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ABSTRACT Plasmid-mediated resistance to polymyxins mediated by the MCR-1/2
determinants has been reported in Enterobacteriaceae worldwide. Using PCR-based
and cloning strategies, a series of Moraxella spp. were screened for mcr-like genes.
Moraxella spp. that are mainly animal pathogens but may also be human pathogens
were identified as potential reservoirs of mcr-like genes.
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Resistance to polymyxins in Enterobacteriaceae results mostly from chromosomal
mutations in genes involved in modification of lipopolysaccharide (LPS) (1, 2). In

particular, it has been shown that mutations, truncations, or insertions into genes
encoding LPS-modifying enzymes may be responsible for acquired resistance to poly-
myxins in Enterobacteriaceae (1, 3, 4), Acinetobacter baumannii, and Pseudomonas
aeruginosa (1, 5). However, the plasmid-mediated polymyxin resistance determinant
MCR-1 was recently found in Escherichia coli and Klebsiella pneumoniae isolates recov-
ered from humans and animals in China (6). The mcr-1 gene has been reported
worldwide in other enterobacterial genera, including Enterobacter, Salmonella, and
Shigella (7–11). This resistance was identified in Enterobacteriaceae isolated from various
animal species, including cattle, chicken, and pigs (12–14), and from river samples and
vegetables (15).

MCR-1 is a 541-amino-acid phosphoethanolamine transferase that adds phosphoe-
thanolamine to the lipid A moiety of LPS, leading to a more cationic LPS structure and
consequently to resistance to polymyxins (6). Recently, the MCR-2 protein (538 amino
acids long, 81% amino acid identity with MCR-1) was identified in Belgium from
colistin-resistant E. coli (16). Additionally, the MCR-1.2 and MCR-1.3 variants (both
exhibiting single amino acid substitutions versus MCR-1) were identified in Italy and
China, respectively (17, 18). Several plasmid types carrying the mcr-1 gene, belonging
to the IncI2, IncHI2, or IncX4 incompatibility groups, have been identified (8, 10, 12).
In addition, the mcr-1.2 and mcr-2 genes were found on IncX4 plasmid scaffolds
(16, 17).

It is often suggested that animals treated with polymyxins represent a significant
reservoir of polymyxin-resistant Gram-negative isolates, particularly MCR-producing
isolates (19). In fact, polymyxins are heavily used in veterinary medicine, and Europeans,
particularly in Spain and Italy, have a high consumption of those antibiotics for
food-producing animals (20). The frequent identification of MCR-1-producing isolates
from animals further supports the hypothesis that the animal world might be the
primary source of this resistance determinant.
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In the initial published works reporting MCR-1 and MCR-2 (6, 16), a certain degree
of sequence identity between the mcr-1 and mcr-2 genes and some intrinsic chromo-
somal genes from Moraxella spp. was highlighted. We hypothesized that these species
might be candidates for potential progenitors of different mcr-like genes.

In addition to sequence analyses of mcr-like genes, several features were considered.
First, the mcr-1 gene is often associated with insertion sequence (IS) ISApl1, which may
be responsible for its mobilization (8). ISApl1 was originally identified in Actinobacillus
pleuropneumoniae, belonging to the Pasteurellaceae family (21). This species is respon-
sible for porcine pleuropneumonia and is widely found in pigs (22). Second, many of
the mcr-1-positive isolates identified coharbor resistance determinants corresponding
to specific antibiotics used in veterinary medicine, such as the floR gene encoding
resistance to florfenicol (19). Many studies showed the wide dissemination of mcr-1-
positive E. coli isolates, mostly in animals (14, 23). Finally, the IncX4-type plasmids that
are often identified as supporting the mcr-1 gene were identified in enterobacterial
strains recovered from pigs, regardless of the presence of mcr-1 (24, 25).

Our focus was therefore on species belonging to the Moraxella genus. Moraxella spp.
are Gram-negative bacteria that are commensals or pathogens for animals (cattle,
sheep, cats, dogs, rabbits, and pigs), and Moraxella catarrhalis is a mucosal commensal
or pathogen for humans (26). In silico analysis of GenBank databases revealed that a
gene encoding a putative MCR-like protein was located on the chromosome of the M.
catarrhalis genome, sharing 59% and 60% amino acid identity with MCR-1 and MCR-2,
respectively.

Genomic DNA was extracted from a series of strains belonging to different Moraxella
spp., corresponding to Moraxella lincolnii CIP103462, Moraxella bovoculi CIP109558T,
Moraxella porci CIP110214T, Moraxella lacunata CIP108000, Moraxella saccharolytica
CIP57.36 and CIP68.37, Moraxella bovis CIP70.40T and CIP103741, Moraxella equi CIP82.26T,
Moraxella canis CIP103801T, Moraxella caprae CIP104714T, Moraxella boevrei CIP104716T,
Moraxella nonliquefaciens CIP100617, Moraxella laennata CIP102083, and Moraxella
osloensis CIP100025. PCR-based experiments were performed by using specific and
internal primers for both the mcr-1 and mcr-2 genes, namely, MCR-1�2-For (5=-TATC
GCTATGTGCTAAAGCC-3=) and MCR-1�2-Rev (5=-TCTTGGTATTTGGCGGTATC-3=). The
annealing temperature was decreased to 50°C to allow for the amplification of DNA
targets that might not be fully homologous to the mcr genes. For PCRs giving positive
results, only internal amplifications of the mcr-like genes were obtained. In order to gain
knowledge about all the mcr-like genes, an inverse PCR strategy was used, as previously
reported (27). Briefly, outward primers were designed from the internal sequenced
fragment to amplify adjacent DNA sequences. Templates corresponded to the genomic
DNA of the strains that were previously digested with different restriction enzymes
(BamHI, HindIII, EcoRI) and self-circularized using DNA T4 ligase.

PCR assays with internal mcr-1-specific genes gave positive results for three strains,
i.e., M. lincolnii, M. porci, and M. osloensis. Subsequently all of the mcr-like genes were
identified using the inverse-PCR strategy. The corresponding proteins, named MCR-LIN,
MCR-POR, and MCR-OSL, respectively, shared significant amino acid identities with
MCR-1 and MCR-2, ranging from 59% to 64%, respectively (Table 1). Note that the most

TABLE 1 Identity at amino acid (and nucleotide) levels between plasmid-mediated MCR-
1/MCR-2 polymyxin resistance determinants and those identified in M. porci, M. osloensis,
M. lincolnii, and M. catarrhalis

Polymyxin resistance
determinant

Identity at amino acid (nucleotide) level (%) with:

MCR-1 MCR-2 MCR-POR MCR-OSL MCR-LIN

MCR-2 81 (79)
MCR-POR 63 (70) 62 (70)
MCR-OSL 63 (68) 64 (68) 62 (65)
MCR-LIN 59 (67) 60 (70) 59 (67) 59 (66)
MCR-CAT 59 (67) 60 (69) 59 (67) 59 (66) 99 (98)
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closely related variant of MCR-1 was identified in M. porci, whereas the most closely
related variant of MCR-2 was identified in M. osloensis. Those identities were also
calculated for the corresponding genes at the nucleotide level, which further confirmed
the significant degree of similarity with mcr-like genes sharing �70% identity with the
mcr-1 and mcr-2 genes (Table 2).

Interestingly, considering the recently determined structure of the catalytic domain
of MCR-1 (28), all of the MCR-like proteins identified in this study possessed the six
cysteine residues forming the three disulfide bridges of the catalytic domain (Fig. 1).
The threonine 285 residue shown to be the catalytic nucleophile was also conserved in
all of the proteins (28). A phylogenetic tree was elaborated with nucleotide sequences
of the genes encoding the different MCR-like enzymes along with other putative
phosphoethanolamine transferase proteins. Interestingly, MCR-1 and MCR-2 signifi-
cantly clustered with those newly identified MCR-like determinants from Moraxella spp.
(Fig. 2A). Note that the phosphoethanolamine transferase from Enhydrobacter aerosac-
cus also clustered in that group. This result is in accordance with the recent taxonomic
reclassification of that species into the family Moraxellaceae (29). In parallel, the
phylogenetic tree elaborated with sequences of the 16S RNA gene sequences of those
different bacterial species confirmed that feature (Fig. 2B).

When analyzing the nucleotide sequences located downstream of mcr-like genes,
the significant identity between the mobilized fragment encompassing mcr-1 or mcr-2
and those identified in the chromosome of the Moraxella spp. was evident. Indeed,
homologues of the 240-amino-acid open reading frame previously identified down-
stream of mcr-1 were also identified downstream of the mcr-like genes, sharing �40%
to 50% amino acid identity (Table 2). This protein encodes a putative PAP2 membrane-
associated lipid phosphatase (16).

A PCR-based screening of the different Moraxella strains for the presence of the
replicase gene of IncX4 plasmids was performed with primers X4-Fw and X4-Rv, as
previously described (8). Interestingly, a positive signal was obtained using the genomic
DNA of M. lacunata that was further confirmed to be 99% identical to the IncX4
replicase gene identified in association with the mcr-1 gene, therefore showing that M.
lacunata may also be a reservoir of IncX4-type plasmids.

Since the mcr-1 gene is most often associated with the ISApl1 element, a PCR specific
for the ISApl1 element was performed with all Moraxella strains. A positive signal was
found with the M. porci strain, and sequencing confirmed a perfect identity with ISApl1.
Notably, ISApl1 was not located upstream of the mcr-por gene, in contrast to observa-
tions for mcr-1 and mcr-2 genes. This result highlights that some Moraxella spp. may
possess in their genome the putative resistance gene along with the genetic tool likely
involved in its mobilization, reinforcing the possibility of such a mobilization process.
We recently demonstrated that ISApl1 elements can mobilize the mcr-1 gene by
transposition (unpublished data).

TABLE 2 Analysis of the putative open reading frame (ORF) located downstream of the
mcr-like genes

Gene
ORF length
(amino acids)

Distance from mcr stop
codon (nucleotides)

Identity (amino acids) of ORFMCR-1

(coverage)a (%)

mcr-1 240 71
mcr-2 82b 93 51 (97)c

mcrOSL 236 90 44 (90)
mcrCAT 251 45 38 (89)
mcrLIN 245 50 39 (91)
mcrPOR 216 48 43 (86)
aCoverage represents the percentage of the query sequence that overlaps the subject sequence (i.e.,
ORFMCR-1).

bPutative ORF of MCR-2 is truncated by a copy of IS1595.
cCoverage was calculated from the alignment of the truncated ORFMCR-2 and the first 84 amino acids of
ORFMCR-1. The mcrOSL, mcrCAT, mcrLIN, and mcrPOR genes are from M. osloensis, M. catarrhalis, M. lincolnii, and
M. porci, respectively.
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The different mcr-like genes were cloned in the same L-arabinose-inducible vector
pBADb (30). Recombinant plasmids were expressed into E. coli TOP10 cells by adding
1% L-arabinose, and MIC values of colistin were determined by broth dilution methods,
as recommended by CLSI (31). Production of MCR-LIN and MCR-POR conferred 8- or
16-fold increases in the MIC values of colistin in E. coli (from 0.03 to 0.5 or 1 �g/ml), and
higher (64-fold) increases in MIC were conferred by MCR-OSL (4 �g/ml). Nonetheless,
using the same background, the highest MIC value of colistin was achieved with MCR-1,
highlighting that MCR-1 was the most efficient enzyme to confer acquired resistance to

FIG 1 Sequence comparison of plasmid-mediated MCR-like determinants. The plasmid-mediated MCR-1 and MCR-2 determinants were published
previously (6, 16). MCR-LIN is from M. lincolnii, MCR-CAT from M. catarrhalis, MCR-OSL from M. osloensis, and MCR-POR from M. porci. Slashes
indicate identical amino acid residues. Shaded areas indicate conserved cysteine residues forming the three disulfide bridges of the MCR-1
catalytic domain (28). The threonine 285 that was shown to be the catalytic nucleophile in MCR-1 (28) is also conserved among all the MCR
proteins, indicated by open boxes.
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colistin in E. coli. Note that M. lincolnii and M. porci both showed high MIC values of
colistin (64 �g/ml).

This report indicates that Moraxella spp. constitute a reservoir of mcr-like genes that
might be mobilized from their original host to become acquired resistant determinants

FIG 2 Phylogenetic tree obtained for a series of phosphoethanolamine transferase encoding genes (A) and 16S RNA genes (B) by the distance
method using the neighbor-joining algorithm (SeaView v4 software) (40). Branch lengths are drawn to scale and are proportional to the number
of amino acid changes with 200 bootstrap replications. The distance along the vertical axis has no significance.
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in clinically significant species, as previously shown for other resistance genes, with
Kluyvera spp. being the sources of CTX-M-type extended-spectrum �-lactamase genes
(32, 33); Citrobacter freundii, Morganella morganii, and Hafnia alvei of AmpC-type
�-lactamase genes (34, 35, 36); Shewanella spp. of OXA-48 and OXA-181 carbapen-
emase genes (37, 38); and Shewanella algae of the plasmid-mediated quinolone resis-
tance determinant QnrA (39).

It is tempting to speculate that the heavy usage of polymyxins in animals may be a
selective factor for mobilizing these naturally occurring MCR resistance determinants
from Moraxella-like species to Enterobacteriaceae. We showed here that all genetic
features requested for mobilization of the mcr-like genes (bacterial progenitor, genetic
tools, and selective pressure) are present in Moraxella that may be providers of further
clinically relevant and plasmid-mediated MCR-like determinants in the future. However,
the exact species acting as progenitors of the MCR-1 and MCR-2 encoding genes
remain to be determined.

ACKNOWLEDGMENTS
We are grateful to C. Fyfe and T. H. Grossman for the gift of plasmid pBADb.
This work was funded by the University of Fribourg; grants from the ANIWHA

ERA-NET project, Switzerland; the OFSP, Bern, Switzerland (grant 16009294); and the
Novartis Foundation for Medical-Biological Research.

REFERENCES
1. Poirel L, Jayol A, Nordmann P. 2017. Polymyxins: antibacterial activity,

susceptibility testing, and resistance mechanisms encoded by plasmids
or chromosomes. Clin Microbiol Rev 30:557–596. https://doi.org/10
.1128/CMR.00064-16.

2. Yu Z, Qin W, Lin J, Fang S, Qiu J. 2015. Antibacterial mechanisms of
polymyxin and bacterial resistance. Biomed Res Int 2015:679109. https://
doi.org/10.1155/2015/679109.

3. Jayol A, Poirel L, Brink A, Villegas MV, Yilmaz M, Nordmann P. 2014.
Resistance to colistin associated with a single amino acid change in
protein PmrB among Klebsiella pneumoniae isolates of worldwide origin.
Antimicrob Agents Chemother 58:4762– 4766. https://doi.org/10.1128/
AAC.00084-14.

4. Poirel L, Jayol A, Bontron S, Villegas MV, Ozdamar M, Turkoglu S,
Nordmann P. 2014. The mgrB gene as a key target for acquired resis-
tance to colistin in Klebsiella pneumoniae. J Antimicrob Chemother
70:75– 80. https://doi.org/10.1093/jac/dku323.

5. Potron A, Poirel L, Nordmann P. 2015. Emerging broad-spectrum resis-
tance in Pseudomonas aeruginosa and Acinetobacter baumannii: mech-
anisms and epidemiology. Int J Antimicrob Agents 45:568 –585. https://
doi.org/10.1016/j.ijantimicag.2015.03.001.

6. Liu YY, Wang Y, Walsh TR, Yi LX, Zhang R, Spencer J, Doi Y, Tian G, Dong
B, Huang X, Yu LF, Gu D, Ren H, Chen X, Lv L, He D, Zhou H, Liang Z, Liu
JH, Shen J. 2016. Emergence of plasmid-mediated colistin resistance
mechanism MCR-1 in animals and human beings in China: a microbio-
logical and molecular biological study. Lancet Infect Dis 16:161–168.
https://doi.org/10.1016/S1473-3099(15)00424-7.

7. Poirel L, Kieffer N, Liassine N, Thanh D, Nordmann P. 2016. Plasmid-
mediated carbapenem and colistin resistance in a clinical isolate of
Escherichia coli. Lancet Infect Dis 16:281. https://doi.org/10.1016/S1473
-3099(16)00006-2.

8. Poirel L, Kieffer N, Brink A, Coetze J, Jayol A, Nordmann P. 2016. Genetic
features of MCR-1-producing colistin-resistant Escherichia coli isolates,
South Africa. Antimicrob Agents Chemother 60:4394 – 4397. https://doi
.org/10.1128/AAC.00444-16.

9. Doumith M, Godbole G, Ashton P, Larkin L, Dallman T, Day M, Day M,
Muller-Pebody B, Ellington MJ, de Pinna E, Johnson AP, Hopkins KL,
Woodford N. 2016. Detection of the plasmid-mediated mcr-1 gene
conferring colistin resistance in human and food isolates of Salmonella
enterica and Escherichia coli in England and Wales. J Antimicrob Che-
mother 71:2300 –2305. https://doi.org/10.1093/jac/dkw093.

10. McGann P, Snesrud E, Maybank R, Corey B, Ong AC, Clifford R, Hinkle M,
Whitman T, Lesho E, Schaecher KE. 2016. Escherichia coli harboring mcr-1
and blaCTX-M on a novel IncF plasmid: first report of mcr-1 in the United

States. Antimicrob Agents Chemother 60:4420 – 4421. https://doi.org/10
.1128/AAC.01103-16.

11. Zeng KJ, Doi Y, Patil S, Huang X, Tian GB. 2016. Emergence of plasmid-
mediated mcr-1 gene in colistin-resistant Enterobacter aerogenes and
Enterobacter cloacae. Antimicrob Agents Chemother 60:3862–3863.
https://doi.org/10.1128/AAC.00345-16.

12. Haenni M, Poirel L, Kieffer N, Châtre P, Saras E, Métayer V, Dumoulin R,
Nordmann P, Madec JY. 2016. Co-occurrence of extended spectrum �
lactamase and MCR-1 encoding genes on plasmids. Lancet Infect Dis
16:281–282. https://doi.org/10.1016/S1473-3099(16)00007-4.

13. Perreten V, Strauss C, Collaud A, Gerber D. 2016. Colistin resistance gene
mcr-1 in avian-pathogenic Escherichia coli in South Africa. Antimicrob
Agents Chemother 60:4414–4415. https://doi.org/10.1128/AAC.00548-16.

14. Olaitan AO, Thongmalayvong B, Akkhavong K, Somphavong S, Pabori-
boune P, Khounsy S, Morand S, Rolain JM. 2015. Clonal transmission of
a colistin-resistant Escherichia coli from a domesticated pig to a human
in Laos. J Antimicrob Chemother 70:3402–3404. https://doi.org/10.1093/
jac/dkv252.

15. Zurfuh K, Poirel L, Nordmann P, Nuesch-Inderbinen M, Hachler H,
Stephan R. 2016. Occurrence of the plasmid-borne mcr-1 colistin resis-
tance gene in ESBL-producing Enterobacteriaceae in river water and
imported vegetable samples in Switzerland. Antimicrob Agents Che-
mother 60:2594 –2595. https://doi.org/10.1128/AAC.00066-16.

16. Xavier BB, Lammens C, Ruhal R, Kumar-Singh S, Butaye P, Goossens H,
Malhotra-Kumar S. 2016. Identification of a novel plasmid-mediated
colistin-resistance gene, mcr-2, in Escherichia coli, Belgium, June
2016. Euro Surveill 21. http://www.eurosurveillance.org/ViewArticle.aspx?
ArticleId�22525.

17. Di Pilato V, Arena F, Tascini C, Cannatelli A, Henrici De Angelis L,
Fortunato S, Giani T, Menichetti F, Rossolini GM. 2016. mcr-1.2, a new mcr
variant carried on a transferable plasmid from a colistin-resistant KPC
carbapenemase-producing Klebsiella pneumoniae strain of sequence
type 512. Antimicrob Agents Chemother 60:5612–5615. https://doi.org/
10.1128/AAC.01075-16.

18. Lu X, Hu Y, Luo M, Zhou H, Wang X, Du Y, Li Z, Xu J, Zhu B, Xu X, Kan B. 2017.
MCR-1.3: a new MCR variant carried by an IncP plasmid in a colistin-resistant
Salmonella enterica serovar Typhimurium isolated from a healthy individual.
Antimicrob Agents Chemother 61:pii�AAC.02632-16.

19. Poirel L, Nordmann P. 2016. Emerging plasmid-encoded colistin
resistance: the animal world as the culprit? J Antimicrob Chemother
71:2326 –2327. https://doi.org/10.1093/jac/dkw074.

20. Catry B, Cavaleri M, Baptiste K, Grave K, Grein K, Holm A, Jukes H, Liebana
E, Lopez Navas A, Mackay D, Magiorakos AP, Moreno Romo MA, Moulin
G, Muñoz Madero C, Matias Ferreira Pomba MC, Powell M, Pyörälä S,

Kieffer et al. Antimicrobial Agents and Chemotherapy

June 2017 Volume 61 Issue 6 e00129-17 aac.asm.org 6

https://doi.org/10.1128/CMR.00064-16
https://doi.org/10.1128/CMR.00064-16
https://doi.org/10.1155/2015/679109
https://doi.org/10.1155/2015/679109
https://doi.org/10.1128/AAC.00084-14
https://doi.org/10.1128/AAC.00084-14
https://doi.org/10.1093/jac/dku323
https://doi.org/10.1016/j.ijantimicag.2015.03.001
https://doi.org/10.1016/j.ijantimicag.2015.03.001
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1016/S1473-3099(16)00006-2
https://doi.org/10.1016/S1473-3099(16)00006-2
https://doi.org/10.1128/AAC.00444-16
https://doi.org/10.1128/AAC.00444-16
https://doi.org/10.1093/jac/dkw093
https://doi.org/10.1128/AAC.01103-16
https://doi.org/10.1128/AAC.01103-16
https://doi.org/10.1128/AAC.00345-16
https://doi.org/10.1016/S1473-3099(16)00007-4
https://doi.org/10.1128/AAC.00548-16
https://doi.org/10.1093/jac/dkv252
https://doi.org/10.1093/jac/dkv252
https://doi.org/10.1128/AAC.00066-16
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=22525
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=22525
https://doi.org/10.1128/AAC.01075-16
https://doi.org/10.1128/AAC.01075-16
https://doi.org/10.1093/jac/dkw074
http://aac.asm.org


Rantala M, Ružauskas M, Sanders P, Teale C, Threlfall EJ, Törneke K, van
Duijkeren E, Torren Edo J. 2015. Use of colistin-containing products
within the European Union and European Economic Area (EU/EEA):
development of resistance in animals and possible impact on human
and animal health. Int J Antimicrob Agents 46:297–306. https://doi.org/
10.1016/j.ijantimicag.2015.06.005.

21. Tegetmeyer HE, Jones SC, Langford PR, Baltes N. 2008. ISApl1, a novel
insertion element of Actinobacillus pleuropneumoniae, prevents ApxIV-
based serological detection of serotype 7 strain AP76. Vet Microbiol
128:342–353. https://doi.org/10.1016/j.vetmic.2007.10.025.

22. Rycroft AN, Garside LH. 2000. Actinobacillus species and their role in
animal disease. Vet J 159:18 –36. https://doi.org/10.1053/tvjl.1999.0403.

23. Hu Y, Liu F, Lin IY, Gao GF, Zhu B. 2016. Dissemination of the mcr-1
colistin resistance gene. Lancet Infect Dis 16:146 –147. https://doi.org/
10.1016/S1473-3099(15)00533-2.

24. Lo WU, Chow KH, Law PY, Ng KY, Cheung YY, Lai EL, Ho PL. 2014. Highly
conjugative IncX4 plasmids carrying blaCTX-M in Escherichia coli from
humans and food animals. J Med Microbiol 63:835– 840. https://doi.org/
10.1099/jmm.0.074021-0.

25. Sun J, Deng H, Li L, Chen MY, Fang LX, Yang QE, Liu YH, Liao XP. 2015.
Complete nucleotide sequence of cfr-carrying IncX4 plasmid pSD11
from Escherichia coli. Antimicrob Agents Chemother 59:738 –741. https://
doi.org/10.1128/AAC.04388-14.

26. Aebi C. 2011. Moraxella catarrhalis—pathogen or commensal? Adv Exp
Med Biol 697:107–116. https://doi.org/10.1007/978-1-4419-7185-2_9.

27. Bellais S, Poirel L, Léotard S, Naas T, Nordmann P. 2000. Genetic diversity
of carbapenem-hydrolyzing metallo-ß-lactamases from Chryseobacte-
rium (Flavobacterium) indologenes. Antimicrob Agents Chemother 44:
3028 –3034. https://doi.org/10.1128/AAC.44.11.3028-3034.2000.

28. Stojanoski V, Sankaran B, Prasad BV, Poirel L, Nordmann P, Palzkill T.
2016. Structure of the catalytic domain of the colistin resistance enzyme
MCR-1. BMC Biol 14:81. https://doi.org/10.1186/s12915-016-0303-0.

29. Kawamura Y, Fujiwara N, Naka T, Mitani A, Kubota H, Tomida J, Morita Y,
Hitomi J. 2012. Genus Enhydrobacter Staley et al. 1987 should be rec-
ognized as a member of the family Rhodospirillaceae within the class
Alphaproteobacteria. Microbiol Immunol 56:21–26. https://doi.org/10
.1111/j.1348-0421.2011.00401.x.

30. Fyfe C, LeBlanc G, Close B, Nordmann P, Dumas J, Grossman TH. 2016.
Eravacycline is active against bacterial isolates expressing the polymyxin
resistance gene mcr-1. Antimicrob Agents Chemother 60:6989 – 6990.
https://doi.org/10.1128/AAC.01646-16.

31. Clinical and Laboratory Standards Institute. 2014. Performance standards
for antimicrobial susceptibility testing; 24th informational supplement.

CLSI document M100-S24. Clinical and Laboratory Standards Institute,
Wayne, PA.

32. Humeniuk C, Arlet G, Gautier V, Grimont P, Labia R, Philippon A. 2002.
Beta-lactamases of Kluyvera ascorbata, probable progenitors of some
plasmid-encoded CTX-M types. Antimicrob Agents Chemother 46:
3045–3049. https://doi.org/10.1128/AAC.46.9.3045-3049.2002.

33. Poirel L, Kämpfer P, Nordmann P. 2002. Chromosome-encoded Ambler
class A �-lactamase of Kluyvera georgiana, a probable progenitor of a
subgroup of CTX-M extended-spectrum �-lactamases. Antimicrob
Agents Chemother 46:4038 – 4040. https://doi.org/10.1128/AAC.46.12
.4038-4040.2002.

34. Poirel L, Guibert M, Girlich D, Naas T, Nordmann P. 1999. Cloning,
sequence analyses, expression, and distribution of ampC-ampR from
Morganella morganii clinical isolates. Antimicrob Agents Chemother
43:769 –776.

35. Girlich D, Naas T, Bellais S, Poirel L, Karim A, Nordmann P. 2000.
Biochemical-genetic characterization and regulation of expression of an
ACC-1-like chromosome-borne cephalosporinase from Hafnia alvei. An-
timicrob Agents Chemother 44:1470 –1478. https://doi.org/10.1128/AAC
.44.6.1470-1478.2000.

36. Wu SW, Dornbusch K, Kronvall G, Norgren M. 1999. Characterization and
nucleotide sequence of a Klebsiella oxytoca cryptic plasmid encoding a
CMY-type ß-lactamase: confirmation that the plasmid-mediated cepha-
mycinase originated from the Citrobacter freundii AmpC �-lactamase.
Antimicrob Agents Chemother 43:1350 –1357.

37. Poirel L, Héritier C, Nordmann P. 2004. Chromosome-encoded ambler
class D �-lactamase of Shewanella oneidensis as a progenitor of
carbapenem-hydrolyzing oxacillinase. Antimicrob Agents Chemother 48:
348 –351. https://doi.org/10.1128/AAC.48.1.348-351.2004.

38. Potron A, Poirel L, Nordmann P. 2011. Origin of OXA-181, an emerging
carbapenem-hydrolyzing oxacillinase, as a chromosomal gene in She-
wanella xiamenensis. Antimicrob Agents Chemother 55:4405– 4407.
https://doi.org/10.1128/AAC.00681-11.

39. Poirel L, Rodriguez-Martinez JM, Mammeri H, Liard A, Nordmann P. 2005.
Origin of plasmid-mediated quinolone resistance determinant QnrA.
Antimicrob Agents Chemother 49:3523–3525. https://doi.org/10.1128/
AAC.49.8.3523-3525.2005.

40. Gouy M, Guindon S, Gascuel O. 2010. SeaView version 4: a multiplatform
graphical user interface for sequence alignment and phylogenetic tree
building. Mol Biol Evol 27:221–224. https://doi.org/10.1093/molbev/
msp259.

Potential Origin of MCR-Like Determinants Antimicrobial Agents and Chemotherapy

June 2017 Volume 61 Issue 6 e00129-17 aac.asm.org 7

https://doi.org/10.1016/j.ijantimicag.2015.06.005
https://doi.org/10.1016/j.ijantimicag.2015.06.005
https://doi.org/10.1016/j.vetmic.2007.10.025
https://doi.org/10.1053/tvjl.1999.0403
https://doi.org/10.1016/S1473-3099(15)00533-2
https://doi.org/10.1016/S1473-3099(15)00533-2
https://doi.org/10.1099/jmm.0.074021-0
https://doi.org/10.1099/jmm.0.074021-0
https://doi.org/10.1128/AAC.04388-14
https://doi.org/10.1128/AAC.04388-14
https://doi.org/10.1007/978-1-4419-7185-2_9
https://doi.org/10.1128/AAC.44.11.3028-3034.2000
https://doi.org/10.1186/s12915-016-0303-0
https://doi.org/10.1111/j.1348-0421.2011.00401.x
https://doi.org/10.1111/j.1348-0421.2011.00401.x
https://doi.org/10.1128/AAC.01646-16
https://doi.org/10.1128/AAC.46.9.3045-3049.2002
https://doi.org/10.1128/AAC.46.12.4038-4040.2002
https://doi.org/10.1128/AAC.46.12.4038-4040.2002
https://doi.org/10.1128/AAC.44.6.1470-1478.2000
https://doi.org/10.1128/AAC.44.6.1470-1478.2000
https://doi.org/10.1128/AAC.48.1.348-351.2004
https://doi.org/10.1128/AAC.00681-11
https://doi.org/10.1128/AAC.49.8.3523-3525.2005
https://doi.org/10.1128/AAC.49.8.3523-3525.2005
https://doi.org/10.1093/molbev/msp259
https://doi.org/10.1093/molbev/msp259
http://aac.asm.org

	ACKNOWLEDGMENTS
	REFERENCES

