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Five types of Escherichia coli strains were obtained and sequenced: colistin-susceptible
(CL-9) strains, in vitro induced colistin-resistant (CL-IR) strains, mcr-7-negative colistin-
resistant strains from livestock (CL-chrR), mcr-7-positive colistin-resistant strains (CL-
mcrR), and mcr-1-transferred transconjugants (TC-mcr). Amino acid alterations of
PmrAB, PhoPQ, and EptA were identified, and their mRNA expression was measured.
Their growth rate was evaluated, and an in vitro competition assay was performed.
Virulence was compared through serum resistance and survival in macrophages and
Drosophila melanogaster. CL-IR and CL-chrR strains were colistin-resistant due to
amino acid alterations in PmrAB, PhoPQ, or EptA, and their overexpression. All colistin-
resistant strains did not show reduced growth rates compared with CL-S strains. CL-IR
and CL-chrR strains were less competitive than the susceptible strain, but CL-mcrR
strains were not. In addition, TC-mcr strains were also significantly more competitive
than their respective parental susceptible strain. CL-IR strains had similar or decreased
survival rates in human serum, macrophages, and fruit flies, compared with their
parental, susceptible strains. CL-chrR strains were also less virulent than CL-S strains.
Although CL-mcrR strains showed similar survival rates in human serum and fruit fly
to CL-S strains, the survival rates of TC-mcr strains decreased significantly in human
serum, macrophages, and fruit flies, compared with their susceptible recipient strain
(J53). Chromosome-mediated, colistin-resistant E. coli strains have a fitness cost, but
plasmids bearing mcr-1 do not increase the fitness burden of E. coli. Along with high
usage of polymyxins, the no fithess cost of mcr-7-positive strains may facilitate rapid
spread of colistin resistance.

Keywords: colistin, mcr-1, fitness, antibiotic resistance, Escherichia coli

Frontiers in Microbiology | www.frontiersin.org 1

May 2020 | Volume 11 | Article 798


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.00798
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2020.00798
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.00798&domain=pdf&date_stamp=2020-05-13
https://www.frontiersin.org/articles/10.3389/fmicb.2020.00798/full
http://loop.frontiersin.org/people/802748/overview
http://loop.frontiersin.org/people/339193/overview
http://loop.frontiersin.org/people/801953/overview
http://loop.frontiersin.org/people/370982/overview
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Choi et al.

Colistin Resistance: Plasmid vs. Chromosome

INTRODUCTION

Colistin is considered as a “last resort” antibiotic against multi-
drug resistant Gram-negative bacteria, despite its nephrotoxicity
and neurotoxicity (Landman et al., 2008). After re-introduction
in clinical settings, however, colistin-resistant bacteria are
gradually emerging worldwide (Poirel et al., 2017). The well-
known resistance mechanism to colistin is mutations in two-
component regulatory systems, PmrAB and PhoPQ (Poirel
et al., 2017). In Escherichia coli, PmrAB activates arnBCADTEF
operon and eptA, and PhoPQ inhibits eptB by activating
MgrR. PmrD, which is activated by PhoPQ, is known to
stimulate the PmrAB system (Jeannot et al, 2017). The
arnBCADTEF operon triggers the synthesis and addition
of 4-amino-4-deoxy-L-arabinose (L-Ara4N) to lipid A, and
eptA and eptB are involved in the synthesis and addition
of phosphoethanolamine (PEtN). Mutations in PmrAB and
PhoPQ result in the modification of lipid A and less anionic
lipopolysaccharide (LPS), reducing the binding affinity to colistin
(Jeannot et al., 2017).

Recently, the mobile colistin resistance gene, mcr-1, located
on plasmids was first described in China (Liu et al., 2016). The
existence of transmissible colistin resistance genes indicates the
possibility of colistin resistance distribution through horizontal
gene transfer and poses a crisis for public health care.
Since the first report, numerous studies have demonstrated
the spread of mcr-1 and its variants across more than
40 countries on five continents at the time of writing
(Sun et al, 2018). MCR-1 functions as PEtN transferase
and adds PEtN to lipid A, leading to colistin resistance
(Hinchliffe et al., 2018).

Generally, it is known that antibiotic resistance by acquisition
of mobile elements, including plasmids, imposes fitness costs
on the bacterial host (Andersson, 2006). However, it has also
been described that the fitness burden is strongly dependent
on the plasmid backbone and on the host (Humphrey et al,
2012). A fitness cost associated with colistin resistance due
to chromosomal mutations has been reported mainly in
Acinetobacter baumannii (Lopez-Rojas et al., 2011; Pournaras
et al,, 2014). Although an in vitro and in vivo fitness cost of
mcr-1-mediated colistin resistance have also been shown, some
inconsistent results on fitness have been reported. While Zhang
et al. (2017) and Nang et al. (2018) reported decreased fitness in
E. coli and Klebsiella pneumoniae harboring mcr-1, respectively,
a study by Tietgen et al. (2018) reported that plasmid-borne
mcr-1 did not reduce the fitness in E. coli but impaired it
in K. pneumoniae. Meanwhile, stable maintenance and a large
compensation of cost after passage of mcr-I-bearing E. coli has
also been shown (Ma et al., 2018).

In this study, we compared the fitness and virulence of
colistin-resistant E. coli strains caused by mcr-1 in plasmids and
mutations in chromosomal genes, using in vitro competition
assays, serum resistance assays, bacterial infections in
fruit flies, and bacterial survival assays in macrophages to
understand what bacterial features can be affected by colistin
resistance.

MATERIALS AND METHODS

Bacterial Strains and Genotyping

Five types of E. coli strains were investigated in this study
(Table 1). Three colistin-susceptible E. coli clinical strains (E015,
E139, and E154), which are designated CL-S, were used for
comparison and in vitro induction of colistin resistance. They
were isolated from the blood of patients in South Korea.
Colistin-resistant mutants (E015R, E139R, and E154R), which are
briefly designated CL-IR, were obtained from the CL-S strains,
respectively. Four colistin-resistant E. coli strains (QIA18, QIA24,
QIA32, and QIA33), which were obtained from the Animal and
Plant Quarantine Agency of Korea, were also included in this
study. Their colistin resistance was not mediated by mcr-1, and
they were designated CL-chrR. Three mcr-1-bearing colistin-
resistant E. coli strains (EC006, EC019, and EC111) (designated
CL-mcrR), which were isolated from livestock and have been
reported previously (Lee et al., 2018), were included. Finally, the
mcr-1-bearing plasmid of CL-mcrR strains were transconjugated
into E. coli J53 strain. The mcr-1-transferred transconjugants
(J53pEcoos> J53pEco19, and J53pEcii), designated TC-mcr, were
included in this study.

For genotyping of E. coli strains used in this study, sequence
type (ST) were determined by multilocus sequence typing
(MLST) analysis (Wirth et al., 2006). Amplicons were sequenced,
and sequence types were predicted by using Enterobase.’

In vitro Selection of Induced
Colistin-Resistant Mutants and Bacterial
Conjugation

CL-IR strains were obtained by serial passaging of CL-S
strains with increasing concentration of colistin from 0.25to
64 mg/L. The colistin concentration was serially increased after
every 24 h incubation. Spontaneous mutants were selected
on Luria-Bertani (LB) agar plates containing 64 mg/L colistin
(Lee et al., 2016).

To construct TC-mcr strains, conjugation was performed
through the liquid mating method (Pham Thanh et al., 2016).
CL-mcrR strains EC006, EC019, and EC111 were used as
donors of mecr-1-harboring plasmids and E. coli J53 pUHE-
gfp was employed as a recipient. Both donor and recipient
were incubated in LB broth until optical density at 600 nm
reached 0.5. These bacterial cultures were mixed using a
1:1 donor-to-recipient ratio and incubated overnight at 37°C.
Transconjugants were selected on Mueller-Hinton (MH) agar
plates with colistin (4 mg/L), sodium azide (100 mg/L), and
0.5 mM isopropyl B-D-1-thiogalacto-pyranoside (IPTG). The
transconjugant colonies showed fluorescence in this selective
media due to GFP (green fluorescent protein) induction by
IPTG. To confirm the successful transfer of mcr-1-harboring
plasmids, mcr-1 was amplified and detected by primers CLR5_F
and CLR5_R (Liu et al., 2016).

'http://enterobase.warwick.ac.uk
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TABLE 1 | Bacterial strains used in this studly.

E. coli strain Description

Colistin MIC (mg/L) Presence of mcr-1 Sequence type

Reference strain

K-12 1655 Reference strain

J53 Containing pUHE-gfo recombinant plasmid

CL-S

EO15 Bacterial isolate from human blood

E139 Bacterial isolate from human blood

E154 Bacterial isolate from human blood

CL-IR

EO15R Colistin-resistance-induced strain from E015
E139R Colistin-resistance-induced strain from E139
E154R Colistin-resistance-induced strain from E154
CL-chrR

QIA18 From Animal and Plant Quarantine Agency, Korea
QIA24 From Animal and Plant Quarantine Agency, Korea
QIA32 From Animal and Plant Quarantine Agency, Korea
QIA33 From Animal and Plant Quarantine Agency, Korea
CL-mcrR

EC006 Bacterial isolate from chicken

EC019 Bacterial isolate from chicken

EC111 Bacterial isolate from pig

TC-mcer

J53pEco06 Transconjugant containing pEC006

J53pEco19 Transconjugant containing pEC019

J53pEc 111 Transconjugant containing pEC111

0.25 - ST10
0.25 - ST10
0.25 - ST405
0.25 - ST131
0.25 - ST38
64 - ST405
>64 - ST131
64 - ST38
- ST226
- ST4532
- ST1
16 - STH1
8 + ST162
+ ST410
16 + STH1
+ ST10
+ ST10
+ ST10

Antimicrobial Susceptibility Testing

Minimum inhibitory concentration (MIC) was determined
by the broth microdilution method according to Clinical and
Laboratory Standards Institute (CLSI) guidelines (Clinical
and Laboratory Standards Institute [CLSI], 2018). Twelve
antibiotics including colistin, polymyxin B, imipenem, amikacin,
cefepime, ceftriaxone, ciprofloxacin, tetracycline, rifampin,
piperacillin/tazobactam, and ampicillin/sulbactam were tested.
Susceptibility was defined according to CLSI breakpoints
(Clinical and Laboratory Standards Institute [CLSI], 2018).
E. coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853
were employed as reference strains.

Amino Acid Alteration and mRNA

Expression Analysis

PCR and DNA sequencing were performed to identify nucleotide
(and resultant amino acid) substitutions in PmrAB, PhoPQ,
and EptA in CL-S, CL-IR, CL-chrR, and CL-mcrR strains,
using the primers listed in Supplementary Table S1. The gene
expression levels of pmrA, phoP, and eptA were evaluated
by quantitative real-time PCR (qRT-PCR; Supplementary
Table S2). Total RNA was harvested from mid-log phase
bacterial culture using RNeasy Mini Kit (Qiagen, Germany) and
reverse transcription was performed using Omniscript Reverse
Transcriptase (Qiagen, Germany). SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, United States) and qRT-
PCR primers were mixed with the complementary DNA to detect
PCR amplification. qRT-PCR was conducted by using a Thermal

Cycler Dice™ Real Time System TP800 (Takara, Otsu, Japan).
The expression level of rrsB, a housekeeping gene of E. coli,
was evaluated to normalize the transcript levels. All tests were
performed in triplicate.

Plasmid Stability Assay

CL-mcrR strains were subjected to plasmid stability assays
as described previously (Bryksin and Matsumura, 2010). Ten
microliter overnight seed cultures of the strains were inoculated
in 10 mL LB medium without antibiotic (1:1000 ratio).
Subculturing was performed after 24 h incubation and repeated
for 10 consecutive days. The total population of each culture was
enumerated by plating onto a blood agar plate (BAP) without
colistin. Identification of mcr-1-loss cells within each culture was
determined by transferring 96 colonies from BAP to 4 mg/L
colistin-containing MH broth in each well of a 96-well plate.
The proportion of plasmid-containing cells were calculated by
counting the number of wells that had visible growth of bacteria.

Lipid A Structure Analysis

One CL-S strain (E015), one CR-IR strain (E015R), three CL-
mcrR strains, one TC-mcr strain (J53,gco19), and an E. coli
reference strain J53 were subjected to lipid A structure analysis.
Lipid A was extracted by ammonium hydroxide-isobutyric acid
method (El Hamidi et al., 2005). Briefly, lyophilized cells (10 mg)
were resuspended in 400 pL of isobutyric acid:1 M ammonium
hydroxide (5:3 [vol/vol]) and incubated at 100°C for 4 h. The
resuspensions were centrifuged for 15 min at 13,000 rpm, and
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supernatants were diluted in an equal volume of distilled water
(DW) and lyophilized. Samples were washed with methanol
and centrifuged for 15 min at 4,000 rpm. Insoluble lipid A
was solubilized in a chloroform:methanol:DW mixture (3:1:0.25
[vol/vol/vol]). These lipid A suspensions were analyzed by
negative-ion matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry (Beceiro et al., 2011).

Determination of Growth Curves and

in vitro Competition Assay

Growth curves were determined by measuring the optical density
at 600 nm using a spectrophotometer. Seed cultures of bacterial
strains were inoculated in LB broth at a 1:100 ratio. The aliquots
were collected at 0, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 24, and 30 h.

All colistin-resistant and colistin-susceptible strains except
TC-mcr strains were subjected to in vitro competition assay
against E. coli K-12 MG1655. For TC-mcr strains, E. coli J53 was
competed. Strains were cultured in LB broth until mid-log phase
and mixed with MG1655 or J53 at a 1:1 ratio. The mixtures were
incubated for 24 h at 37°C and shaking. After incubation, MH
agar with and without colistin (4 mg/L) were used for plating
dilutions of the bacterial mixture to differentiate the colistin-
resistant strains and MG1655. In competition assay of colistin-
susceptible (CL-S) strains against MG1655, ampicillin (100 mg/L)
were used instead of colistin. Colonies were counted after
overnight incubation and competition index (CI) values were
determined based on (CFUs of colistin-resistant strain/CFUs
of MG1655 or J53) ratio (Humphrey et al., 2012; Beceiro
et al., 2014). Four independent competition experiments were
performed to calculate the median CI value.

Biofilm Formation and Serum Resistance
Assay

Microtiter dish biofilm formation assays were employed to
determine the capacity of biofilm formation, with minor
modifications (Choi and Ko, 2015). In brief, strains were grown
in LB broth with 0.5% glucose and the cultures were incubated
until mid-log phase then inoculated into a 96-well flat-bottom
plate. For quantitative assays, eight replicates were prepared and
the inoculums were incubated for 24 h at 37°C. After incubation,
cells were dumped out by turning the plate and washed once
with water. A solution of crystal violet (0.1%) was added into
each well and incubated at room temperature for 15 min. The
plate was then rinsed two to three times with water and dried
completely. Dried biofilm was solubilized by 95% ethanol and the
absorbance at 600 nm was measured using a microplate reader
(Bio-Rad, United States).

Bacterial susceptibility to the bactericidal activity of serum
was measured by evaluating the surviving bacterial cells after
incubation in diluted serum, as described previously (Siu et al,,
2011). The bacterial cultures were incubated until mid-log
phase in LB broth. One hundred pL of culture was washed
once with 1X PBS and these bacterial suspensions were then
mixed independently with 900 WL of 1/5 diluted normal human
serum (NHS; Innovative Research, MI, United States) (NHS 180
nL + 1X PBS 720 pL) and incubated shaking for 3 h. After

incubation, the mixture washed once with 1 x PBS and diluted
for plating on BAP. Colonies were counted to determine survival
rate in serum. Heat-inactivated NHS (30 min at 56°C) was
employed as a positive control.

Bacterial Survival in Macrophages

The macrophage cell line J774A.1, which is derived from
BALB/c mice, was used for bacterial infection (Choi et al,
2014). Macrophages were maintained in Dulbecco’s Modified
Eagle medium (DMEM; Welgene) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibco) and 1% antibiotics-
antimycotics (Thermo). The day before infection, 100 pL of
J774A.1 cells (2.5 x 10° cells) were plated with 400 |LL of DMEM
in a 24-well tissue culture plate, then incubated for 24 h for
cell duplication and attachment. After incubation, the wells were
washed three times with Dulbecco’s phosphate buffered saline
(DPBS; Welgene) and 400 pL of DMEM only supplemented with
10% heat-inactivated FBS was added. Prior to bacterial infection,
overnight-incubated bacterial cells were appropriately diluted
to reach 5 x 107 cells/mL. Diluted bacterial suspension (100
WL) was added for infection (multiplicity of infection: 20) after
the cells were incubated for 1 h. After 30 min incubation for
bacterial invasion of macrophages, the cells were washed with
DPBS and then incubated in medium supplemented with 150
pg/mL gentamicin to remove extracellular bacteria. Following 1 h
incubation, the cells were washed with DPBS and then incubated
in medium containing 15 ug/mL of gentamicin. For the 0 h time
point sample, the wells were washed and treated immediately by
aspirating the medium and adding 500 pL of 1% Triton X-100
and 500 L of DPBS. For the 4 h time point samples and onward,
Triton X-100 was added at the desired time points. The content
of each well was then diluted in DPBS and appropriate dilutions
were plated on blood agar containing appropriate antibiotics.
The percentage survival was obtained by dividing the number of
bacteria recovered after 4 h, by the number of bacteria present at
time 0. All media and DPBS were prewarmed in 37°C before use,
and all the experiments were performed in duplicate.

Bacterial Infection of Drosophila

melanogaster (Fruit Fly)

Fly infection was performed by the thoracic needle pricking
method (Heo et al., 2009). D. melanogaster Canton-S was used
and 4- to 7-day-old female flies were only selected for fly
infection. Fifteen flies were infected per strain. Bacterial strains
were prepared by incubating until early stationary phase in
LB broth. The cultures were washed once and resuspended on
1 x PBS. Flies were anesthetized with CO, and placed on the
CO; pad. An insulin syringe with Ultra-Fine™ needle (BD
Bioscience) was used for pricking the thorax of the flies. The tip
of the needle was dipped into the bacterial suspension and the
very tip of the needle was inserted into the dorsolateral thorax.
Infected flies were transferred into vials grouped by the infected
strain. A pure PBS injection was used as a negative control and
the fly mortality was monitored for up to 72 h post-infection.
Death of the files was monitored and counted to determine the
survival rate.
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After 72 h incubation, four live flies per bacterial strain were
selected to assess the bacterial proliferation in vivo. Flies were
homogenized in 100 L of 1 x PBS with a polypropylene pestle.
Each homogenate was serially diluted and plated onto BAP agar
containing colistin. The plates were incubated 37°C for 24 h and
the number of CFUs per fly was counted. Each experiment was
performed four times for all strains included in this study.

Statistical Analyses

The data are presented as the mean = SD. Statistical analyses were
performed using Prism version 3.00 for Windows (GraphPad
Software, San Diego, CA, United States). The differences
were assessed using the Students t-test and one-way ANOVA.
P-values < 0.05 were considered statistically significant.

RESULTS

Characterization of E. coli Strains Used

in This Study

Three CL-S strains, of which colistin MIC was 0.25 mg/L,
belonged to different STs (ST405, ST131, and ST38) (Table 1).
CL-IR strains induced from the CL-S strains showed high-level
colistin resistance (MICs > 64 mg/L). Four CL-chrR strains,
which were colistin-resistant but mcr-negative, had an MIC
of 8 to 16 mg/L of colistin and belonged to three different
STs (ST226, ST4532, and ST1). CL-mcrR strains, mcr-1-positive
strains isolated from livestock, also had an MIC of 8 to 16 mg/L
of colistin and belonged to different STs (ST162, ST410, and
ST1). Colistin MICs of TC-mcr strains, transconjugants with
mcr-1-bearing plasmids, were 4 mg/L.

All strains were susceptible to imipenem, but resistant to
ampicillin/sulbactam (Supplementary Table S$3). All CL-S strains
were resistant to cefepime and ceftriaxone. Although E015R was
resistant to cefepime and ceftriaxone (as its parent strain, E015),
the other CL-IR strains (E0139R and E154R) were susceptible
to them. In addition, E154R was susceptible to ciprofloxacin
despite the ciprofloxacin resistance of E154. While CL-chrR
strains were susceptible to cefepime, ceftriaxone (except QIA18),
and ciprofloxacin, CL-mcrR strains were resistant to them.
However, TC-mcr strains with mcr-I1-positive plasmids of CL-
mcrR strains were susceptible to them. Meanwhile, CL-mcrR
strains, except EC006, were susceptible to tetracycline, but CL-
chrR strains were resistant.

Amino Acid Alteration of PmrAB, PhoPQ,
and EptA

Amino acid sequences of PmrAB and PhoPQ, which are
well-known two-component regulatory systems associated with
colistin resistance, were constructed from determined nucleotide
sequences (Table 2). CL-IR strains had amino acid alterations in
PmrB, compared with their parental CL-S strains: VSRL;33_136
deletion in E015R, P94L substitution in E139R, and A159V
substitution in E154R. All but one CL-chrR strains showed amino
acid alterations in PmrB and PhoQ not found in CL-S strains:
DI101E and V386L in PhoQ of QIA18, H2R, L14Q, and S138N

in PmrB and S138T in PhoQ of QIA32 and QIA33. No amino
acid alterations were identified in PmrAB and PhoPQ of QIA24.
Amino acid substitutions found in CL-chrR strains, QIA32 and
QIA33, such as H2R and S138N in PmrB and S138T in PhoQ,
were also identified in one CL-mcrR strain, EC111.

Amino acid alterations in EptA, a homolog of PmrC, were also
identified in CL-S, CL-IR, CL-chrR, and CL-mcrR strains. A CL-
IR strain, E139R, had many amino acid differences in EptA from
its colistin-susceptible, parental strain (Table 3). In addition, two
amino acid alterations in EptA, T148A or K233T, were identified
in a CL-IR strain (E154R), two CL-chrR strains (QIA32 and
QIA33), and a CL-mcrR strain (EC111).

Two substitutions in PmrB of CL-mcrR strains, D108N and
Y358N, were found only in the mcr-1-positive strains, thus they
could not be considered to contribute colistin resistance in the
strains (Table 2). The same was for the two substitutions in EptA,
V3411, and T411I (Table 3).

mRNA Expression of pmrA, phoP, and
eptA
Two CL-IR strains, EO15R and E154R, showed elevated mRNA
expression of pmrA, compared to their parental CL-S strains
(Figure 1A), but a remaining CL-IR strain, E139R, showed no
difference in mRNA expression of pmrA with E139. However,
mRNA expression of eptA in E139R increased as in the
other CL-IR strains (Figure 1C). No difference in mRNA
expression level was not found in phoP between CL-S and CL-IR
strains (Figure 1B).

mRNA expression levels of pmrA, phoP, and eptA
were compared between CL-chrR and CL-mcrR strains
(Figures 1D-F). While CL-chrR strains showed elevated mRNA
expression of phoP and eptA compared with a reference strain
MG1655, no difference in mRNA expression of pmrA, phoP,
and eptA was shown in CL-mcrR strains. The mRNA expression
levels of pmrA in CL-chrR strains were different according to
strains (Figure 1D).

Plasmid Stability

As a result of plasmid stability assays for CL-mcrR and TC-mcr
strains, most populations of six strains cultured in antibiotic-
free media could grow on media with 4 mg/L colistin for 10
consecutive days (Figure 2). The live colonies in media with
colistin contained mcr-1-bearing plasmid by PCR.

Growth Rates and in vitro Competition
Assay

To investigate whether colistin resistance affects fitness burden
compared to colistin susceptible strains, growth curves and
in vitro competition assays were performed (Figure 3). The
growth rates of CL-IR strains were not different compared to their
colistin-susceptible parent strains (Figure 3A). No significant
difference in growth rates was found between CL-chrR and CL-
mcrR strains (Figure 3B). In addition, the TC-mcr strains with
additional plasmid bearing mcr-1 showed similar growth rates to
recipient strain J53 (Figure 3C).
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TABLE 2 | Amino acid alterations of PmrAB and PhoPQ.2

E. coli strain PmrA PmrB PhoP PhoQ

31 144 2 14 94 108 123 133-136 138 159 283 351 358 44 101 138 386

K-12 MG1655 T G H L P D E VSRL S A D Vv Y 1 D S v

CL-S

E015 S G L

E139 S D

E154 G L

CL-IR

EO15R S DEL? G L

E139R S L D

E154R v G

CL-chrR

QIA18 E L
QIA24 G L

QIA32 R Q N
QIA33 R Q N G L T
CL-mcrR

EC006 N

EC019 S N N

EC111 R N N T

[
-

4Amino acid alterations found only in colistin-resistant strains are indicated in bold. bDEL, deletion.

TABLE 3 | Amino acid alterations of EptA.2

E. coli strain EptA

14 15 21 26 39 69 106 123 130 137 147 148 163 211 217 232 233 332 341 348 366 411 413 414

K-12MG1655 L A A | A S A Q F L A T Vv L Vv E K A " D E T T K
CL-S

EO15 T G

E139 G S

E154 G

CL-IR

EO15R T G

E139R F 8§ T V V G T R L | T | S | G Vv G D Q
E154R T G

CL-chrR

QIA18 G S
QIA24 G S

QIA32 A T G

QIA33 A T G

CL-mcrR

ECO006 G S
ECO19 G S
EC111 A T G

aAmino acid alterations found only in colistin-resistant strains are indicated in bold.

In the antibiotic-free media, CL-S, CL-IR, CL-chrR, and CL-  values of less than 1, that is, they were less competitive than
mcrR strains competed with the colistin-susceptible reference the susceptible strain. However, CL-mcrR strains did not: while
E. coli strains MG1655 derived from K-12 or J53, respectively EC019 had a competitive disadvantage, the other two CL-
(Figure 3D). While CL-S strains showed similar competitiveness mcrR strains (EC006 and EC111) outcompeted the colistin-
against MG1655, all CL-IR and CL-chrR strains showed CI  susceptible strain MG1655, showing CI values > 1. The TC-mcr
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FIGURE 1 | mRNA expression levels of pmrA, phoP, and eptA. The mRNA expression was measured by gRT-PCR. (A-C) Comparison of expression levels of pmrA,
phoR, and eptA between CL-S and CL-IR strains. The expression levels in a reference strain MG1655 are also presented. (D-F) Comparison of expression levels of

P < 0.01; **P < 0.0001; ns, not significant.

pmrA, phoP, and eptA between a reference strain MG1655, CL-chrR, and CL-mcrR strains. Statistics were done with unpaired, two-tailed t-test. *P < 0.05;

presented as a percentage of the wells with bacterial growth on media with colistin.
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FIGURE 2 | Plasmid stability of mcr-17-harboring E. coli strains. Plasmid stability was determined by colony picking onto selective media in 96-well plates and is

strains competed with their parental plasmid-free E. coli strain
J53 (Figure 3E). As a result, all three TC-mcr strains were
significantly competitive than the J53 strain.

Biofilm Formation and Serum Resistance
First, we compared biofilm formation between CL-S and CL-
IR strains (Figure 4A). The CL-IR strains showed no difference

of biofilm formation compared with their parental strains. Both
CL-chrR strains and CL-mcrR strains formed considerably less
biofilm than the reference strain MG1655, but no difference
in biofilm formation was measured between them (Figure 4B).
Four groups of CL-S, CL-IR, CL-chrR, and CL-mcrR had similar
biofilm formation (Figure 4C). In addition, the TC-mcr strains
formed similar biofilms to their recipient strain J53 (Figure 4D).
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FIGURE 3 | Growth rates and fitness cost. (A-C) Growth curves of CL-S, CL-IR, CL-chrR, CL-mcrR, and TC-mcr strains. y axis, optical densities (OD) of broth
cultures at 600 nm; x axis, time of growth (hours). (D) /n vitro competitive fitness of CL-S, CL-IR, CL-chrR, and CL-mcrR strains, which were competed with a
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or without colistin (4 mg/L). (E) Competitive fitness of three transconjugants (TC-mcr strains), which competed with their recipient strain, J53. A Cl value less than 1
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Contrary to the similar biofilm formation among bacterial
groups, serum resistance varied between the groups (Figure 5).
Two CL-IR strains (E015R and E154R) had a decrease in
survival rates in human serum compared with their parental
CL-S strains (Figure 5A). The CL-mcrR strains had very
high survival rates in human serum, although CL-chrR strains
had no significant difference in serum resistance compared
to MG1655 (Figure 5B). That is, CL-IR and CL-chrR strains
showed less resistance to human serum than CL-S strains, but
CL-mcrR strains showed similar serum susceptibility to CL-S
strains (Figure 5C). Although TC-mcr strains did not show
significantly different survival rates in human serum from CL-
mcrR strains (62.97 + 20.65% vs. 76.21 £ 26.75%, P-value
0.2758), they were much less than that of plasmid-free parental
strain J53 (Figure 5D).

Bacterial Survival in Macrophages

Bacterial survival inside macrophages was compared (Figure 6).
While E139R had significantly reduced survival rate in
macrophages compared with its isogenic susceptible strain,

E139, the survival rates of the other CL-IR strains were not
different from those of CL-S strains (Figure 6A). CL-chrR
strains did not have different survival rates in macrophages from
MGI1655, but CL-mcrR strains survived better than MG1655
(Figure 6B). However, both CL-chrR and CL-mcrR strains
exhibited lower survival rates than CL-S and CL-IR strains
(Figure 6C). The survival rates of transconjugant strains,
TC-mcr, were significantly low compared with that of their
plasmid-free parental strain J53 (Figure 6D).

Fruit Fly Infection
We examined the survival rates of D. melanogaster infected with
E. coli. Three groups of colistin-resistant strains, CL-IR, CL-chrR,
and CL-mcrR strains, did not show different fly killing ability
compared to the CL-S strains and a reference strain MG1655
(Figure 7A). The transconjugants with a mcr-1-bearing plasmid
decreased survival rates of D. melanogaster than their parental
strain J53, which was not significant (P-value 0.27) (Figure 7B).
In addition, we measured the number of viable bacterial
populations from flies after 72 h of infection. Significantly
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less bacterial colonies survived in the flies infected with CL-
chrR strains than CL-S strains, but no difference was measured
among CL-S, CL-IR, and CL-mcrR strains (Figure 7C). However,
the transconjugants, TC-mcr strains, had a lower bacterial
load in infected D. melanogaster than their parental strain
J53 (Figure 7D).

DISCUSSION

In this study, we compared fitness cost and virulence between
colistin-resistant E. coli strains due to chromosomal gene
mutations and plasmid-borne mcr-1 gene. In addition to wild-
type colistin-resistant strains (CL-chrR and CL-mcrR), in vitro-
selected colistin-resistant strains (CL-IR) and transconjugants
with mcr-1-carrying plasmid (TC-mcr) were included.

First, we identified several mutations in two-component
regulatory systems, PmrAB and PhoPQ, in colistin-resistant
strains included in this study. However, not all mutations are

associated with colistin resistance. H2R in PmrB and V386L
in in PhoQ, which were identified in only colistin-resistant
strains in this study, were reported to not be associated with
colistin resistance in E. coli in previous studies (Luo et al,
2017; Sato et al., 2018). Although E123D in PmrB was reported
to be associated with colistin resistance in a previous study
(Luo et al,, 2017), it was found in a colistin-susceptible strain
in this study. Y358N in PmrB was identified in CL-mcrR
strains in this study, but it was reported to contribute to
colistin resistance in the previous study (Luo et al, 2017).
While S138T in PhoQ was mentioned to be associated with
colistin resistance in one study (Delannoy et al, 2017), it
was not in another study (Luo et al, 2017). Amino acid
substitutions in L14, P94, and A159 of PmrB were also identified
recently in colistin-resistant E. coli isolates from France, but
their association with colistin resistance were not confirmed
(Bourrel et al., 2019). Thus, amino acid alterations contributing
colistin resistance in E. coli are not well-established, and further
studies are required.

Frontiers in Microbiology | www.frontiersin.org

9 May 2020 | Volume 11 | Article 798


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Choi et al.

Colistin Resistance: Plasmid vs. Chromosome

A
100 CL-Svs.CL-R 100
&%k :
80 ‘ ? 80 ns
- ns —_—
g e T 1L
o 60 60
o
ﬁ **
= TN - 40
g
% 20 20
0.0001 0.000
0.00001 I o j S 0.00001 P © o
Q/Q'\ '@Q‘ Q;\@ .\"oQQ~ Q/"o .{0& & \?t\% \?@u \?(9, \‘?,55 QQQ OQ\ 0\'\
<& 2 < & e PeeT grele
CL-chrR CL-mcrR
(o3
ns
80 . 200 7
T —
& 60 3 < 1501
Q : * )
o T ©
S 40 Tg 100 1
2 5
(D (f)
20 50 1
0 0-
\/Iro \;\Q~ 6\8‘ 6\08‘ §,Sb é}@b @06’9 (‘9\\\
£ £ < <
TC-mcr
FIGURE 5 | Results of serum resistance assay. (A) Comparison of survival rates in human serum between CL-S and CL-IR strains. (B) Survival rates of CL-chrR and
CL-merR strains in human serum were compared with that of E. coli reference strain MG1655. (C) Comparison of survival rates in human serum among CL-S,
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Gene expression comparison showed that colistin resistance
in CL-IR and CL-chrR strains may be ultimately due to
overexpression of eptA. For CL-IR strains, overexpression of
pmrA was shown in two strains, but no strains showed
overexpression of phoP. However, overexpression of eptA was
identified in all three CL-IR strains. In addition, eptA was
overexpressed significantly in CL-chrR strains, although pmrA
overexpression was not observed in two CL-chrR strains. In
particular, two amino acid alterations in eptA (T148A and
K233T) are probably associated with overexpression on the gene,
which results in colistin resistance, because the strains with the
mutations (E154R, QIA32, QIA33, and EC111) showed obvious
high expression of eptA. The association of eptA mutation and
colistin resistance has been suggested in several Gram-negative
bacteria, including E. coli, K. pneumoniae, and A. baumannii

(Lesho et al., 2013; Mathur et al., 2018; Xu et al., 2018; Gerson
et al., 2019). The high variation of eptA in E139R may be due to
genetic exchange of chromosomal portions including eptA, but
its donor could not be identified. The overexpression of eptA in
the strain EC111 may explain its high colistin MIC relative to the
other mcr-1-positive strains.

Fitness and virulence of colistin resistance due to
chromosomal mutations has previously been explored mainly in
A. baumannii and K. pneumoniae. Some studies have reported
defective growth rates and reduced virulence in colistin-resistant
A. baumannii (Lopez-Rojas et al., 2011, 2013; Pournaras et al.,
2014). Others have reported colistin resistance without loss of
fitness and virulence (Cannatelli et al., 2015; Durante-Mangoni
et al, 2015; Wand et al, 2015). However, several papers
have revealed that fitness and virulence in colistin-resistant
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FIGURE 6 | Bacterial survival rates in macrophages. Survival rates of bacterial strains inside macrophages (J774A.1), which were measured at 4 h of infection.
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compared with that of E. coli reference strain MG1655. (C) Comparison of survival rates in macrophages among CL-S, CL-IR, CL-chrR, and CL-mcrR strains.
(D) Survival rates of TC-mcr strains in macrophages were compared with that of their recipient strain, J53. The error bars indicate the standard deviations. Statistics
were conducted with unpaired, two-tailed t-test. *P < 0.05; **P < 0.01; ns, not significant.

A. baumannii may be affected by resistance mechanisms; while
colistin resistance due to mutations in pmrAB showed no loss
of fitness and virulence, the strains with impaired LPS due to
mutations in [px genes suffered from a fitness cost and reduced
virulence (Beceiro et al., 2014; Mu et al., 2016).

The impact of colistin resistance due to chromosomal
mutations on bacterial fitness and virulence has been rarely
investigated in E. coli, but several studies have been reported on
the fitness and virulence of mcr-I1-mediated colistin resistance
(Zhang et al., 2017; Ma et al, 2018; Tietgen et al., 2018;
Wang et al, 2018; Wu et al,, 2018). Several studies showed
no considerable fitness cost due to acquisition of mcr-1-bearing
plasmids in E. coli (Zhang et al., 2017; Tietgen et al., 2018;
Wang et al., 2018) and Ma et al. (2018) reported that an mcr-
I-bearing plasmid initially caused a fitness cost, but such cost

was largely reduced after serial cultures. It was also reported
that fitness would be different according to plasmids bearing
mcr-1 (Wu et al,, 2018). In addition, it was revealed that mcr-
I imposed fitness cost in K. pneumoniae (Nang et al., 2018;
Tietgen et al., 2018).

Our results showed that colistin-resistant E. coli strains with
chromosomal mutations as well as wild-type colistin-resistant
and resistance-induced strains have a fitness cost based on in vitro
competition assays, although they did not show defect in growth
rate. On the other hand, all mcr-1-positive E. coli strains, except
one strain from chicken (EC019), did not show fitness cost. It
is known that mutations and altered expression in PhoPQ or
PmrAB and EptA facilitate the addition of PEtN to lipid A of LPS,
resulting in colistin resistance in Gram-negative bacteria (Jeannot
etal., 2017). In the colistin-resistant E. coli strains included in this
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FIGURE 7 | Results of fruit fly (D. melanogaster) infections. (A,B) Survival rates of flies infected with bacterial isolates obtained after incubation for 15 h. 15 flies were
infected with each strain. (C,D) Number of surviving colonies of bacteria in the flies after 72 h of infection. Four fruit flies were used for each strain, and dots indicate
CFUs in a single fly. The error bars indicate the standard deviations. Statistics were conducted with unpaired, two-tailed t-tests. *P < 0.05; ns, not significant.

study, we identified the addition of PEtN by MALDI-TOF mass
spectrometry (Supplementary Figure S1). It is assumed that the
additional PEtN would be a fitness burden in E. coli, explaining
the low fitness of colistin-resistant strains due to chromosomal
mutations. The fitness cost in colistin-resistant strains due to
chromosomal mutations may explain why colistin resistance in
Gram-negative bacteria has not increased sharply.

On the other hand, colistin-resistant E. coli strains with mcr-
I-harboring plasmids did not suffer a fitness cost, which might
be consistent with rapid dissemination of mcr-positive strains
(Sun et al, 2018). Certain genes in the plasmid with mcr-1
may compensate for the fitness cost in colistin-resistant strains.
Thus, the effect of a plasmid on bacterial host’s fitness may be
different according to type of plasmid and bacterial host, which is
consistent with the results in this study as well as in the previous
studies (Zhang et al., 2017; Ma et al., 2018; Tietgen et al., 2018;
Wang et al,, 2018; Wu et al.,, 2018). Which components of the
plasmid confer the compensation against fitness cost to bacterial
hosts should be further studied.

No difference in biofilm formation was found among the
groups, which was expected because the addition of PEtN to
lipid A in cell membranes does not affect biofilm formation
and no genes associated with biofilm formation were found in
the plasmids (Lee et al., 2018). However, virulence measured

by serum resistance and bacterial survival in macrophages and
fruit fly was different among the groups. The results revealed
that colistin resistance in E. coli brings about loss of virulence
without respect to cause of resistance. Both CL-IR and CL-
chrR strains showed lower survival rates in human serum
than CL-S strains. Although CL-IR strains showed similar
survival rates in macrophages and flies to CL-S strains, the
survival of CL-chrR strains was significantly defective. The
mcr-1-positive, colistin-resistant strains from livestock (CL-
mcrR strains) showed similar survival rates to CL-S strains
in human serum and in flies, but the survival rates of
transconjugants with mcr-1-harboring plasmids in human serum
and in macrophages decreased greatly compared with their
parental strains. In macrophages, both CL-mcrR and TC-mcr
strains had significantly reduced survival rates. Taken together,
both chromosomal mutations causing colistin resistance and
the introduction of mcr-I-bearing plasmid reduces virulence in
E. coli.

Although our study showed overall reduced virulence in
colistin-resistant strains, the change of virulence may be strain-
dependent rather than associated with resistance mechanisms
(Wand et al, 2015). For example, an mcr-I-positive strain,
EC019, showed less in vitro competitiveness compared with the
other mcr-1-positive strains. In addition, diverse survival rates
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in human serum, macrophages, and fruit flies were identified
among the CL-IR and CL-chrR strains. Because the E. coli isolates
included in this study belonged to diverse clones with different
STs, it may not be excluded the possibility that the fitness cost
and virulence were associated with their genotypes, which would
be investigated further.

It is not clear what affects the virulence in colistin-resistant
strains. While the change of the cell membrane due to the
addition of PEtN confers bacterial resistance to innate immune
defensins and colistin, it may affect the survival of bacteria in
other hostile environments. In addition, it has been reported that
colistin resistance may affect the amount of polysaccharide in the
cell wall of K. pneumoniae, which may affect the its virulence
(Choi and Ko, 2015).

In conclusion, our study demonstrates that colistin-resistant
E. coli strains due to chromosomal mutations have a fitness
cost, but plasmids bearing mcr-1 do not give rise to a fitness
burden in E. coli, despite an exception. In addition, we show that
virulence measured by resistance to human serum and survival
in the macrophage and fruit fly was lowered both in colistin-
resistant E. coli strains due to chromosomal mutations and mcr-1-
harboring plasmids. Along with high usage of polymyxins in both
agriculture and healthcare sectors, the lack of fitness cost of mcr-
I-positive strains may facilitate rapid spread of colistin resistance.
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