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Background and aim: Plasmid-mediated colistin resist-
ance mechanisms have been identified worldwide in
the past years. A multiplex polymerase chain reac-
tion (PCR) protocol for detection of all currently known
transferable colistin resistance genes (mcr-1 to mcr-
5, and variants) in Enterobacteriaceae was devel-
oped for surveillance or research purposes. Methods:
We designed four new primer pairs to amplify mcr-
1, mcr-2, mcr-3 and mcr-4 gene products and used
the originally described primers for mcr-5 to obtain
a stepwise separation of ca 200 bp between ampli-
cons. The primer pairs and amplification conditions
allow for single or multiple detection of all currently
described mcr genes and their variants present
in Enterobacteriaceae. The protocol was validated
testing 49 European Escherichia coli and Salmonella
isolates of animal origin. Results: Multiplex PCR
results in bovine and porcine isolates from Spain,
Germany, France and Italy showed full concordance
with whole genome sequence data. The method was
able to detect mcr-1, mcr-3 and mcr-4 as singletons
or in different combinations as they were present in
the test isolates. One new mcr-4 variant, mcr-4.3,
was also identified. Conclusions: This method allows
rapid identification of mcr-positive bacteria and over-
comes the challenges of phenotypic detection of
colistin resistance. The multiplex PCR should be par-
ticularly interesting in settings or laboratories with
limited resources for performing genetic analysis as
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it provides information on the mechanism of colistin
resistance without requiring genome sequencing.

Introduction

Colistin belongs to the antimicrobial class desig-
nated polymyxins which originates from the organ-
ism Paenibacillus polymyxa. This class consists of
polymyxins A, B, C, D and E, of which only colistin
(polymyxin E) and polymyxin B are used in clinical
practice [1]. Colistin has been widely used in veteri-
nary medicine in Asian, European and North American
countries but human use was restricted due to its
neuro- and nephrotoxicity [2-4]. In the past decade,
emergence of multidrug-resistant Gram-negative bac-
teria (such as Enterobacteriaceae, Pseudomonas aerug-
inosa and Acinetobacter baumannii) led to an increase
of colistin administration as a last resort antibiotic
for human infections [5]. Prior to the detection of the
plasmid-mediated resistance gene mcr-1, resistance to
colistin in Enterobacteriaceaehad only involved chro-
mosomal mutations, including mutations in the pmrA/
pmrB two-component system that regulate synthesis
and structure of the lipopolysaccharide [6].

Global surveillance of plasmid-mediated colistin resist-
ance is hindered by the technical difficulties of phe-
notypic tests owed to particular interactions of the
drug with reagents or materials and resulting from
its specific molecular structure. The main problems
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FIGURE

Multiplex PCR for detection of mcr-1, mcr-2, mcr-3, mcr-4
and mcr-5, European Union Reference Laboratory for
Antimicrobial Resistance (EURL-AR) in the context of
animal health and food safety, 2017
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Visualisation of the bands on an agarose (1.5%) gel for the five
positive control strains. GeneRuler 100 bp Plus DNA Ladder
(Thermo Fisher Scientific, Waltham, Massachusetts, United States)
was used as molecular size marker and the size of each amplicon
is indicated at the side. Mix corresponds to results obtained with a
5 uL mixture of DNA from all five control strains. Neg. corresponds
to the blank negative control.

associated with phenotypic testing are the (i) irregu-
lar diffusion of colistin in agar media, (ii) interaction
with cations in media and (iii) possible adsorption of
the antibiotic to certain laboratory materials, which
make the agreement of results between replicated
testing and between laboratories difficult. Disk diffu-
sion, agar dilution and Etest strips methods cannot
be used to perform colistin susceptibility testing, and
there is yet not enough information available regarding
automated methods to reach a significant conclusion
about their sensitivity [1,7]. Thus to date, only deter-
mination of minimum inhibitory concentration (MIC)
by broth microdilution is recommended in technical
guidance documents by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) and the
Clinical and Laboratory Standards Institute (CLSI) [8,9].

The first plasmid-mediated colistin resistance gene
was identified in an Escherichia coli strain from a pig in
China and also found to be present in other Escherichia
coli and Klebsiella pneumoniae isolates in samples
from both animal and human origin, collected between
2011 and 2014 [4]. The mcr-1 gene (KP347127) encodes
a phosphoetanolamine transferase that alters the lipid
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Ain the lipopolysaccharide of the bacterial outer mem-
brane. This reduces the attachment of colistin and
therefore prevents cell lysis. Although this mechanism
has only recently been discovered there are reports of
isolates recovered in 1980 harbouring the mcr-1 gene,
but most cases refer to isolates collected since
2009 [10]. After the first detection, additional
four mcr genes were described: mcr-2 (LT598652)
was found in E. coli from animal sources in Belgium
[11], mcr-3 (KY924928) in E. coli from pigs in China
[12], mcr-4 (MF543359) in E. coli and Salmonella
enterica serovar Typhimurium from pigs in lItaly,
Spain and Belgium [13] and mcr-5 (KY807921)
in  Salmonella Paratyphi B dTa+from poultry in
Germany [14]. Variants of mcr-1, mcr-3 and mcr-4 [15-
18] as well as co-occurrence of mcr-1 and mcr-3 have
been observed in Enterobacteriaceae [19,20].

Even though mcr genes have been more prevalent in
animaland food isolates than in human strains, multiple
cases of human infection by strains harbouring mcr-
1, mcr-3 or mcr-4 have been observed [15,18,21].
Worldwide, over 100 Enterobacteriaceae strains
harbouring mcr have been recovered from human
hosts, mostly E. coli strains, in patients originating
from, or who had recently travelled to, Asian countries
[15]. This includes the first mcr-1 description by Liu et al.
who identified 16 mcr-1-positive E. coli and K. pneumo-
niae clinical strains [4]. More recently, mcr-1 and mcr-
1.2 were described in one E. coli and one K.
pneumoniae strain from infected humans in Denmark
[22] and ltaly [23], respectively. Three additional E.
coli strains carrying the mcr-1 gene were found in faecal
samples of Dutch travellers [24] and a study of pilgrims
travelling to Mecca revealed the gene in 10 E. coli and
one K. pneumoniae strains [25]. These findings repre-
sent a snapshot of the cases so far described of mcr-1 i
n Enterobacteriaceae of human origin and illustrate the
global spread of bacteria carrying mcr-1. In Denmark,
one E. coli and 10 Salmonella clinical strains collected
between 2009 and 2017 were found to harbour mcr-3,
six of which were present in people reporting previ-
ous travel to Thailand or Vietnam [17,19]. In Italy, mcr-
4-positive Salmonella strains have been isolated from
two humans with gastroenteritis [18].

The discovery of plasmid-mediated colistin resistance
has raised international concern as the spread of this
resistance might hamper the efficacy of colistin in
humans, although the full clinical relevance has not yet
been determined. Plasmid-mediated resistance genes
have the potential to be further transmitted and spread
globally, including to and within regions with already
high levels of antimicrobial resistance where multidrug-
resistant bacteria represent a public health concern.
This can lead to the emergence of colistin-resistance
in already multidrug-resistant bacteria, for which colis-
tin represents a last-resort antibiotic, and compromise
antibiotic treatment. Thus, human infections for which
therapeutic options have been depleted could occur in
nosocomial settings.
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TABLE 1

Primers and positive control strains used for multiplex PCR for detection of mcr-1, mcr-2, mcr-3, mer-4 and mcr-5 genes

Primer name

Sequence (5’-3")

Positive control strain Reference

mcri_320bp_fw AGTCCGTTTGTTCTTGTGGC L . .

mcr-1 320 Escherichia coli 2012-60-1176-27 [22] | This study
mcri_320bp_rev AGATCCTTGGTCTCGGCTTG
mcrz_zoobp_fw CAAGTGTGTTGGTCGCAGTT . .

mcr-2 715 E. coli KP37 [11] This study
mcr2_zoobp_rev TCTAGCCCGACAAGCATACC
mcr2_goobp_fw AAATAAAAATTGTTCCGCTTATG ) )

mcr-3 929 E. coli 2013-SQ352 This study
mcr3_g9oobp_rev AATGGAGATCCCCGTTTTT
mcr4_1100bp_fw TCACTTTCATCACTGCGTTG . X

mcr-4 1,116 E. coli DHsa [13] This study
mcr4_1100bp_rev TTGGTCCATGACTACCAATG
MCR5_fw ATGCGGTTGTCTGCATTTATC Salmonella 13-SA01718

mcr-5 1,644 [14]
MCR5_rev TCATTGTGGTTGTCCTTTTCTG [14]
Considering (i) the global concerns, (ii) the unreliabil- 1.6  (KY352406), mcr-1.7  (KY488488),  mcr-
ity of most phenotypic methods for colistin suscepti- 1.8(KY683842), mcr-1.9 (KY964067.1), mcr-

bility testing for surveillance purposes, and (iii) the
limited availability of whole genome sequencing (WGS)
technology in some settings or laboratories with a
lack of adequate resources, we aimed to develop and
validate a method that enables screening of relevant
isolates in a cheap, rapid and efficient way to identify
those possibly harbouring plasmid-mediated colistin
resistance genes and meriting further characterisa-
tion. Here, we describe a multiplex PCR protocol that
detects mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5 genes
rapidly and reliably for surveillance purposes and
epidemiological research, particularly in food, animal
and environmental samples.

Methods

The multiplex PCR method development

To allow fast and simultaneous detection of all the
currently described mcr genes and their variants
and improve visualisation by gel electrophoresis, we
focused on conventional block multiplex PCR technique.
It was chosen because of its simplicity that enables it
to be used in all laboratories and settings with limited
laboratory resources, limited or no access to WGS, and
in situations where a rapid answer is desired.

The primers for mcr-5 were those described in the
original study whereas the primers for mcr-1 (320
bp), mcr-2 (715 bp), mcr-3 (929 bp) and mcr-4 (1116 bp)
were designed in this study (Table 1) in order to obtain
sequential amplicons with a stepwise size separation
of ca 200 bp and allow easy visualisation of bands on
agarose gels.

As determined by the Basic Local Alignment Search
Tool (BLAST) at the National Center for Biotechnology
Information ~ (NCBI), these  primers  amplify
all mcr variants detected in Enterobacteriaceae to
date: mcr-1.2 (KX236309), mcr-1.3 (KU934208), mcr-
1.4 (KY041856), mcr-1.5 (KY283125), mcr-
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1.11 (KY853650.1), mcr-1.12 (L(337668.1), mcr-1.xx (a
new mcr-1 variant, submitted for publication but not
yet definitely named), mcr-3.2 (NPZHo1000177.1), mcr-
3.4  (FLXAo1000011.1), mcr-3.5  (MF463699.1),
mcr-3.10 (MG214533.1), mcr-3.11 (MG489958.1), mcr-
4.2 (MG581979) and mcr-5.xx (@ new mcr-5variant, sub-
mitted for publication but not yet definitely named). The
remaining variants known so far, mcr-1.10(MF176238.1),
mcr-2.2  (NG_055496.1), mcr-3.3 (MF495680.1),
mcr-3.6 (MF598076.1), mcr-3.7 (MF598077.1), mcr-
3.8(MF598079.1) and mcr-3.9 (MF598080.1) have not
been reported in Enterobacteriaceae, having only been
found in Moraxella spp. and Aeromonas spp.. A full
overview of mcr genes and their variants known to date
can be found in the Supplement. BLAST analysis also
revealed neither interaction between primer pairs nor
unspecific binding to other genes.

The original reference strains for mcr-2 (E. coli KP37)
and mcr-5 (Salmonella Paratyphi B dTa+13-SA01718),
and strains available at the Technical University of
Denmark in Lyngby for mcr-1 (E. coli 2012—60-1176—
27), mcr-3 (E. coli2013-SQ352) and mcr-4 (E. coli
DHsa with the entire mcr-4 gene cloned in pCR2 vector)
were used as positive controls in the multiplex PCR
(Table 1). DNA templates were obtained from overnight
agar cultures by thermal cell lysis. Each PCR reaction
consisted of 12.5 pL DreamTaq Green PCR Master Mix
(Thermo Fisher Scientific, Waltham, Massachusetts,
United States), 5.5 pL of nuclease-free water, 0.5 pL
of each of the 10 primers solutions (10 uM), and 2 pL
DNA lysate. Running conditions were: 1 cycle of dena-
turation at 94°C for 15 min, followed by 25 cycles of
denaturation at 94°C for 30 s, annealing at 58 °C for 9o
s and elongation at 72°C for 60 s, and a final cycle of
elongation at 72°C for 10 min. The amplification was
visualised by electrophoresis using 1.5% agarose gel at
130V followed by staining in ethidium-bromide.

31



*ApN1s s1yl ul pa1dalap JUBLIBA MAN 4

*(/810°A80101wapidasiwouas -mmm//:d11y) ASojoiwapid3 d1wouan 10j 191U Y] JB S100] duljuo Suisn Aq paulwialap SY.

*[62] anjea jjo-1nd |ediSojolwapids (1SYIN3) Sullsal Aiqiidaasng jeiqosdiwijuy uo a9liwwo) ueadoiny ay) 03 Suipiodde aduejsisal aidAjouayd :Asug

"pa129319p 10N :-

*Supuanbas swouas ajoym :sop 9dA) sauanbas 1§ (SuidA} @d2uanbas sndojnw I STW fUolIRIIUSIU0D Al0YIqIyul Wnwiuiw W

10850.0d ‘NL8Qv.Ab “1€8SyIAD 1D ‘IX . B 3 < .
‘2ins ‘gus “vas ‘1saub ‘Syifp *"*'ojq " 0jq ‘zypov 2/%/0/8 ‘@v6100av)gs iy | LS | wmed | B o243 ra361600/5ty17
(¥)191 “(W)ydw *"Hp)g <" *Pp)q .. JUNdI0D .Nwmw_ou . G/-15 - - s wnose) Sid 1103 °3 1g93%L00/S1y17
1] {(8r6100dV)QI4 ‘VI4 ‘II4
108SD40d ‘NL8QviAD “1€8SyuAD ‘(W)1a1 ‘2ins ‘Tns IVN¥10D ‘A ‘1| .
“gu1s ‘ys oy “wyalp M 0jq “0j-(7)ydv “Typoo ‘vAI-(€)ov0 | (g16100dv)aId Vid ‘(rrdyny | EELS ’ ’ | wmeed | Bid o3 ra30goo/Stylz
1085 240d ‘NL8Q V44D “1€8S vuAb “(N)193 “(V)Ia1 ‘gins IVN¥10D . B ; < .
1ns “yolJ “7gip> " Oojq <" 2b1q ‘gpop “rypoo U2-q)-(9)o0p | “(816100dV)EId ‘VI4 ‘114 oth-1s v | wmaed | Bid 1023 rArEh0n/STy1z
v)1a1 “€ns “tsiub ‘yoyf ‘tyjwa < Mopjq < "p)q ‘zypoo ‘TypoD ATX ‘ODgld %59-15 - - 1s wnolae) Sid 1103 3 1932/800/51y17
)
(9)123 ‘gins o ¢ ) } ) - . _
‘yags “Tsiub “(g)ydw oy I oig “Woiq v-()ydp “DAJ-(€)700 IX Y ‘(ZWDOHd)al reli-ls s wnode) | jed 1023 1g3r-Y¥600/51v17
10852.0d ‘NL8QyAb “1€8SYIAD “(W)12] “(¥)I2} I¥N¥10D
‘€ins .@m%whmtwm.mﬁwﬂ.ﬁmzn& ‘(Y)ydw ‘yoyf ‘99110D ‘YL ‘A ‘T ‘VZIH €€59-1S Z*E-1ow pue r-ow | E-IOW pue r-ow 8 wnoae) e 1102 '3 1931-69110/S1y17
‘yip T 01q ¢ p|q ‘zypov ‘pj-(€)20D ‘ZIH “(114)214 ‘(8r6T00dY) 814
1€8Sw4B “(¥)121 " p)q ._<m,_~=nwu {(8289W)10D Hﬁx 9S1-1§ - - 1s wnolae) Sid 1103 °3 1g35Y7010/S1Y17
T] ‘l14 “(816100dV)gI4 ‘VI4
1085 D40d ‘N.Z8Q vIAD “1€8S viAD ‘(N)I2) I¥YN¥10D
‘€Ins ‘zins ‘guis ‘vais ‘(Y)ydw ‘yoyf ‘(@)w.a ‘cryip ‘tyjwd ‘(8289W)10D ‘¥7X ‘¥ ‘T ‘114 VAVSES T-10W T-10W 4 wnlae) 8id 1100 °3 19398900/491y17
s ) ( )
‘202 T P0)q “pj-(%)ydo ‘vj-(€)ydo ‘2ypop ‘TYpoD ‘DA-(€)200 | “(114)I14 ‘(8T6100dV)gI4
‘ ‘ . ‘ ‘ ‘ ‘ I¥YN¥10D ‘013]0) ‘95110)
1€8SyIAD (W)3a1 ‘()12 “2ins ‘Tns ‘gas ‘vais ‘(g)ydw ¢ ¢ “y ¢ (L1epr)y b 5 .
. B s p . p p - - - oo/Sty1Z
Lol SR o R T e idp ruppn DA -(€)opp | (BESINDI0D WL “YX ‘T 011 o DUR Toow 42U pue -1 8 wnae) 1d 1033 1g30e
v4p 19 19 “DI-(7)4dD “Dj-(.€)4dD ‘TypLD DA-(€) T} “yzIH ‘eI “(Lorgsyd)lid p
1085 D40d ‘N.Z8Q vIAD “1€8S 14D ‘(N)I2) I¥N¥10D N8SEA .
“ins ‘ns ‘(@)ua ‘Tyjws “Epiq “Np)q ‘Zypop ‘Typoo ‘9110 ‘Trrod ‘TY ‘T] II4 9-1S /oEgzqgiud - 8 wndae) J1ed 11023 1g3t-£€1200/S1Y17
(V)12 2828]0) ‘95T10) ‘¥X ‘Y ‘N R } } .
Qs “Tsub (y)ydw ‘eryap Vg “Opiq 2ypon ‘pii-()0 | 11 (gL6T004v)aH “(©0d)I14 89-1S T-nw T-nuw « BLEIN] 31d 103 °3 691est
(v)191 “zjns “(y)ydw ‘zryap “*"*pjq ‘zypoo ‘typop A “IYNY10D 69%-15 - - 15 ssedie) 8id uassiyvjjauow|ps 916141
10852.0d ‘NL8av4Ab “1€8Sy.IAb ‘(9)10] . . ) o . .
Bns “guis ‘yais “@)isw “@)ydu Yol ‘Tyidp N Cpjq o-(Eydo | ETDEHH VHH UH)VI €€5-1S XX L-Hw oW 4 1eaW 81d 1033 Sggrst
z|ns ‘gas ‘Yiyuyp IVN¥10D ‘DAd]0) ‘01310) £Y51-15 (49€2N)E v-1ow ¥7-1w 14 ssedie) Sid nognopay|pjjauow]ns 0/49141
1085 D40d ‘NL8Q viAb “1€8S viAb “(9)10] ‘()12 (8289W)10D B ) ) - .
‘Tns ‘gais “vas “(@)ydu “(g)uia “Tyip Ly 0 ,NM‘E‘XGEQ 1D 11 “(8161004V) G4 ‘114 88%1-1S 1s 1ealy y1ed 1103 °3 1z/oSt

W |eWOSOWOIYI puB SAUIS 9DUR}SISAI |RIGOID

(61=u) uieds

40d Aq

92.n0 saldad 91e|0S
aJue]SISal S 139ds al 81ejos|

(6% = u) 9107 ATeI[ “@ouer] Auewron) ureds Xjoyes pooy pue YI[eay [BWIIUL JO JX)UOD Y} UT 20UBISISINY [BIqOIDTWUY 10 £I0jeI0qeT 90UIjoy uorun ueadoIng ‘pooj pue s[ewrue

pooj wolj saje[ost "dds e[[ouow[eg pue 1j0d BIYoILI

aydsq Jo worda[[0d & 0) pardde ‘synsar SO YIM paredwiod G-4ouL PUe F-Loul ‘C-40Ul “Z-40ul T-49Ul JO UOTIdALP 10 YD J Xo[dnn

ve 31av]

www.eurosurveillance.org



*ApN1s SIY} Ul Pa3231ap JUBLIBA MAN 4

*(/810°AS0j01wapidadiwouas-mmm//:d1y) ASojolwapidl dlwouan o) 133ud) Ay} Je s1003 auljuo Suisn Aq paujwialap sy.

*[62] anjea jj0-1n2 JediSojoiwapida (1S¥IN3I) Suilsal AN1q13dadsns Jeiqoldiwiluy uo aajiwwo) ueadoiny ayy 03 Suipiodde aduelsisal didAjouayd :Aaig
*pa3291ap 10\ :-

*Supuanbas swouas ajoym :sop (9dAy aduanbas 1§ ¢SuidA} 8duanbas sndojinw I STW ‘uoljeIIUIU0I A10YIqIYyul Wnwiuw W

v85¥S 340d ‘085 5nd ‘NL8Q viAD 1€8S viAD ‘Y€l Ddwp *(8)123 | [VNYI0D ‘(21558)10) ‘A ‘Tl otk s wnase e noo- 0-Shoto
2 ‘ - - - ! qy-at
‘zIns g5 “va1s “yoyf ‘tvafp ™ ojq “bj-(E)ydo ‘Typoo “(14)214 ‘(816100dY) g4 ‘Il 15 S LS 1023 v
1€8S viAb “(v)1a1 ‘gins . . ) A . -z1€ 5
‘ga1s “ya3s “()yduw “Lyafp TBp)q W Xp1q o) (h)ydp “DAl-(€)o0D 10 “Il4 79-1S 15 wndae) J1ed 1023 0 zrerogy-at
V857 340d ‘1085 D4vd ‘NZ8a vIAD “1€8S B } . . ~00€ <
VA “(y)12] ‘2jns ‘gas “ya1s ‘Tsaub “yryp Yipg .m_.s.xccE A wze-)s 1s wnoae) 5ed 1103°3 o-go€rogy-9t
v8SYS 340d |08S D.0d ‘NL8Q v4Ab “1€8S yuAD “(g)1a) Z/3/0/4 ‘IYN¥10D
ST-W-; —
‘Zins ‘1ns ‘gis ‘vas ‘(Y)ydw ZLryup < piq ‘94110) ‘(816100dV)4I4 ¥69-15 - - 15 wnoaae) 5ed 1103°3 0~ 60S10gYy-ST
‘Sypop 42-q|-(.9)200 ‘j|-(€)20D ‘vI4 ‘(otasyd)iid ‘14
I¥YNY10D
zins ‘yns Lryafp ‘tyap < *pjq Sypoo ‘typoo Nmﬂmvwm_uhm_wmmw_\ucmou 88-1S - - 1s wnlae) Sid 11033 o %6g810gYy-S1
‘(8r6100dY)gI4 ‘(000d)114
zins Lryafp <" *pjq Sypoo ‘typop 1 zhS-15 - - s wnoae) Sid 11023 0~ 0lfrogy-St
1€8S viAb ‘(y)1a1 ‘gins o B R . s . 0~ GE€zrogy-S
ns “quzs “yazs “()ydu ‘Yol ‘Tyadp “ioig “HHpiq Typoo (8289W)10D ‘1D ‘T 2s61-1s s 1eaW 'd 1023 erogy-St
‘ ‘ ‘ ‘ IVNY10) ‘01310)
(@121 “()323 “Ens “2Ins ‘NS ‘guys s ‘99110 ‘yiI ‘TX ‘1D ‘1] ‘ve ot T-10W T-10W wnoae e 1j09° - -S
R ‘ ¢ . - - - 11023 0 zoozogy-St
“Tyafp “Tyjwd ‘TyI00 " ojq “3)-(,€)ydp ‘vjj-(€)200 ‘2ypop ‘1ypop | ° .N___._u.m,_ﬁ%own_%m:_._,_u H 15 8 S LS !
8S%S 7upd ‘|ogs Dupd ‘NL8Q viAD “1€8S vIAD (¥)1) IVNd103 _
v w a_ p STWXLD . p 01310) ‘X (816100dY)414 otl-|§ zh-nw #7-1ow 4 wnjae) Sid 1102°3 0~ 66z10gYy-S1
éins ‘ns 3ol PIq "gpob “rypbo “Vi4 “(Lorasyd)i4 “Iid
zins ‘gus ‘vas ‘(v)ydw " oiq IX ‘TD ‘gld “II4 85-1S - - s 1831 e 11023 0~€6£10gy-S1
(91=u) Auewian
v857S3.0d “|08S)0d ‘NL8QAVIAD “1E8SYIAD “(g)12) .
‘ZIns ‘rins ‘giis ‘vais ‘yoyf 04 _ewzx_mﬁu ﬁommﬂw_wu ) ot-|S - - 15 wnjae) Jeo 102 '3 1g931-7/120/591Y17
“Tys S Mg VO q WKy 0 o (Y ydp TypoD ()24 “(8 dv)al4
(121 “zins e ‘ . ) ] 3 . /100/S
“Tns “gas s “rsiub (@)ydw ‘Typ W ojg TN p)q Typop X ‘10 ‘7] {(816100dY)4ld ‘II4 8¥-1S 15 wndae) Id N33 1930/100/S1Y17
- IVYNY10D
(@)121 “zins ‘ga1s “yars <" Poiq ‘z//0/a ‘¢tLrad)dld 8515 - - s wndse) | jed 11023 1931-91810/S1V17Z
‘(IH)VI4 “(00Dd)i14

NW |EWOSOWO0IYd pue SaUdS dIUR]SISAI |RIGOId W]

uajuo0d pwseld

SOM
Aq aduelsisal

d0d Aq
92UBRJSISaI UIISI0)

JIW
unsijod

92In0S

s9l2adg

ai eiejos|

(6% = u) 9107 ATeI1 “@ouer] Auewon) ureds Xjayes pooy pue YI[eay [BUWITUE JO JXJUOD 3} UT 90URISISIY [BIqOITWNUY I0] £10)eI0qRT 90UIjoy uortun) ueadoInyg ‘pooj pue s[ewrue
pooj woiy sajefost ‘dds e[jauowifes pue 1702 LIYOLISYISH JO UOIJII[0d & 0} parjdde s)ynsa1 SHOM YIm parediod G-4oul pue p-40ul ‘C-4oul ‘-4l ‘[-4914 JO UO1IIIP 10 YDJ Xordnny

gc 311av]

33

www.eurosurveillance.org



*ApN1s s1yl ul pa12alap JUBLIBA MAN
*(/810°A80)01wapidasjwouas - mmm//:d11y) ASojoiwapid3 d1wouan 10y 193U 9y} JB S]00] duljuo Suisn Aq paulwialap Sy.

*[62] anjea yjo-1nd |ediSojoiwapida (1SYIN3) Sulisal A1j1qiadaisng Je1qosdiwijuy uo a9liwwo) ueadoiny ay) o3 Suipiodde aduejsisal didAjouayd :Asug

'pa12913p 10N :-

*Supuanbas swouas ajoym :Sop (9dAy sousnbas 1§ (SuidA} @douanbas sndojnw I STW fuoljeIuU0d Al1oiqiyul wnwiuiw W

1085 D/0d ‘NL8Q V44D “1€8S VAL ‘()11 “zns ‘1ins ‘g1s ; ) ; .
‘s “(y)yduw zryp Tyips g FEWIL Y0 2D “PII-(€)o0D 10 1101-1S 15 Jewiuy J1ed No3°3 922100451
(@)121 ‘zIns ‘guis ‘y4is ‘gr-wiLbiq ‘IYNY10D ‘01310) ‘95110) ‘1D %€-18 ' h-nw 7-10w 14 ssedie) 5ned =iizriojjauowns %7/0%700D41
(9)701 “(V)123 94110) ) B : P
2ins “guis “yais “Tyapa ““oiq vj-(%)ydp “oj-(E)ydp “DAI-(€)20D WL TD “T] ‘VEIH ‘2IH 7€-18 T-Hw T-DW 8 sseale) 8id tzr‘ojjauow)bs 1€9€00D5T
£Ins “(y)191 ‘cryijp ‘Tyjwd ‘Typoo ‘IypodD IVNY10D ‘1| 69%-15 - - 15 ssedie) 8id uassIyvjjauow|ps z89€00DST
(v)121 IVNY10D ‘(8289W)10D 69%-15 - - 1= sseale) J1ed uassiyojjauowps £55€00DST
108540d *19Sy40d ‘NL8QAD “1€8SwIAD ‘(W)123 “(8)Ia1 ‘(V)12) VILL “TD “VZIH
‘€Ins ‘zns ‘rns ‘guis ‘wais ‘(W)ydw ‘yoy Liyijp ‘zryifp - 4 «(216100 w4/-15 T-10W T-10W 14 lewiuy Jen 1100 "3 /8€z00451
Tyalp ‘Tyjwd g TWp)q <Sypop “zypbb ‘TypoD IH ‘()14 ‘(8 dv)ald
491713.40d *1085D.40d ‘NL8QVAD “1€8SYIAD “(¥)1a1 il Ty T ¢
‘zins ‘g43s ‘va3s “(Q)ydw {(@)w.a ‘zrvifp ‘tvifp ‘VI-WILbIq ._~<z~__cu <t.._. ﬂwmﬁww vZIH 8%79-1s T-1ow T-w 14 Jewluy ed 1102 °3 6/z100451
0j-(9)ydv ‘DI-(,E)ydp ‘TypDD “TYPDD “DAJ-(€)200 H (14214 ‘(8 dv)ald
1085 24pd “195Y D4bd ‘NZ8Q V44D “1€8S viAD (9)191
‘zIns ‘rns ‘guis ‘yuis ‘(Y)ydw ‘yojf Lryijp 10 ‘(114)D14 ‘(8t6100dV)gId 7%7/-)15 z €-nw €-1nw 14 lewiuy Nen 1102 '3 112100491
“TyIDd .m..sEUS »mm.s,xbcs “Sypop “pjj-(€)20D
1085 D40d ‘19SY D4vd ‘NL8Q V44D “1€8S viAD “(g)1a1 95110) “(8289I)10D
‘zins ‘rns “m&m ‘va3s {(W)ydw ‘€ysof ‘1D ‘(816100dV)4dI4 7%7/-15 - - 15 lewiuy 8id 1102 °3 Q81100451
Lryafp " oiq T 0)q v)-(€)ydo “Sypop ‘(8YZNHA)IIH ‘114
(oT=u) 2duei]
(9)121 “€ns “(@)Jow ‘zryufp ‘tyjwd “@HWilp 0 <ZypoDp ‘TypOD (114)214 (816100dV) Q14 €18 - - 15 sseale) 8id 1“[%] ¥°t pjjauowns 0" /zEeoys-St
1085 0/0d ‘AL8Q YAD “1E8S viAD ‘(A)12] ‘2Ins ‘ins ‘gu)s VL ‘2| ‘VZIH ‘2IH . -
= W 096- T-10wWw T-10W wnlae e 1102 o~ othoogy-9t
“vais ‘(W)ydus yol **°01q “*Po1q “oj-(7)ydo “typov ‘opI-(€)200 | ‘2/%/0/8 (81600d¥)EI4 “Il4 15 8 S I o7 4v-9
3] ‘zIns ‘ga1s ‘vais ‘(y)ydw <" *p *0 ‘Tl 2/3/0/d - - - s wnsae e 103" 0~ 60%700gy-9t
(V)101 “2ins “ga3s ‘v (V)4 19 «(8161004v)gl4 (1135d)14 8T1-1S d | Hed 1033 av-9
v85753.0d ‘|085)40d ‘NL8QV.IAD “1EQSYIAD “(v)12] -
‘1Ins “tsiub ‘(y)ydw Lryip ‘vgips < ojq < °niq .N_.s.xbas :.Ho.n_ .&omw&ﬂoomﬁmi wzz-15 - - s wnoae) ned 11023 0~Zo€oogy-91
“SypoD 43-G-(,9)700 ‘DJj-(€)>0D V14 ‘(Zorasyd)iid “nid
g41s ‘vais “(V)ydw < "Poiq ‘vj-(h)ydo ‘op-(€)20D0 A “(00dd)|14 6%7¢-15 - - 1s wnlae) | 4ed 1103°3 o~ gh100gy-91
(v)121 ‘gIns 282810) ‘(21959)10D ‘1 . -
W o1- - - 15 wnosae 81 1103 0~ 6z100gYy-91
‘1ns ‘gus vas “(W)ydw Leyp <p)q Sypoo ‘typop «(816100dv)g14 VI ‘114 1S J Id 1102°3 av-9

»SUOIIRINW |BWOSOWOIYD pue SaUaS 9dUe}SISAI [BIq0.d

SOM
?oue)sisal

d0d Aq
92UBJSISal UlISIj0)

92In0G

EETRET S

al e1ejos|

www.eurosurveillance.org

(6% = u) 9107 ATeI1 “@ouer] Auewon) ureds Xjayes pooy pue YI[eay [BUWITUE JO JXJUOD 3} UT 90URISISIY [BIqOITWNUY I0] £10)eI0qRT 90UIjoy uortun) ueadoInyg ‘pooj pue s[ewrue
pooj woiy sajefost ‘dds e[jauowifes pue 1702 LIYOLISYISH JO UOIJII[0d & 0} parjdde s)ynsa1 SHOM YIm parediod G-4oul pue p-40ul ‘C-4oul ‘-4l ‘[-4914 JO UO1IIIP 10 YDJ Xordnny

3¢ 318v]




*ApN1s S1Y} ul Pa)I9IdP JUBLIBA MAN ¢

*(/810°AS0)01wapidasiwouas -mmm//:d1iy) ASojoiwapidl o1wousn 10y 193U 9yl 18 S]00) duljuo Suisn Aq paulwialap Sy.

*[62] anjea jj0-1nd |eatSojoiwapids (1SYINI) Sunsay Anjiqadaisng |eiqosdiwiiuy uo 993iwwo) ueadoiny ayj o3 Suipiodde aduelsisal didAjouayd :Aaig
*pa32913p 10N :-

Suipuanbas swouas ajoym :gopn (9dA3 edusnbas 1) S ¢8uidAl @dusanbas snaojinw ;1 STW ‘uoljejusdluod Alojiqiyul wnwiuiw W

I¥YNY10D

(@121 ‘Q)wia “*"0)q ‘TypvD ‘282810) (8289W)I0D ‘2| ‘Tl | 7891-1S - - 15 Jewiuy 81d 1023 SANd6(5eS850st

‘(14)214 “(816100dV)4Id ‘VI4
1y}ed (114)D14 (8t6100dYV)gI4 G665-1S XX T-10W T-1owW 4 lewiuy 8id 1100 °3 1and6(717950St

195yD.0d *108540d ‘NL8Q4AD “1E8SyIAD ‘(W)123 “(8)Io1 951109 “FX “IX

‘ins “rjns ‘(Y)ydw ‘yoyf ‘zryifp < Hpjg <" p)q e 10 W9/ | z°€-1ow pue t-ow | E-ow pue I-HwW ¥ lewiuy ned 103 3 SodyylereSost

“GypoD “2ypoD “pli-(€)700 A “(114)214 “(8r6100dV)d14
._mwmeem\mm w321 “(v)121 “€pns 01310) ‘WL ‘VZIH ‘CIH ‘II4 960%-1§ T-DwW T-1W 8 Jewiuy 5ed 1102 3 GZ4A0D5081505T

‘ga1s “vais ‘Yol ‘tyafp < Poiq 91-(€)ydp ‘Typoo ‘vji-(€)200 : :

(7=u) Aey
- A ‘I¥N¥10D ‘(21554)10D 1/8-1S - - s lewiuy 314 102°3 782000491

SOM
NW |RWOSOWOIYD pUB SaUSS 3IUBRISISA |BIGOIDIWIIUY ualu0d plwse)d 9oUR)S|SAI

d0d Aq

32UR1SISAI UIISI10) RIS d saldads al 1e105]

(6% = u) 9107 ATeI1 “@ouer] Auewon) ureds Xjayes pooy pue YI[eay [BUWITUE JO JXJUOD 3} UT 90URISISIY [BIqOITWNUY I0] £10)eI0qRT 90UIjoy uortun) ueadoInyg ‘pooj pue s[ewrue
pooj woiy sajefost ‘dds e[jauowifes pue 1702 LIYOLISYISH JO UOIJII[0d & 0} parjdde s)ynsa1 SHOM YIm parediod G-4oul pue p-40ul ‘C-4oul ‘-4l ‘[-4914 JO UO1IIIP 10 YDJ Xordnny

dc 3i1av]

35

www.eurosurveillance.org



An internal amplification control was not used due to
the incompatibility with DreamTaq Green PCR Master
Mix, which contains a DNA polymerase synthesised
in E. coli and thus yields amplicons when using 16S
rRNA primers.

Test isolates for validation of the multiplex
PCR

To validate the multiplex PCR, 49 isolates from four
European countries were used. These isolates were
collected within the framework of the European
Monitoring of Antimicrobial Resistance pertaining to the
Commission Implementing Decision 2013/652/EU [26].
They were analysed at the European Union Reference
Laboratory for Antimicrobial Resistance (EURL-AR)
in the context of animal health and food safety, in
accordance with the EURL-AR/European Food Safety
Authority (EFSA) confirmatory testing, that consists of
MIC determination by broth microdilution and WGS by
Illumina Hi-Seq (Illumina, Inc., San Diego, California,
United States) (European Nucleotide Archive project
PRJEB21546). The confirmatory testing represents a
random snapshot of submitted unusual phenotypes
within each participating country based on selective
criteria from EFSA.

Results

Isolates collected in 2016 from Spain (n = 19), Germany
(n=16), France (n = 10) and ltaly (h=4) were selected
for this study due to the diverse colistin resistance
profiles found by WGS in these countries. Forty-two
isolates were E. colifrom porcine (n=20) and bovine
(n=22) sources (including caecum and meat samples)
and seven isolates were Salmonella spp. from porcine
(n=s5) and bovine (n=2) sources.

The multiplex PCR protocol specifically amplified the
fragments of the five mcr genes. Amplicon size ranged
from 320 bp (mcr-1) to 1,644 bp (mcr-5) (Figure).

No interference between primer pairs and no unspe-
cific products were observed. Analysing the validation
set, the method detected mcr-1, mcr-3 and mcr-4 as
singletons and in different combinations (Table 2).

Validation test and comparison with WGS data
The validation test set revealed eight colistin-resist-
ant E. coliisolates (MIC 4 — 8 mg/L), five from bovine and
three from porcine origin, harbouring the mcr-1 gene or
one of its variants. An additional E. coli isolate from a
pig phenotypically classified as borderline susceptible
(colistin MIC of 2 mg/L), on repeated testing at two lab-
oratories also harboured the mcr-1 gene. The multiplex
PCR also yielded mcr-1 in one porcine Salmonella spp.
isolate with colistin MIC of 8 mg/L. One E. coli isolate
of bovine origin with MIC of 4 mg/L harboured
the mcr-3 gene. Three isolates, with colistin MIC of 4
mg/L, harboured the mcr-4 gene, corresponding to
two Salmonella spp. (one isolated from pig and the
other from calf) and one porcine E. coli. Co-occurrence
of mcr-1 and mcr-3 was observed in two bovine E.
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coliisolates with colistin MICs of 4 and 8 mg/L, respec-
tively. One porcine E. coli isolate with colistin MIC of 8
mg/L harboured both mcr-1 and mcr-4 genes.

The results were 100% concordant with WGS data
and notably, the multiplex PCR was able to detect
a novel variant described in this study for the first
time, mcr-4.3, that varies in one amino-acid from the
original mcr-4 encoded protein (Table 2). The genome
of the isolate harbouring mcr-4.3 (Salmonella enter-
ica serovar Kedougou 151570) is deposited in ENA
with the accession number ERS1801979. Additionally,
the multiplex PCR also detected a mcr-4 gene with a
deletion in nt 441 that alters the reading frame and
introduces a premature stop codon. There was one E.
coli isolate presenting phenotypic resistance to colistin
(MIC=8 mg/L) not due to the presence of mcr genes,
but instead attributed to the mutations pmrB D283G/
Y358N in the pmrA/pmrB two-component system as
determined by analysis of WGS data (Table 2).

Discussion

The multiplex PCR reaction showed 100% specificity
(no unpredicted amplification products) and 100% sen-
sitivity (all of the predicted products were visualised in
agarose gel) for the validation set, according to WGS
data.

One notable finding was the detection of mcr-1 in
one E. coli isolate classified as wildtype (susceptible)
(colistin MIC of 2 mg/L). Preliminary results from other
studies revealed similar findings of E. coli isolates,
particularly from poultry, with MIC of 2 mg/L and
carrying the mcr-1 gene, collected in Denmark (data not
shown) and Poland (Dariusz Wasyl, National Veterinary
Research Institute, Putawy, Poland, personal communi-
cation, January 2018). These findings seem to indicate
that there is a need to review of the established epide-
miological cut-off value for colistin. Also based on the
discovery of a new mcr-4 variant (mcr-4.3), it becomes
clear that colistin resistance is not yet fully uncovered
although our knowledge is evolving rapidly, filling the
gaps that compromise the prevention and control of
multidrug-resistant bacteria.

Another observation of interest was the detection of
two pmrA/pmrB point mutations in one colistin-resist-
ant isolate, which reveals a need to further investigate
and characterise this two-component system in order
to accurately predict which mutations lead to pheno-
typic colistin resistance. Taking into account that the
mutations found in this isolate are not consistently
associated with a resistant phenotype we cannot con-
firm, without further analysis, if they represent the
underlying mechanism of colistin resistance for this
isolate [27,28].

Although the presented multiplex PCR does not allow
identification of the specific variants and detects non-
functional genes, it still provides valuable information
for surveillance purposes as well as for research. The
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results of the multiplex PCR also allow the selection
of isolates for further studies based on genomic epi-
demiology, focusing on characterisation of mcr genes,
their mobilisation mechanisms and the plasmids they
are harboured on. While the multiplex PCR has not
yet been validated on human strains, it is expected
to provide the same sensitivity and specificity as for
animal isolates. The vast majority of mcr genes are
located on transferable plasmids that are not restricted
to reservoirs or hosts. Similarly, we expect that this
multiplex PCR design will maintain its usefulness
should new gene variants among mcr-1 to mcr-5 be
detected in Enterobacteriaceae, taking into account
that the chance of variations in the primer annealing
positions should be small and no such variations have
been observed so far. A great advantage of this method
is the ability to detect mcr genes in phenotypically
susceptible bacteria, allowing it to be used as a
screening technique for isolates recovered from human
and animal sources. We believe future efforts should
include the screening of large pools of borderline sus-
ceptible Enterobacteriaceae in order to understand if,
and how, the epidemiological cut-off value for colistin
should be reviewed.

Although an internal amplification control was not
used in this study, it should be possible to use a dif-
ferent reaction mix containing another DNA polymer-
ase in order to allow the addition of 16S rRNA primers
to obtain an internal reaction control. We encourage
researchers to adapt the PCR reaction to their specific
needs.

This screening method can provide a useful and accu-
rate description of colistin resistance in Enterobacte
riaceaecollections, particularly when used in connec-
tion with MIC susceptibility testing. The protocol and
standard operating procedure are freely available at
the EURL-AR website (https://www.eurl-ar.eu/). The
intended use for this multiplex PCR is as part of the
surveillance workflow, to screen colistin-resistant
and borderline susceptible isolates after initial MIC
determination by the standard broth dilution method.
Colistin MIC determination allows classification of iso-
lates as susceptible, borderline susceptible or resistant
and, subsequently, the isolates determined borderline
susceptible and resistant (MIC=2 mg/L) can be sub-
jected to the multiplex PCR to provide further insight
into the underlying resistance mechanism and poten-
tially reveal the presence of the known mcr genes. For
an initial surveillance analysis we do not recommend
to perform the multiplex PCR before MIC determina-
tion, since it could lead to overlooking colistin resist-
ant isolates with other underlying mechanisms of
resistance. The method can, however, be used on its
own if the research is focused, for example, on plasmid
dissemination or mcr genes’ epidemiology. Advanced
investigations could be conducted according to
available procedures and surveillance/research goals,
and would ideally involve WGS of the bacterial genome,
even though it may not be easily accessible in some
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laboratories or countries, in particular, low and mid-
dle income countries (LMIC). Colistin resistant bacteria
lacking any of the currently known mcr genes should
be screened for other mechanisms of resistance, such
as mutations in the pmrA/pmrBsystem, new mcr genes
or variants, or even presently unknown mechanisms.

Future prospects include validation of the multiplex
PCR for human clinical strains, to assure that the proto-
col follows the principles of the One Health perspective
and can be used to directly screen human, veterinary
and food bacteria. Other prospects are to clone mcr-
1, mcr-2, mcr-3 and mcr-5 amplicons into TA-cloning
vectors (Thermo Fisher Scientific) in order to obtain
non-pathogenic and easy to handle control strains,
and be able to confirm and update the protocol con-
tinuously as new variants are being detected.

In  conclusion, we developed a multiplex PCR
that rapidly detects all mcr genes described
in Enterobacteriaceae to date. The multiplex PCR
method is critical for epidemiological surveillance
and antimicrobial resistance investigation, especially
in settings where laboratory resources and access to
WGS are limited, and where plasmid-mediated colistin
resistance may threaten the effectiveness of available
antimicrobials.

Disclaimer

Beatriz Guerra is employed with the European Food
Safety Authority (EFSA) in its BIOCONTAM Unit that
provides scientific and administrative support to
EFSA’s scientific activities. The positions and opinions
presented in this article are those of the authors alone
and are not intended to represent the views or scien-
tific works of EFSA.

* Erratum

Due to a technical error, the name of Cristina De Frutos
Escobar was incorrectly displayed in the list of authors. The
mistake was corrected on 12 Feb 2018.
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