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Objective: The spread of the plasmid-mediated colistin resistance gene mcr-1 poses 
a significant public health threat. Little information is available on the development of high- 
level colistin-resistant mutants (HLCRMs) in MCR-1-producing Escherichia coli 
(MCRPEC). The present study was designed to evaluate the impact of chromosomal 
modifications in pmrAB, phoPQ, and mgrB combined with mcr-1 on colistin resistance in 
E. coli.
Methods: Five MCRPEC and three non-MCRPEC (E. coli ATCC25922 and two plasmid- 
curing) strains were used. The HLCRMs were selected through multi-stepwise colistin 
exposure. Moreover, two E. coli C600-pMCRs were constructed and used for selection of 
HLCRMs. Further analysis included mutation rates and DNA sequencing. Transcripts of 
pmrABC, phoP, mgrB, and mcr-1 were quantified by real-time quantitative PCR.
Results: All tested HLCRMs were successfully isolated from their parental strains. Non- 
MCRPEC strains had higher minimum inhibitory concentrations (MICs) and mutation rates 
than MCRPEC strains. Nineteen amino acid substitutions were identified: seven in PmrA, six 
in PmrB, one in PhoP, three in PhoQ, and two in MgrB. Most were detected in non- 
MCRPEC strains. Sorting Intolerant From Tolerant predicted that four substitutions, PmrA 
Gly15Arg, Gly53Arg, PmrB Pro94Gln, and PhoP Asp86Gly, affected protein function. Two 
HLCRM isolates did not show amino acid substitutions in contrast to their parental 
MCRPEC isolates. No further mutations were detected in the second- and third-step mutants. 
Further transcriptional analysis showed that the up-regulation of pmrCAB expression was 
greater in the mutant of E. coli C600 than in E. coli C600-pMCR.
Conclusion: Acquisition of the mcr-1 gene had a negative impact on the development of 
HLCRMs in E. coli, but was associated with low-level colistin resistance. Thus, colistin-based 
combination regimens may be effective against infections with MCR-1-producing isolates.
Keywords: mutation, mcr-1, chromosomal resistance mechanisms, high-level colistin 
resistance, Escherichia coli

Introduction
The overuse of antibiotics and the widespread development of antibiotic resistance 
genes have facilitated the evolution of multidrug-resistant (MDR) Gram-negative 
bacteria.1 Owing to its toxicity and narrow therapeutic window, colistin has been 
approved for treatment only for infections in certain patients, including those with 
cystic fibrosis.2,3 However, the increased incidence of infections with MDR patho
gens has led to increased interest in the use of colistin as a last-resort option in 
a larger number of patients.
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Colistin is a positively charged, polypeptide drug that 
exerts a strong bactericidal effect against a broad-spectrum 
of Gram-negative bacteria by integration into the nega
tively charged lipid A, thereby destabilizing the outer 
membrane lipopolysaccharide (LPS) and leading to cell 
death.3 However, exposure of Enterobacterales to colistin 
both in vivo and in vitro has been reported to induce the 
emergence of colistin resistance in these strains.4,5 The 
main mechanism of colistin resistance occurs via the addi
tion of cationic groups (ie, phosphoethanolamine [PEtN] 
or 4-amino-4-deoxy-L-arabinose [L-Ara4N]) to the LPS 
on bacterial membranes, preventing the high-affinity bind
ing of colistin to LPS.3 The two-component system (TCS) 
of pmrAB and phoPQ, and the regulator of TCS (ie, 
mgrB), are primarily responsible for the development of 
colistin resistance in Enterobacterales.3,6 Moreover, 
a recently identified plasmid carrying mcr-1 resulted in 
the addition of PEtN to lipid A.7 Studies have assessed 
the development of high-level colistin-resistant mutants 
(HLCRMs) in MCR-1-producing Escherichia coli 
(MCRPEC). It is not known whether the mcr-1 gene has 
effects similar to those of plasmid-mediated quinolone 
resistance genes, which promote the evolution of strains 
with higher quinolone resistance.8,9 The aim of this study 
was to determine the impact of chromosomal modifica
tions in pmrAB, phoPQ, and mgrB, combined with mcr-1, 
on colistin resistance in E. coli.

Materials and Methods
Bacterial Isolates
Six E. coli isolates, five mcr-1-positive clinical strains of 
E. coli and E. coli ATCC25922, obtained from the 
American Type Culture Collection (ATCC; Manassas, 
VA, USA) were used in this study. Isolates were re- 
identified as E. coli by matrix-assisted laser desorption 
ionization-time of flight mass spectrometry (MALDI- 
TOF MS).10 The mcr-1 gene was amplified by PCR, and 
its DNA sequence was determined (Table S1). Multi- 
Locus Sequence Typing (MLST) was performed by com
paring sequences of the seven housekeeping genes adk, 
fumC, gyrB, icd, mdh, purA and recA (https://enterobase. 
readthedocs.io/en/latest/mlst/mlst-legacy-info-ecoli.html) 
with the E. coli MLST database (https://enterobase.war 
wick.ac.uk/species/ecoli/allele_st_search) to determine 
the allelic types and STs of the tested isolates. None of 
the data in this study were linked to clinical information.

Plasmid Eradication Assay
Plasmid eradication for mcr-1-positive E. coli was per
formed as previously described.11 Briefly, 5 mL aliquots 
of Luria–Bertani (LB) medium were inoculated with 
50 µL of a suspension of wild-type E. coli. To each 
suspension was added 7.5 µL, 15 µL, or 30 µL 10% 
SDS, and the cultures were incubated with shaking at 
37°C for 12 h. Subsequently, 50 µL of these bacterial 
suspensions was inoculated into 5 mL fresh LB medium, 
and the cultures were incubated at 43°C for 8 h. Both steps 
were repeated, and the incubation at 37°C was performed 
a third time. These plasmid-cured derivative strains were 
plated onto Mueller–Hinton agar (MHA) plates with and 
without 4 mg/L colistin. The elimination of the mcr- 
1-bearing plasmid was confirmed by pulsed-field gel elec
trophoresis (PFGE), S1-nuclease PFGE (S1-PFGE), and 
Southern blotting, as described.12,13

Antimicrobial Susceptibility Testing
Antibiotic susceptibility, except for colistin, was evaluated 
by Vitek2 (bioMérieux, Marcy-l’Etoile, France). The 
results were in accordance with Clinical and Laboratory 
Standards Institute (CLSI) guidelines.14 The minimum 
inhibitory concentrations (MICs) of colistin against the 
tested strains were determined using the broth microdilu
tion according to CLSI. In addition, the MICs of colistin 
against the multi-stepwise solutions were determined using 
the agar dilution method.

In vitro Multi-Step Selection of 
Colistin-Resistant Mutants
The parental and plasmid-curing strains were grown in 
antibiotic-free Mueller–Hinton broth at 37°C for 6–8 h, 
and ~1010 CFU/mL of each strain was spread onto MHA 
in the presence or absence of colistin. The colistin concen
trations used for mutant induction ranged from 1×MIC to 
the concentration at which growth of the parental strain or 
a sub-parental mutant strain isolated from the prior induc
tion step was fully inhibited. After 48–72 h incubation at 
37°C, colonies growing on the plates were randomly 
selected, and their MICs of colistin were determined using 
both the broth microdilution and agar dilution methods. 
Isolates with the highest MIC were subjected to next-step 
induction. These induction/selection cycles were terminated 
when mutants with significantly high MIC were selected, or 
when their growth on plates with 1×MIC colistin concen
tration was completely inhibited.
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Screening for Mutations in the pmrAB, 
phoPQ, mgrB, and mcr-1 Genes
The TCS of pmrAB and phoPQ, the negative regulator of 
the phoPQ system (mgrB) and mcr-1 in parental strains, 
and their respective mutants, were PCR amplified using 
primers (listed in Table S1) and 2X A9 LongHiFi PCR 
MasterMix (Aidlab Biotechnologies Co., Ltd.). Following 
DNA sequencing, the presumed amino acid sequences of 
the mutants were compared with those of parental strains 
using the web platforms of the NCBI (National Center for 
Biotechnological Information) and ORF Finder (https:// 
www.ncbi.nlm.nih.gov/orffinder/). Sorting Intolerant 
From Tolerant (SIFT) scores were calculated (http://sift. 
jcvi.org) to evaluate whether amino acid alterations in 
PmrAB and PhoPQ affected protein function. Moreover, 
the TCS domains of PmrA/PmrB and PhoP/PhoQ were 
subjected to SMART analysis (http://smart.embl.de/).

Complementation Experiments and 
Transcriptional Analysis
To determine the effect of mcr-1-bearing plasmids on the 
evolution of HLCRMs, conjugation experiments were per
formed as previously described.15 Briefly, a culture of mcr- 
1-producing isolates was mixed 1:9 with a culture of the 
recipient strain E. coli C600 in LB broth, followed by 
overnight incubation on LB agar plates. The resulting 
transconjugants were selected on MHA plates containing 
150 µg/mL sodium azide and 2 µg/mL colistin. The colo
nies were identified as E. coli via MALDI-TOF MS, and 
the DNA of these colonies were sequenced to determine 
the presence of the mcr-1 gene. Plasmid sizes and numbers 
were determined using S1-nuclease PFGE. The colonies 
containing only mcr-1-bearing plasmids (E63-C600 and 
E66-C600) and E. coli C600 were used to select for 
colistin-resistant mutants (MuC600, MuE63-C600, and 
MuE66-C600). Total RNA was extracted from cells 
grown to mid-log phase in drug-free MHB using the 
TaKaRa RNAiso Plus (TaKaRa, Japan), according to the 
manufacturer’s instructions. The RNA was reverse tran
scribed to cDNA using PrimeScriptTM RT Reagent kits 
(TaKaRa). Transcripts of the pmrABC, phoP, mgrB, and 
mcr-1 genes were quantified by RT-PCR using SYBR 
Green PCR Master Mix (Applied Biosystems, Foster 
City, CA, USA) on an ABI7300 Sequence Detection 
System (Applied Biosystems), using the primers listed in 
Table S1. Transcription abundance was calculated by the 
2−ΔΔCT method16 using gapA as the internal control, and 

the respective wild-type pmrABC, phoP, mgrB, and mcr-1 
genes as references.

Results
Isolate Characterization
Four MCRPECs were subjected to the plasmid eradication 
test, which successfully eliminated the mcr-1 gene from 
strains EC18398 and EC26207 (Figure S1). The MICs and 
STs of the parental and plasmid-cured strains are shown in 
Table 1. Loss of the mcr-1 gene had little effect on the 
susceptibility of plasmid-curing strains to other antimicro
bial agents, but reduced colistin MIC 4–16 fold, resulting 
in MICs of 0.5 and 2 mg/L for strains EC18398E and 
EC26207E, respectively. In addition, the strains EC1002 
and EC2474, co-harboring the mcr-1, blaNDM-1, and 
blaCTX-M genes, were resistant to colistin, carbapenems, 
and cephalosporins.

In vitro Selection of Resistant Mutants
Following a series of in vitro colistin selection steps, all 
the tested strains, including MCRPEC and non-MCRPEC 
strains, successfully evolved to HLCRMs, with MICs of 
32 and 64 mg/L, respectively, as determined by the broth 
microdilution method, and 64 and 64 mg/L, respectively, 
as determined by the agar dilution method (Table 2 and 
Figure 1). Colistin inhibited first-step mutants at concen
trations of 8 to 32 mg/L, resulting in a 16- to 32-fold 
increase in susceptibility for these non-MCRPEC mutants 
compared with their parental strains. By contrast, the 
in vitro first-step induction had little effect on the 
MCRPECs, which had MICs equal to or 2-fold higher 
than their parental strains. For the second cycle, the colis
tin MIC of all mutants was 32 mg/L, as determined by the 
broth microdilution method. Second-step mutants were 
subjected to further repeated inductions, while 
Mu2EC26207, Mu2EC24990, and Mu3EC18398 failed to grow 
on the plates containing 1×MIC (64 mg/L). Interestingly, 
all three non-MCRPECs successfully grew on plates con
taining 1×MIC (64 mg/L) after in vitro multi-stepwise 
induction and selection. The MICs of these non- 
MCRPEC mutants were 64- to 128-fold higher than 
those of their parental strains (Figure 2 and Table 2). In 
addition to determining MIC for colistin, the MICs of 
various antibiotics with diverse modes of action were 
also evaluated. Compared with their parental strains, the 
mutants had equivalent MICs for carbapenems, cephalos
porins, levofloxacin, and tigecycline.
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In the tested E. coli strains, the mutation rates decreased 
significantly with increasing colistin concentrations on the 
selection plates (Figure 2). These results revealed that the 
frequency of mutation of non-MCRPEC strains to colistin 
resistance ranged from 10−6 to 10−2, whereas the frequency 
of mutation of MCRPEC strains to colistin resistance was 
10–8 to 10.−4 The non-MCRPEC strains could grow on 
plates containing colistin concentrations of 16 or 32 mg/L, 
and showed higher mutation rates than their parental strains. 
For example, EC26207E had a mutation rate of 10−2 to 10−6 

at 1×MIC, which was much higher than that of EC26207 
(10–8 to 10−6). Additionally, the frequency of non-MCRPEC 
mutants on plates containing 32 or 64 mg/L was higher than 
that of MCRPEC mutants.

Amino Acid Substitutions in Colistin 
Resistance Genes
Comparative genomic analysis of parental and mutants 
strains showed that non-synonymous mutations in the 
major TCS associated with colistin resistance were more 
frequent in non-MCRPEC than in MCRPEC strains. None 
of the TCS mutations were found in any mutants of 

EC18398 and EC24990, with only single amino acid 
changes found in PmrA at position 15 (Gly15Arg) in 
EC26207, and in PmrB at position 86 (Pro86Gln) in 
EC1002. By contrast, the mutants of non-MCRPEC strains 
acquired more non-synonymous mutations in the target 
regions, including in PmrAB, PhoPQ, and MgrB in 
EC25922; PmrA in EC18398E; and PmrAB and PhoQ in 
EC26207E (Table 2). No amino acid substitutions were 
observed in MCR-1, and neither frameshift mutations nor 
deletions were identified in any of these strains. The 
alterations in the TCS regions of EC25922 were predicted 
to have little impact on protein function, as determined by 
SIFT score. Interestingly, the amino acid substitution in the 
mutant of EC25922 was also detected in other tested 
parental strains, including both MCRPEC and non- 
MCRPEC strains, suggesting that non-synonymous muta
tions may occur frequently in PmrA at positions 31, 128, 
and 144; in PmrB at positions 123 and 351; in PhoQ at 
positions 6 and 482; and in MgrB at position 36. 
Interestingly, PmrA at position 144 (Ser144Gly) and 
PhoQ at position 482 (Ala482Thr) could convert to each 
other when exposed to colistin plates (Table 2 and S2). 

Table 1 Antimicrobial Susceptibility of the E. coli Strains Used in This Study

Strain MIC for the Antimicrobial Drug Tested, ug/mL Antimicrobial Resistance 
Genes

CTX CFZ FOX CFP PTZ IMP AMK GEN CIP TIG CST

EC18398 

(ST746)

≥64 ≥64 ≥64 ≥64 64 ≤1 ≥64 16 ≥4 ≤0.5 8 mcr-1, blaCTX-M-55, blaTEM-1, aph 
(3ʹ)-IIa, rmtB, fosA3, sul, tet

EC18398E 

(ST746)

≥64 ≥64 ≥64 ≥64 ≥128 ≤1 ≥64 ≥16 ≥4 ≤0.5 0.5 blaCTX-M-55, blaTEM-1, aph(3ʹ)-IIa, 
rmtB, aadA2, oqxA, oqxB, fosA3, sul, 
tet

EC26207 
(ST1771)

≤1 ≤4 32 ≤1 8 ≤1 8 ≤1 ≥4 ≤0.5 8 mcr-1, blaOXA-1, aac(6ʹ)-Ib-cr, 
aadA1, oqxA, oqxB, qnrS2, tet

EC26207E 
(ST1771)

≤1 ≤4 32 ≤1 8 ≤1 8 2 ≥4 ≤0.5 2 blaOXA-1, aac(6ʹ)-Ib-cr, aadA1, 
oqxA, oqxB, qnrS2, tet

EC24990 
(ST3714)

≤1 ≥64 ≤4 ≤1 4 ≤1 4 16 1 ≤0.5 8 mcr-1, blaCTX-M-14, fosA3, sul, tet, 
aph(3ʹ)-Ia, aph(4)-Ia, aadA

EC ATCC25922 
(ST73)

≤1 ≤4 ≤4 ≤1 ≤4 ≤1 4 ≤1 ≤0.25 ≤0.5 1 /

EC1002 (ST405) ≥64 ≥64 ≥64 ≥64 64 ≥8 ≥64 ≥16 0.5 ≤0.5 8 mcr-1, blaNDM-1, blaCTX-M-14, aac 
(6ʹ)-Ib, blaTEM-1

EC2474 (ST131) ≥64 ≥64 ≥64 ≥64 ≥128 ≥8 64 ≥16 ≥4 ≤0.5 16 mcr-1, blaNDM-1, blaCTX-M-15,  
blaCTX-M-55, rmtB

Abbreviations: CTX, Ceftriaxone; CFZ, cefazolin; FOX, cefoxitin; CFP, cefepime; PTZ, piperacillin-tazobactam; IMP, imipenem; AMK, amikacin; CIP; ciprofloxacin; GEN, 
gentamicin; TGC, tigecycline; CST, colistin.
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Table 2 Phenotypic and Genotypic Profiles of the in vitro Selected Mutants of mcr-1-Positive and mcr-1-Negative E. coli

Strain Amino Acid Substitutionsc MIC (Agar)a MIC (Broth)b

PmrA PmrB PhoP PhoQ MCR-1 MgrB

EC18398 / / / / / / 8 8

Mu1EC18398 / / / / / / 32 16

Mu2EC18398 / / / / / / 32 32

Mu3EC8398 / / / / / / 64 32

EC18398E / / / / NA / 0.25 0.5

Mu1EC18398E G53R* / / / NA / 16 8

Mu2EC18398E G53R / / / NA / 32 16

Mu3EC18398E G53R / / / NA / 64 32

Mu4EC18398E G53R / / / NA / 64 64

EC26207 / / / / / / 16 8

Mu1EC26207 G15R* / / / / / 32 16

Mu2EC26207 G15R / / / / / 64 32

EC26207E / / / / NA / 0.25 1

Mu1EC26207E G144S P94Q* / T482A NA / 32 16

Mu2EC26207E G144S P94Q / T482A NA / 64 32

Mu3EC26207E G144S P94Q,N358Y# / T482A NA / 64 64

EC24990 / / / / / / 8 8

Mu1EC24990 / / / / / / 32 16

Mu2EC24990 / / / / / / 64 32

EC ATCC25922 / / / / NA / 0.25 1

Mu1EC25922 S31T, N128I, 

S144G

D123E, G283D, 

I351V

/ H6R, A482T NA R36S, S43N 32 32

Mu2EC25922 S31T, N128I, 

S144G

D123E, G283D, 

I351V

/ H6R, A482T NA R36S, S43N 64 32

Mu3EC25922 S31T, N128I, 

S144G

D123E, G283D, 

I351V

L44I H6R, A482T NA R36S, S43N 64 32

Mu4EC25922 S31T, N128I, 

S144G

D123E, G283D, 

I351V

L44I H6R NA R36S, S43N 64 64

EC1002 / / / / / / 16 8

Mu1EC1002 / P86Q / / / / 32 16

Mu2EC1002 / P86Q / / / / 32 32

Mu3EC1002 / P86Q / / / / 64 32

Mu4EC1002 / P86Q / / / / 64 32

EC2474 / / / / / / 16 16

(Continued)
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The non-synonymous mutations in the plasmid-curing iso
lates were easily detected when compared with their par
ental strains. Amino acid alterations were observed in 
PmrA Gly144Ser, PmrB Pro94Gln, Asn358Tyr, and 
PhoQ Thr482Ala in the EC26207E mutant, and in PmrA 
Gly53Arg in the EC18398E mutant. The EC26207 and 
18398 mutants had 1 or 0 amino acid variations, respec
tively. However, the second- and third-step mutants 
showed no further mutational changes in PmrAB, 
PhoPQ, and MgrB, except for those in EC26207E and 
EC25922.

SMART analysis revealed the major domains of the 
PmrA/PmrB and PhoP/PhoQ TCS, and the positions of 
all the mutations in colistin-resistant mutants 
(Figure 3). Our results showed that non-synonymous 
mutations were mainly found in the HAMP and 
ATPase domains of PmrB and PhoQ, and in the recei
ver domain of PmrA and PhoQ. SIFT analysis pre
dicted that the PmrA Gly15Arg, Gly53Arg, PmrB 

Pro94Gln, and PhoP Asp86Gly mutations would affect 
protein function.

pmrABC, phoP, mgrB, and mcr-1 Expression
To better understand the impact of mcr-1-bearing plas
mids on the evolution of HLCRMs, E63-C600, E66- 
C600, and E. coli C600 were used for the selection of 
HLCRMs. Transcription of the pmrCAB, phoP, mgrB, 
and mcr-1 genes in HLCRMs was evaluated by qRT– 
PCR. The levels of expression of pmrCAB and phoP 
were higher in MuC600 than in E. coli C600, with the 
level of expression of pmrA being 200-fold higher in 
MuC600 than in E. coli C600 (Figure 4). Moreover, the 
magnitude of pmrCAB up-regulation was higher than 
that of phoP and mgrB, indicating that pmrCAB may 
play more important roles in the evolution of HLCRMs 
than phoPQ and mgrB. However, the levels of expres
sion of the pmrCAB, phoP, mgrB, and mcr-1 genes in 
MuE63-C600 and MuE66-C600 were not significantly 
higher than those in their parental strains.

Discussion
The clinical use of colistin is being re-evaluated because 
of the increasing prevalence of infections caused by MDR 
organisms.17 Plasmid-mediated colistin resistance via the 
mcr-1 gene was found to provide a horizontal transfer 
mechanism for rapid dissemination.7 The prevalence of 
colistin resistance has become of great concern because 
of the location of the mcr-1 gene on highly mobile genetic 
elements and its coexistence with other resistance deter
minants. However, the phenotype of HLCRMs in mcr- 
1-harboring E. coli is not fully understood. Moreover, the 
impact of chromosomal modifications in TCS combined 
with mcr-1 on colistin resistance has not been 
determined.18–20

Table 2 (Continued). 

Strain Amino Acid Substitutionsc MIC (Agar)a MIC (Broth)b

PmrA PmrB PhoP PhoQ MCR-1 MgrB

Mu1EC2474 G53A / / / / / 32 32

Mu2EC2474 G53A / / / / / 64 32

Mu3EC2474 G53A / / / / / 64 64

Notes: a, bThe MICs of tested strains were determined by agar dilution and broth dilution methods. cAmino acid alterations in mutants were compared with their respective 
parental strains. *According to SIFT, these substitutions are likely to affect protein function. #According to SIFT, these substitutions are likely to affect protein function 
because the sequences used were not sufficiently diverse. 
Abbreviations: NA, not applicable; Mu1, first-step mutants; Mu2, second-step mutants; Mu3, third-step mutants; /, no mutation detected. A, Ala; G, Gly; P, Pro; Q, Gln; R, 
Arg; S, Ser; T, Thr; N, Asn; H, His; L, Leu; I, Ile; D, Asp; E, Glu; V, Val; Y, Tyr.
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The present study found that HLCRMs could be suc
cessfully isolated from MCRPEC and non-MCRPEC 
strains by multi-stepwise induction under conditions of 
colistin exposure. Unexpectedly, the absence of the mcr- 
1 gene from E. coli resulted in higher mutation rates and 
facilitated the selection of HLCRMs, in contrast to the role 
of plasmid-mediated quinolone resistance genes in 
Enterobacteriae. Quinolone resistance may be due to the 
presence of a plasmid-carried quinolone resistance deter
minant Qnr, which has been shown to bind to and protect 
both DNA gyrase and topoisomerase IV from inhibition by 
ciprofloxacin. In addition, because of their additive nature, 

the concentration required for mutant prevention is 
increased.8,21,22 Conversely, mcr-1, which encodes 
a pEtN transferase, confers colistin resistance via the addi
tion of pEtN to LPS, similar to the chromosomal colistin 
resistance mechanism that constitutively activates PhoPQ 
and PmrAB.19,23 Thus MCR-1-associated LPS modifica
tions may impair the role of TCS in the evolution of 
HLCRMs. These findings demonstrated that non- 
synonymous mutations by TCS were more easily observed 
in non-MCRPECs than in MCRPECs. Furthermore, 
pmrABC and phoP expression levels were higher in non- 
MCRPECs. Taken together, these findings indicated that 
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the presence of mcr-1 limited the up-regulation of TCS 
genes related to colistin resistance. Usually, the MIC of 
colistin against MCRPECs is 2 to 8 mg/L, whereas the 
MIC of colistin mediated by chromosomal resistance 
mechanisms, such as mutations in pmrAB or phoPQ, is 
16 to 256 mg/L.3,23 Because chromosomal resistance 
mechanisms, rather than mcr-1, may have an important 
impact on the evolution of HLCRMs, HLCRMs in the 
present study were more easily generated by non- 
MCRPECs. The presence of the mcr-1 gene may, however, 
facilitate the selection of HLCRMs. These findings suggest 
that the dilution of overnight cultures was too low (105 

CFU/mL) to prevent E. coli TOP10 from generating 
HLCRMs.24

Mutations related to colistin resistance in PmrAB and 
PhoPQ TCS play crucial roles in the development of 
MCRPEC and non-MCRPEC into HLCRMs, as mutations 
in these systems can cause their constitutive overexpres
sion, resulting in the activation of arnBCADTEF and 
pmrCAB and the modification of lipid A.23 Various genetic 
alterations have been associated with an increased MIC of 

colistin, including Ser39Ile and Arg81Ser in PmrA; 
Glu375lys in PhoQ; several mutations in PmrB, including 
Leu10Gly, Glu, 41::Tn5 (insertion of Tn5 at nucleotide 
41), Cys84Tyr, a 12 bp deletion from nucleotide 258 to 
nucleotide 269 (GlnAlaValArgArg), Ile91Thr92 ins Ile (an 
insertion of isoleucine at position 92), Asp149Tyr, 
Thr156Lys, Ala159Val, and Val161Gly.3,4,25 Although 
none of these non-synonymous mutations were detected 
in the present study, SIFT determined that the Gly15Arg 
and Gly53Arg mutations in PmrA, the Pro94Gln mutation 
in PmrB, and the Asp86Gly mutation in PhoP affect pro
tein function. Except for PmrA Gly15Arg, which was 
found in MCRPEC strains, these mutations were found 
in non-MCRPEC strains. The Gly15Arg and Gly53Arg 
mutations in PmrA, and the Pro94Gln mutation in PmrB, 
were found to be involved in colistin resistance in 
Salmonella enterica.6 Position 53 in the PmrA has also 
been described as being responsible for acquired colistin 
resistance in Klebsiella pneumoniae and Enterobacter 
aerogenes.3 Gly53 of PmrA is located in its phosphate 
receiver domain, close to the active site at Asp51.26 An 
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amino acid substitution at Gly53, whether to Arg or Ala, 
prevented the Asp active site from being dephosphorylated 
by the phosphatase activity of PmrB. Pro94 of PmrB is 
located in its HAMP domain, which is crucial for signal 
transduction from the periplasmic input to the kinase 

domain.27 A mutation in the HAMP domain might there
fore lead to constitutive activation of PmrA. In addition, 
several non-synonymous mutations were identified in 
PmrAB and PhoPQ, especially in non-MCRPEC strains, 
but SIFT showed that these mutations had little impact on 
protein function.

These results are in agreement with studies showing 
that not all the mutations in pmrAB and phoPQ result in 
colistin resistance.4,28 The MICs of mutants were progres
sively elevated by in vitro multi-stepwise induction and 
selection, whereas the second- and third-steps did not yield 
further mutations in pmrAB, phoPQ, and mgrB. This ana
lysis may have been unable to identify mutations in other 
regulatory pathways that led to colistin resistance.

Previous genetic analysis revealed that Etk, a tyrosine- 
kinase, can phosphorylate Ugd, the starting material for 
L-Ara4N synthesis and can activate the PmrAB system, 
resulting in colistin resistance and the deletion of mgrR 
(influenced by the PhoPQ system).29–31 Therefore, differ
ent mechanisms mediating or contributing to colistin resis
tance may be responsible for the development of greater 
resistance to colistin, especially for MCRPEC strains, 
inasmuch as non-synonymous mutations in pmrAB, 
phoPQ, and mgrB were not detected in EC24990 or 
EC18398. Thus, increasing the clinical use of colistin 
may result in the spread of colistin-resistant organisms. 
The present findings suggested that acquisition of the mcr- 
1 gene partly lowered the target mutation to impede the 
evolution of HLCRMs. The difficulty of a chromosomal 
mutation related to further colistin resistance in MCRPEC 
strains may provide further support for the use of colistin- 
based combination strategies to treat infections caused by 
MCR-1-producing isolates. Exposure of MCR-1- and 
NDM-5-producing E. coli to polymyxin B monotherapy 
did not result in the acquisition of a chromosomal poly
myxin resistance mutation, with polymyxin B MIC 
remaining stable at 4 mg/L in the hollow-fiber infection 
model.18 The triple combination of polymyxin B, aztreo
nam, and amikacin resulted in undetectable bacterial 
counts and suppression of colistin resistance.

The present study had several limitations. First, the 
number of tested strains in this study was limited. 
Moreover, our findings showed that the presence of the 
mcr-1 gene may limit the evolution of MCRPEC strains 
into HLCRMs. Further investigations are required to deter
mine the effects on colistin resistance of a combination of 
chromosomal modifications in TCS and the mcr-1 gene. 
Additionally, the colistin MICs of mutants in this study 
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were further improved by in vitro multi-stepwise induction 
and selection, with non-synonymous mutations and other 
resistance mechanisms not detected. Further research is 
required to determine the internal molecular mechanisms 
of colistin resistance.

Conclusion
The acquisition by E. coli of the mcr-1 gene usually results in 
a low-level colistin resistance (2–8 mg/L), while having 
a negative impact on the development of HLCRMs. This 
may support the use of colistin-based combination regimens 
to combat infections with MCR-1-producing isolates.
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