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Introduction

Currently, one of the most threatening issues in the human health is the rise of antimicrobial resistance. This increased prevalence of multidrug resistant (MDR) bacteria is of particular concern in Gram-negative bacteria for which the pipeline of new antimicrobials is extremely limited. Among these MDR Gram-negative bacteria, carbapenemase-producing Enterobacteriaceae (CPE) have emerged in the 2000's and have disseminated worldwide and sometimes become endemic in few countries (e.g. KPC producing-Klebsiella pneumoniae in Greece and Italy or NDM producers in India). Of note, these CPE remain susceptible to only very few molecules including polymyxin (colistin and polymyxin B) and sometimes fosfomycin or tigecycline. Accordingly, colistin has become the last resort therapy for the treatment of infections caused by CPE [START_REF] Falagas | Colistin: the revival of polymyxins for the management of multidrug-resistant gram-negative bacterial infections[END_REF]. Unfortunately, the accelerated use of colistin in CPE-endemic countries led to the development of resistance that is now commonly reported [START_REF] Kontopidou | Infections caused by carbapenem-resistant Klebsiella pneumoniae among patients in intensive care units in Greece: a multi-centre study on clinical outcome and therapeutic options[END_REF][START_REF] Venditti | Letter to the Editor: Surveillance of mcr-1 and mcr-2 genes in carbapenem-resistant Klebsiella pneumoniae strains from an Italian Hospital[END_REF].

In Gram-negative bacteria, acquired resistance to colistin results mostly from modifications of the lipid A, the outer-membrane anchored part of the lipopolysaccharide (LPS) [START_REF] Jeannot | Resistance to polymyxins in Gram-negative organisms[END_REF][START_REF] Olaitan | Mechanisms of polymyxin resistance: acquired and intrinsic resistance in bacteria[END_REF]. These particular modifications consist of addition(s) of cationic groups such as phosphoethanolamine (pETN), and/or 4-amino-L-arabinose (L-Ara4N). They cause a decrease of the electronegative charge of the lipid A, which leads to electrostatic repulsion of the positively charged polymyxin. L-Ara4N and pETN addition are triggered by chromosome-encoded mechanisms such as mutations on genes encoding the PmrA/PmrB or PhoP/PhoQ two-component systems or through alterations of the master regulator MgrB.

More recently, it has been reported that addition of pETN can also occur through the expression of a plasmid-encoded phosphoethanolamine transferase, named MCR-1 [START_REF] Liu | Emergence of plasmidmediated colistin resistance mechanism MCR-1 in animals and human beings in China: a microbiological and molecular biological study[END_REF]. Since the initial description of this plasmid-encoded resistance to polymyxin in 2016, the mcr-1 gene has been reported worldwide mostly in E. coli and Salmonella spp. [START_REF] Sun | Towards understanding MCR-like colistin resistance[END_REF]. These mcr-1 positive strains are often isolated from animals or food samples, but some of them have been found in human [START_REF] Sun | Towards understanding MCR-like colistin resistance[END_REF]. To date, ten distinct MCR-1 variants have been currently assigned. Ten variants differ from MCR-1 by a single or few amino acids and thus share high nucleotide and amino acid identity (∼99%). Furthermore, four other families of mcr genes (mcr-2, mcr-3-like, mcr-4 and mcr-5 genes) have been reported in Enterobacteriaceae. MCR-2, MCR-3-like, MCR-4 and MCR-5 share only 81%, 34%, 33% and 31% amino acid identity with MCR-1, respectively [START_REF] Sun | Towards understanding MCR-like colistin resistance[END_REF]. Currently, the detection of plasmid-encoded polymyxin resistance relies on molecular tests dedicated to the detection of mcr-1 alone or mcr-1 and mcr-2. These test are based on real-time PCR [START_REF] Bontron | Real-time PCR for detection of plasmid-mediated polymyxin resistance (mcr-1) from cultured bacteria and stools[END_REF][START_REF] Chabou | Real-time quantitative PCR assay with Taqman ® probe for rapid detection of MCR-1 plasmid-mediated colistin resistance. New microbes and new infections[END_REF][START_REF] Dona | A SYBR ® Green-based real-time PCR method for improved detection of mcr-1-mediated colistin resistance in human stool samples[END_REF], loop-mediated isothermal amplification [START_REF] Imirzalioglu | Evaluation of a loop-mediated isothermal amplification-based assay for the rapid detection of plasmid-encoded colistin resistance gene mcr-1 in Enterobacteriaceae isolates[END_REF], and microarray [START_REF] Bernasconi | Evaluation of a new commercial microarray platform for the simultaneous detection of betalactamase and mcr-1/-2 genes in Enterobacteriaceae[END_REF]. Due to the high diversity of mcr genes (Supplementary Figure S1), design of molecularbased assays able to detect all mcr gene families is challenging. Unfortunately, all of these variants have already disseminated in Enterobacteriaceae of animals origin but also in human at least for mcr-3 and mcr-4 [START_REF] Borowiak | Identification of a novel transposon-associated phosphoethanolamine transferase gene, mcr-5, conferring colistin resistance in d-tartrate fermenting Salmonella enterica subsp. enterica serovar Paratyphi B. The Journal of antimicrobial chemotherapy[END_REF][START_REF] Carattoli | Novel plasmid-mediated colistin resistance mcr-4 gene in Salmonella and Escherichia coli, Italy 2013, Spain and Belgium[END_REF][START_REF] Roer | Novel mcr-3 variant, encoding mobile colistin resistance, in an ST131 Escherichia coli isolate from bloodstream infection[END_REF][START_REF] Xavier | Identification of a novel plasmid-mediated colistin-resistance gene, mcr-2, in Escherichia coli[END_REF].

In this study, we developed a multiplex PCR assay for the detection and discrimination of the five mcr gene families. We validated it on a collection of characterized strains. Since colistin remains one of the last options to treat infections caused by carbapenem-resistant isolates, we tested this novel assay prospectively on carbapenem-resistant isolates sent to the French national reference center for CPE over a two months period.

Materials and Methods

Antimicrobial susceptibility testing

Minimal inhibitory concentrations (MICs) were determined by BMD according to the guidelines of the CLSI and EUCAST joint subcommittee [START_REF]CLSI) and European Committee on Antimicrobial Susceptibility Testing (EUCAST) joint subcommittee[END_REF]. Results were interpreted using EUCAST breakpoint as updated in 2018.

Multiplex PCR assay

Nucleotide sequences of reported MCR variants were aligned and primers were designed to specifically amplify each mcr families. Primers and amplicon sizes are listed in the Supplementary Table S1.

DNA templates were obtained by boiling extract of one colony grown overnight on agar medium. Each PCR reaction consisted of 25 µl of DreamTaq Green PCR Master Mix (ThermoFisher, Waltham, Massachusetts, United States), 2.2 µl of each primers at 10 µM, 1 µl of water and 2 µl of the DNA template. Running condition were as follow: 1 cycle denaturation at 94°C for 5 min, 25 cycles of denaturation at 94°C for 30 seconds followed by annealing at 56°C for 1 minute and elongation at 72°C for 1 minute, and a final elongation cycle at 72°C for 5 minutes. The PCR products were loaded on a 2% agarose gel containing ethidium-bromide and visualized after 30 minutes electrophoresis at 120V.

Strains collection

A collection of 50 E. coli, 41 K. pneumoniae and 12 Salmonella enterica was used to develop and validate the multiplex PCR (Table 1). This collection is composed with 31 polymyxinresistant E. coli including 29 MCR producers (17 MCR-1, 2 MCR-1.5, 3 MCR-2, 2 MCR-3, 1 MCR-3.2, 4 MCR-5), 25 polymyxin-resistant K. pneumoniae including 3 MCR-1 producers and 8 MCR-producing Salmonella enterica isolates (6 MCR-1, 1 MCR-4 and 1 MCR-5).

Polymyxin susceptible strains include 19 E. coli, 16 K. pneumoniae and 4 S. enterica [START_REF] Dortet | Rapid detection and discrimination of chromosome-and MCR-plasmid-mediated resistance to polymyxins by MALDI-TOF MS in Escherichia coli: the MALDIxin test[END_REF]. This multiplex PCR was also performed on a collection of 82 Aeromonas spp. and 10 Shewanella spp. described as potential progenitors of mcr-3 and mcr-4 genes respectively [START_REF] Sun | Towards understanding MCR-like colistin resistance[END_REF][START_REF] Carattoli | Novel plasmid-mediated colistin resistance mcr-4 gene in Salmonella and Escherichia coli, Italy 2013, Spain and Belgium[END_REF].

Finally, since January 1 st 2018, this multiplex PCR was performed on all enterobacterial isolates daily received at the French Associated National Reference Center for Antibiotic Resistance (NRC) for searching carbapenemase activity from strains selected for their reduced susceptibility to carbapenems (ertapenem, meropenem, or imipenem) according to the Commitee of the Antibiogram of the French Society of Microbiology (CA-SFM). As previously described [START_REF] Dortet | Trends in carbapenemase-producing Enterobacteriaceae, France, 2012 to 2014[END_REF], all these carbapenem-resistant entorobacterial isolates were recovered from screening samples and clinical samples (mostly urine, blood culture and pulmonary samples) of hospitalized (~75%) and outerpatients (~25%). Indeed, since colistin is one of the last therapeutic options to treat carbapenem-resistance Enterobacteriaceae, looking for plasmid-encoded resistance in this group of isolates might be crucial for management of patients and epidemiological purpose.

Whole genome sequencing and analysis

Total DNA was extracted from colonies using the Ultraclean Microbial DNA Isolation Kit (MO BIO Laboratories, Ozyme, Saint-Quentin, France) following the manufacturer's instructions. The DNA concentration and purity were controlled by a Qubit® 2.0 Fluorometer using the dsDNA HS and/or BR assay kit (Life technologies). The DNA library was prepared using the Nextera XT-v2 kit (Illumina, Paris, France) and then run on NextSeq 500 Illumina system (2x150-bp paired-end). De novo assembly was performed by CLC Genomics Workbench v10.0.1 (Qiagen, Les Ulis, France). A search for colistin resistance gene was performed by (i) an automatic search using Resfinder webtool (http://www.genomicepidemiology.org/) and (ii) a manual search within the genome.

Genomes were annotated using RAST server (www. http://rast.nmpdr.org). The manual search was based on the detection of phophoethanolamine transferase within genome and detection of sequence homology.

Genbank accession number

The mcr-4.6 and mcr-4.7 were deposited in Genbank database under accession numbers MH323443 and MH323444, respectively.

Statistical analysis

The sensitivity and specificity values were calculated with their respective confidence interval 95% (95%CI) using the free software vassarStats: (Website for statistical Computation on http://vassarstats.net/).

Results

Validation of the multiplex PCR

The multiplex PCR has been designed to specifically amplify the five families of mcr genes, mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5 (Supplementary Table S1). As shown in Figure 1A, specific amplicon of 1139 bp, 816 bp, 676 bp, 405 bp, and 207 bp were observed for MCR-1, MCR-2, MCR-3, MCR-4 and MCR-5-producers. In E. coli and Salmonella isolates, mcr variants mcr-1.5 and mcr-3.2 were correctly assigned in their respective family (Figure 1C, Table 1). No unspecific product or interference could be observed neither with polymyxinresistant nor with polymyxin-susceptible isolates (data not shown). Using this collection of 50 E. coli, 41 K. pneumoniae and 12 Salmonella enterica, the multiplex PCR assay was 100%

[CI95 = 89.1% -100%] sensitive and 100% [CI95 = 92.8% -100%] for the detection and classification of MCR-producers.

Analysis of Aeromonas spp. and Shewanella spp. collections

As the progenitors of mcr-3 and mcr-4 genes are suspected to be Aeromonas spp. and Shewanella spp., respectively, we screened a collection of 82 Aeromonas spp. isolates belonging to 9 species and 10 different species of Shewanella spp. (Table 2). Although, no positive result was obtained with all Aeromonas spp. isolates tested, two Shewanella spp.

isolates, including Shewanella bicestrii JAB-1 strain [START_REF] Jousset | CTX-M-15producing Shewanella species clinical isolate expressing OXA-535, a chromosome-encoded OXA-48 variant, putative progenitor of the plasmid-encoded OXA-436[END_REF] and the Shewanella woodyi S539, gave a positive result for mcr-4-like gene. Both Shewanella spp. isolates remained susceptible to colistin with MIC at 0.25 mg/L and < 0.12 mg/L for Shewanella bicestrii JAB-1 strain and the Shewanella woodyi S539, respectively. Whole genome sequencing of these two isolates led to identify a mcr-4-like gene encoding putative phosphoethanolamine transferase (Supplementary Figure S2). The mcr-4-like genes from Shewanella bicestrii JAB-1 strain (mcr-4.6) and the Shewanella woodyi S539 (mcr-4.7) shared 74% and 74% nucleotide identity with mcr-4.1 respectively (Supplementary Figure S2). Deduced protein sequences shared 81% and 78% amino acid identity with MCR-4.1 respectively. The mcr-4.6 gene from S. bicestrii JAB-1 was cloned into E. coli TOP10. This clone also gave a positive result for mcr-4 and the MCR-4-expressing E. coli was resistant to colistin with MIC at 4 mg/L, confirming the specificity of the multiplex PCR.

Prospective evaluation of the multiplex PCR

This multiplex PCR has been implemented since January 2018 in the French NRC for Antimicrobial Resistance dedicated to the identification of carbapenemase-producing Enterobacteriaceae. From January 1 st 2018 to February 28 th 2018, 548 enterobacterial isolates (all with reduced susceptibility to carbapenems) were daily tested for colistin resistance using broth microdilution and for the presence of mcr genes using the developed multiplex. All colistin resistant isolates were subjected to whole genome sequencing to assess the presence of mcr-like genes. During this two months period we identified 29 colistin-resistant isolates (5.3%) including 4 Proteus mirabilis, 1 Serratia marcescens, 2 Morganella morgannii and 3

Hafnia alvei for which colistin-resistance corresponds to a wild-type phenotype [START_REF] Jeannot | Resistance to polymyxins in Gram-negative organisms[END_REF][START_REF] Jayol | Hafnia, an enterobacterial genus naturally resistant to colistin revealed by three susceptibility testing methods[END_REF].

Among the remaining 19 isolates, we identified 11 Enterobacter cloacae complex, 4 K.

pneumoniae, 1 K. oxytoca, 1 Citrobacter freundii and 2 E. coli. As previously described by Guerin et al. [START_REF] Guerin | Cluster-dependent colistin hetero-resistance in Enterobacter cloacae complex[END_REF], all Enterobacter cloacae complex isolates belong to subspecies known to be naturally resistant to polymyxins. For the 14 K. pneumoniae, the K. oxytoca and the C. 

Discussion

To date, five mcr gene families have been reported in Enterobacteriaceae. Of note, mcr-1 is more prevalent than the other mcr families in enterobacterial isolates recovered from human samples. At the opposite, the other mcr families (mcr-2 to mcr-5) seem to be more widespread than mcr-1 in animals. Although several commercialized molecular diagnostic tools have been developed for the detection of mcr genes, they cannot detect the latest reported families, mcr-3, mcr-4 and mcr-5. Here, we developed a multiplex PCR scheme and evaluated its performances using a collection of colistin resistant isolates, including mcr-1 to mcr-5

producers. Moreover, This multiplex assay was validated prospectively with isolates from

French NRC for antimicrobial resistance. All the mcr variant were detected correctly by this multiplex and no false negative were obtained. Recently, another multiplex assay, using different primers, has been developed for the identification of the same five mcr families [START_REF] Rebelo | Multiplex PCR for detection of plasmid-mediated colistin resistance determinants, mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5 for surveillance purposes[END_REF].

Using this test, a multicentre study led to identify 14 MCR-producing Enterobacteriaceae among 49 E. coli and Salmonella spp. isolates from animals and food from Spain, Germany, France and Italy. These two studies pave the way of the direct detection of the five mcr families genes directly on clinical samples using multiplex qPCR. However, the multicentre study [START_REF] Rebelo | Multiplex PCR for detection of plasmid-mediated colistin resistance determinants, mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5 for surveillance purposes[END_REF] did not evaluate the possibility of false positive results if it is performed on samples containing potential progenitor of mcr genes such as Shewanella spp. of Aeromonas spp. [START_REF] Sun | Towards understanding MCR-like colistin resistance[END_REF][START_REF] Carattoli | Novel plasmid-mediated colistin resistance mcr-4 gene in Salmonella and Escherichia coli, Italy 2013, Spain and Belgium[END_REF]. In addition, we obtained an amplicon for two Shewanella spp. WGS revealed the presence of two putative phosphoethanolamine transferase sharing homology with mcr-4.

Cloning and expression of mcr-4-like from S. bicestrii JAB-1 showed the functionality of the gene. Other Shewanella and Aeromonas isolates remained negative. These results highlight the risk of false detection MCR-producing Enterobacteriaceae when molecular methods are applied directly on clinical sample (e.g. stools). Indeed, it was reported that the intestinal carriage of Shewanella spp., as progenitor of bla OXA-48-like genes, might result in false detection of OXA-48-like-producing Enterobacteriaceae [START_REF] Antonelli | Intestinal carriage of Shewanella xiamenensis simulating carriage of OXA-48-producing Enterobacteriaceae[END_REF]. In the same way, it is likely that it falsely simulates the carriage of MCR-4-producing Enterobacteriaceae.

Despite the fact that the multiplex does not allow the identification of the variant inside the five mcr families, it allows a rapid and accurate identification of all MCR-producing Enterobacteriaceae. Accordingly, such kind of multiplex assay should be used on all

Enterobacteriaceae isolate with diminished susceptibility to colistin to detect as soon as possible the presence of a plasmid-mediated resistance. Thus, it might be helpful to rapidly assess the presence of plasmid encoded resistant to (i) implement infection control measures which aim to limit the spread of such resistance, as it is already proposed for the containment of CPE, and (ii) to select the appropriate therapy in case of infection.

Conclusions

In conclusion, we developed and validated a multiplex PCR able to detect all mcr genes families described in Enterobacteriaceae to date. This kind of test is critical for the epidemiological surveillance of plasmid-encoded resistance. This is also the case for laboratory who have access to WGS since only mcr-1, mcr-1.2 and mcr-2 genes are included in the ResFinder database (http://www.genomicepidemiology.org/), one of the most commonly used website for the identification of acquired resistance genes from WGS data. 
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  isolates colistin MIC ranging from 16 to 32 mg/L no putative phosphoethanolamine transferase encoding gene was found, suggesting chromosome encoded acquired resistance to colistin. Concerning the two colistin-resistant E. coli isolates the mcr multiplex PCR gave a positive result for mcr-1-like gene for one isolate with colistin MIC at 4 mg/L. This result was confirmed by the detection of mcr-1 in the genome of this strain. Of note, this MCR-1producing E. coli. possessed decreased susceptibility to carbapenems due to CTX-M-3 ESBL production associated with decreased outer-membrane permeability. No putative phosphoethanolamine transferase encoding gene was identified for the last colistin-resistant E. coli isolates that harboured colistin MIC at 32 mg/L. Overall, during this prospective evaluation, the performance of the PCR multiplex assay were 100% [CI95 = 54.6% -100%] sensitivity, 100% [CI95 = 99.1% -100%] specificity, 100% [CI95 = 54.6% -100%] positive predictive value and 100% [CI95 = 99.1% -100%] negative predictive value. Of note, only 3.2% (11/346) of the carbapenemase producers were resistant to colistin, including 7 isolates with natural colistin resistance (4 E. cloacae complex, one M. morganii and 2 P. mirabilis) and 4 isolates with acquired resistance (one KPC-3-, one NDM-1 and one OXA-48-producing K. pneumoniae and one OXA-48-producing C. freundii). No mcr-likeencoding plasmid was identified among carbapenemase producer.

  

Table 1 .

 1 Results of the multiplex PCR for the detection of mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5 genes on a collection of 42 E. coli, 41 K. pneumoniae and 8

	Salmonella.				
	Species	Name a	Colistin MIC (mg/L)	resistance mechanism to polymyxins	Multiplex PCR results
	E. coli	41489	4	mcr-1	mcr-1
	E. coli	J53 + mcr-1 *	8	mcr-1	mcr-1
	E. coli	CNR20140385	4	mcr-1	mcr-1
	E. coli	S08-056	4	mcr-1	mcr-1
	E. coli	CNR 117 G7	4	mcr-1	mcr-1
	E. coli	CNR 121 G9	4	mcr-1	mcr-1
	E. coli	CNR 1745	4	mcr-1	mcr-1
	E. coli	CNR 1604	4	mcr-1	mcr-1
	E. coli	CNR 1790	4	mcr-1	mcr-1
	E. coli	CNR 1859	4	mcr-1	mcr-1
	E. coli	CNR 1886	4	mcr-1	mcr-1
	E. coli	4222	4	mcr-1	mcr-1
	E. coli	4070	4	mcr-1	mcr-1
	E. coli	979	4	mcr-1	mcr-1
	E. coli	1724	4	mcr-1	mcr-1
	E. coli	DH5α + pDM1-mcr-1 **	4	mcr-1	mcr-1
	E. coli	MC1000 + pDM1-mcr-1 **	4	mcr-1	mcr-1
	E. coli	6383	4	mcr-1.5	mcr-1
	E. coli	1670	4	mcr-1.5	mcr-1
	E. coli	R12 F5 b	4	mcr-2	mcr-2
	E. coli	DH5α + pDM1-mcr-2 **	4	mcr-2	mcr-2
	E. coli	MC1000 + pDM1-mcr-2 **	4	mcr-2	mcr-2
	E. coli	DH5α + pDM1-mcr-3 **	4	mcr-3	mcr-3
	E. coli	MC1000 + pDM1-mcr-3 *	4	mcr-3	mcr-3
	E. coli	37922	8	mcr-3.2 c	mcr-3
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d The MCR-4-producing S. enterica R3445 has been previously described by Carattoli et al. [START_REF] Carattoli | Novel plasmid-mediated colistin resistance mcr-4 gene in Salmonella and Escherichia coli, Italy 2013, Spain and Belgium[END_REF] e The MCR-5-producing S. enterica 13-SA01718has been previously described by Borowiak M et al. [START_REF] Borowiak | Identification of a novel transposon-associated phosphoethanolamine transferase gene, mcr-5, conferring colistin resistance in d-tartrate fermenting Salmonella enterica subsp. enterica serovar Paratyphi B. The Journal of antimicrobial chemotherapy[END_REF] * natural plasmids, the natural mcr-5 carrying plasmid (from S. enterica 13-SA01718) as been previously described by Borowiak M et al.

** functional mcr-like gene cloned into pDM1, an IPTG-inducible (final concentration 0.5 mM), Tet R derivative of pACYC184 [START_REF] Chang | Construction and characterization of amplifiable multicopy DNA cloning vehicles derived from the P15A cryptic miniplasmid[END_REF]. The genes mcr-1, mcr-2 and mcr-5 were cloned into the SacI/XmaI sites of the vector, while for mcr-3, the NdeI/XmaI sites were used. c Shewanella spp. JAB-1 has been previously published by Jousset et al. [START_REF] Jousset | CTX-M-15producing Shewanella species clinical isolate expressing OXA-535, a chromosome-encoded OXA-48 variant, putative progenitor of the plasmid-encoded OXA-436[END_REF]. 
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