KY748190). Analysis by the
pMLST Web tool (14) indicated that pEc42 belonged to sequence type (ST) 136. Plasmid
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FIG 1 Detailed comparison of the MDR regions of the plasmids pEa1631, pEc42, pEc1675, and pEI1573 (12). Arrows show the direction of
transcription of open reading frames (ORFs), while truncated ORFs appear as rectangles (arrows within rectangles indicate the direction of
transcription). Resistance genes, IS elements, and transposases are shown in green, yellow, and red, respectively. bla,,;»_, genes are shown in blue,
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pEc42 included an 88,254-bp Incl1 backbone (nt 1 to 3,928 and 28,205 to 112,530) and
an MDR region of 24,276 bp (nt 3929 to 28204). The MDR region of pEc42, which
exhibited a high similarity score with the respective region of pEl1573 (79% coverage
and 99% identity) (12), carried the class 1 integron In809, gnrB2 and chrA-like genes,
and an mph(A) region, and was bracketed by two 1S26 copies in parallel orientation (Fig.
1). The MDR region of pEc42 was bounded by the two outer ends of Tn7727 and was
inserted in the same position as Tn1727 in pEC008.

The non-self-transferable plasmid pEc1675 is 158,433 bp in size, and sequence analysis
demonstrated that it is an IncF multireplicon molecule. The plasmid showed a complex
structure, being composed of sequences of diverse origin and punctuated by mobile
elements. A 51,871-bp sequence (nt 1 to 16,490, 38,675 to 53,602, 60,765 to 73,068, and
150,732 to 158,433) resembled that of the backbone of plasmid B (GenBank accession no.
CP010244) (Fig. S1), including regions responsible for replication (IncFIB replicon [repA7
gene]) and plasmid maintenance (parB gene). Additionally, pEc1675 included a 28,112-bp
sequence (nt 79,096 to 99,469 and 142,174 to 149,911) sharing common features with
the backbone of the plasmid pABWA45_1 (GenBank accession no. CP022155). This
sequence was composed of the IncFIB(K) (repB gene) and IncFll (repA2 gene) replicons
and the maintenance sopAB and pemIK operons. The 42,704-bp (nt 99,470 to 142,173)
MDR region of pEc1675, which exhibited extensive similarity with the respective region
of pEI1573 (83% coverage and 99% identity) (12), contained the IMP-4-encoding
integron In809, chrA-like, aac(3)-lid and bla gy, ,, genes, and an mph(A) region (Fig. 1).
Furthermore, an 1S26-bounded sequence encoding an SHV-12 extended-spectrum
B-lactamase (ESBL) (15) and an integron similar to In37 from pHSH2, whose variable
region comprised the aacA4, blagy,_,, catB3, and arr-3 cassettes (16), were identified in
the MDR region of pEc1675. Of note, a 213-bp segment of In37, including the 5’ end
of the int/T gene and the attl7 site, was deleted. The 3’ conserved sequence (CS) of In37
was disrupted by a copy of ISCR1, followed by the dfrA19 resistance gene. The MDR
region of pEc1675 was bracketed by intact copies of IST and [S26 elements. No
resistance genes were found in the three remaining acquired sequences, which
carried intact and truncated copies of several mobile elements (IS7 [n = 3], 1S26
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[ 14321

[n = 3],1S702-like, 1S903B, ATn3-like, ATn1000-like, AISKpn26, AISEc25, and AIST) and
a sequence of Alteromonas sp. origin (GenBank accession no. CP018023).

Plasmid pPp47, which was nontypeable by the PBRT method (6), was composed of
two distinct parts: a contiguous plasmid backbone of 71,893 bp (nt 1 to 69,609 and
139,802 to 142,085) and an acquired sequence of 70,192 bp (nt 69,610 to 139,801). The
plasmid backbone, which shared similarities with the respective regions of nontypeable
NDM-1-encoding plasmids recovered from Providencia rettgeri from Canada and Latin
America (17, 18), harbored coding sequences for replication (repB gene), conjugative
transfer (tra genes), and plasmid maintenance (parAG and mazEF operons, and
umuC, ssb, and parB genes) (Fig. S1). The acquired sequence of pPp47 contained
In1460, located in the Tn71696 module (Fig. 2), in precisely the same position as that
of In4 in Tn1696. Interestingly, IMP-encoding In809-like integrons associated with
Tn1696-like transposons were identified in A/C, plasmids characterized from Enter-
obacteriaceae isolates from the same collection (5). In addition to an mph(A) region
and chrA-like and aac(3)-1ld genes, the acquired sequence of pPp47 contained parts
of transposons Tn5563« with a mercury resistance operon (mer) (19), Tn10 including
genes for tetracycline resistance (tet genes) (20), and Tn4352-like with the kanamy-
cin resistance gene aphA1. Additionally, a 28,513-bp segment (nt 90,295 to 118,807)
was inserted into a copy of an ISCfr1 element. This segment, which was flanked by
28-bp inverted repeats (IR), harbored coding sequences for putative transposases,
alcohol dehydrogenases, and proteins with unknown functions. Parts of this segment
have been previously found in the chromosome | of Vibrio anguillarum strain VIB43
(GenBank accession no. CP023054) and in the pPrY2001-like CTX-M-131-encoding
plasmid pC131 (GenBank accession no. KX774387) from P. rettgeri strain 30905. Target
site duplications of 5 bp (CCTAG) at the boundaries of the latter segment indicated
insertion by transposition.

The nontypeable plasmid pPm60 is a 113,297-bp molecule that is a derivative of
pPrY2001-like plasmids (17, 18). pPm60 was composed of a pPrY2001-like backbone of
68,194 bp (nt 1 to 56,349, 80,589 to 90,149, and 111,014 to 113,297) and two acquired
sequences (Fig. S1). The IMP-4-encoding acquired sequence (nt 90,150 to 111,013) was
inserted in exactly the same position as that in pPp47. This sequence contained In809,
with the IRi of the integron located between resl and resll sites of the Tn1696 module
(Fig. 2). However, a Tn6260-like transposon carrying a Inu(G) gene for resistance to
lincomycin was inserted into tnpA gene of the Tn7696 module. Tn6260 was originally
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described in a swine Enterococcus faecalis isolate from China (21). Downstream from the
3’-CS of In809, a part of Tn10 with tet genes (20) was found. The second acquired
sequence (nt 56,350 to 80,588) of pPm60 carried the class 2 integron In2-18, whose
variable region comprised the dfrA1, sat2, aadAla, and gacH2 cassettes (GenBank
accession no. HQ386833). Furthermore, the latter sequence included the Tn4352-like
composite transposon, with aphAT bounded by two 1S26 elements in parallel orienta-
tion, and aac(3)-lld and sul3 genes.

Finally, plasmid pEc1677, which was nontypeable by the PBRT method, (6) was a
69,785-bp molecule. pEc1677 comprised two distinct parts: a contiguous plasmid
backbone of 33,685 bp (nt 1 to 29,590 and 65,691 to 69,785), sharing extensive
similarity (100% coverage and 99% identity) with the respective region of plasmid
pCAV1043-58 (GenBank accession no. CP011588) (Fig. S1), and an acquired sequence of
36,100 bp (nt 29,591 to 65,690) carrying In809. The plasmid backbone was composed
of regions responsible for replication (repB gene), conjugative transfer (pilX7-11 genes)
and plasmid maintenance (parB, topB, ardR, taxA, taxB, and taxC genes) (Fig. S1). The
transfer region of pEc1677 possessed extensive structural as well as sequence similarity
(94%) with the transfer region of the IncX5 plasmid pBK31567 (22). Additionally, the
taxC gene of pEc1677 exhibited 95% similarity with that of pBK31567 (22, 23). There-
fore, pEc1677 was designated IncX5_2. However, pEc1677 had a repB gene showing
limited similarity (59% coverage and 69% identity) to the respective gene of the
aforementioned plasmid. In the acquired region of pEc1677, an mph(A) region and
aac(3)-lld gene were identified (Fig. 2) downstream from the 5’-CS of In809. The 3’-CS
of In809 was disrupted by a Tn6377-like module (24) composed of a 702-bp sequence
that included a gene encoding a DNA invertase and the 38-bp inverted repeat (IR) of
the transposon, which was interrupted by 1S4327. Next to the Tn6377-like module, a
19,206-bp segment (nt 45,666 to 64,870) harboring coding sequences for an alcohol
dehydrogenase and ABC transporters was found. The Tné6377-like fragment and
19,206-bp segment have been previously found in A/C, plasmids pEc9 and pEc19 from
the same collection of IMP-4-producing Enterobacteriaceae isolates (5). Of note, part of
the pEc1677 acquired region, including the IMP-4-encoding integron In809, was brack-
eted by two copies of 1S26, thus forming a composite transposon that could be
implicated in the mobilization of this region.

In conclusion, the present study reported the complete nucleotide sequences of six
different plasmids recovered from wildlife, carrying the IMP-4-encoding integrons In809
and In1460. Even though common characteristics [chrA-like, aac(3)-lld and bla;gy,.,,, 9eNES,
and an mph(A) region] were observed in the MDR regions of the characterized plasmids,
unique features (like the SHV-12-encoding region in pEc1675, segments of Vibrio origin in
pPp47, and Tn6260 and In2-18 in pPm60) were found in most of the plasmid sequences,
underscoring the high plasticity of MDR regions. Of note, plasmid analysis revealed the
involvement of two different mechanisms in the mobilization of IMP-4-encoding integrons,
namely, (i) in plasmids pEa1631, pEc42, pEc1675, and pEc1677, the In809-carrying MDR
regions were bracketed by intact copies of IS26 or other insertion elements, while (i) in the
pPrY2001-like plasmids pPp47 and pPm60, the In809 and In1460 integrons were located in
the Tn7696 module. Association of In809-like integrons with the Tn1696 module has been
previously demonstrated in A/C, plasmids from Enterobacteriaceae of wildlife origin (5).
These findings underscored the significant role of mobile elements in the reshuffling of
enterobacterial plasmids and mobilization of large MDR segments.

Accession number(s). The nucleotide sequences of the plasmids pEa1631, pEc42,
pEc1675, pEc1677, pPm60, and pPp47 have been deposited in GenBank under the
accession numbers MG516907, MG516908, MG516909, MG516910, MG516911, and
MG516912, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02434-17.

SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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