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IS26 drives the dissemination of blacty.m genes in an
Ecuadorian community

Liseth Salinas,' Paul Cardenas,’ Jay P. Graham,” Gabriel Trueba’
AUTHOR AFFILIATIONS See affiliation list on p. 13.

ABSTRACT The rapid dissemination of extended-spectrum B-lactamase (ESBL)-produc-
ing Enterobacterales, mainly Escherichia coli carrying blactx-m genes, is a major public
health concern due to its successful spread in hospital settings as well as among
humans and animals in the community. We characterized ESBL-producing E. coli isolates
from children and domestic animals in semirural communities of Ecuador to assess the
contribution of horizontal gene transfer of the blactx.m genes among E. coli isolates.
From 20 selected E. coli isolates (from children and domestic animals) harboring blactx-m
allelic variants, we identified 16 plasmids carrying blactx-m-s5 (1 = 9), blactx-m-65 (n
= 5), and blactx-m-27 (n = 2), as well as four chromosomes carrying blactx-m-65- The
backbone structure of plasmids, including replication, maintenance, and plasmid transfer
genes, and the synteny was conserved in all plasmids carrying the same blactx-m allelic
variant. In all plasmids and chromosomes, the blactx.m genes were bracketed by two
IS26 transposable elements. This study highlights the critical role of the IS26 transposable
element for the current mobility of blactx., genes among plasmids or from plasmids to
chromosomes, suggesting that 1S26-blactx-m brackets could be used to study blacTx-m
transmission between humans, domestic animals, and the environment.

IMPORTANCE The horizontal gene transfer events are the major contributors to the
current spread of CTX-M-encoding genes, the most common extended-spectrum
B-lactamase (ESBL), and many clinically crucial antimicrobial resistance (AMR) genes.
This study presents evidence of the critical role of IS26 transposable element for the
mobility of blactx-m gene among Escherichia coli isolates from children and domestic
animals in the community. We suggest that the nucleotide sequences of 1S26-blacty-m
could be used to study blacTyx-m transmission between humans, domestic animals, and
the environment, because understanding of the dissemination patterns of AMR genes
is critical to implement effective measures to slow down the dissemination of these
clinically important genes.

KEYWORDS  Escherichia coli, blactx-m, 1526, horizontal gene transfer, antimicrobial
resistance Editor Hui Wang, Peking University People's Hospital,
Beijing, China
he global spread of antimicrobial resistance (AMR) genes is a major threat that s asissendaesto Ui SHies,
affects human health (1). Of particular concern is the dramatic dissemination of Isalinast1@usfg.edu.ec.
extended-spectrum B-lactamase (ESBL)-producing Enterobacterales, with Escherichia coli
carrying CTX-M enzyme being the most common (2, 3). Strains carrying ESBLs are
resistant to third- or later-generation cephalosporins (4), antimicrobials used in hospitals
for patients suffering from life-threatening infections (5). Received 15 June 2023
The origin of CTX-M-encoding genes has been traced to the chromosomes of several ~ Accepted 6 November 2023
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species of Kluyvera genus (6-8) from which these blactx-m genes have disseminated
to other Gammaproteobacteria; it was detected for the first time in E. coli in 1991 (9).  Copyright © 2023 Salinas et al. This is an open-access
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five groups (CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9, and CTX-M-25) based on their amino
acid sequences (10, 11). In recent years, CTX-M has been the most common ESBL (2,
3) found in a large number of clinically significant bacteria (12-15), and bacteria from
human communities (16, 17) and domestic animals (13, 18).

The rapid dissemination of blactx.\ genes deserves close attention. In a previous
study, we found 16 E. coli clonal groups (72 E. coli isolates involved, of which 95%
carried blactx-pm genes) associated with either humans or domestic animals in semirural
communities in Ecuador, of which 21 E. coli strain pairs (14%) showed evidence of recent
transmission between domestic animals and humans (18). In this study, we assessed
the contribution of horizontal gene transfer of the blactx.m genes among E. coli from
humans and domestic animals in these communities.

RESULTS

From the 20 selected blactx.m allelic variant carrier E. coli isolates, we identified 16
plasmids carrying blacTy-pm-55 (CTX-M-1 group; n = 9), blactx-m-e5 (CTX-M-9 group; n =5),
and blacTy-pm-27 (CTX-M-9 group; n = 2) and four chromosomes carrying blactx-m-65-

Conjugation experiments

Conjugative assays revealed that all 16 blacty. allelic variants carried by plasmids were
successfully transferable to the recipient E. coli TOP10 strain. All transconjugants showed
the ESBL phenotype and were resistant to ampicillin (AM; 10 ug), cefazolin (CZ; 30 pg),
and cefotaxime (CTX; 30 pg), but susceptible to amoxicillin-clavulanate (AMC; 20 per
10 ug), ciprofloxacin (CIP; 5 ug), imipenem (IPM; 10 pg), tetracycline (TE; 30 ug), and
trimethoprim-sulfamethoxazole (SXT; 1.25 per 23.75 ug) (Table S1). Consistent with the
sequencing results, four blacty-\ gene variant carrier E. coli isolates could not produce
transconjugants because blacty-p genes were identified on their chromosomes.

Plasmid sequence analysis

The origins, sizes, and replicons of plasmids are summarized in Table 1. The backbone
structure of plasmids (i.e., replication, maintenance, and plasmid transfer genes) and
the synteny were conserved in all plasmids carrying the same blactx-m allelic variant
(Fig. 1 to 3). Plasmids carrying blactx-m-65, bldctx-m-55, o blactx-m-27, however, formed
distinct clusters (Fig. S1). A BLASTn analysis of one plasmid representative of each of
our blacty-m-55 clusters (four in total) revealed high identity (99.28%-99.86%) and high
query coverage (68%-100%) with three plasmids in two E. coli strains (MG197492.1,
source: pig, isolation year: 2014; and MG197502.1, source: human, isolation year: 2013)
and a Klebsiella pneumoniae strain (CP076034.1, source: human, isolation year: 2022),
all from China (Fig. S2). The two plasmids carrying blactx-m-65 (one from each cluster)
showed high identity (99.81%) and query coverage (90%-100%) with two plasmids in an
E. coli strain (CP047572.1, source: human, isolation year: 2019) and a Salmonella enterica
strain (CP074344.1, source: human, isolation year: 2010) isolated in Singapore and Peru,
respectively (Fig. S3). In all cases, the plasmids from GenBank carried the same blactx-m
allelic variant as the plasmids from Ecuador.

Genetic environment of blacty.m genes

In all the plasmids, the blactx-m-55 gene was bracketed by two 1S26 transposable
elements and located 127 bp downstream of a fragment of ISECpT insertion sequence
(243 bp; 14.7% coverage) truncated by 1526, and 46 bp upstream of the wbuC gene,
which codes a cupin fold metalloprotein. Downstream of the wbuC gene, the TnA and
blatgp genes were found, and both were truncated by 1S26 (Fig. 4). This structure was the
same (99% identity) for all nine blacTtx-m-55-carrying plasmids (Fig. 4). We use the term
IS26-blacTx-m bracket to indicate the nucleotide sequence containing the blacty.v gene
that is flanked by two 1S26s. In the plasmid from one isolate (ID: 2018082847.3), the 1S26-
blactx-m bracket, containing blactx-.m-s5 and identical genes, was in the opposite
direction, indicating inversion caused most probably by recombination or transposition
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TABLE 1 Length, plasmid types, and origin of plasmids and chromosomes carrying blactx.m genes

Microbiology Spectrum

Sequence ID Origin of E. coli isolate Allelic variant blactx-m  Size (bp) Plasmid type

p201809183.4 Child blacTx-m-55 70,218 IncFll(pHN7A8)

p2018091176.5 Chicken blactx-m-55 71,234 IncFlI(pHN7AS8) - IncFlI(p96A)

p201809183.3 Child blactx-m-55 71,428 IncFlI(pHN7AS8) - IncFlI(p96A)

p2018081440.2 Chicken blactx-m-55 94,949 IncFII(pHN7AS) - IncFlI(p96A) - ColE10 - “IncN

p2018081445.5 Dog blactx-m-55 96,300 IncFlI(pHN7AS8) - ‘IneN

p2018082847.3 Dog blactx-m-55 97,825 IncFII(pHN7AS) - IncFlI(p96A) - ColE10 - “IncN

p201809181.3 Child blactx-m-55 99,774 IncFII(pHN7AS) - IncFlI(p96A) - ColE10 - “IncN

p2018081457.3 Chicken blactx-m-55 100,093 IncFlI(p96A) - IncFIC(FII) - ColE10 - IncN

p2018092531.2 Dog blactx-m-55 114,357 IncFlI(pHN7A8) - IncFlI(p96A) - IncX1 - IncX9 - ColE10 -
IncN

p2018091166.4 Chicken blactx-m-65 104,865 Incly - IncFlI(pECLA)

p2018081441.5 Dog blactx-m-65 105,924 Incl1 - IncFlI(pECLA)

p2018092511.2 Child blactx-m-65 117,806 Incly - IncFIl(pECLA

p2018091864.1 Dog blactx-m-65 126,144 Incly - IncFIl(pECLA

p2018091135.3 Dog blactx-m-65 127,219 Incly - IncFIl(pECLA

20180814454 Dog blacTx-m-65 4,468,621 -

2018102322.3 Chicken blacTx-m-65 5,174,885 -

201810092.3 Child blacTx-m-65 5,195,143 -

2018081453.2 Chicken blacTx-m-65 5,211,469 -

p2018090418.2  Child blactx-m-27 121,366 IncFIB(AP001918) — IncFlI

p2018090458.2  Dog blactx-m-27 121,132 IncFIB(AP001918) — IncFlI

“Two copies of this plasmid type are carried by the plasmid.

of both 1S26s (Fig. 1). The nine blactx-m-65 gene variants were detected in five plasmids
and four chromosomes. Similar to the case of blactx-m-55 the blactx-m-65 gene in all
cases was bracketed by two 1S26s (Fig. 5): in three plasmids (from 2018091135.3,
2018091864.1, and 2018081441.5 isolates) and one chromosome (from 2018102322.3
isolate), 1S26-blactx-m brackets contained the same genes: fipA gene encoding a conjugal
transfer inhibition protein, a hypothetical gene, ISEcpT fragment, blactx-m-65 gene, 1S702
insertion sequence, a gene encoding a TonB-dependent receptor, and a gene encoding
PAS domain-containing protein; in the two chromosomes (from 2018081453.2 and
201810092.3 isolates), the 1S26-blactx-m bracket contained fewer of the same genes in
the same order: fipA gene encoding a conjugal transfer inhibition protein, the hypotheti-
cal gene, ISEcpT fragment, and blactx-m-e5 gene. Although the 1S26-blacty.m bracket
contained the same genes in the same order, some of the genes were located at different
distances from each other: 1S26 - fipA gene (44 bp: 2018081453.2, 201810092.3,
p2018102322.3, p2018091864.1, and p2018081441.5; 43 bp: p2018091135.3), fipA gene —
hypothetical gene (64 bp: 2018081453.2, 201810092.3, p2018091135.3, and
p2018091864.1; 63 bp: p2018102322.3 and p2018081441.5), gene encoding a TonB-
dependent receptor - gene encoding PAS domain-containing protein (67 bp:
p2018091135.3 and p2018081441.5; 68 bp: p2018091864.1; 24 bp: p2018102322.3), gene
encoding PAS domain-containing protein - 1S26 (14 bp: p2018091135.3, p2018091864.1
and p2018081441.5; 57 bp: p2018102322.3).

I1S26-blactx-m bracket similarity search

The 1S26-blacty-m-55 bracket from p2018081440.2 showed similarity with sequences
from six different species in the GenBank: E. coli (n = 69), K. pneumoniae (n = 12), S.
enterica (n = 10), Salmonella sp. (n = 5), Escherichia albertii (n = 2), Acinetobacter bauman-
nii (n = 1), and Citrobacter freundii (n = 1), with a query coverage of 100% and identities
ranging from 99.84% to 99.91%. The 1S26-blactx-m-65 bracket from p2018091135.3
showed similarity with sequences from four different species: S. enterica (n = 46), Proteus
mirabilis (n = 26), E. coli (n = 24), and K. pneumoniae (n = 3), with a query coverage
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FIG 1 Comparison of nine plasmids carrying blactx-m-s5 gene variant of extended-spectrum B-lactamase-producing Escherichia coli isolates from children,
chickens, and dogs. Labels show the plasmid ID assigned based on the host ID followed by its isolate number and length of the plasmid carrying the blactx-m-55
allelic variant. The origin of the isolate harboring the plasmid is shown by a figure in black (child, chicken, and dog). Each plasmid is represented by linear
visualization, and coding sequences (CDSs) are represented by arrows. The direction of the arrow indicates the transcription direction of each CDS. CDSs
are colored based on their functions. Blue and red shading areas between plasmids indicate the similarity of regions in the same and inverted directions,
respectively, according to BLASTn. The percentage of sequence similarity is shown according to a color gradient.

between 95% and 100% and identities between 96.33% and 99.67%. Whereas the 1S26-
blactx-m-e5 bracket from p201810092.3 showed similarities with sequences from eight
different species: E. coli (n = 46), P. mirabilis (n = 24), S. enterica (n = 21), K. pneumoniae (n
= 3), Kluyvera intermedia (n = 2), Enterobacter hormaechei (n = 1), Escherichia fergusonii (n
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FIG 2 Comparison of four chromosome fragments (100,000 pb) and five plasmids carrying blactx-m-¢5 gene variant of extended-spectrum B-lactamase-produc-
ing Escherichia coli isolates from children, chickens, and dogs. Labels show the plasmid and chromosome ID assigned based on the host ID followed by its isolate
number and length of chromosome* and plasmid carrying blactx-m-65 allelic variant. The origin of the isolate harboring the plasmid is shown by a figure in black
(child, chicken, and dog). Each chromosome fragment or plasmid is represented by linear visualization, and coding sequences (CDSs) are represented by arrows.
The direction of the arrow indicates the transcription direction of each CDS. CDSs are colored based on their functions. Blue and red shading areas between
sequences indicate the similarity of regions in the same and inverted directions, respectively, according to BLASTn. The percentage of sequence similarity is
indicated according to a color gradient.

= 1), and Klebsiella aerogenes (n = 1), with a query coverage between 56% and 100% and
identities between 99.76% and 99.95%.
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FIG 3 Comparison of two plasmids carrying blacTx-m-27 gene variant of extended-spectrum B-lactamase-producing Escherichia coli isolates that were part of a
clonal relationship with 0 SNPs in their core genomes. Labels show the plasmid ID assigned based on the host ID followed by its isolate number and length of
the plasmid carrying the blacty-m-27 allelic variant. The origin of the isolate harboring the plasmid is shown by a figure in black (child and dog). Each plasmid
is represented by linear visualization and coding sequences (CDSs) represented by arrows. The direction of the arrow indicates the transcription direction of
each CDS. CDSs are colored based on their functions. Blue and red shading areas between plasmids indicate the similarity of regions in the same and inverted

directions, respectively, according to BLASTn. The percentage of sequence similarity is indicated according to a color gradient.

To assess the single-nucleotide polymorphisms (SNPs) in the 1S26-blactx-m brackets,
we carried out pairwise SNP analysis between the three brackets with the sequences
showing the highest similarity in BLASTn analyses. For 1S26-blacty-m-55 bracket from
p2018081440.2, we identified 88 (88%) that presented 2 SNPs and 12 (12%) showing 3
SNPs. For the 1S26-blactyx-m-¢5 bracket from p2018091135.3, the pairwise SNPs analysis
showed 34 (34.34%), 56 (56.57%), 7 (7.07%), and 2 (2.02%) sequences with 1, 2, 3, and 4
SNPs, respectively. Interestingly, 1 (1.01%) and 98 (98.99%) of the 99 match sequences in
the 1S26-blacTx-m-65 bracket from p201810092.3 showed 1 and 0 SNPs, respectively.

Phylogenetic analysis of plasmids and 1S26-blacty.p brackets

To explore the possibility of 1S26-blacty bracket mobilization among different
plasmids, we compared the topology of the maximum likelihood phylogenetic trees of
the plasmids and the 1S26-blactx-p brackets carrying either blacty-pm-e5 or blactx-m-55-
Even though some plasmid clustering was concordant with 1S26-blacty-p brackets (e.g.,
plasmids p2018091166.4 and p2018081441.5 show a common ancestor and
p2018082847.3 and p201809181.3 also share a common ancestor), there were many
cases where the clustering of plasmids and 1S26-blacty-m brackets were discordant (e.g.,
plasmids p2018092531.2 and p2018081440.2 share a recent common ancestor while
their 1S26-blactx-m brackets share a recent ancestor with 1S26-blacty.m brackets from
other plasmids, p2018092531.2 with p201809181.3, and p2018081440.2 with
2018091176.5) (Fig. 6 and 7). These results suggest that many plasmids have not co-
evolved for some time with their respective 1S26-blactx-m brackets.

Plasmid evolutionary rate

To determine the rate of plasmid (carrying blactx-m genes) evolution, we took advantage
of four clonal E. coli strains (2018090418.2 and 2018090458.2: 0 SNPs; 2018091135.3 and
2018081441.5: 90 SNPs) isolated during the same period in the same community (18).
This plasmid comparison showed a highly conserved structure with an extremely high
nucleotide identity (28 SNPs). There were no plasmid rearrangements, gene insertions, or
deletions for plasmids from E. coli strains with 0 SNPs in their core genomes. The regions
with lower similarity (69%) corresponded to duplicated sequences of hypothetical genes
and intergenic spaces. The plasmid sizes were 121,366 bp and 121,132 bp for plasmids
p2018090418.2 and p2018090458.2, respectively (Fig. 3; Table S2). 1S26 also bracketed
the two blactx-m-27 genes, and this region presented 100% identity. The two plasmids
carrying blactx-m-g5 from E. coli strains with 90 SNPs in their core genomes also showed a
conserved structure with high nucleotide identity (209 SNPs). There were no rearrange-
ments found; however, gene insertion and deletion regions were identified. The lower
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FIG 4 Comparison of nine 1S26-blactx-m-55 brackets of extended-spectrum B-lactamase-producing Escherichia coli isolates from children, chickens, and dogs.
Labels show plasmid ID (harboring the 1S26-blactx-m bracket) assigned based on the host ID followed by its isolate number and length of the 1S26-blacty-m-55
bracket. The origin of the isolate harboring the plasmid is shown by a figure in black (child, chicken, and dog). Each 1S26-blactx-m-55 bracket is represented by
linear visualization, and coding sequences (CDSs) are represented by arrows. The direction of the arrow indicates the transcription direction of each CDS. CDSs
are colored based on their functions. Blue shading areas between plasmids indicate the similarity of regions in the same direction according to BLASTn. The
percentage of sequence similarity is indicated according to a color gradient.

similarity (71%) corresponded to duplicated sequences of 1S26 and intergenic spaces.
The plasmid sizes were 127,219 bp and 105924 bp from 2018091135.3 and 2018081441.5
isolates, respectively (Fig. 2; Table S2).

To further strengthen the results of this analysis, we determined the number of SNPs
and length differences between plasmids sequenced in duplicate, as well as the
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FIG 5 Comparison of nine 1S26-blactx-m-e5 brackets of extended-spectrum B-lactamase-producing Escherichia coli isolates from children, chickens, and dogs.
Labels show the plasmid or chromosome ID (harboring the 1S26-blactx.m bracket) assigned based on the host ID followed by its isolate number and length
of the 1S26-blactx-m-¢5 bracket. The origin of the isolate harboring the plasmid or chromosome is shown by a figure in black (child, chicken, and dog). Each
1S26-blactx-m-65 bracket is represented by linear visualization, and coding sequences (CDSs) are represented by arrows. The direction of the arrow indicates the
transcription direction of each CDS. CDSs are colored based on their functions. Blue shading areas between plasmids indicate the similarity of regions in the
same direction according to BLASTn. The percentage of sequence similarity is indicated according to a color gradient.

thresholds to define variations due to inherent variations of sequencing and bioinformat-
ics analyses. The mean SNP difference was 0.06%, and the mean length difference was
0.10% (Table S2).

January 2024 Volume 12 Issue 1 10.1128/spectrum.02504-23 8


https://doi.org/10.1128/spectrum.02504-23

Research Article Microbiology Spectrum

Tree scale: 0.01 ———— Tree scale: 0.0001 —

p2018092511.2
p2018091864.1

p2018091135.3-bracket

p2018092511.2-bracket
p2018091166.4-bracket

p2018091135.3
p2018091166.4

100 ;12018081441.5-!1!D
g7 P20180814415 \ 52013091964.1-bracket

FIG 6 Comparative phylogenetic analysis of complete sequences of plasmids carrying blactx-m-g5 allelic variant with their harbored 1S26-blactx-m bracket. The

evolutionary history was inferred using maximum-likelihood phylogenetics with a general time reversible tree built using the genetic distance. The phylogenetic
tree on the left was based on complete sequences of plasmids, whereas the tree on the right was based on 1S26-blactx-\ sequences. Labels show the isolate ID
assigned based on the host ID followed by its isolate number. The origin of the isolate harboring the plasmid is indicated by font colors (child: blue; dog: orange;
chicken: green). Colored arrows relate the plasmid to its corresponding 1S26-blactx-m bracket. Bootstrap values (>80) based on 100 replications are shown at the
tree nodes.

MATERIALS AND METHODS
ESBL-producing E. coli whole genomes

In a previous study that aimed to study the transmission of cephalosporin-resistant E.
coli between domestic animals and humans, we analyzed E. coli strains that showed
high chromosomal similarity (18). To study horizontal gene transfer, we selected 125
ESBL-producing E. coli (from domestic animals and humans) carrying the most common
blactx-m allelic variants identified in these communities (18). We used the ResFinder
database (19), with 90% minimum match and 60% minimum length (18). Sixty-nine
carried the blacty-m-55 allelic variant (children = 22, dogs = 20, chickens = 27) and 56
carried the blacty-m-g5 allelic variant (children = 7, dogs = 34, chickens = 15).

Characterization of blacty. carrier contigs

Mobile genetic elements of 125 blacTtx-pm gene variant carrier contigs were identified
using the command-line version of MobileElementFinder 1.0.3 (20) with 80% minimum
match and 10% minimum length. Then, blactx-m-55 and blactx-m-e5 allelic variant carrier
contigs were separately aligned in Unipro UGENE (21) to establish them into groups
based on the similarity of their nucleotide sequences. The blactyx-m-55 gene carrier
contigs were classified into six groups, whereas the blactx-m-g5 gene carrier contigs
were classified into eight groups. From the established groups in which there were
contigs from ESBL-producing E. coli whole genomes isolated from more than one species,
we randomly selected one isolate from each species for further analyses. Additionally,
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FIG 7 Comparative phylogenetic analysis of complete sequences of plasmids carrying blactx-m-ss5 allelic variant with their harbored 1S26-blactx-m bracket. The
evolutionary history was inferred using maximum-likelihood phylogenetics with a general time reversible tree built using the genetic distance. The phylogenetic
tree on the left was based on complete sequences of plasmids, whereas the tree on the right was based on 1S26-blacty-\m sequences. Labels show the isolate ID
assigned based on the host ID followed by its isolate number. The origin of the isolate harboring the plasmid is indicated by font colors (child: blue; dog: orange;
chicken: green). Colored arrows relate the plasmid to its corresponding 1S26-blactx-m bracket. Bootstrap values (>80) based on 100 replications are shown at the
tree nodes.
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to determine the rate of plasmid (carrying blactx.m genes) evolution, we chose four
contigs of four different ESBL-producing E. coli whole genomes: two with 0 SNPs in their
core genomes (carrying blactx-m-27 allelic variant) and two with 90 SNPs in their core
genomes (carrying blactx-m-g5 allelic variant) (18).

DNA extraction of blactx.m gene carrier plasmids

Each of the 20 selected blacty-m allelic variant carrier E. coli isolates was reactivated on
MacConkey Lactose agar (Difco) supplemented with ceftriaxone (2 mg/L) overnight at
37°C, after which one colony was selected and inoculated into 2 mL of Lysogeny Broth
(LB) supplemented with ceftriaxone (2 mg/L) with shaking at 250 rpm at 37°C for 9 h.
Then, 3 mL of fresh LB media with antibiotic were added to the culture at 37°C for 12-
16 h while shaking at 250 rpm. Plasmid extraction from the 20 isolates was performed
in duplicate using Pure Yield Plasmid Miniprep System (Promega) according to the
protocol provided by the manufacturer. Duplicates were placed into a single microtube
before being freeze-dried and resuspended in nuclease-free water to achieve a minimum
plasmid DNA concentration of 53 ng/pL. Extracted plasmid DNA concentrations were
measured using a Qubit 1x dsDNA High Sensitivity assay kit and a Qubit 4.0 fluorometer
(Thermo Fisher Scientific).

Genomic DNA extraction

For the four isolates whose sequences could not be circularized or in which the blactx-m
allelic variant could not be identified after sequencing and assembly, genomic DNA
extraction was performed using 12-16 h cultures obtained as mentioned above, using
DNeasy Blood & Tissue kit (Qiagen). DNA was eluted in nuclease-free water, and a
minimum DNA concentration of 53 ng/pL was obtained, measured using a Qubit 1X
dsDNA High Sensitivity assay kit and a Qubit 4.0 fluorometer (Thermo Fisher Scientific).

Conjugation experiments

Conjugation assays were performed to evaluate the conjugative capacity of blactyx-m
carrier plasmids. The 20 selected blacty-m allelic variant carrier E. coli isolates were
used as donors and E. coli TOP10 (Invitrogen) resistant to rifampin as the recipient (22).
Prior to conjugation experiments, the phenotypic AMR profile of each donor strain was
confirmed against the same 12 antimicrobials used in our previous study (18) using
the disk diffusion method according to the Clinical and Laboratory Standards Institute
guidelines (23). Among the 12 antimicrobials, we used ceftazidime (CAZ; 30 pg), CTX
(30 pg), cefepime (FEP; 30 ug), and AMC (20 per 10 ug), with which we carried out the
double-disk synergy test (24). Phenotypic expression of ESBL was evaluated by placing a
disk of AMC surrounded by disks of CAZ, CTX, and FEP (30 mm apart, center to center).
An extension of the edge of the CAZ, CTX, or FEP inhibition zone toward AMC disk
as a keyhole effect was interpreted as positive for the ESBL phenotype (24, 25). For
each conjugation experiment, the donor and recipient strains were grown in LB at 37°C
for 18 h, and the strains in the logarithmic growth phase were mixed and incubated
at 37°C for 18 h. Transconjugants were selected by the spread plate method onto LB
agar-containing ceftriaxone (2 mg/L) and rifampin (100 pg/mL) as previously described
(22). The phenotypic expression of ESBL by DDST and antimicrobial phenotypic profile by
disk diffusion of transconjugants were evaluated to determine the acquired AMR.

MinION library preparation and sequencing

According to the manufacturer’s instructions, library preparation was performed using
the Rapid Barcoding Sequencing Kit (SQK-RBK004) (Oxford Nanopore Technologies). The
constructed libraries were loaded into R9.4.1 (FLO-MIN106D) flow cells and sequenced
on a MinlON Mk1B sequencing device for approximately 24 h using the MinKNOW
software 22.03.5 (Oxford Nanopore Technologies). We sequenced a random selection
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of three plasmid DNA samples twice, obtained from the same bacterial cultures, to
determine the intrinsic variations of sequencing and bioinformatic analyses. Basecall-
ing was carried out with Guppy 6.0.6 (https://community.nanoporetech.com) in a fast
basecalling model. Raw data were demultiplexed, and adapters and barcodes were
trimmed using Porechop 0.2.4 with default parameters (26). Then, raw reads were filtered
with Filtlong 0.2.1 using a minimum read length threshold of 1 kbp and keeping 95% of
the best reads (measured by bases). Filtered reads metrics were assessed using NanoPlot
1.40.0 (27).

Assembly of plasmids and chromosomes carrying blactx-m gene

De novo assembly of complete plasmids and chromosomes with filtered reads was
carried out using Flye assembler 2.8.1-b1676 (28). Different assembly parameters were
evaluated to optimize the assembly of the circular sequences of interest, due to the
unknown plasmid size and possible contamination with chromosomal DNA in the
plasmid DNA samples. The genome-size option was set at 0.1, 1, 2, 3, 4, and 5 m each,
with the asm-coverage option set at 10, 15, 20, 30, 40, and 50, with all combinations.
The plasmids option was specified to allow recovery of unassembled short plasmids.
Additionally, the meta-assembly option (29) was also assessed.

blactx-m gene variant carrier plasmid and chromosome annotation

AMR genes and plasmid types were identified with the Resfinder (19) and PlasmidFinder
(30) databases, respectively, using ABRicate tool 1.0.1 (31) in all plasmids and chromo-
somes circularized. Each blactym gene variant carrier plasmid and chromosome was
rotated with the task fixstart of Circlator tool 1.5.5 (32) and a fasta file with 7171 ancestral
sequences of the most common replication initiators (33) to fix the start position of
each plasmid and chromosome. As plasmids usually have more than one replication
initiator, they were aligned with MAFFT algorithm and manually modified to establish
the same replication origin in cases where possible in Unipro UGENE 40.1 (21). For
the plasmid sequences of the DNA samples sequenced twice, we used Unipro UGENE
to align them and obtain the consensus sequences using the Levitsky algorithm. The
number of SNPs between plasmids sequenced twice and between plasmids from clonal
E. coli strains was determined using Snippy 4.6.0 (34). Each blactx-m gene variant carrier
plasmid and chromosome was annotated with the National Center for Biotechnology
Information (NCBI) Prokaryotic Genome Annotation Pipeline (PGAP) (35). The output
GenBank file was manually curated using data obtained from different annotation tools.
Mobile genetic elements were identified using the command line version of MobileEle-
mentFinder 1.0.3 (20), and AMR genes and plasmid types were again predicted after
rotation of sequences with the Resfinder and PlasmidFinder databases, respectively.
The genomic structure comparison among plasmids and chromosomes and among
IS26-blactx-m brackets was performed according to BLASTn using Easyfig 2.2.2 (36).

Similarity of 1S26-blacty.m brackets

The 1S26-blacty-p bracket sequences similarity search was carried out with the 1S26-
blactx-m-55 bracket (from p2018081440.2), and with the two most common 1S26-blactx-
M-65 brackets identified (from p2018091135.3 and p201810092.3, respectively), using
BLASTn without inclusion or exclusion parameters. All 100 match sequences for each
of the three 1S26-blacty\m brackets, excluding synthetic constructs, were selected. We
used Unipro UGENE 40.1 to convert sequences to their reverse complement as neces-
sary to ensure that all selected sequences are in the same orientation with respect to
the 1S26-blacty-p brackets. Then, the number of SNPs between each of the selected
sequences and their respective 1S26-blacty.\ brackets was determined using Snippy
4.6.0.
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Phylogenetic analyses

To investigate the possibility of 1S26-blactyx.m bracket mobilization among different
plasmids, we constructed maximum likelihood phylogenetic trees of the plasmids and
the 1S26-blacty-m brackets carrying blacTyx-pm-65 or blactx-m-55. Due to inverted sequen-
ces in plasmids that concealed their phylogenetic relationships, we identified inverted
DNA sequences using Easyfig 2.2.2 (36), and we manually placed these sequences in the
same direction using Unipro UGENE 40.1 (21) before phylogenetic tree construction. We
also carried out BLASTn analyses of one representative plasmid of each phylogenetic tree
cluster obtained to identify the best match plasmids. Additionally, BLASTn analyses of
IS26-blactx-m-55 bracket, and the most common 1S26-blactx-m-65 bracket identified, were
performed to establish the best match plasmid harbored by Kluyvera spp. Then, from the
Kluyvera plasmid sequence more similar to the 1S26-blactx-m-65 bracket, we carried out
a new BLASTn comparison to select the four best match plasmid sequences to include
them in a phylogenetic tree based on all of our plasmids carrying either blactx-m-65,
blactx-m-55, or blactx-m-27- All maximum likelihood phylogenetic trees were performed
with the general time reversible model using RaxML-NG 0.6.0 (37). The visualization and
edition of phylogenetic trees were carried out using iTOL v6 (38) and GIMP 2.10 (https://
www.gimp.org), respectively.

DISCUSSION

Our results suggest that 1S26 mobilizes blactx-m-65. blacTx-m-55, and blactx-m-27 allelic
variants among different plasmids (Fig. 1 to 3). Even though some plasmids carrying
the same blactyx-m gene share a more recent ancestor, which may suggest plasmid
co-evolution with blactx-.m genes (Fig. S1), the phylogeny of the 1S26-blactx-m did not
correspond to plasmid phylogeny (Fig. 6 and 7). Additional evidence of 1S26 contribution
in blactyx-m mobility is the presence of the identical 1S26-blacty-m-65 bracket in the
plasmids of three different isolates and the chromosome of another isolate (Fig. 5).
We also found evidence of different evolutionary trajectories of blactyx-m genes and
plasmids; genes blactx-m-27 and blactx-m-65 belong to phylogenetic group 1, whereas
gene blacTtx-m-55 belongs to phylogenetic group 9 (8). However, our results show that
plasmids carrying blacty-pm-27 share a more recent common ancestor with plasmids
carrying blactx-m-55 than with plasmids carrying blactx-m-65 (Fig. S1). These observations
suggest that the plasmids have exchanged IS26-blacty-m brackets (through transposition
or recombination) throughout their evolution. The large divergence in plasmids carrying
blactx-m genes is consistent with the notion that blactx-pm genes were associated with
different plasmids that existed before the use of third-generation cephalosporins (14)
(Table 1).

Our findings are also consistent with recent reports showing that 1S26 is extremely
active, as transposable elements, mobilizing many important AMR genes (39). In our
study, however, the 1S26-blactx-\m-55 brackets carried a fragment of the blatgy gene
(in addition to the blactx-m gene); seven of the nine plasmids carrying blactx-m-55
allelic variant showed the fosA3 gene (coding for fosfomycin resistance) in the vicinity,
whereas other plasmids showed a fragment of the mef(B) gene (coding for a macrolide
efflux pump) in the vicinity (Fig. 1). Similarly, 1S26-blactx-m-¢5 brackets showed more
AMR genes: fosA3, floR (coding for chloramphenicol), aph (4)-la (coding for an aminogly-
coside phosphotransferase), aac (3)-Iva (coding for gentamicin), and ant(3 “J-la (coding for
streptomycin) in the vicinity (Fig. 2).

Even though we were not able to observe direct transmission of a plasmid between
E. coli from domestic animals and humans, all the plasmids carrying blactx-m genes
were conjugable, and domestic animals and humans shared many (65%, 13 of 20) of
the 1S26-blactx-m brackets. These findings suggest that horizontal gene transfer events
of diverse plasmids and blactx.p genes outnumber clonal transmission events (among
domestic animals and humans), as we found 14% of blactx.m E. coli strains presented
evidence of recent transmission between humans and domestic animals (18). These
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results suggest that the 1S26-blactx.m bracket involves a complex multi-step process of
horizontal gene transfer in which transposons mobilize the blactyx.y among plasmids
or from plasmids to chromosomes. These results agree with previous observations that
some blactx-m gene variants (and their contiguous regions) were associated with specific
environments in Ecuador (40). In these cases, the only evidence of AMR-gene transmis-
sion is the presence of the highly similar 1S26-blactx-m brackets in different isolates in
an epidemiological context compatible with this transmission. We acknowledge that
because E. coli isolates were obtained from the same geographic region in Ecuador
(18), the results may not be generalizable to other countries, although our 1S26-blactx-m
brackets were highly similar to the sequences found in plasmids and chromosomes
from GenBank, suggesting that 1S26-blactx.m brackets may play an important role in
the dissemination of the blactyx.m gene through several bacterial species in different
geographic regions.

In conclusion, the prevalence of CTX-M enzymes has increased dramatically since
the mid- to late 2000s (3). ESBL-encoding genes were identified in plasmids present
in E. coli strains isolated before the use of third-generation cephalosporins in 1981,
suggesting that the E. coli acquisition of these genes had occurred in multiple independ-
ent events (14). The IS26 transposable element is critical for the current mobility of
these and other clinically crucial AMR genes. Our study suggests that the nucleotide
sequences of 1S26-blactx-m brackets could be an important genetic structure to study
blactx-m transmission between humans, domestic animals, and the environment. We
provide evidence for the complexity of the blactx.m horizontal gene transfer and how
this understanding can be applied to determine the dissemination of these genes in
any community, animals, or environment. The amplification and sequencing of the
DNA inside the brackets may be used to monitor the blactx-m dynamics (increasing
rates, allelic variant replacement, dissemination, etc.). Understanding the dissemination
patterns of AMR genes is critical to implementing effective measures to slow down the
dissemination of these clinically important genes.

ACKNOWLEDGMENTS

Research reported in this publication was supported by the National Institute of Allergy
and Infectious Diseases of the National Institutes of Health (NIH) under Award Number
ROTAI135118 and RO1AI167989.

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

AUTHOR AFFILIATIONS

'Universidad San Francisco de Quito, Colegio de Ciencias Bioldgicas y Ambientales,
Instituto de Microbiologia, Quito, Pichincha, Ecuador

Environmental Health Sciences Division, University of California, Berkeley, California,
USA

AUTHOR ORCIDs

Liseth Salinas  http://orcid.org/0000-0001-6319-3012
Paul Cardenas @ http://orcid.org/0000-0001-9626-4489
Jay P. Graham (& http://orcid.org/0000-0001-7062-6293
Gabriel Trueba 2 http://orcid.org/0000-0003-2617-9021

FUNDING
Funder Grant(s) Author(s)
HHS | NIH | National Institute of Allergy and Infectious ROTAI135118 Jay Graham

Diseases (NIAID)

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.02504-2313


https://doi.org/10.1128/spectrum.02504-23

Research Article Microbiology Spectrum

Funder Grant(s) Author(s)

HHS | NIH | National Institute of Allergy and Infectious RO1AI167989 Jay Graham
Diseases (NIAID)

DATA AVAILABILITY

Assembled plasmids and chromosomes were deposited into the NCBI database under
accession number PRINA973083.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (Spectrum02504-23-S0001.png). Supplemental figure.

Fig. S2 (Spectrum02504-23-S0002.png). Supplemental figure.

Fig. S3 (Spectrum02504-23-S0003.png). Supplemental figure.

Tables S1 to S2 and legends of Fig. S1 to S3 (Spectrum02504-23-S0004.docx).
Supplemental tables and legends of supplemental figures.

REFERENCES

1. Elena Velazquez-Meza M, Galarde-Lépez M, Carrillo-Quiréz B, Alpuche- 12. Zhao WH, Hu Z-Q, Zhao H, Hu Z-Q. 2013. Epidemiology and genetics of
Aranda CM. 2022. Antimicrobial resistance: one health approach. Vet CTX-M extended-spectrum B lactamases in gram-negative bacteria. Crit
World 15:743-749. https://doi.org/10.14202/vetworld.2022.743-749 Rev  Microbiol 39:79-101. https://doi.org/10.3109/1040841X.2012.

2. Livermore DM, Canton R, Gniadkowski M, Nordmann P, Rossolini GM, 691460
Arlet G, Ayala J, Coque TM, Kern-Zdanowicz |, Luzzaro F, Poirel L, 13. Doi Y, lovleva A, Bonomo RA. 2017. The ecology of extended-spectrum
Woodford N. 2007. CTX-M: changing the face of ESBLs in Europe. J B-lactamases (ESBLs) in the developed world. J Travel Med 24:544-S51.
Antimicrob Chemother 59:165-174. https://doi.org/10.1093/jac/dkl483 https://doi.org/10.1093/jtm/taw102

3. Peirano G, Pitout JDD. 2019. Extended-spectrum [-Lactamase- 14. Branger C, Ledda A, Billard-Pomares T, Doublet B, Fouteau S, Barbe V,
producing enterobacteriaceae: update on molecular epidemiology and Roche D, Cruveiller S, Médigue C, Castellanos M, Decr D, Drieux-Rouze L,
treatment options. Drugs 79:1529-1541. https://doi.org/10.1007/ Clermont O, Glodt J, Tenaillon O, Cloeckaert A, Arlet G, Denamur E. 2018.
540265-019-01180-3 Extended-spectrum (-lactamase-encoding genes are spreading on a

4. Zamudio R, Boerlin P, Beyrouthy R, Madec J-Y, Schwarz S, Mulvey MR, wide range of Escherichia coli plasmids existing prior to the use of third-
Zhanel GG, Cormier A, Chalmers G, Bonnet R, Haenni M, Eichhorn |, generation cephalosporins. Microb Genom 4:000203. https://doi.org/
Kaspar H, Garcia-Fierro R, Wood JLN, Mather AE. 2022. Dynamics of 10.1099/mgen.0.000203
extended-spectrum cephalosporin resistance genes in Escherichia coli 15. Cadena ED La, Mojica MF, Castillo N, Correa A, Appel TM, Garcia-
from Europe and North America. Nat Commun 13:1-15. https://doi.org/ Betancur JC, Pallares CJ, Villegas MV. 2020. Genomic analysis of CTX-M-
10.1038/541467-022-34970-7 group-1-producing extraintestinal pathogenic E. coli (ExPEc) from

5. Pegler Scott S, Healy B. 2007. Change page: in patients allergic to patients with urinary tract infections (UTI) from Colombia. Antibiotics
penicillin, consider second and third generation cephalosporins for life 9:1-9. https://doi.org/10.3390/antibiotics9120899
threatening infections. BMJ 335:991. https://doi.org/10.1136/bm;j.39372. 16. Benavides JA, Salgado-Caxito M, Opazo-Capurro A, Mufioz PG, Pifieiro A,
829676.47 Medina MO, Rivas L, Munita J, Millan J. 2021. ESBL-producing Escherichia

6.  Cantén R, Novais A, Valverde A, Machado E, Peixe L, Baquero F, Coque coli carrying CTX-M genes circulating among livestock, dogs, and wild
TM. 2008. Prevalence and Spread of extended-spectrum [3»|actamase- mammals in small-scale farms of central Chile. Antibiotics 10:510. httpSZ/
producing enterobacteriaceae in Europe. Clin Microbiol Infect 14:144- /doi.org/10.3390/antibiotics10050510
153. https://doi.org/10.1111/j.1469-0691.2007.01850.x 17. Wei X, Wang W, Lu N, Wu L, Dong Z, Li B, Zhou X, Cheng F, Zhou K,

7. Woerther PL, Burdet C, Chachaty E, Andremont A. 2013. Trends in human Cheng H, Shi H, Zhang J. 2022. Corrigendum: prevalence of multidrug-
fecal carriage of extended-spectrum B-lactamases in the community: resistant CTX-M extended spectrum beta-lactamase-producing
toward the globalization of CTX-M. Clin Microbiol Rev 26:744-758. https: Escherichia coli from different bovine faeces in China. Front Vet Sci
//doi.org/10.1128/CMR.00023-13 9:1123496. https://doi.org/10.3389/fvets.2022.1123496

8. D’Andrea MM, Arena F, Pallecchi L, Rossolini GM. 2013. CTX-M-type B- 18. Salinas L, Loayza F, Cardenas P, Saraiva C, Johnson TJ, Amato H, Graham
lactamases: a successful story of antibiotic resistance. Int J Med JP, Trueba G. 2021. Environmental spread of extended spectrum beta-
Microbiol 303:305-317. https://doi.org/10.1016/j.ijmm.2013.02.008 lactamase (ESBL) producing Escherichia coli and ESBL genes among

9. Cantén R, Maria Gonzalez-Alba J, Galan JC, Stefani S. 2012. CTX-M children and domestic animals in ecuador. Environ Health Perspect
enzymes: Origin and diffusion. https:/doi.org/10.3389/fmicb.2012. 129:27007. https://doi.org/10.1289/EHP7729
00110 19.  Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O,

10. NaasT, Oueslati S, Bonnin RA, Dabos ML, Zavala A, Dortet L, Retailleau P, Aarestrup FM, Larsen MV. 2012. Identification of acquired antimicrobial
lorga BI. 2017. Beta-lactamase database (BLDB) - structure and function. resistance genes. J Antimicrob Chemother 67:2640-2644. https:/doi.
J Enzyme Inhib Med Chem 32:917-919. https:/doi.org/10.1080/ 0rg/10.1093/jac/dks261
14756366.2017.1344235 20. Johansson MHK, Bortolaia V, Tansirichaiya S, Aarestrup FM, Roberts AP,

11. Zhang Y, Peng S, Xu J, Li Y, Pu L, Han X, Feng Y. 2022. Genetic context Petersen TN. 2021. Detection of mobile genetic elements associated
diversity of plasmid-borne blactym.ss in Escherichia coli isolated from with antibiotic rgsistance in Salmonella .enl.‘erica using a newly developed
waterfowl. J Glob Antimicrob Resist 28:185-194. https://doi.org/10. web tool:.moblleeleme!ﬁtﬁnder. J Antimicrob Chemother 76:101-109.
1016/j,jgar.2022.01.015 https://doi.org/10.1093/jac/dkaa390

21. Okonechnikov K, Golosova O, Fursov M, Varlamov A, Vaskin Y, Efremovl,
German GrehovOG, Kandrov D, Rasputin K, Syabro M, Tleukenov T. 2012.

January 2024 Volume 12 Issue 1 10.1128/spectrum.02504-2314


https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA973083
https://doi.org/10.1128/spectrum.02504-23
https://doi.org/10.14202/vetworld.2022.743-749
https://doi.org/10.1093/jac/dkl483
https://doi.org/10.1007/s40265-019-01180-3
https://doi.org/10.1038/s41467-022-34970-7
https://doi.org/10.1136/bmj.39372.829676.47
https://doi.org/10.1111/j.1469-0691.2007.01850.x
https://doi.org/10.1128/CMR.00023-13
https://doi.org/10.1016/j.ijmm.2013.02.008
https://doi.org/10.3389/fmicb.2012.00110
https://doi.org/10.1080/14756366.2017.1344235
https://doi.org/10.1016/j.jgar.2022.01.015
https://doi.org/10.3109/1040841X.2012.691460
https://doi.org/10.1093/jtm/taw102
https://doi.org/10.1099/mgen.0.000203
https://doi.org/10.3390/antibiotics9120899
https://doi.org/10.3390/antibiotics10050510
https://doi.org/10.3389/fvets.2022.1123496
https://doi.org/10.1289/EHP7729
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1093/jac/dkaa390
https://doi.org/10.1128/spectrum.02504-23

Research Article

22,

23.

24,

25.
26.

27.

28.

29.

30.

31.

January 2024 Volume 12

Unipro UGENE: a unified bioinformatics toolkit. Bioinformatics 28:1166-
1167. https://doi.org/10.1093/bioinformatics/bts091

Salinas L, Cardenas P, Johnson TJ, Vasco K, Graham J, Trueba G. 2019.
Diverse commensal Escherichia coli clones and plasmids disseminate
antimicrobial resistance genes in domestic animals and children in a
semirural community in Ecuador. mSphere 4:e00316-19. https://doi.org/
10.1128/mSphere.00316-19

CLSI (Clinical and Laboratory Standards Institute). 2018. Performance
standards for antimicrobial susceptibility testing. In CLSI supplement
M100, 28th ed. Wayne, Pennsylvania.

Jarlier V, Nicolas MH, Fournier G, Philippon A. 1988. Extended broad-
spectrum beta-lactamases conferring transferable resistance to newer
beta-lactam agents in enterobacteriaceae: hospital prevalence and
susceptibility patterns. Rev Infect Dis 10:867-878. https://doi.org/10.
1093/clinids/10.4.867

Paterson DL, Bonomo RA. 2005. Extended-spectrumf-lactamases: a
clinical update. Clin Microbiol Rev 18:657-686. https://doi.org/10.1128/
CMR.18.4.657-686.2005

Wick RR. 2018. Porechop v0.2.4. https://github.com/rrwick/Porechop.

De Coster W, D'Hert S, Schultz DT, Cruts M, Van Broeckhoven C. 2018.
Nanopack: visualizing and processing long-read sequencing data.
Bioinformatics 34:2666-2669. https://doi.org/10.1093/bioinformatics/
bty149

Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 37:540-546. https://doi.
0rg/10.1038/5s41587-019-0072-8

Kolmogorov M, Bickhart DM, Behsaz B, Gurevich A, Rayko M, Shin SB,
Kuhn K, Yuan J, Polevikov E, Smith TPL, Pevzner PA. 2020. metaFlye:
scalable long-read metagenome assembly using repeat graphs. Nat
Methods 17:1103-1110. https://doi.org/10.1038/541592-020-0097 1-x
Carattoli A, Zankari E, Garcia-Fernandez A, Larsen MV, Lund O, Villa L,
Aarestrup FM, Hasman H. 2014. In silico detection and typing of
plasmids using plasmidfinder and plasmid multilocus sequence typing.
Antimicrob Agents Chemother 58:3895-3903. https://doi.org/10.1128/
AAC.02412-14

Seemann T. 2016. Abricate: Mass screening of Contigs for antimicrobial
and virulence genes, Github. https://github.com/tseemann/abricate.

Issue 1

32

33.

34,

35.

36.

37.

38.

39.

40.

Microbiology Spectrum

Hunt M, Silva ND, Otto TD, Parkhill J, Keane JA, Harris SR. 2015. Circlator:
automated circularization of genome assemblies using long sequencing
reads. Genome Biol 16:1-10. https://doi.org/10.1186/513059-015-0849-0
Wick RR, Judd LM, Cerdeira LT, Hawkey J, Méric G, Vezina B, Wyres KL,
Holt KE. 2021. Trycycler: consensus long-read assemblies for bacterial
genomes. Genome Biol 22:266. https://doi.org/10.1186/513059-021-
02483-z

Seemann T. 2015. Snippy: Fast bacterial variant calling from NGS reads,
Github. https://github.com/tseemann/snippy.

Li W, O'Neill KR, Haft DH, DiCuccio M, Chetvernin V, Badretdin A,
Coulouris G, Chitsaz F, Derbyshire MK, Durkin AS, Gonzales NR, Gwadz
M, Lanczycki CJ, Song JS, Thanki N, Wang J, Yamashita RA, Yang M,
Zheng C, Marchler-Bauer A, Thibaud-Nissen F. 2021. Refseq: expanding
the prokaryotic genome annotation pipeline reach with protein family
model curation. Nucleic Acids Res 49:D1020-D1028. https://doi.org/10.
1093/nar/gkaal105

Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome comparison
visualizer.  Bioinformatics  27:1009-1010.  https://doi.org/10.1093/
bioinformatics/btr039

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. 2019. RAXML-NG: a
fast, scalable and user-friendly tool for maximum likelihood phyloge-
netic inference. Bioinformatics 35:4453-4455. https://doi.org/10.1093/
bioinformatics/btz305

Letunic |, Bork P. 2019. Interactive tree of life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res 47:W256-W259. https://doi.
org/10.1093/nar/gkz239

Che Y, Yang Y, Xu X, Bfinda K, Polz MF, Hanage WP, Zhang T. 2021.
Conjugative plasmids interact with insertion sequences to shape the
horizontal transfer of antimicrobial resistance genes. Proc Natl Acad Sci
USA 118:2008731118. https://doi.org/10.1073/pnas.2008731118
Valenzuela X, Hedman H, Villagomez A, Cardenas P, Eisenberg JNS, Levy
K, Zhang L, Trueba G, De Quito F. 2023. Distribution of blaCTX-M-gene
variants in E. coli from different origins in ecuador. bioRxiv. https://doi.
org/10.1101/2023.03.15.532797

10.1128/spectrum.02504-2315


https://doi.org/10.1093/bioinformatics/bts091
https://doi.org/10.1128/mSphere.00316-19
https://doi.org/10.1093/clinids/10.4.867
https://doi.org/10.1128/CMR.18.4.657-686.2005
https://github.com/rrwick/Porechop
https://doi.org/10.1093/bioinformatics/bty149
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1038/s41592-020-00971-x
https://doi.org/10.1128/AAC.02412-14
https://github.com/tseemann/abricate
https://doi.org/10.1186/s13059-015-0849-0
https://doi.org/10.1186/s13059-021-02483-z
https://github.com/tseemann/snippy
https://doi.org/10.1093/nar/gkaa1105
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btz305
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1073/pnas.2008731118
https://doi.org/10.1101/2023.03.15.532797
https://doi.org/10.1128/spectrum.02504-23

	IS26 drives the dissemination of blaCTX-M genes in an Ecuadorian community
	RESULTS
	Conjugation experiments
	Plasmid sequence analysis
	Genetic environment of blaCTX-M genes
	IS26-blaCTX-M bracket similarity search
	Phylogenetic analysis of plasmids and IS26-blaCTX-M brackets
	Plasmid evolutionary rate

	MATERIALS AND METHODS
	ESBL-producing E. coli whole genomes
	Characterization of blaCTX-M carrier contigs
	DNA extraction of blaCTX-M gene carrier plasmids
	Genomic DNA extraction
	Conjugation experiments
	MinION library preparation and sequencing
	Assembly of plasmids and chromosomes carrying blaCTX-M gene
	blaCTX-M gene variant carrier plasmid and chromosome annotation
	Similarity of IS26-blaCTX-M brackets
	Phylogenetic analyses

	DISCUSSION




