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ABSTRACT

Mobile colistin resistance (mcr) genes represent an emerging challenge. Here we describe a novel mcr gene, mcr-10, on an
IncFIA plasmid of an Enterobacter roggenkampii clinical strain. mcr-10 has the highest nucleotide identity (79.69%) with
mcr-9 and encodes MCR-10 with 82.93% amino acids identical to MCR-9. mcr-10 confers 4-fold increase in colistin MIC
(from 1 to 4 mg/L) when cloned into a colistin-susceptible E. roggenkampii strain. By screening GenBank, mcr-10 was
found in various Enterobacteriaceae species of countries in four continents, suggesting that this gene has widely
spread. MCR-10 shows 79.04% to 83.67% amino acid identity and highly conserved predicted protein structures with
chromosomally encoded MCR-like phosphoethanolamine transferases (designated MCR-B here) of various Buttiauxella
species. MCR-10, MCR-9 and MCR-B proteins may, therefore, originate from a common ancestor. mcr-10 was adjacent
to a site-specific recombinase-encoding gene and was bracketed by 1S903 and may be mobilized by site-specific
recombination or composite transposon. Our results indicate that mcr-10 is a novel plasmid-borne colistin resistance
gene and warrants immediate monitoring and further studies.
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Introduction

Colistin is a last resort antimicrobial agent against car-
bapenem-resistant Gram-negative bacteria including
Enterobacteriaceae but strains with acquired colistin
resistance have also emerged worldwide [1]. Colistin
resistance in the Enterobacteriaceae can be due to chro-
mosomal mechanisms and plasmid-borne mobile
colistin resistance genes (mcr). Since the report of the
first mcr gene, mcr-1, in 2016 [2], a few other mcr
genes including mcr-2 [3], mcr-3 [4], mcr-4 [5], mcr-5
[6], mcr-6 [7], mcr-7 [8], mcr-8 [9] and mcr-9 [10]
have been described in Enterobacteriaceae and mcr-1
and mcr-4 have also been reported in Acinetobacter
spp.[11,12] or Pseudomonas spp. (mcr-1 only) [12].
All of the MCR proteins are phosphoethanolamine
(PEA) transferases [13]. These PEA transferases cata-
lyse the attachment of PEA to lipopolysaccharides
(LPS)-lipid A, lead to a reduction of the negative charge
of LPS upon structural alteration of lipid A and there-
fore result in resistance to colistin [13]. Of note, the dis-
covery of mcr-9 in colistin-susceptible strains suggests
that strains carrying mcr genes may not exhibit colistin
resistance phenotype due to low-level gene expression

[10]. This promotes us to investigate the presence of
mcr-like genes in a colistin-susceptible Enterobacter
clinical strain, for which the minimum inhibitory con-
centration (MIC) of colistin was 2 mg/L, close to the
4 mg/L resistance breakpoint defined by the European
Committee on Antimicrobial Susceptibility Testing
(EUCAST) (http://www.eucast.org/). We found a new
mcr variant, designated mcr-10, in the strain and report
the findings here.

Methods
The strain, in vitro susceptibility testing

Strain 090065 (also called WCHER090065) was a clini-
cal isolate recovered in 2016 at West China Hospital.
This study was approved by the Ethical Committee of
West China Hospital with waiving the inform consent.
MICs of aztreonam, cefepime, ceftazidime, colistin,
imipenem, meropenem, piperacillin-tazobactam, and
tigecycline were determined using the broth microdilu-
tion method of the Clinical and Laboratory Standards
Institute (CLSI) [14]. For colistin and tigecycline, the
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breakpoints defined by EUCAST (http://www.eucast.
org/) were applied.

Genome sequencing and analysis

Strain 090065 was subjected to whole-genome sequen-
cing using the HiSeq X10 (Illumina; San Diego, CA,
USA) according to the manufacturer’s instructions.
Genomic DNA was prepared using the QIAamp
DNA Mini Kit (Qiagen, Hilden, Germany). Generated
reads were de novo assembled into contigs using
SPAdes v3.13.0 [15] applying the careful and auto-
cut-off modes. To determine the location of mcr-10,
strain 090065 was also subjected to long-read whole-
genome sequencing using a MinlON Sequencer
(Nanopore; Oxford, UK). The de novo hybrid assembly
of both short (Illumina) and long reads was performed
using Unicycler v0.4.3 [16] under conservative mode
for increased accuracy. Pilon v1.22 [17] was used to
correct complete circular contigs with Illumina reads
for several rounds until no change was detected.

Prokka v1.13 [18] was used to annotate the genome
sequence. Antimicrobial resistance genes were ident-
ified from genome sequences using the ABRicate pro-
gram (https://github.com/tseemann/abricate) to query
the ResFinder database (https://cge.cbs.dtu.dk/
services/ResFinder/). Plasmid replicons were identified
using PlasmidFinder 2.0 (https://cge.cbs.dtu.dk/
services/PlasmidFinder/).

Nucleotide sequence accession numbers
The complete sequence of the chromosome and plas-
mids of strain 090065 has been deposited into Gen-
Bank under the accession no. CP045064-CP045066.
The sequence of mcr-10 has been deposited into Gen-
Bank under the accession no. MN179494.

Precise species identification

For precise species identification, the pair-wise average
nucleotide identity (ANI) between strain 090065 and
type strains of Enterobacter species was determined
using JSpeciesWS based on BLAST [19]. A > 95-96%
ANTI cut-off was used to define a bacterial species [20].

Cloning

The —10, —35 boxes of the promoter of mcr-10 were
predicted using the online tool BPROM (http://www.
softberry.com/berry.phtml?topic=bprom&group=
programs&subgroup=gfindb). The complete coding
sequence of mcr-10 and its promoter region were
amplified with primers 090065_up_Sacl  (5'-
AAAAAAGAGCTCTCCGCTTTGTATCCCAATAG;
restriction site is underlined) and 090065_down_EcoRI
(5-AAAAAAGAATTCTTTTATAATTTCCGG-
CAGCA) using PrimeSTAR Max DNA Polymerase
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(Takara, Dalian, China). PCR amplicons and the vector
pBC SK (Stratagene, La Jolla, CA, USA) were digested
using Sacl and EcoRI (New England Biolabs, Ipswich,
MA, USA) and were ligated to the pBC SK vector
using T4 ligase (New England Biolabs) to construct
pBC SK-mcr10. pBC SK-mcrl0 was transformed into
a colistin-susceptible E. roggenkampii clinical strain,
named 120033, by chemical transformation. Potential
transformants containing mcr-10 were selected on
Luria-Bertani agar plates (Sigma; St. Louis, MO,
USA) containing 30 mg/L chloramphenicol. Colonies
on plates were screened for mcr-10 by PCR using pri-
mers 090065_up_Sacl/090065_down_EcoRI and the
presence of mcr-10 was confirmed by Sanger sequen-
cing amplicons. MICs of colistin were determined for
transformants containing pBC SK-mcrl0 using the
CLSI broth microdilution method.

Induction tests

To examine whether the expression of mcr-10 is
inducible as reported for mcr-9 [10], strain 090065
was subjected to induction with IPTG (isopropyl-p-
D-thiogalactopyranoside; BBI, Shanghai, China) or
lactose (Meilun, Dalian, China) as described pre-
viously [21]. After induction, MIC of colistin for
strain 090065 was determined in the absence or pres-
ence of 1 or 3 mmol/L lactose or 0.4 or 1 mmol/L
IPTG.

Conjugation and electroporation experiments

Conjugation experiments were carried out in broth and
on filters with the azide-resistant E. roggenkampii strain
120033 AizR (an azide-resistant variant of 120033) as
the recipient at both 25°C and 37°C as described pre-
viously [22]. Potential transconjugants were selected
on LB agar plates containing 2 mg/L colistin and
150 mg/L azide. Electroporation was performed with
Escherichia coli DH5a as described previously [23].
Transformants were selected on Luria-Bertani agar
plates containing 2 mg/L colistin. The presence of
mcr-10 in the transformant was confirmed by PCR
with primers 090065_up_Sacl/090065_down_EcoRI
and subsequent Sanger sequencing. MICs of aztreonam,
ceftazidime, colistin, and meropenem were determined
as described above.

Screening the presence of mcr-10 in GenBank

We screened the presence of mcr-10 in sequences
including complete or draft genome sequences depos-
ited in GenBank by BLAST (https://blast.ncbinlm.
nih.gov/Blast.cgi, accessed by 30 August 2019).
Matches with >90% identity and >90% coverage were
retrieved from GenBank.


http://www.eucast.org/
http://www.eucast.org/
https://github.com/tseemann/abricate
https://cge.cbs.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
http://www.softberry.com/berry.phtml?topic=bprom%26group=programs%26subgroup=gfindb
http://www.softberry.com/berry.phtml?topic=bprom%26group=programs%26subgroup=gfindb
http://www.softberry.com/berry.phtml?topic=bprom%26group=programs%26subgroup=gfindb
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi

510 e C. Wang et al.

Structure comparisons of MCR-10, MCR-9 and
MCR-Bs

The amino acid sequences of MCRs were retrieved
from Bacterial Antimicrobial Resistance Reference
Gene Database (BioProject no. PRJNA313047).
MCR-B proteins from genus Buttiauxella were
retrieved from their whole-genome assemblies. Along
with the two alleles of MCR-10 found in this study
(see below for details), the amino acid sequences of
all genes (n=75) were aligned using Prank v1.70427
[24] with 50 iterations first, followed by aligning corre-
sponding nucleotide sequences using aligned amino
acid sequences as the guide in the same program.
The aligned nucleotide and amino acid sequences
were fed into RAXML v8.2.12 [25] with a 1000-boot-
strap test under GTRGAMMA and PROTGTR-
GAMMA  model, respectively, for inferring
maximum-likelihood phylogenies.

Three-dimensional (3D) structural models of MCR-
10, other reported MCR proteins (MCR-1 to -9) and
MCR-B of various Buttiauxella species based on lipid
A PEA transferase [26] were constructed using
Phyre2 [27] and were visualized using UCSF Chimera
[28]. Secondary structures of MCR-9, MCR-10 and
MCR-Bs were then predicted using ESPript 3 [29].

Results

A novel mcr, mcr-10, was identified in strain
090065 of E. roggenkampii

Strain 090065 (also called WCHER090065) was recov-
ered from an ascites sample of a patient in 2016 at West
China Hospital. Strain 090065 (also called
WCHER090065) was resistant to aztreonam (MIC,
256 mg/L), ceftazidime (MIC, 64 mg/L), imipenem
(MIC, 32 mg/L), meropenem (MIC, 16 mg/L), inter-
mediate to piperacillin-tazobactam (MIC, 32/4 mg/L)
but susceptible to cefepime (MIC, 2 mg/L), colistin
(MIC, 2 mg/L), and tigecycline (MIC, 2 mg/L). Short-
read whole-genome sequencing of strain 090065 gener-
ated 1.77 clean gigabases (367.6x coverage), which
were de novo assembled into 137 contigs (N50,
134,938 bp). Strain 090065 belongs to
E. roggenkampii, a recently described Enterobacter
species [30] as it has 98.51% ANI value with the type
strain of E. roggenkampii (strain DSM16690", Gen-
Bank accession no. CP017184).

Strain 090065 has two known antimicrobial resist-
ance genes, blayyrs (a chromosomal ampC gene
intrinsic to Enterobacter mediating resistance to
aztreonam, 1st to 3rd cephalosporins, and penicillins)
and fosA (mediating resistance to fosfomycin).
Known mcr genes including mcr-1 to -9 were not ident-
ified in the draft genome sequence of strain 090065.
However, a PEA transferase-encoding gene, which
has 79.69% identity and 99% coverage with mcr-9.1

(GenBank accession no. NG_064792) [10], was ident-
ified. The PEA transferase encoded by the gene has
82.93% amino acid identity with MCR-9, suggesting
that the transferase is a novel MCR-like protein.

To determine whether this novel mcr-like gene med-
iates colistin resistance or not, the gene was cloned on
pBC SK (Stratagene, La Jolla, CA, USA) to construct
pBC SK-mcr10, which was transferred into a colistin-
susceptible E. roggenkampii clinical strain, named
120033. MIC of colistin against strain 120033 contain-
ing pBC SK-mcrl10 and strain 120033 containing pBC
SK alone was 4 and 1 mg/L, respectively. The four-fold
increase in colistin MIC in the presence of mcr-10
suggests that this gene indeed mediates colistin
resistance.

Although the precise cut-off to define MCR groups
has been established, the amino acid identity of 88%
to 96% has been commonly used the de facto cut-off
[31]. After consulting the NCBI as suggested recently
[31], the novel MCR identified in the present study is
named MCR-10. MCR-10 has 29.31%, 27.09%,
61.60%, 42.49%, 28.94%, 26.53%, 58.26%, 35.81%,
and 82.93% amino acid identity with MCR-1, MCR-
2, MCR-3, MCR-4, MCR-5, MCR-6, MCR-7, MCR-8,
and MCR-9, respectively. Induction with lactose and
IPTG did not increase the MICs of colistin against
090065 as MIC of colistin remained 2 mg/L in the pres-
ence of 1 or 3 mmol/L lactose or 0.4 or 1 mmol/L
IPTG. This suggests that the expression of mcr-10
may not be inducible.

mcr-10 was carried by an IncFIA plasmid in
strain 090065

To determine the location of mcr-10, strain 090065 was
also subjected to long-read whole-genome sequencing
using MinION. The hybrid assemblies of Illumina
and MinION reads revealed that strain 090065 had a
4.86-Mb circular chromosome and two plasmids,
p1_090065 (10,944-bp, replicon type undetermined)
and pMCR10_090065 (71,775-bp, containing an
IncFIA(HI1) replicon).

Despite repeated attempts of conjugation exper-
iments, transconjugants containing pMCR10_090065
were not obtained, suggesting that pMCR10_090065
was not self-transmissible. Examining the complete
sequence of pMCR10_090065 revealed that there
was no conjugation module on this plasmid. E. coli
transformant carrying mcr-10 was obtained by elec-
troporation, confirming that mcr-10 is plasmid-
borne. mcr-10-carrying transformant was susceptible
to colistin (MIC, 2mg/L), meropenem (MIC,
<1 mg/L), aztreonam (MIC, <1 mg/L), and ceftazi-
dime (MIC, 4 mg/L). This suggests that the resistance
to these agents seen in strain 090065 was not co-
transferred with mcr-10.



mcr-10 is found in a few genera of the family
Enterobacteriaceae and has a global
distribution

In GenBank, a total of 34 matches that have >90%
identity and >90% coverage with mcr-10 were ident-
ified including 30 draft genome sequences (Table 1)
and four complete plasmid sequences (Table 2). In
addition, an incomplete mcr-10 was found in the
draft genome sequence of an E. coli strain (accession
no. LLYM01000000), which was truncated by insertion
sequence IS3. The mcr-10-containing strains belonged
to 13 species of 6 genera (Citrobacter, Enterobacter,
Escherichia, Klebsiella, Kluyvera, and Raoultella) of
the family Enterobacteriaceae but most (24/35) were
of the genus Enterobacter. The strains were found in
11 countries (Australia, Canada, China, France,
Germany, Japan, the Netherlands, Spain, Thailand,
USA and Vietnam) of four continents. Most (n = 30)
of the 35 strains were from human, mcr-10 was also
present in strains from animal (dog, n=1) and
environment (water, n=4). As only contigs of the 31
draft genome sequences are available, we were unable
to reliably determine the location (chromosome or
plasmid) of mcr-10 for these strains. Nonetheless, all
of the four mcr-10-carrying plasmids contained one
or two IncF replicons (Table 2).

Table 1. Strains harbouring mcr-10 in GenBank.
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The mcr-10 genes of 33 strains encode MCR-10 that
has an identical amino acid sequence with that in strain
090065. The remaining sequence of the truncated mcr-
10 (accession no. LLYM01000000) is also identical to
that of strain 090065. However, another MCR-10 var-
iant with 15 amino acid substitutions (97.2% [524/539]
amino acid identity) is found in plasmid pECC18A13-1
of Enterobacter sp. 18A13 (all call as DSM16690; Gen-
Bank accession no. AP019635). The alignment of the
two MCR-10 variants is shown in Figure SI in the Sup-
plementary file. This suggests that mcr-10 has been
diverged.

mcr-10 may originate from a yet-to-identified
species closely related to known Buttiauxella
species

Like MCR-9 [10,32], MCR-10 shows significant amino
acid identity with chromosomally encoded MCR-like
PEA transferases of various Buttiauxella species, desig-
nated MCR-B here, from 79.04% (426/539 identical aa)
with that of Buttiauxella agrestis (NCBI Reference
Sequence no. WP_034495833.1) to 83.67% (451/539
identical aa) with those of Buttiauxella gaviniae
(NCBI Reference Sequence no. WP_064511805.1)

Host Species Strain Accession no. Country Year Host Source
Citrobacter freundii B38* GCF_001702455 China 1998 Human Leg ulcer
Enterobacter asburiae KA2 GCF_003023805 Spain 2014 Human Rectal colonization
Enterobacter cloacae SB610 GCA_900978275 Netherlands 2000 Environment Water
Enterobacter cloacae PIMB10EC272 GCF_002982195 Vietnam 2010 Human Urine
Enterobacter kobei c7 GCF_001276465 Australia 2003 Human Lungs
Enterobacter kobei 24.1-R2 GCF_002001845 Australia 2012 Human Feces
Enterobacter kobei 4300STDY7045912 GCA_900496815 Thailand 2016 Human NA
Enterobacter kobei GEO_33_Down_A GCF_004024245 USA 2017 Environment Water
Enterobacter kobei GEO_23_Down_A GCF_004024335 USA 2017 Environment Water
Enterobacter kobei MGH132 GCF_002151855 USA 2015 Human NA
Enterobacter kobei ucl 39 GCF_000534155 USA NA Human Urine
Enterobacter kobei GN02570 GCF_001022655 USA 2007 Human Bodily fluid
Enterobacter kobei 1001_ECLO GCF_001052605 USA NA Human NA
Enterobacter kobei 1000_ECLO GCF_001052055 USA NA Human NA
Enterobacter kobei SMART_313 GCF_001472135 Vietnam 2010 Human NA
Enterobacter roggenkampii 49530189 GCF_002208285 Australia 2017 Human Blood
Enterobacter roggenkampii ECC1097 GCF_002785795 China 2010 Human Urine
Enterobacter roggenkampii GER_MD16_1505_Eko_090 GCF_003331015 Germany 2015 Dog Feces
Enterobacter roggenkampii ntmc-TH GCF_003427235 NA 2017 Human Blood
Enterobacter roggenkampii MGH 25 GCF_000492995 NA NA Human Urine
Enterobacter roggenkampii GNO05753 GCF_001518455 USA 2013 Human NA
Enterobacter roggenkampii GN02204 GCF_001023195 USA 2003 Human Body fluid
Enterobacter roggenkampii GN02825 GCF_001022915 USA 2009 Human Body fluid
Enterobacter sichuanensis ECC1752 GCF_002785945 China NA Human NA
Enterobacter sp. 18A13%P AP019634 Japan 2018 Environment River water
Escherichia coli AZ74° GCF_001484485 China 2014 Human Gut
Escherichia coli CRE54 GCF_003401245 USA 2016 Human Blood
Klebsiella pneumoniae 1323_ECLO GCF_001053395 USA NA Human NA
Klebsiella pneumoniae BIDMC 67 GCF_000692255 USA 2013 Human Abscess
Klebsiella quasipneumoniae 149G8 GCF_003289115 France 2017 Human Urine
Klebsiella quasipneumoniae CRE71 GCF_003401175 USA 2016 Human Blood
Kluyvera sp. TUM14004 GCF_004310925 Japan 2013 Human Blood
Raoultella electrica TUM14061 GCF_004312065 Japan 2013 Human Blood
Raoultella ornithinolytica FDAARGOS_431° GCF_002635365 Canada 2015 Human Rectal swab

Note: NA, not available.

?In the four strains, mcr-10 is located on a plasmid (Table 2).

5mcr-10 in strain 18A13 encodes an MCR-10 variant with 15 amino acids different from MCR-10 encoded by mer-10 genes in all other strains.
mcr-10 in strain AZ74 is truncated.
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Table 2. mcr-10-carrying plasmids.

Plasmid Accession no. Species, strain Source Year Country Plasmid replicon
pMCR10_090065 Enterobacter roggenkampii 090065 Human ascites 2016 China FIA

p0Z172 CP016763 Citrobacter freundii B38 Human leg ulcer 1998 China FIB, Fll

pEC27-2 CP020091 Enterobacter cloacae PIMB10EC27 Human urine 2010 Vietnam Fll

unnamed1 CP023893 Raoultella ornithinolytica FDAARGOS_431 Human rectal swab 2015 Canada FIB, Fll
PECC18A13-1° AP019635 Enterobacter spp. 18A13° River water 2018 Japan FIA

*The MCR-10 variant encoded by pECC18A13-1 has 15 amino acid substitutions compared with MCR-10 encoded by the other plasmids.
PThe strain is likely of a new Enterobacter species, which is most closely related to . roggenkampii with a 94.51% ANI value.

and Buttiauxella brennerae (NCBI Reference Sequence ~ MCR-10 form a cluster with MCR-9 and MCR-B,
no. WP_064558897.1). which is well separated from other MCRs (Figure 1; a

Comparison with known MCRs (MCR-1to MCR-9)  phylogenetic tree of mcr genes is shown as Figure S2
and MCR-B of various Buttiauxella species showed  in the Supplementary file). Nonetheless, there are a

1.6
1.4
1.2

0.8
0.6
0.4

N
=1

Alleles Length Identity! Accession no.

- =3
I MCR-5.3 547 aa 28.94% WP_114699278.1
l MCR-5.2 546 aa 28.94% WP_109545057.1
MCR-5.1 547 aa 28.94% WP_053821788.1
MCR-6.1 538 aa 26.53% WP_099982813.1
MCR-2.2 538 aa 27.27% WP_078254299.1
MCR-2.1 538 aa 27.09% WP_065419574.1
4 MCR-23 538 aa 26.90% WP_094323230.1
MCR-1.10 541 aa 28.76% WP_096807442.1
MCR-1.13 541 aa 29.31% WP_109545056.1
MCR-1.4 541 2a 29.31% WP_076611062.1
MCR-1.1 541 2a 29.31% WP_049589868.1
MCR-1.11 542 aa 29.13% WP_099982815.1
MCR-1.18 541 aa 2931% WP_106743337.1
MCR-1.21 541 2a 29.13% WP_140423330.1
MCR-1.7 541 aa 2931% WP_085562392.1
MCR-1.6 541 aa 29.13% WP_077248208.1
MCR-1.16 541 aa 29.31% WP_136512110.1
MCR-1.20 541 aa 2931% WP_140423329.1
MCR-1.9 541 aa 29.31% WP_099982800.1
MCR-1.19 541 2a 2931% WP_129336087.1
MCR-1.15 540 aa 29.50% WP_116786830.1
MCR-1.14 541 aa 29.31% WP_109545052.1
MCR-1.3 5412a 29.31% WP_077064885.1
MCR-1.5 541 aa 29.50% WP_076611061.1
MCR-1.17 541 aa 29.31% WP_136512111.1
MCR-1.2 541 aa 29.31% WP_065274078.1
MCR-1.12 541 2a 29.31% WP_104009850.1
J MCR-1.8 541 aa 29.31% WP_085562407.1
1 MCR-8.1 565 aa 35.81% WP_114699275.1
L MCR-8.2 565 aa 35.81% WP_072310976.1
MCR-4.4 541 2a 42.67% WP_109545055.1
MCR-4.2 541 aa 42.67% WP_109545058.1
MCR-4.5 541 aa 42.49% WP_109545054.1
MCR-4.1 541 aa 42.49% WP_099156046.1
MCR-4.6 541 aa 42.49% WP_116786828.1
MCR-4.3 541 aa 42.67% WP_011638903.1
MCR-9.1 539 aa 82.93% WP_001572373.1
‘| [ MCR-10.1 539 aa 100.00% QDO66747.1

MCR-10.2 539 aa 97.22% BBJ69763.1
MCR-Bb 539 aa 83.67% WP_064558897.1
MCR-Bg 539 aa 83.67% WP_064511805.1
— MCR-Bf 539 aa 80.52% WP_064546189.1
MCR-Bn 539 aa 82.56% WP_064554336.1
-LL MCR-Bi 539 aa 79.41% WP_120062886.1
MCR-Ba 539 aa 79.04% WP_034495833.1
MCR-7.1 539 aa 58.26% WP_104009851.1
= MCR-3.17 540 aa 62.89% WP_111273846.1
MCR-3.6 540 aa 63.08% WP_042649074.1
f MCR-3.15 540 aa 62.89% WP_111273844.1
1 MCR-3.27 540 aa 62.89% WP_017778762.1
MCR-3.8 540 aa 62.89% WP_099156048.1
MCR-3.14 540 aa 62.52% WP_111273843.1
MCR-3.25 540 aa 62.71% WP_103252528.1
MCR-3.3 540 aa 62.89% WP_099982814.1
MCR-3.13 540 aa 62.52% WP_111273842.1
MCR-3.30 468 aa 53.06% WP_140423332.1
MCR-3.16 540 aa 62.89% WP_111273845.1
MCR-3.18 540 aa 62.71% WP_111273847.1
MCR-3.12 541 2a 61.78% WP_109545070.1
MCR-3.7 541 2a 61.78% WP_099156047.1
MCR-3.9 541 aa 61.97% WP_099156049.1
MCR-3.10 541 aa 61.97% WP_099982820.1
MCR-3.24 541 aa 61.60% WP_094321595.1
MCR-3.20 541 aa 61.60% WP_065801616.1
100 MCR-3.5 541 aa 61.97% WP_089613755.1
MCR-3.2 541 2a 61.78% WP_094315354.1
MCR-3.1 541 2a 61.60% WP_039026394.1
5( MCR-3.23 541 2a 61.60% WP_094313523.1
MCR-3.21 541 2a 61.78% WP_094312656.1
- MCR-3.26 54122 61.60% WP_140423331.1
MCR-3.19 541 aa 61.60% WP_087879616.1
Bootstraps MCR-3.29 541 aa 61.60% WP_136512112.1
MCR-3.4 541 aa 61.60% WP_065804663.1
MCR-3.22 541 aa 61.60% WP_094308975.1
MCR-3.11 541 2a 61.60% WP_102607465.1

Figure 1. Comparison of MCR-10 with other known MCRs and MCR-like proteins (MCR-B) in Buttiauxella species. This maximum-
likelihood tree based on amino acid sequences was inferred using RAXML v8.2.12 [25] with a 1000-bootstrap test under the
PROTGTRGAMMA model. The tree is middle-point rooted and the blue and green strips separate different MCR families with
MCR-10 being highlighted in red. Bootstrap results are indicated by colour gradient on the branches, starting from 50% shown
as red and up to 100% shown as green. MCR-like proteins in Buttiauxella species are named here according to the species.
MCR-Ba, MCR-Bb, MCR-Bf, MCR-Bg, MCR-Bi, and MCR-Bn are MCR-like proteins from Buttiauxella agrestis strain ATCC 33320" (acces-
sion no. JMPI00000000), Buttiauxella brennerae ATCC 51605" (accession no. LXERO0000000), Buttiauxella ferragutiae ATCC 516027
(accession no. LXEQ00000000), Buttiauxella gaviniae ATCC 51604 (accession no. LXEPO0000000), Buttiauxella izardii CCUG35510"
(accession no. QZWH01000000), and Buttiauxella noackiae ATCC 51607" (accession no. LXEO00000000), respectively.



large number of amino acid variations (>89 aa)
between MCR-10 and MCR-B proteins and the vari-
ations are diffusely distributed in the amino acid
sequence of the MCR-B proteins (Figure S3 in the Sup-
plementary file).

MCR-10, MCR-9 and MCR-Bs are highly similar at
the structural level

Three-dimensional (3D) models showed that both the
membrane-anchored domain and the soluble catalytic
domain of MCR-1 to -10 and MCR-Bs had high levels
of conservation (Figure 2(A)). The N-terminal mem-
brane-anchored domain and the C-terminal soluble
catalytic domain of these MCR proteins were con-
served in both amino acids and structural elements
(Figure 2(B)).

The mobilization of mcr-10 may be due to site-
specific recombination

On pMCR10_090065 and three other plasmids carry-
ing mcr-10, mcr-10 was located at the immediate down-
stream of a XerC-type tyrosine recombinase-encoding
gene, designated xerC here (Figure 3). It has been
known that XerC-type tyrosine recombinases are able
to mediate mobilization of adjacent genetic com-
ponents including antimicrobial resistance genes via
site-specific recombination [33,34]. In Enterobacter
spp.. an XerC-type tyrosine recombinase has been
identified to mediate the mobilization of blay, a car-
bapenemase gene [35]. Therefore, the mobilization of
mcr-10 may also be mediated by the XerC-type tyrosine
recombinase. As the downstream sequence of mcr-10
was truncated by insertion sequence ISEc36, it is there-
fore impossible to identify the recombination sites
recognized by the XerC-type tyrosine recombinase.
Of note, two copies of IS903 were located at upstream
and downstream of xerC-mcr-10 on pMCR10_090065,

MCR-3.1 MCR-4.1  MCR-5.1

MCR-Ba

e Qil e
s B
Y Y F
R R R

MCR-8.1 MCR-9.1

MCR-10.1

MCR-Bf MCR-Bg MCR-Bi MCR-Bn
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pMCR10_090065 AATCGTAAA GATCAGCA
CP045065
1S903 ISKpn26A xerC mer-10 ISKox1A  1S90.
pOZ172 GTTATGAAG ISEc364
CP016763
Tn1722A
pEC27-2 ISKpn26 ISSen4
\ |
1526
Unnamed1 rfs ISEc36
oo e ) el BN
pECC18A13-1 orf 1S100A 1SSen7A
AP019635
5.#0 bp

Figure 3. Genetic contexts of mcr-10. Gene xerC (shown in
orange) encodes a XerC-type tyrosine recombinase, which
may mediate mobilization of adjacent genetic components
via site-specific recombination. A represents truncated inser-
tion sequences or transposons. Identical regions are high-
lighted by grey rectangles. On pMCR10_090065, two copies
of 15903 are located at upstream and downstream of xerC-
mcr-10 (mcr-10 is shown in red) and the 9-bp abutting
sequences are indicated. On pOZ171, there is an 1S903 at
upstream with the 9-bp abutting sequence being shown. How-
ever, there is no 1S903 at downstream of xerC-mcr-10 but
instead, transposon Tn1722 is presented. On pEC27-2, there
is no 1S903. A complete ISKpn26 is present at upstream of
xerC-mcr-10 and an 1526, which is interrupted by the insertion
of 1SSen4, is at downstream. On an unnamed plasmid (acces-
sion no. CP023893), several open reading frames (orfs) without
known function are present at upstream of xerC-mcr-10, while
ISEc36 is present at downstream. On pECC18A13-1, the mcr-10
encodes an MCR-10 variant with 15 amino acids different from
MCR-10 encoded by the other plasmids and is shown in dark
red. No xerC is present, while truncated 1S700 and truncated
ISSen7 are located at upstream and downstream of the mcr-
10, respectively.

Figure 2. Structures of MCR-10, other reported MCR proteins (MCR-1 to -9) and MCR-B of various Buttiauxella species. (A) Structural
models were constructed using Phyre2 [27] and show the transmembrane-anchored and soluble periplasmic domains of the phos-
phoethanolamine transferase. (B) Secondary structures of MCR-10, MCR-9 and MCR-B. The alignment of amino acid sequences and
the prediction of secondary structures were performed using ESPript 3 [29]. Secondary structure elements, o helixes, B sheets, and
310-helixes (representing by n), are indicated. B-strands are rendered as arrows, and strict f-turns are shown as TT letters.
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respectively, and could form a composite transposon.
On insertion, IS903 generates 9-bp direct target repeats
but the 9-bp sequences abutting the two IS903 were
different, suggesting that the region bracketed by
IS903 was not due to direct insertion. Nonetheless,
the IS903-formed composite transposon has the poten-
tial to mediate mobilization of the intervening genetic
components. In contrast, IS903 has also been found
upstream of mcr-9 but other insertion sequences such
as IS26 are present downstream instead [32].

Discussion

Enterobacteriaceae is the most common pathogen
causing human infections [36]. Multi-drug resistant
organisms such as carbapenem-resistant Enterobacter-
iaceae (CRE) have become a major global challenge
[37]. Colistin is a last resort antimicrobial agent and
one of the only options to treat serious infections
caused by CRE. However, Enterobacteriaceae strains
with acquired colistin resistance have emerged world-
wide, which are significantly jeopardizing the efficacy
of colistin [38]. Plasmid-borne mcr colistin resistance
genes can be transmitted across Enterobacteriaceae
species and may have spread to multiple continents,
representing a particular threat to public health and
clinical management in the whole world [39]. Monitor-
ing the spread antimicrobial resistance is a core com-
ponent of strategies for combating antimicrobial
resistance [40]. Identification of new mcr genes can
be used to improve the monitoring of plasmid-borne
colistin resistance and may, therefore, help to develop
effective control measures.

In this study, we identified a novel mcr gene in strain
090065 of Enterobacter roggenkampii. mcr-10 has the
highest nucleotide identity (79.69%) with mcr-9 and
encodes MCR-10 with 82.93% amino acids identical
to MCR-9. mcr-10 confers 4-fold increase in colistin
MIC (from 1 to 4 mg/L) when cloned into a colistin-
susceptible E. roggenkampii strain. This suggests that
mcr-10 was indeed a colistin resistance gene. Of note,
strain 090065 carrying mcr-10 was susceptible to colis-
tin (MIC, 2 mg/L), while the originally colistin-suscep-
tible E. roggenkampii strain became resistant to colistin
(MIC, 4 mg/L) after receiving mcr-10 by cloning. The
discrepancy in colistin susceptibility is likely due to
the expression as mcr-10 was carried by a large natu-
rally occurring plasmid in strain 090065 but was cloned
onto the small-size vector pBC SK in strain 120033.
Nonetheless, such discrepancy warrants further
studies. We revealed that mcr-10 was adjacent to site-
specific recombinase-encoding gene and was bracketed
by 1S903 on an IncFIA plasmid in strain 090065, indi-
cating that mcr-10 has the potential to be mobile. We
also found that mcr-10 has been present in a few genera
of the family Enterobacteriaceae with a global distri-
bution. Of note, the earliest match of mcr-10 in

GenBank was plasmid pOZ172 of a Citrobacter freun-
dii clinical strain, which was recovered in 1998 in
Guangzhou, southern China, suggesting that mcr-10
has been mobilized by plasmids within Enterobacteria-
ceae for decades. We showed that MCR-10, MCR-9
and MCR-B proteins originated from a common
ancestor. The large number and diffuse distribution
of amino acid variations between MCR-10 and MCR-
B proteins suggest that MCR-10 is not directly derived
from these Buttiauxella species but may have origi-
nated from a yet-to-identified species that are closely
related to known Buttiauxella species.

In conclusion, we identified and characterized a
novel mcr gene and we also found that the gene has
been spread globally under the radar. This suggests
that the novel mcr gene is of significance for health.
Our findings are essential for developing effective
countermeasures including surveillance.
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