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Objectives: In this study we compared the recently described mcr-4-positive Salmonella enterica monophasic
variant, isolated in 2016 in two Italian patients affected by gastroenteritis, with the first mcr-4-positive
Salmonellaisolate identified in 2013 in a pig at slaughter in Italy.

Methods: WGS of the two Salmonella isolates of human origin was performed using a MiSeq instrument
(Illumina). The phylogenetic analysis was performed by SNP analysis, comparing genomes of the mcr-4-positive
isolates of swine and human origin with 82 Salmonella genomes downloaded from the EnteroBase Salmonella
database. Complete sequences of plasmids carrying mcr-4.2 were obtained and compared. Transformation
experiments were performed to transfer the mcr-4 plasmids into a colistin-susceptible Escherichia coli recipient
strain.

Results: Comparative genomics demonstrated that the Salmonella of swine origin did not cluster with the iso-
lates of human origin. The mcr-4.2 gene variant identified in the Salmonella of human origin was located on a
ColE-like plasmid. This plasmid showed different replication and mobilization genes with respect to those previ-
ously described in the ColE plasmid carrying the mcr-4.1 variant, identified in Salmonella of swine origin.

Conclusions: The divergence in genomes, plasmids and gene variants demonstrated that there was not a
unique mcr-4-positive, monophasic Salmonella lineage circulating in animals and causing gastroenteritis in
humans in Italy. There was no horizontal transfer of the same plasmid among Salmonella strains of animal and
human origin, but the mcr-4 gene and a fragment of the plasmid identified in the animal strain were mobilized

by an 1S1294 into a different ColE plasmid.

Introduction

Colistin is a decades-old drug, intensively used in veterinary medi-
cine. In humans, the global spread of MDR Gram-negative bacteria
with limited therapeutic options resulted in the return of colistin
use, despite its documented toxicity." Two major mechanisms of
colistin resistance have been described in Gram-negative bacteria:
chromosomal mutations occurring in genes involved in the
synthesis and modification of LPS and the acquisition of mobile co-
listin resistance (mcr) genes encoding phosphoethanolamine
transferases, resulting in a more cationic charged LPS that confers
reduced susceptibility to colistin.” To date, five types of mcr genes
have been described. mcr-1 was the first to be reported and retro-
spective analysis on different bacterial collections demonstrated
worldwide spread of the mcr-1 gene.>* The mcr-2, mcr-3, mcr-4
and mcr-5 genes were more recently discovered and their distribu-
tion and prevalence are still under investigation.”® The mcr-4.1
gene was first described in an Italian strain that was a Salmonella

enterica subsp. enterica monophasic variant of serovar
Typhimurium with antigenic formula 4,[5],12,i:- isolated from a pig
slaughtered in Italy in 2013 (Salmonella strain R3445).” Recently,
mcr-4.2-positive  Salmonella serovar 4,[5],12,i:- strains were
reported from two apparently unrelated human gastroenteritis
cases occurring in Italy in 2016.° In this study the analysis of the
plasmid carrying the mcr-4.2 gene and the genomic comparison
of Salmonella strains of human and animal origin was performed,
with the aim to better describe characteristics, similarities and dif-
ferences among the mcr-4-positive strains from Italy.

Materials and methods

Bacterial strains

Two S. enterica with antigenic formula 4,[5],12:i:- were isolated from faecal
samples of two Italian patients with gastroenteritis, collected in October
2016 (strain AB-160) and November 2016 (strain AB-243), at S. Agostino-
Estense Hospital.” The R3445 S. enterica monophasic variant 4,[5],12:i:-
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Figure 1. Phylogenetic tree of human and animal mcr-4-positive Salmonella genomes. Phylogenetic maximum-likelihood tree generated using
FigTree v1.4.3 software of the SNP analysis performed using the kSNP3 tool. The clades of the Salmonella of pig (R3445) and human (AB-160 and
AB-243) origin are highlighted in bold. The labels of the branches correspond to the Uberstrain codes as they appear in the EnteroBase Salmonella
database. Three genomes (SAL_GA9146AA, SAL_EA8182AA and SAL_EA8423AA) were from S. enterica serovar Typhimurium; all the others were
S. enterica monophasic variants. The branches generated by genomes assigned to ST34 or to ST19 and their related STs (differing from ST34 and
ST19 by one single allele of the MLST profile, respectively) are boxed. This figure appears in colour in the online version of JAC and in black and white

in the print version of JAC.

was identified in a pig at slaughter in Italy in 2013.” Colistin MICs for
Salmonella strains and their respective mcr-4-positive transformants were
determined using a broth microdilution (BMD)-based commercial system
(SensiTest  Colistin, Liofilchem, Italy) and then confirmed using
the BMD method according to CLSI and EUCAST (ISO standard method
20776-1).19712 All the isolates were tested in triplicate. Three reference
strains (Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853
and E. coliNCTC 13846) were used as controls.

Transfer of pMCR4 plasmids

Plasmid DNA was purified from strains AB-160 and AB-243 with the
Plasmid Mini Kit (QIAGEN) and used to transform E. coli DH5a chemically
competent cells (Invitrogen). Transformants were selected on LB agar
plates (Sigma) containing colistin (2 mg/L) and the colonies were tested by
PCRs using mcr-4-specific primers.” Transformants of pMCR-4.1 R3445 in
the E. coli DH5x recipient were previously obtained and used for compara-
tive analysis.” MICs conferred by the different plasmids to the isogenic
E. coli DH5a recipient were determined as above.

WGS

WGS was performed on DNA extracted from the Salmonella strains using
the Macherey Nagel Kit. Genomic DNA paired-end libraries were generated

using the Nextera XT DNA Sample Preparation Kit (Illumina) and sequenced
using a MiSeq instrument with the 2 x 300 PE protocol (Illumina). De novo
assembly of Illumina reads was performed using the Galaxy version
20150522 of the SPAdes pipeline through the ARIES public Galaxy server
(https://w3.iss.it/site/aries/). Draft genome sequences were annotated
using the RAST server (http://rast.nmpdr.org/). Antimicrobial resistance, rep-
licon genes and MLST STs were detected using the ResFinder, PlasmidFinder
and MLST online tools at the Center for Genomic Epidemiology (CGE) of the
Danish Technical University (https://cge.cbs.dtu.dk/services/), respectively.
IS elements were detected using ISFinder (https://www-is.biotoul.fr/).

Seventy-nine genomes were selected and downloaded from the
EnteroBase Salmonella database (http://enterobase.warwick.ac.uk/), using
‘4,[5],12,i:-" as the keyword. For comparison, three Salmonella Typhimurium
genomes were also downloaded from the EnteroBase Salmonella database
and included in an SNP analysis, performed using the kSNP3 tool through
the ARIES public Galaxy server. A phylogenetic maximum-likelihood tree
was generated using FigTree v1.4.3 software.

The mcr-4 and replicon genes were identified on the same contig in
assembled genomes, determining in silico the mcr-4 gene location on plas-
mids. The complete, circularly closed plasmid was obtained by PCR-based
gap closure and sequencing of the amplicon. Purified plasmid DNA was
extracted (PureLink HiPure Plasmid Filter Midiprep Kit, Invitrogen) from
transformants and the expected plasmid size was verified by restriction
with Sall. Sall was chosen to linearize the plasmid since one single

3333

1202 YoIB\ €0 U0 159nB Aq 6E08.0S/ZEEE/ZL/E L/RI01ME/OB W00 dNo"ojWapee//:sdny woly papeojumoq


https://w3.iss.it/site/aries/
http://rast.nmpdr.org/
https://cge.cbs.dtu.dk/services/
https://www-is.biotoul.fr/
http://enterobase.warwick.ac.uk/

Carattoli et al.

pMG828-2
(DQ995352—4091 bp)

terlS

GTTC-orils

pMCR-4.2_AB-243

-4 FiGhA

(MG800340—9513 bp)

pMCR-4.1_R3445
(MF543359.1—8749 bp)

pPSP-ee2

(CP009884—16 636 bp «

% 151294 Aexc

i ) s

) o A

Figure 2. Comparative linear maps of pMCR-4.2 AB-243 and pMCR-4.1 R3445 plasmids and their close relatives. pMCR-4.2_AB-243 and pMCR-
4.1_R3445 plasmid maps were drawn in comparison with the pMG828-2 and pPSP-ee2 reference plasmid maps. The grey shading indicates common
regions among plasmids (at nucleotide identity >98%). Predicted coding sequences are indicated by arrows orientated in the direction of transcrip-
tion of each respective gene; the sizes of the arrows are not to scale. The IS1294 tetranucleotide (GTTC) sequence-specific binding site is indicated.
The orilS and terIS sequences flanking IS1294 are also indicated. IRs flanking the other IS elements are indicated by black boxes. The sequence of the
PMCR-4.2_AB-243 plasmid is available at NCBI GenBank under accession number MG800340. This figure appears in colour in the online version of JAC

and in black and white in the print version of JAC.

restriction site was expected from the in silico analysis of the plasmid (data
not shown).

Results and discussion

Phylogenetic analysis of the Salmonella isolates

MLST STs deduced from WGS revealed that the Salmonella strains of
animal (R3445) and human (AB-160 and AB-243) origin all belonged
to ST34. The three strains also showed the same antigenic formulg,
being monophasic variants of serovar Typhimurium 4,[5]1,12,i:-.

Comparative genome analysis of the three mcr-4-positive
Salmonellaisolates of Italian origin was performed against a selection
of 82 genomes of Salmonella, 3 serovar Typhimurium and 79 mono-
phasic variant 4,[5],12,i:- of human, animal and environmental origin,
isolated in Europe, Asia and North America and showing ST36, ST34,
ST19, ST2379, ST3377, ST2956, ST3228 and ST568, downloaded
from the EnteroBase Salmonella database. The phylogenetic tree
showed that AB-160 and AB-243 strains of human origin were on
closely related clades, which were distant from that of the R3445
genome from the pig (Figure 1).

mcr-4 plasmids

In the AB-243 genome, the ResFinder tool detected the mcr-4.2
gene variant on a single contig of 9568bp with overlapping
extremities, which was also identified by the Col8282
PlasmidFinder probe. The presumptive plasmid was circularized by
PCR-based gap closure, obtaining the complete sequence of a
ColE-like plasmid of 9513 bp, here named pMCR-4.2_AB-243 (ac-
cession number MG800340). In the AB-160 genome a plasmid
identical to pMCR-4.2_AB-243 was identified. pMCR-4.2_AB-243

carried repB and mobA genes (nt positions 5462 to 9513) highly
similar to those of plasmid pMG828-2 (accession number
DQY995352). In pMCR-4.2_AB-243, a truncated IS10 (nt positions
4975 to 5465) and an entire IS1294 (nt positions 34 to 1721) were
identified, which were not present in pMCR-4.1_R3445 (accession
number MF543359.1), the ColE plasmid previously described in the
Salmonella of swine origin.” However, upstream of the 151294
element, a common region (nt positions 1719 to 4974) was shared
between pMCR-4.2_AB-243 and pMCR-4.1_R3445, including the
mcr-4 gene, the excll and relE (belonging to the RelE/ParE toxin-
antitoxin family) genes (Figure 2). The comparative analysis of
pMG828-2 and pMCR-4.2_AB-243 suggested that excll, relE, mcr-
4.2 genes and the IS10 fragment were mobilized by 1S1294 and
integrated into a ColE plasmid highly similar to pMG828-2, in a tet-
ranucleotide GTTC site, known to be one of the 1S1294 preferred
target sites (Figure 2).13

The pMCR-4.2_AB-243 backbone differed from that of pMCR-
4.1 R3445. The latter was positive for the ColE10 PlasmidFinder
probe and carried the mcr-4.1 gene variant flanked by an ISKpn26
element (Figure 2). The mobA/L, repB and excll genes of pMCR-
4.1 _R3445 showed 99% nucleotide identity to the pPSP-ee2
plasmid of the Pantoea sp. PSNIH1 isolate.” Nucleotide identity be-
tween pMCR-4.1 R3445 and pPSP-ee2 plasmids ended at 214 bp
from the mcr-4.1 stop codon because of an IS26 integration occur-
ring in pPSP-ee2 at this site (Figure 2).

Colistin MIC conferred by the pMCR-4.1 and pMCR-4.2
plasmids

The two mcr-4-positive plasmids conferred the same colistin MIC
of 4mg/L when transferred by transformation into the isogenic
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E. coli DH5a strain. The colistin MIC for the recipient E. coli DH5a
was 0.5mg/L, while the colistin MIC for the Salmonella from
human or animal sources was 8 mg/L. The mutation of the mcr-
4.1 into the mcr-4.2 variant and its transfer into a novel ColE-type
gave no apparently measurable MIC difference.

Conclusions

Since the isolation of R3445 in 2013, other additional variants of
the mcr-4.1 gene have been described.”** The mcr-4.2 variant
was initially described in Salmonella from human gastroenteritis,
but is not exclusive to human isolates since it was also found in a
collection of E. coli and Salmonella of animal origin.** However,
among the Salmonellaisolates from Italy, the mcr-4 gene variants
were different in strains of human and animal origin, being mcr-
4.2 and mcr-4.1, respectively.” Moreover, genomic analysis dem-
onstrated that the monophasic Salmonella of human origin did
not belong to the same cluster as that of animal origin. Currently,
all mcr-4 gene variants seem to be preferentially carried by ColE-
like plasmids in both E. coli and Salmonella species, even though
the ColE plasmids found in human isolates were different from
that previously reported in the Salmonella of animal origin.”

As demonstrated by the wide distribution of mcr-1 worldwide, it
could be hypothesized that mcr-4 has also been spreading undetect-
ed among Enterobacteriaceae, with Salmonella representing a hid-
den reservoir.” The source of the mcr-4-positive Salmonella infecting
humans in 2016 in Italy is still unknown. Further epidemiological
analyses at the local and national level may be useful to understand
the extent of the circulation of this gene in the different sources.
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