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Abstract

Objectives: The widespread dissemination of phenotypic colistin-resistant (COR) bacteria in the community threat-
ens public health. The horizontal gene transfer of the mobile colistin resistance gene via plasmids is thought to be
one of the main mechanisms for dissemination. However, genotypic evidence to prove this in community settings
is limited. This study used genome analysis to demonstrate the direct horizontal colistin resistance gene transfer via
plasmids in isolates from the community.

Results: A total of 19 isolates of COR Escherichia coli from stool specimens of 23 residents from seven households in
the Vietnamese community were assessed in this study. The whole-genome sequence data of isolates were acquired
using a combination of DNBSEQ short-reads and Nanopore long-read sequencing. Analysis of genomic data was per-
formed using online tools such as Geneious. Analysis of the genomic information of COR E. coli isolates revealed that
the isolates from two residents of different households had a similar IncP1 plasmid possessing mcr-1.1, marked with a
single nucleotide mutation at the same position. The study provided direct evidence to prove that mcr was horizon-
tally transmitted among bacteria in community residents.
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Introduction

The wide dissemination of colistin-resistant (COR)
Enterobacteriaceae with a mobile colistin resistance
gene, mcr, has been reported worldwide, especially in
some Asian countries [1-3]. COR bacteria can spread
to humans from livestock and animal foods [4, 5]; addi-
tionally, a horizontal transfer of plasmids with mcr has
been reported as an important theoretical mechanism
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in microbial communities [6]. However, demonstration
of horizontal gene transfer requires the identification of
plasmids with the same mcr in strains isolated from dif-
ferent sources. In this regard, performing such identifica-
tion is difficult in the community because it is not easy
to find a genetically identical plasmid harboring mcr in
strains isolated from the field due to plasmid altera-
tions during adaptation to different bacterial host con-
ditions. Even if different strains possess the same gene,
it is difficult to determine the origin of the gene with-
out a specific mark on the gene. In fact, mcr has been
found in various plasmid types in COR strains isolated
from many sources. Many variants of the mcr gene have
been reported; however, none have been investigated in

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, 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/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-2942-1672
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13104-022-06079-z&domain=pdf

Yamamoto et al. BMC Research Notes (2022) 15:196

association with horizontal gene transfer of the mcr gene
in community settings.

In this study, we performed sequencing to build whole
genomes of COR E. coli isolates from community resi-
dents in the same area, analyzed genomes using an align-
ment tool, detected the genetic mark on plasmids, and
examined highly homologous sequences for genetic relat-
edness among strains to obtain direct evidence of hori-
zontal gene transfer of mcr via plasmids.

Main text

Materials and methods

E. coliisolates

A total of 19 COR E. coli community isolates with mcr-
1 were assessed in this study. All COR E. coli isolates
were initially obtained from healthy residents of seven
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households in a rural community of Vietnam in Novem-
ber 2017 [1]. One isolate was obtained from each resi-
dent. The characteristics of isolates are listed in Table 1.

DNA extraction and quality control

The genomic DNA of isolates was extracted using Nucle-
oBond HMW DNA (MACHEREY-NAGEL, Diiren,
Germany) in accordance with the manufacturer’s instruc-
tions to obtain high molecular weight DNA samples.
The DNA was quantified using Qubit Double-Stranded
DNA High-Sensitivity Assay Kits (Thermo Fisher Sci-
entific, Waltham, MA, USA) and qualitatively analyzed
using NanoDrop (Thermo Fisher Scientific). Nanodrop
A260/280 and A260/230 ratios of the extracted DNA
samples were within the range required by the manufac-
ture’s instructions.

Table 1 Characteristics of colistin-resistant E. coli isolates from household members

Household Detection

mer-1 plasmid

member .Of . Colistin-r.esistant mer-1 mcr-1.1 mer-1
Household colistin-  E. coli isolate MLST o % b
ID age resistant ID number location identity LI 0RO Inc type size (kbp)
E. coli
A 49 Yes  2017.02.01CC 542 P 100 C HI2 231
2 B 50 Yes  2017.02.02CC 6714 P 100 C X4 34
c 12 Yes  2017.02.03CC 165 C 100 A
D 24 Yes  2017.02.04CC 10 C 100 A
A 28 Yes  2017.03.01CC 717 C/P 100 —° — -
3 B 64 Yes  2017.03.02CC 6335 P 100 B HI2/HI2A 234
Cc 6l Yes  2017.03.03CC 46 P 100 C HI2 294
D 31 Yes  2017.03.04CC 717 C/P 100 C X4 33
A 69 Yes  2017.04.01CC 5036 C 100 —
4 B 72 Yes  2017.04.02CC 5299 C 100 B
C 34 Yes  2017.04.03CC 206 P 100 C P1 50
A 54 No
6 B 28 Yes  2017.06.03CC 609 P 100 — — —
c 27 Yes  2017.06.04CC 165 P 100 C Pl 50
D 52 Yes  2017.06.05CC 101 P 100 B 12 69
9 A 75 No
‘B 72 Yes  2017.09.02CC 3346 P 99.94 C P1 50
A 34 Yes  2017.11.01CC 2690 P 99.94 C Pl 51
11 B 38 No
cC 17 No
A 7 Yes  2017.15.01CC 201 C 100 A
15 B 30 Yes  2017.15.02CC 746 C 100 A
C 60 Yes  2017.15.03CC 189 P 100 B Y 104

2 P plasmid, C chromosome
b A: ISApl1-mcr1-PAP2-ISApI1; B: ISApl1-mcr1-PAP2; C: mcr1-PAP2
€~ not determined

9 Data of shaded isolates was reported in Yamaguchi et al. [8]

€ Dark shaded isolates possessed mcr-1 marked with the single nucleotide mutation
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Library preparation and sequencing

Whole-genome sequencing was performed using the
DNBSEQ-G400RS (MGI Tech, Shenzhen, China) and
MinlION MKkIC sequencer (Oxford Nanopore Tech-
nologies, London, UK). Short-read sequencing using
DNBSEQ was performed by a commercial vendor
(Genome-Lead Co., Kagawa, Japan) with a DNBSEQ-
G400RS High-throughput Sequencing Set (MGI Tec).
For long-read sequencing using MinION, high molecu-
lar weight DNA of each isolate was tagmented using the
Rapid Barcoding Kit (Oxford Nanopore Technologies);
then, all bar-coded samples were pooled and sequencing
adapters were attached to prepare a library. The MinlON
flow cell (R9.4.1) was primed and loaded with the pre-
pared library for a 48-h run on MinION MkI1C. The read
quality was verified using NanoPlot (http://nanoplot.bio-
inf.be/). The read length N50 of each run was 10.35K to
14.62K bases (longest read: 160 Kb). The sequencing run
generated 125,267 to 342,484 reads. Total bases aligned
was 357 to 990 million bp.

Bioinformatic analysis

The de novo hybrid assembly of short and long base
sequence reads was performed using Unicycler 0.4.8 with
default settings through a supercomputer system [7].
Briefly, SPAdes v3.13.1 (with the maximum k-mer 127),
miniasm, Racon v.1.4.3, bowtie2 v.2.3.5, SAMtools v.1.9,
and Pilon v.1.23 in Unicycler were used to assembly and
polish the complete bacterial genome (Additional file 1).
The complete genomes were obtained from 14 isolates in
this study (Table 1).

Annotations

The complete genomes were annotated by uploading the
assembled FATSA files to DFAST (https://dfast.ddb;j.
nig.ac.jp/dfc/) and double-checking using ResFinder 4.1
(https://cge.cbs.dtu.dk/services/ResFinder/),  applying
a 90% identify threshold and a minimum overlapping
length of 60%.

Alignments and mutation detection

Genome analysis was performed using Geneious Prime
2021.2 software (https://www.geneious.com), especially
to find a single mutation position on the plasmid. Highly
homologous complete plasmid sequences available in the
National Center for Biotechnology Information database
were compared with the plasmid sequences using Easyfig
2.2.2 (https://mjsull.github.io/Easyfig/).

Phylogenetic tree generation
Multilocus sequence typing (MLST) phylogenetic tree
analysis of the isolates was performed using MEGA
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11 to analyze the genetic relatedness among the strains
(https://www.megasoftware.net/). A phylogenetic tree
was generated using the maximum likelihood method,
the Tamura-Nei model with a bootstrap test of 1000 rep-
licates, and other parameters such as gamma distribution
of rates among sites, 5 discrete gamma categories, and 32
threads; thus, the initial tree was generated automatically
(by default).

Accession numbers

The complete genome sequences of COR E. coli iso-
lates 2017.04.03CC, 2017.06.04CC, 2017.09.02CC, and
2017.11.01CC were deposited in DDBJ/GenBank under
the accession numbers AP025205-AP025222 (Additional
file 2).

Results and discussion

The studied isolates were collected from residents in a
previous study [1]. COR bacteria are highly prevalent not
only in residents but also in backyard livestock in the area
[1, 3]. In this study, 19 mcr-1-positive COR E. coli strains
isolated from the stool specimens of 23 members belong-
ing to seven households were assessed to clarify the
genetic context of mcr-1; that is, we further expanded a
previous study [8] to a detailed genome analysis with the
acquisition and analysis of genome sequences of isolates.

As shown in Table 1, members from all households
with COR E. coli containing mcr-1 are reported. mcr-1
was located in the plasmids, chromosomes, or both. Par-
ticularly, the prevalence of mcr-1 on the chromosome
was high in eight (42%) out of 19 COR E. coli isolates.
This high chromosomal prevalence is consistent with a
previous report [8]. Two isolates carried mcr-1 on both
chromosomes and plasmids. The mcr-1-carrying plas-
mid analyzed in this study showed Inc-type diversity,
as previously reported [9]. Thus, the locations of mcr-1
and mcr-1-plasmids were diverse, even for isolates from
households in a limited area. Additionally, phylogenetic
analysis of these isolates revealed no spreading of a par-
ticular clone (Fig. 1). These results do not directly sup-
port the interbacterial transmission of plasmids with
mcr-1, which has been considered one of the prevalent
theoretical mechanisms in the community of COR bacte-
ria. However, a detailed examination of the mcr-1-carry-
ing plasmid in this study revealed that IncP1 plasmids of
similar size and constituent genes, but not identical com-
ponents, were present in isolates from members of four
households (Fig. 2a).

Further examination of the mcr-1 gene showed that
the gene was 100% identical to mcr-1.1 in all isolates,
including IncP1 plasmids-mcr-1, except for two isolates,
2017.09.02CC and 2017.11.01CC. These two isolates pos-
sessed IncP1-type plasmids, which were approximately
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s Colistin‘-resistant mer-1 mcr-l‘
E. coli isolate location plasmid
ID number Inc type
2 2017.02.03CC c
91165 6 2017.06.04CC P P1
94 189 15 2017.15.03CC P Y
81
6335 3 2017.03.02CC P HI2/HI2A
2 2017.02.04CC c
o3 10
2690 11 2017.11.01CC P P1
41
] 542 2 2017.02.01CC P HI2
47
746 15 2017.15.02CC c
32 | 46 3 2017.03.03CC P HI2
100 I_ 609 6 2017.06.03CC P -
12
L 206 4 2017.04.03CC P P1
15 101 6 2017.06.05CC P 12
Rl —T 15 2017.15.01CC c
21
5299 4 2017.04.02CC c
80
3 2017.03.01CC c/p -
ni 3 2017.03.04CC c/p X4
5036 4 2017.04.01CC c
3346 9 2017.09.02CC P P1
6714 2 2017.02.02CC P X4

001

nucleotide mutation. *Unknown

Fig. 1 MLST phylogenetic tree of colistin-resistant E. coli isolates obtained from household members. Phylogenetic tree generated using the
maximum likelihood method and Tamura-Nei model with a bootstrap test of 1000 replicates using MEGA 11. Values at the nodes represent
bootstrap support values. The scale bar represents nucleotide substitutions per site. Shaded isolates possess mcr-1.1 marked with the same single

similar in size, 50,950 bp and 51,114 bp, respectively,
and had the same constituent genes and mcr-1.1, which
had a single nucleotide mutation at the 1263rd posi-
tion from guanine to adenine (Fig. 2b). This mutation
was confirmed to be consistent with a read of 6500
(p2017.09.02CC-3) and 9640 (p2017.11.01CC-2) on short
read remapping with 99.6% (p2017.09.02CC-3) and 99.0%
(p2017.11.01CC-2) of the allele frequency. The muta-
tion was a silent mutation that did not alter the amino
acids. The colistin minimum inhibitory concentrations
of 2017.09.02CC and 2017.11.01CC were 16 pg/mL and
8 ug/mL, respectively, similar to those of other isolates
[1]. This indicated that the mutation did not affect colis-
tin resistance.

As the bacterial mutation rates are typically very low,
ranging from one in ten million to one in a billion base
substitutions per nucleotide per generation [10], the
occurrence of a similar single mutation in the same posi-
tion among strains in a narrow community should be
rare. Therefore, the finding of the same single nucleotide
mutation of mcr among the strains isolated from different
sources in the field is an important finding that indicates
mcr is transferred between strains in the field, even if the
number of isolates tested is limited.

Investigation of plasmids with the same mutation
on mcr-1.1 in different isolates indicated a horizontal
transmission of plasmids between bacteria. The MLST
values of these isolates were 3346 and 2690 (Table 1).
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MF978389.1
52,740 bp

p2017.04.03CC-2
50,591 bp

p2017.06.04CC-2
50.592 bp

v

]

2017.09.02CC-3
50,950 bp

p2017.11.01CC-2

‘HYLTILAM.AA‘AAIAKLHhbAlh—A‘AMIMLIMAI‘\L‘LdLLL—kLl

A N\l NN N AN MN N AN AA AN e AN e b A A ATV ANV AL A 4 A A A A A
WO VTV VT Y Y VY NVENN NNV VY ) 7 VNN T SN NNV NN

A\l AL NN N MN N AN AL AA N N e AN e A NN ANV Al Al 4 A A A Sl A
mALﬂﬂh“l“l““‘wlkkl—l-AAA_A—A‘AMHALIMAI-kL-LLALLL—\LAI

‘“l“Y‘““VV‘\“'VVI—‘-‘“_‘—“VWIF“VV!V“V'VV-VVWVVV-VVVI
v VS VYV VY VNNV —— VY ——/———— 7V VN T PNV NNV NN

N AN MMNANAANTINANMIN NAAAN== AN AN AN AN NN AL L DL AWNVE AT A A A A A AT A

51,114 bp 100%
81%
b 1 2.40 1,2‘50 1 2,60 1,270 1,280

MF978389.1 GTGTGTGAAGGTAATGAGCTTGCCAAIETGCGAACATCAGTCCTTGATCAAT

: : 1 i Asn I : Ala  Lys| | Cys BEGIEE His ~ Gn @ Ser NI IlErT As

413 414 415 416 417 418 419 420 421 422 423 424 425 426 427 423 429
GTGTGTGAAGGTAATGAGCTTGCCAA|IGITGCGAACATCAGTCCTTGATCAAT

p2017.04.03CC-2 Valtl Cys NG Gy  Asn EEGEESIEIS Ala Llys| | Cys BEGHEE His  Gln @ Ser MEIEGENller  Asn

413 414 415 416 417 418 419 AZO 421 422 423 424 425 426 427 428 429

2017.06.04CC-2 GTGTGTGAAGGTAATGAGCTTGCCAA|IGGTGCGAACATCAGTCCTTGATCAAT
pedtr.ge. & vall Cys WNGIEE Gly | Asn INGEEETTLeuT  Ala Lys Cys HEENEE His Gn  Ser INEEITNERE Asn

213 414 415 416 417 218 219 220 a2 422 423 a4 435 226 237 28 429

GTGTGTGAAGGTAATGAGCTTGCCAAIAITGCGAACATCAGTCCTTGATCAAT
p2017.09.02CC-3 [valtt  Cys WG Gly  Asn IEGIEEeu  Ala Lys| Cys HEEEEE His  Gin Ser INIEEENTlemS Asn
43 414 415 416 417 418 419 AZO 421 422 423 424 425 426 427 428 429

GTGTGTGAAGGTAATGAGCTTGCCAAJAITGCGAACATCAGTCCTTGATCAAT
p2017.11.01CC-2 [Val Cys ENGIEE Gly  Asn ENGIETLEUTT  Ala Lys{ | Cys MWEGIEE His ~ Gln @ Ser WEEEENEllen Asn

213 414 415 416 417 418 419 420 21 22 423 a2 25 426 227 428 429
Fig. 2 a Comparison of the genetic context of mcr-1.7 in the plasmids of isolates. Genetic plasmid structures containing the mcr-1.1 gene in IncP1
plasmids of four isolates are shown with a reference IncP1 plasmid (MF978389.1). b A single nucleotide mutation site on mcr-1.1 of p2017.09.02CC-3

and p2017.11.01CC-2 with a reference mcr-1.1

of MF978389.1. The square indicates the mutation site

The analysis of the genetic relatedness of these MLSTs
showed that the isolates were phylogenetically different
(Fig. 1). This indicates that these isolates are not derived
from the same clone with the plasmid; that is, the hori-
zontal transfer of plasmid with mcr occurs from bacteria
to bacteria in the community.

To conclude, the results of this study provided evidence
that the resistance gene, mcr, was horizontally transmit-
ted between bacteria via plasmids in the community.

Limitation

The conclusion is based on the results of genome analysis
of the isolates from the community. In addition, since the
number of strains examined was limited, it is necessary

to conduct further studies with larger numbers of strains
to obtain generalizable results.
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COR: Colistin-resistant; MLST: Multilocus sequence typing.
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