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Spread of the mcr-1 gene in human and veterinary medicine has jeopardised the use of polymyxins, last-
resort antibiotics against life-threatening multidrug-resistant Gram-negative bacteria. As a lipid-modifying
gene, whether mcr-1 causes proteomic and metabolomic changes in bacteria and affects the correspond-
ing metabolic pathway is largely unknown. In this study, label-free quantitative proteomics and untar-
geted metabolomics were used to profile comprehensive proteome and metabolome characteristics of
mcr-1-mediated colistin-resistant and -susceptible Escherichia coli in order to gain further insight into

Editor: Jean-Marc Rolain

fg’r \ijords. the colistin resistance mechanism. Large sets of differentially expressed proteins (DEPs) and metabolites
Colistin were identified that contributed to mcr-1-mediated antimicrobial resistance, predominantly in different
Proteomic growth conditions with and without colistin. mcr-1 caused downregulated expression of most proteins
Metabolomic in order to adapt to drug pressure. Pathway analysis showed that metabolic processes were significantly

affected, mainly related to glycerophospholipid metabolism, thiamine metabolism and lipopolysaccharide
(LPS) biosynthesis. The substrate phosphoethanolamine (PEA) for mcr-1 to mediate colistin resistance was
accumulated in colistin-resistant E. coli. Notably, mcr-1 not only caused PEA modification of the bacterial
cell membrane lipid A but also affected the biosynthesis and transport of lipoprotein in colistin resis-
tance by disturbing the expression of efflux pump proteins involved in the cationic antimicrobial peptide
(CAMP) resistance pathway. Overall, disturbed glycerophospholipid metabolism and LPS biosynthesis as
well as accumulation of the substrate PEA was closely related with mcr-1-mediated colistin resistance.
These findings could provide further valuable information to inhibit colistin resistance by blocking this
metabolic process.

Antimicrobial resistance

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction A that abolishes the initial electrostatic interaction with polymyx-

ins [4,5]. Colistin resistance appeared in multidrug-resistant bacte-

Resistance to polymyxins has emerged worldwide, threatening
the efficacy of the last-resort antimicrobials used for the treatment
of multidrug-resistant Enterobacteriaceae infections in humans
[1,2]. In parallel, heavy use of colistin in veterinary medicine is
currently being re-evaluated owing to increased reports of colistin-
resistant bacteria, and colistin was banned as a feed additive in
China in 2016 [3]. Colistin resistance can be mediated by phos-
phoethanolamine (PEA) or 4-amino-arabinose modification of lipid
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ria owing to with chromosomal mutations in lipid A biosynthesis
and regulatory genes and, more recently, in isolates with the mo-
bile colistin resistance determinants mcr-1 to -8 [6-13]. mcr-1 is a
recently reported plasmid-mediated colistin resistance gene but it
actually existed years previously [14]. The mcr-1 gene encodes a
member of the family of PEA transferases that decorate the lipid
A headgroups of lipopolysaccharide (LPS) with PEA [6,15]. The rate
of mcr-1-mediated resistance increased rapidly and the gene may
be acquired by humans from the food chain, constituting a serious
threat to public health [14,16,17].

Since mcr-1 was first reported, many studies clearly clari-
fied the current situation of its transmission and provided epi-
demic evidence in food, livestock and humans [17-19]. How to
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effectively avoid the public-health hazard caused by mcr-1 has
become an important challenge. In an effort to address these mat-
ters and to increase the metabolic coverage of available method-
ologies, system-level approaches have been applied in unknown
functional discovery. Proteomics and metabolomics, as new ‘omic’
techniques, can study the entire protein expression and dynamic
changes of metabolites in specific tissues or cells on a system
level, and elucidate the developmental process of specific bio-
logical processes and regulatory mechanisms [20,21]. In addition,
use of proteomics techniques to study bacterial resistance mecha-
nisms makes it possible to find potential large-scale targets for an-
timicrobials [22,23]. Fernandez-Reyes et al. studied the resistance
cost of colistin-resistant Acinetobacter baumannii and found that
outer membrane proteins, chaperones, protein biosynthesis factors
and metabolic enzymes were downregulated in colistin-resistant
strains from a proteomic perspective [24]. It is noteworthy that the
fatty acyl side chain with the C{,-Cy4 carbon chain of the lipid A
group, which is essential for the maintenance of bacterial LPS func-
tion, is involved in the bacterial fatty acid type Il synthesis path-
way, suggesting that it is essential in order to decipher the mech-
anism of mcr-1-mediated resistance from a metabolic perspective.
However, as a lipid-modifying gene, comprehensive proteomic and
metabolomic profiling of mcr-1-mediated colistin resistance in bac-
teria is still unknown.

In this study, the comprehensive proteome and metabolome
changes in mcr-1-mediated colistin-resistant and -susceptible Es-
cherichia coli strains were investigated using label-free quantitative
proteomics and untargeted metabolomics. Differentially expressed
proteins (DEPs) and metabolites were successfully selected to deci-
pher in-depth the colistin resistance mechanisms mediated by mcr-
1. This study could provide insight into the molecular mechanisms
and potential disturbed metabolic pathways of mcr-1-mediated
bacterial resistance.

2. Materials and methods

2.1. Strains, plasmid construction and antimicrobial susceptibility
testing

The mcr-1 gene with its own promoter (156 bp) and down-
stream sequence (111 bp) was amplified by PCR from plasmid
pHNSHP45 [6] using Q5 High-Fidelity DNA Polymerase (New Eng-
land Biolabs, Ipswich, MA) and was cloned into plasmid pUC19
using EcoRI and Xbal sites. The constructed plasmid pUC19-mcr-1
was then transformed into DH5« competent E. coli cells. Transfor-
mants were selected by the inclusion of ampicillin (100 pg/mL)
on Luria broth (LB) agar plates. Cloning results were confirmed
by PCR sequencing. Successfully constructed E. coli DH5a(pUC19-
mcr-1) carrying a 1893-bp fragment was used as the engineer-
ing strain. The blank plasmid pUC19 was chemically transformed
into E. coli DH5¢ and was considered as the control strain
[E. coli DH5¢(pUC19)]. Antimicrobial susceptibility testing was
performed on the abovementioned constructed mcr-1-expressing
strains and control strains against polymyxin B and colistin ac-
cording to Clinical and Laboratory Standards Institute (CLSI) guide-
lines [25]. Minimum inhibitory concentrations (MICs) of E. coli
DH5a/(pUC19-mcr-1) for colistin and polymyxin B were 4 pg/mlL,
representing an eight-fold increase compared with the control
strain.

2.2. Protein lysis and digestion

Colistin-resistant E. coli DH5a(pUC19-mcr-1) was grown in LB
supplemented with colistin and polymyxin B under three different
drug culture conditions (0, 0.5 and 1 pg/mL), respectively. The con-
trol strain was cultured overnight in blank LB at 37°C until expo-

nential growth phase. Three biological replicates were performed
for each culture condition. Cells were centrifugated at 10 000 x g
at 4°C for 30 min and were washed twice with 10 mL of ice-cold
phosphate-buffered saline (PBS). The cells were then re-suspended
in 1 mL of lysis buffer [8 M urea, 50 mM Tris-HCI (pH 7.4), 0.5%
sodium dodecyl sulfate (SDS), 1 mM phenylmethanesulfonyl fluo-
ride (PMSF), 20 pL protease inhibitor cocktail]. Cells were lysed by
indirect sonication (35% energy, 4 min) in a Sonics VCX105 (Sonics
& Materials, Inc., Newtown, CT) and were centrifuged at 20 000 x g
at 4°C for 30 min. A small aliquot of the supernatant was taken
to determine the protein concentration using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL). A total of 100 pg
of protein was taken and was added to 0.1 M triethylammonium
bicarbonate (TEAB) to a final volume of 100 pL. The protein was
reduced with a final concentration of 50 mM dithiothreitol buffer
at 37°C for 1 h and was alkylated with iodoacetamide (100 mM
final concentration) in the dark for 30 min. Five volumes of cold
acetone (-20°C) were added for protein precipitation and the so-
lution was incubated overnight at -20°C. Following centrifugation
at 20 000 x g for 20 min, the precipitate was left at room tem-
perature for 2-3 min until acetone volatilisation. Then, 100 pL of
0.1 M TEAB was added to dissolve the protein. Trypsin (2 ng) in
0.1 M TEAB was added to digest the protein and was incubated
at 37°C for 16 h. Following digestion, the sample was evacuated
in a SpeedVac® rotary evaporator (Thermo Fisher Scientific, Japan).
The solution was reconstituted with 100 pL of water/acetonitrile
(98/2 v/v, containing 0.1% formic acid) and was drained again un-
til almost no white salt was visible in the microcentrifuge tube.
Peptides were dissolved in 100 pL of water/acetonitrile (98/2 v/v,
containing 0.1% formic acid) and were centrifuged at 20 000 x g
for 15 min. The supernatant was collected and was injected onto a
nano liquid chromatography-tandem mass spectrometry (NanoLC-
MS) analysis system.

2.3. Label-free quantitative proteome analysis

Label-free quantitative proteome analysis was performed using
an Eksigent NanoLC®-2D coupled with a TripleTOF® 6600 mass
spectrometer (Sciex Inc., Framingham, MA). Peptides were first
loaded on a trap column ChromXP C;g-CL resin (200 pm x 0.5 mm,
3 pm, 120 A) and were then separated on a cHiPLC column
ChromXP Cyg-CL resin (75 pm x 15 cm, 3 pum, 120 A). The flow rate
was 300 nL/min over a 95-min multisegment gradient on mobile
phase A (water:dimethyl sulfoxide:acetonitrile 96:2:2 v/v/v, con-
taining 0.1% formic acid) and mobile phase B (acetonitrile:dimethyl
sulfoxide:water 96:2:2 v/v/v, containing 0.1% formic acid). The gra-
dient elutions were optimised as follows: 0—50 min, 5% to 20% B;
50-70 min, 20% to 32% B; 70—75 min, 32% to 80% B; 75—80 min,
80% B; and 80—95 min, 80% to 5% B.

For data-dependent acquisition, a TOF-MS scan over a mass
range m/z 350-1500 Da with 250 ms accumulation time, fol-
lowed by m/z 100—1800 Da for MS/MS scans in high sensitivity
mode with 80 ms accumulation time of up to TOF 40 ion can-
didates per cycle was performed. For data-independent acquisi-
tion, a set of 25 overlapping transmission windows, each 25 Da
wide, was constructed and covered the precursor mass range of
m/z 400—1000 Da. The SWATH product ion scans were acquired
in the range of m/z 100-1800 Da. The SWATH-MS1 survey scan
was acquired with an accumulation time of 50 ms and was fol-
lowed by 40 ms accumulation time high sensitivity product ion
scans.

Data analysis was performed using Skyline [26]. ProteinPilot
v.5.0 software was utilised to carry out spectral counting for label-
free quantification. DEPs were filtered by the following cut-off:
false discovery rate, <1%; peptide confidence threshold, >99%; fold
change, >2.0; and P-value, <0.01.
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2.4. Reverse transcription quantitative PCR (RT-qPCR)

A total of 14 DEPs (tolA, yqaB, nadC, ybiG, htp, glpQ, osmY, waaj,
yaaF, eutE, ydcH, yjiY, gutD and yccX) were verified by RT-qPCR
using iQ™ SYBR® Green SuperMix (QIAGEN) and were analysed
using a 7500 Real-Time PCR system (Applied Biosystems, Thermo
Fisher Scientific, Inc.). The primer sequences are given in Supple-
mentary Table S1. Relative expression of these selected genes was
normalised to expression of the 16S rRNA gene. Amplification effi-
ciency and relative transcript abundance were analysed using the
2-AACT method and t-test.

2.5. LC/MS metabolomic analysis

Colistin-susceptible E. coli DH5«(pUC19) was cultured overnight
in blank LB at 37°C, and colistin-resistant E. coli DH5c/(pUC19-mcr-
1) was grown in LB medium under three different culture concen-
trations of colistin (0, 0.5 and 1 pg/mL; CSTO, CST0.5 and CST1,
respectively). Bacterial turbidity was adjusted to an optical den-
sity at 600 nm (ODggg) of 0.8 using blank sterile LB. Then, 10 mL
aliquots were directly transferred to 50 mL tubes and were pel-
leted by fast centrifugation (5 min at 10 000 x g, 0°C). The super-
natant was discarded and the pellets were flash frozen in liquid
nitrogen to quench cell metabolism. Subsequently, the cell pellet
was extracted with 1.5 mL of methanol at -20°C and was vortexed
for 1 min. The freeze-thawing operation in liquid nitrogen was re-
peated three times to lyse the cells. Samples were centrifuged at
12 000 x g for 15 min at -10°C (Beckman Coulter Inc., USA) and
the cellular metabolites were re-extracted again using the above
procedure. Cellular extracts were combined and dried under vac-
uum using a SpeedVac® V100 (Thermo Fisher Scientific, Inc.). The
extracted metabolites were re-suspended in 500 pL of acetron-
ile;water (50:50 v/v, containing 0.1% formic acid). A quality control
(QC) sample was prepared by mixing aliquots from all supernatant
samples (50 pL from each sample). Mixed standard solution (sul-
fadiazine, difloxacin, monensin, tylosin and thiamphenicol) at final
concentrations of 200 ng/mL was spiked into the extracts for QC
purposes of compound mass.

Cellular metabolites were analysed using a Waters ACQUITY
ultra-high performance liquid chromatography (UPLC) system cou-
pled with a hybrid TOF-MS SYNAPT HDMS (Waters, Manchester,
UK). The weakly polar metabolites were separated by BEH Shield
RP Cig column (50 x 2.1 mm, 1.7 pm) with mobile phase A (0.1%
formic acid in water) and mobile phase B (0.1% formic acid in
acetonitrile) at a flow rate of 0.3 mL/min at 35°C. The optimised
gradient elution procedure was as follows: 0—1 min, 2% to 5% B;
1-8 min, 5% to 90% B; 8—10 min, 90% to 100% B; 10—12 min,
100% to 2% B. The strongly polar metabolites were analysed by
BEH HILIC column (50 x 2.1 mm, 1.7 pm) and were eluted using
mobile phase A (acetonitrile:water 95:5 v/v, containing 0.05 mM
ammonium acetate) and mobile phase B (acetonitrile:water 50:50
v/v, containing 0.05 mM ammonium acetate) at a flow rate of 0.3
mL/min at 35°C. The gradient elution conditions were optimised as
follows: 0—1 min, 1% B; 1-2 min, 1% to 10% B; 2—4 min, 10% B;
4-5 min, 10% to 30% B; 5-7 min, 30% B; 7—8.5 min, 30% to 50%
B; 8.5—10 min, 50% to 100% B; 10—12 min, 100% to 1% B. QTOF/MS
spectrum was operated in ESI* and ESI- modes, respectively. The
mass range was set at m/z 50-1200 Da in the full-scan mode.
The optimised ESI parameters were as follows: capillary voltage,
3.0 kV; cone voltage, 35 V; source temperature, 100°C; desolvation
temperature, 450°C; and desolvation gas flow, 600 L/h. For accu-
rate mass measurement, leucine enkephalin was used as the lock
spray standard ([M+H]" =556.2771; [M—H]~ =554.2615) at a con-
centration of 100 ng/mL with a flow rate of 50 pL/min.

The data sets were processed using Progenesis QI v.2.3 soft-
ware (Nonlinear Dynamics Ltd., Newcastle, UK). Multivariate anal-

ysis, including principal component analysis (PCA) and partial least
squares discriminant analysis, was constructed to determine the
distributions and to find the metabolic differences between the
control and resistant strains. The filtered data (P < 0.05 and
fold change >2) were processed for further analysis and dis-
play. The assigned modified metabolite ions were identified by
database searches in the ECMDB (http://www.ecmdb.ca), ChemSpi-
der (http://www.chemspider.com/), HMDB (http://www.hmdb.ca/)
and METLIN (https://metlin.scripps.edu/) databases. The mass tol-
erance for the database search was set at 10 ppm.

2.6. Data analysis

The metabolic pathways of DEPs and differential metabolites
were analysed using KEGG software (http://www.genome.jp/kegg/)
to investigate the disturbed metabolic pathways and to facilitate
biological interpretation. The DEPs, metabolites and corresponding
pathways were imported into Cytoscape software v.3.4.0 for visu-
alisation of the network models. A heat map was constructed with
R software v.3.4.4 to show the key information related to compre-
hensive changes induced by the mcr-1 gene in colistin resistance.

3. Results

3.1. Comprehensive proteome changes under different drug culture
conditions

To define proteome changes accompanying mcr-1-mediated col-
istin resistance, protein levels of colistin-resistant and -susceptible
E. coli strains in different culture conditions were compared us-
ing label-free quantitative proteomics. A total of 2784 proteins
were identified, representing ca. 64.3% coverage of the predicted
E. coli proteome. The protein distribution detected in the colistin-
resistant E. coli DH5¢(pUC19-mcr-1) proteome using SWATH-MS is
shown in Fig. 1A. A total of 57 proteins (26 upregulated and 31
downregulated) were differentially expressed when no drug was
added in the medium (CST/PMBO in Fig. 1B; Supplementary Ta-
ble S2). When E. coli DH5a(pUC19-mcr-1) was grown under dif-
ferent selection pressure of colistin and polymyxin B (0.5 pg/mL
and 1 pg/mL), the number of DEPs was increased and most of the
proteins were downregulated (CST0.5/1 and PMBO0.5/1 in Fig. 1B;
Supplementary Tables S3-S6). Resistant E. coli DH5« carrying mcr-
1 against colistin and polymyxin B showed similar changes. A Venn
diagram of DEPs in E. coli DH5¢(pUC19-mcr-1) showed that up to
16 DEPs including membrane proteins (OmpX, RbsB, OmpT and
Ytf]), metabolic enzymes (Maa, IscU, YbiV, TreF, ThiG, AzoR, MsrC
and GcvH), DNA repair helicase (DinG) and uncharacterised pro-
teins (YdcH, Ydel and YbgS) appeared simultaneously in the CST
(CSTO.5 and CST1) and PMB (PMBO0.5 and PMB1) groups (Fig. 1C).
GO analysis of DEPs whose abundance increased in different
culture conditions found significant enrichment of categories con-
sistent with the key biological events related to antimicrobial resis-
tance. Observed categories such as metabolic processes, biosynthe-
sis of secondary metabolites and biosynthesis of amino acids are
shown in Fig. 1D. The variation trend of DEPs under the selection
pressure of colistin and polymyxin B was then compared. Under
the condition of colistin, among all 57 DEPs, 26 proteins showed
consistent changes, of which 11 were downregulated and 15 were
upregulated. Under the condition of polymyxin B, a total of 22 pro-
teins among 57 DEPs showed consistent changes, of which 10 were
downregulated and 12 were upregulated. It was interesting to note
that although most proteins were downregulated in the presence
of polymyxins, proteins that were initially differently expressed in
E. coli carrying the mcr-1 gene and were also differently expressed
in the presence of antibiotics were mostly upregulated. Among
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Fig. 1. Comprehensive proteome profiles induced by the mcr-1 gene using label-free quantitative proteomics. (A) Protein distribution detected in colistin-resistant Escherichia
coli DH5a(pUC19-mcr-1) proteome using SWATH-MS. (B) Bar diagram reflecting the number of upregulated and downregulated proteins in E. coli DH5«(pUC19-mcr-1) under
different selection pressures of colistin and polymyxin B: CSTO/PMBO, no-drug group; CSTO0.5 and CST1, colistin 0.5 pg/mL and 1 pg/mL; and PMBO0.5 and PMB1, polymyxin
B 0.5 pg/mL and 1 pg/mL. (C) Venn diagram of differentially expressed proteins (DEPs) in E. coli DH5«(pUC19-mcr-1) under different selection pressure of colistin and
polymyxin B. (D) Metabolic pathways enriched with DEPs identified in colistin-resistant E. coli DH5c(pUC19-mcr-1) without the addition of drug.

all of the proteins with the same changes, 14 proteins simultane-
ously appeared in three different drug culture conditions including
PMBO/CSTO, CST0.5 and PMBO0.5, of which 5 proteins (TolA, YqaB,
NadC, YbiG and Htp) were downregulated and 9 proteins (GIpQ,
OsmY, Waa]J, YaaF, EutE, YdcH, YjiY, GutD and YccX) were upregu-
lated.

Gene expression of these 14 consistent DEPs was then investi-
gated using RT-qPCR (Fig. 2). Gene expression of htp, nadC, tolA,
ybiG and yqaB was downregulated and was consistent with the
proteomic analysis. However, expression of these genes was up-
regulated in the presence of colistin and polymyxin B 1 pg/mL.
Compared with the gene expression of tolA in colistin-susceptible
E. coli DH5(pUC19), its expression decreased by 0.08-, 0.20- and
0.19-fold, respectively, in colistin-resistant E. coli DH5a(pUC19-
mcr-1) cultured in colistin (CSTO, CST0.5 and CST1). Further-
more, the relative expression of yjiY, eutE, glpQ, gutD, osmy,
waaj, yaaF, yccX and ydcH was significantly upregulated in E. coli
DH5a(pUC19-mcr-1) compared with their expression in the con-
trol strain E. coli DH5c(pUC19) not carrying the mcr-1 gene. Note-
worthy, ydcH, osmY and tolA had the most significant changes
(P < 0.01) in gene expression, demonstrating that these three
proteins might play an important role in mcr-1-mediated drug
resistance.

3.2. Functional analysis of proteins altered during antibiotic pressure

Pathway analysis of DEPs found that lysine biosynthesis, pyru-
vate metabolism and peptidoglycan biosynthesis were altered in
colistin-resistant E. coli DH5a(pUC19-mcr-1) when no drug was
added in the medium. Further analysis demonstrated that the
number of proteins involved in LPS biosynthesis was increased
(up to 5-fold) when 0.5 pg/mL colistin was added. However, the
amount of protein involved in the synthesis of LPS was decreased
as the drug concentration continued to increase to 1 pg/mL. Sim-
ilar changes could also be confirmed in the cationic antimicro-
bial peptide (CAMP) resistance, peptidoglycan biosynthesis and
glycerophospholipid metabolic pathways. Similarly, changes in thi-
amine metabolism, phenylalanine, tyrosine and tryptophan biosyn-
thesis as well as pyruvate metabolic processes were also largely
affected (Fig. 3). It was noteworthy that expression of GIpQ, EutB,
PgpC, PIsB, Cdh, UgpQ, Aas, EutC and GIpC involved in glycerophos-
pholipid metabolism were upregulated in colistin-resistant E. coli
DH50a/(pUC19-mcr-1) under the selection pressure of colistin.

Under different concentrations of polymyxin B selection pres-
sure, DEPs showed the same trend in expression and the proteins
involved in metabolic processes varied greatly. These metabolic
processes mainly referred to glycerophospholipid metabolism,
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Fig. 2. Transcript levels of 14 proteins appeared simultaneously under different se-
lection pressures of colistin and polymyxin. 16S rRNA was used as an internal con-
trol. All samples were prepared in three biological replicates. Error bars represented
the standard error of the mean. Data are normalised to the susceptible strain E. coli
DH5¢/(pUC19). * P < 0.05 and ** P < 0.01 compared with the susceptible strain.
CSTO/PMBO, no-drug group; CST0.5 and CST1, colistin 0.5 pg/mL and 1 pg/mL; and
PMBO.5 and PMB1, polymyxin B 0.5 pg/mL and 1 pg/mL.

thiamine metabolism, LPS biosynthesis and CAMP resistance
(Fig. 3). However, there was no change in the relevant proteins
involved in CAMP resistance following the addition of polymyxin
B to the culture medium, unlike colistin. In addition, the number
of DEPs affecting the function of ribosomal proteins was increased
with increasing drug concentration, indicating that the protein syn-
thesis process has been affected. Bacteria were required to enhance
protein synthesis in order to adapt to drug selection pressure. In
terms of energy metabolism, part of the proteins involved in the
tricarboxylic acid cycle (TCA) cycle and pentose phosphate pathway
were upregulated, indicating an increase in energy metabolism to
accommodate drug stress (Fig. 3).

3.3. Untargeted metabolomic analysis

Untargeted metabolomic profiling of colistin-resistant E. coli
DH5¢/(pUC19-mcr-1) and colistin-susceptible E. coli DH5a(pUC19)
strains under different culture conditions was studied to deter-
mine their metabolic characteristics. First, PCA was used to inves-
tigate the metabolomic profile of the two strains cultured in dif-
ferent concentrations of colistin. PCA analysis separated on a BEH
RP C;3 chromatographic column in ESI* and ESI- mode are shown
in Fig. 4A and Fig. 4C, respectively. The intracellular metabolites
between the two strains cultured in different drug concentrations
differed. Clustering analysis of any pair of comparisons in their re-
spective space was obvious. Orthogonal projection to latent struc-
tures discriminant analysis was then applied to identify the main
difference variables. S-plots of the metabolites separated on BEH
RP Cqg column in ESI* and ESI- mode are shown in Fig. 4B and
Fig. 4D, respectively. A total of 67 differential metabolites were si-
multaneously found in different drug culture conditions, of which
49 metabolites were selected in ESI™ mode and 18 metabolites
were found in ESI- mode (Table 1). Among all of the identified
metabolites separated on Cig column, 11 features (10 upregulated
and 1 downregulated) were found in ESI* mode and 13 features
(10 upregulated and 3 downregulated) were selected in ESI- mode,
respectively. The metabolites were then analysed separated on an
HILIC column. A total of 38 compounds (18 upregulated and 20
downregulated) were identified in ESI* mode and 5 features (4
upregulated and 1 downregulated) were selected in ESI~ mode, re-
spectively (Table 1). For QC purposes, several reference standards
were added to verify the reliability of the metabolomic analysis.
The average error of calculated mass was below 10 ppm, the re-
tention time was nearly identical, and the relative standard devi-
ation (RSD) of the peak area in three batches (different extracts)
was 3.52-6.24% (Supplementary Table S7).

3.4. Enrichment and metabolic pathway analysis

A heatmap representation of all identified intracellular dif-
ferential metabolites from the colistin culture group (CSTO,
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CSTO0.5 and CST1) is shown in Fig. 5A. Metabolite set enrichment
analysis showed that pantothenate and CoA biosynthesis, glyc-
erolipid metabolism and phosphatidylethanolamine biosynthesis
contributed to mcr-1-mediated bacterial metabolism (Fig. 5B).
Metabolic pathway analysis was then performed and it was
found that polyketide sugar unit biosynthesis, glycerophospholipid
metabolism and lysine biosynthesis were significantly enriched
for all of the identified differential metabolites (Fig. 5C). Inter-
estingly, protein-metabolite interaction analysis of the disturbed
glycerophospholipid metabolism in mcr-1-mediated colistin re-
sistance by the integration of proteomics and metabolomics
found that a high number of differential metabolites includ-
ing PE(14:1(9Z)/16:1(9Z)), GPEtn(18:1(9Z)/0:0), LysoPE(0:0/15:0),
GPEtn(18:1(9Z)/0:0), PE(16:1(9Z)/18:1(11Z)), PE(18:1(11Z2)/17:0),
PE(22:4(7Z,10Z,13Z,16Z)/P-18:0), PGP(16:1(9Z)/12:0), sn-glycerol-
1-phosphate, 1-acyl-sn-glycero-3-phosphoglycerol (N-C14:1)
and 1-acyl-sn-glycero-3-phosphoglycerol (N-C16:1) involved in
glycerophospholipid metabolism were upregulated in E. coli
DH5a/(pUC19-mcr-1) compared with E. coli DH5«(pUC19) (Fig. 5D).

4. Discussion

As known, the colistin resistance mechanism of mcr-1 is that
the inner membrane protein MCR-1 chemically modifies the lipid
A of bacterial LPS with PEA [27-29]. As a lipid-modifying gene,
whether mcr-1 causes comprehensive proteomic and metabolomic
changes in bacteria and affects the corresponding metabolic path-
way is largely unknown. This study is the first to investigate
the comprehensive proteomic and metabolomic profiles of mcr-1-

mediated colistin-resistant and -susceptible E. coli strains under
different selection pressures of colistin and polymyxin B.

It is well established that polymyxins exert their antimicrobial
activity mainly through disruption of the bacterial outer membrane
[30,31]. In the current study, a label-free quantitative proteomics
approach was used to elucidate the protein profiles of colistin-
resistant E. coli DH5« carrying mcr-1 and it was found that col-
istin and polymyxin B caused mcr-1-mediated resistant bacteria to
exhibit different proteome profiles (Fig. 1D). This suggested that
colistin-resistant bacteria might alter their metabolism to adapt to
antibiotic resistance. Proteomic characteristics showed that mcr-1
caused disturbed metabolic regulation such as glycerophospholipid
metabolism, thiamine metabolism, LPS biosynthesis and CAMP re-
sistance (Fig. 3), and the protein profile of E. coli carrying mcr-
1 to colistin showed the most significant changes, which is con-
sistent with the report of Hua et al. [32]. Integrative proteomic
and metabolomic analysis demonstrated that GlpQ and EutE in-
volved in glycerophospholipid metabolism were significantly up-
regulated in colistin-resistant E. coli DH5«(pUC19-mcr-1) under the
condition of blank LB broth. However, the number of DEPs (GIpQ,
EutB, PgpC, PIsB, Cdh, UgpQ, Aas, EutC and GIpC) involved in glyc-
erophospholipid metabolism increased when the resistant E. coli
DH5a(pUC19-mcr-1) was cultured in different drug conditions. In
addition, metabolite expression analysis found that the metabolites
involved in glycerophospholipid metabolism were upregulated due
to the insertion of mcr-1. Remarkably, the substrate PEA (KEGG ID:
C00350) for mcr-1 to mediate colistin resistance was investigated
as a differential metabolite and its expression under different col-
istin selection pressure (CSTO, CST0.5 and CST1) was upregulated in
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Table 1
Putative differential metabolites identified in colistin-resistant Escherichia coli DH5¢(pUC19-mcr-1) under three different drug culture conditions
Mode RT (min) Mass Compound ID  Description Adducts Formula ANOVA Fold change
(P-value)
CSTO CST0.5 CST1
Cyg (ESIT) Upregulated
8.47 485.2964 HMDB0093047 DG(12:0/14:0/0:0) M+H Cy9Hs5605 0.009185 3.29 297 4.07
8.47 133.0988  C00077 Ornithine M+H-2H,0  CsHpaN,0;, 0.012675 255 236 3.68
10.90 660.4632  C00350 PE(14:1(92)/16:1(92)) M+H C35HggNOgP 0.004749 284 352 3.59
7.58 353.3034 C00681 1-Dodecanoyl-sn-glycerol M-+H Cy5H2907P 0.000477 218 2.04 2.88
3-phosphate
714 339.2882 HMDB0032112  1,2,4-Nonadecanetriol M+Na Ci9H4003 6.70E-07 4.72 517 4.36
7.14 480.3109* C00416 GPEtn(18:1(9Z)/0:0) M+H Cy3HygNO,P 7.85E-06 3.63 4.79 4.04
6.44 452.2795° HMDB0035366 Cytochalasin Opho M+H CygH37NO4 1.86E-05 287 438 3.44
6.44 311.2572 HMDB0031060  (R)-2-Hydroxysterculic acid M+H Cy9H3403 1.84E-05 270 3.79 313
6.58 434.2660 HMDB0033870 Butanamide M+H Cy3H35N505 0.000115 229 3.65 2.68
14.03 424.3612 NI 0.00079 2.21 297 3.56
Downregulated
6.75 2230621  CSID58167740  3-Nitro-N'-[(E)-2H-pyrrol-2- M+H-2H,0  Cy3H;oN403 532E-07 -301 -314  -4.03
ylidene
methyl|benzohydrazide
Cyg (ESIT) Upregulated
1.09 565.0495 C00029 UDP-glucose M-H Ci5H24N,047P,  6.86E-06 340 5.10 4.64
1.09 606.0750 C00203 Uridine diphosphate-N- M-H Ci7Ha7N3047P,  0.000277 299 3.84 3.60
acetylgalactosamine
1.60 545.0585 C11907 4,6-Dideoxy-4-oxo-dTDP-D- M-H Ci6H24N,045P,  0.000133  4.13 4.33 5.46
glucose
1.60 563.0693 00842 dTDP-p-glucose M-H CigHpN;016P;  3.76E-05 338  4.59 3.81
1.66 5470739  C03319 Deoxythymidine M-H CisHagN,O1sP,  192E-07 201  2.52 2.06
diphosphate-l-rhamnose
2.22 686.1423 C00882 Dephospho-CoA M-H Cy1H35N7043P,S 5.25E-05 394  3.04 2.35
4.89 438.2624 HMDB0011472  LysoPE(0:0/15:0) M-H CyoH4oNO,P 0.021843 2.08 2.82 2.58
5.24 478.2961° C00416 GPEtn(18:1(9Z)/0:0) M-H Cy3HyeNO,P 4.24E-06 247 418 3.40
4.78 450.2659° HMDB0035366 Cytochalasin Opho M-H CysH37NO4 3.85E-05 2.19 3.83 293
193 602.1158 NI 0.000166 19.96 20.24 17.21
Downregulated
171 524.6228 NI 1.57E-05 -3.21 -3.60 -4.33
3.82 1459300  C00047 L-Lysine M-H CsH1aN0, 771E-08 -3.80 -419  -5.89
171 5251245 (05817 (1R,6R)-6-Hydroxy-2- 2M-+FA-H Ci1H1206 0.000155 -326 -3.56  -4.33
succinylcyclohexa-2,4-diene-1-
carboxylate
HILIC (ESI*) Upregulated
5.37 140.0560 C03283 (2S)-2,4-Diaminobutanoate M-+H C4HgN,0, 7.62E-09 8.13 10.87 10.81
6.73 162.0977 C00956 Aminoadipic acid M+H CsH11NO4 241E-10 449 440 5.04
6.16 163.9947 CSID7822055 2-{[(2R)-2- M-+H-2H,0 CsH1104S, 0.003684 842 20.16 15.60
Hydroxypropyl]sulfanyl}
ethanesulfonate
1.86 2440810  HMDB0060478 Gamma-glutamyl-beta- M+H CoHi3N305 140E-07 264 242 2.75
cyanoalanine
5.37 2571383 HMDB0031772  1-Methoxy-1-(2,4,5- M+H Cy3H2005 2.32E-05 16.59 16.35 16.36
trimethoxyphenyl)-2-propanol
4.00 311.2477 CSID22146489  2-{4-[4-(Cyclopentyloxy)benzyl]- M+H-2H,0  Cy;H34N,0, 0.000324 230 3.53 2.33
1-isopropyl-2-piperazinyl}ethanol
3.90 339.2795 C04677 5’-P-Ribosyl-5-amino-4-imidazole M-+H CoHy5N40gP 2.81E-05 3.03 6.23 448
carboxamide
317 353.2589  (SID392311 (1S)-4-{[Ammonio(imino)methyl] 2M+H CsHigN40; 6.18E-06 3.66 3.95 3.89
amino}-1-carboxy-1-
butanaminium
3.17 381.2918 C00416 1-Tetradecanoyl-sn-glycerol M-+H Cy7H330,P 0.000541 20.09 19.96 19.20
3-phosphate
5.55 4749170 NI 0.000152 23.23 24.29 24.57
315 509.4552 C12298 3,7-Dimethyl-6-octen-1-yl 2M+H Cy6H300; 0.019951 390 5.00 6.41
hexanoate
141 547.4762 C11907 4,6-Dideoxy-4-oxo-dTDP-D- M+H Ci6H24N,045P,  0.006269 2.34 6.26 3513
glucose
3.07 561.4923 C07040 Hydrabamine M-+H-2H,0 CqoHgaNy 0.01040 2.18 245 2.51
3.04 575.5169 C03541 Tetrahydrofolyl-[Glu] M+H C24H39NgOg 6.29E-06 3.57 3.66 3.36
3.04 7165437 00350 PE(16:1(92)/18:1(11Z)) M+H C39H74NOgP 227E-05 348 338 3.36
3.16 7325395  C00350 PE(18:1(11Z)/17:0) M+H C4oH75NOgP 0.001257 741 730 7.02
3.02 744.5699 C00350 PE(22:4(7Z,10Z,13Z,16Z)/P-18:0) M+H-2H,0 C45HgoNO,P 0.000392 3.03 3.05 248
6.37 745.3891 CSID30792055  PGP(16:1(9Z)/12:0) M+H C34Hp6013P2 0.002629 39.49 3.90 15.72

(continued on next page)
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Mode RT (min) Mass Compound ID Description Adducts Formula ANOVA Fold change
(P-value)
CSTO  CST0.5 CST1
Downregulated
5.62 90.9634 C00209 Oxalic acid M+H C,Hy04 8.43E-06 -2.57 -2.75 -2.84
5.62 104.9790 C06001 3-Hydroxyisobutyric acid M+H C4HgO3 2.09E-05 -2.58 -2.82 -2.24
5.51 134.0050 HMDBO0000191  L-Aspartic acid M+H C4H7NO4 0.000107 -3.52 -4.09 -4.09
5.60 158.9505 C00337 4,5-Dihydroorotic acid M+H CsHgN,04 1.56E-05 -2.54 -2.79 -2.77
5.62 172.9665 C03892 Sn-Glycerol-1-phosphate M+H C3HgOgP 142E-05 -28 -2.82 -2.36
5.62 176.0524 CSID3400747 N-Cyclopropyl-4- M+H-2H,0 C1oHi3NO,S 0.000414 -341 -410 -4.16
methylbenzenesulfonamide
5.63 186.9822 C00597 3-Phosphoglycerate M+H C3H,07P 8.98E-05 -2.68 -2.61 -2.53
5.62 226.9393 C00251 Chorismate M+H-2H,0 C1oH1006 8.11E-06 -2.42 -2.64 -2.73
5.62 240.9558 C00491 L-Cystine M+H CgH12N204S; 1.21E-05 -2.58 -2.32 -2.54
5.65 254.9715 HMDB0003229 9-hexadecenoic acid M+H Ci6H3002 2.55E-05 -2.59 -2.71 -2.37
5.69 268.9873 C11544 2(alpha-p-mannosyl)-p-glycerate  M+H-2H,0 CoH1609 5.77E-05 -3.03 -3.02 -3.07
5.65 308.9442 - alpha-p-Ribose M+H CgH14010P2 3.79E-06 -3.77 -3.44 -3.72
1-methylphosphonate
5-phosphate
5.59 362.9183 - Octadecanoyl-phosphate M+H-2H,0 CigH3505P 0.00309 -2.01 -2.29 -2.38
(n-C18:0)
5.62 376.9344 HMDBO0000095 Cytidine monophosphate M+H C1Hy5Cl,0,PS;  8.04E-05 -3.00 -2.26 -2.47
5.69 418.9828 C04823 (S)-2-[5-amino-1-(5-phospho-D- ~ M+H Ci3HgN4OP 0.000404 -3.55 -2.91 -2.90
ribosyl)imidazole-4-
carboxamido]succinate
5.59 430.9082 NI 1.80E-05 -2.69 -2.32 -2.45
5.60 4449250 C00700 Xanthosine diphosphate M+H CioH14N4O1pP,  0.000117  -425 -2.32 -3.23
5.62 458.9416 C00692 UDP-N-Acetylmuramoyl-L-alanyl- M+H CyH3,CHN, 04  2.39E-05 -2.87 -2.36 -2.55
D-glutamate
5.65 472.9580 C00081 Inosine triphosphate M+H-2H,0 CioHi5sN4O14P3  5.21E-05 -3.05 -2.38 -2.68
5.68 526.9322 C00842 dTDP-D-Glucose M+H-2H,0 CigH24N,016P,  0.000182  -41.53 -10.8 -18.58
HILIC (ESI") Upregulated
471 282.2693 HMDBO0000827 octadecanoic acid M-H CigH350, 6.29E-05 240 2.69 243
3.92 322.2150 CSID34448528  (3R,5R)-7-[(1S,25,4aR,6R,8aS)-2,6- M-H Ci9H3104 4.61E-05 2.65 391 3.98
Dimethyl-1,2,4a,5,6,7,8,8a-
octahydro-1-naphthalenyl]-3,5-
dihydroxyheptanoate
4.85 451.8983 C18126 1-Acyl-sn-glycero-3- M-H CyoH3g00P 0.024623 3.75 4.94 5.68
phosphoglycerol
(N-C14:1)
4.71 480.0320 C18126 1-Acyl-sn-glycero-3- M-H CyyHypOgP 0.00022 636 7.96 2.35
phosphoglycerol
(N-C16:1)
Down-
regulated
1.50 635.7543 HMDB0007160 DG(18:0/19:1(9Z)/0:0) M-H C4oH7605 446E-06 -2.65 -6.18 -5.14

CSTO/PMBO, no-drug group; CST0.5 and CST1, colistin 0.5 pg/mL and 1 pg/mL; and PMBO0.5 and PMB1, polymyxin B 0.5 pg/mL and 1 pg/mL; NA, not identified.
2 Differential metabolites identified both in ESI* and ESI- mode separated on BEH C;g column.

resistant E. coli DH5a(pUC19-mcr-1). It was predicted that accumu-
lation of PEA occurred in mcr-1-mediated colistin resistance in E.
coli. Glycerophospholipids are important membrane lipids in bac-
teria and play a vital role in cellular functions, including the regu-
lation of transport processes, protein function and signal transduc-
tion [33]. In addition, glycerophospholipids are essential compo-
nents of lipoproteins and influence their function and metabolism
[34]. These results demonstrated that mcr-1 caused a disturbed
glycerophospholipid metabolism pathway to adapt to colistin se-
lection pressure in E. coli.

In addition to the effect on membrane lipids, mcr-1 caused
metabolic perturbation of LPS biosynthesis in colistin-resistant
strains. LPS is a key component of the outer membrane, a per-
meability barrier in Gram-negative bacteria, in which it plays an
important role in its integrity [35,36]. When E. coli strains carry-
ing mcr-1 were cultured under the selection pressure of colistin
and polymyxin B, the expression of seven members (LpxC, KdsA,
KdtA, Rfal, Rfa], Ipp and LptB) of the LPS transport protein family
that together transport LPS from the inner membrane to the outer
leaflet of the outer membrane were decreased in mcr-1-mediated
colistin-resistant E. coli. So we predicted that mcr-1 might influence
the biosynthesis and transport of lipoprotein in colistin resistance.

Furthermore, colistin and polymyxin B also brought changes in
the relevant efflux proteins. Efflux pumps could form multicom-
ponent ‘pumps’ that span both the inner and outer membranes
in Gram-negative bacteria and confer resistance to a broad range
of antibiotics [37,38]. Expression of efflux pump components is
jointly controlled by several positive global regulators, which re-
spectively decrease and enhance the transcription of specific genes,
such as acrAB-tolC [39]. Insertion of mcr-1 in E. coli not only caused
PEA modification of bacterial cell membrane lipid A, but also af-
fected the efflux of polymyxins by disturbing the expression of
efflux pump proteins involved in the CAMP resistance pathway.
Baron and Rolain found that the efflux pump inhibitor carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) could restore colistin
susceptibility in mcr-1 plasmid-mediated colistin-resistant strains
[40], supporting our finding that efflux pumps might play a role in
colistin resistance in Mcr-1-producing E. coli.

In addition, the number of DEPs affecting ribosomal func-
tion was increased in E. coli DH5«(pUC19-mcr-1) with increasing
polymyxin B concentration, indicating that the protein synthesis
process has been disturbed. The bacteria could enhance protein
synthesis in order to adapt to drug selection pressure. In terms
of energy metabolism, part of the proteins involved in the TCA
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Fig. 5. Enrichment and metabolic pathway analysis of mcr-1-mediated colistin resistance using untargeted metabolomics. (A) Heat map representation of intracellular
metabolic profiles from Escherichia coli DH5¢(pUC19-mcr-1) under different concentrations of colistin culture conditions (CSTO, CST0.5 and CST1). Each column represents
one biological replicate, and each row represents one targeted metabolite detected in this study. (B) Metabolite set enrichment analysis showed that pantothenate and
CoA biosynthesis, glycerophospholipid metabolism, glycerolipid metabolism and phosphatidylethanolamine biosynthesis contributed to mcr-1-mediated bacterial disturbed
metabolism. (C) Visualisation of disturbed metabolic pathways in mcr-1-mediated colistin-resistant strains. (D) Protein-metabolite interaction analysis of the disturbed glyc-
erophospholipid metabolism in mcr-1-mediated colistin resistance by the integration of proteomics and metabolomics. CSTO/PMBO, no-drug group; CST0.5 and CST1, colistin
0.5 pg/mL and 1 pg/mL; and PMB0.5 and PMB1, polymyxin B 0.5 pg/mL and 1 pug/mL. Rectangular nodes represent KEGG pathway; round nodes indicate protein; pentagons

represent metabolites. Red, upregulated; green, downregulated.

cycle and pentose phosphate pathway were upregulated, indicat-
ing an increase in energy metabolism to accommodate drug stress.
Increased metabolic activity and energy production are required
for pathogens to resist high antibiotic stress [41]. The metabolic
changes may be a consequence of the biological cost of antibi-
otic resistance. Lysine biosynthesis is critical for protein biosyn-
thesis and a component of the peptidoglycan layer of bacterial
cell walls [42]. Metabolomic analysis found that expression of ly-
sine and L-2-aminoadipate was downregulated in colistin-resistant
E. coli DH5a(pUC19-mcr-1) compared with the susceptible strain.

In conclusion, the current data highlight the comprehensive
proteome and metabolome profiling of mcr-1-mediated colistin re-
sistance in E. coli. Different proteome characteristics were exhibited
under different selection pressure of colistin and polymyxin B. The
substrate PEA for mcr-1 to mediate colistin resistance was accu-
mulated in colistin-resistant E. coli. Notably, mcr-1 not only caused
PEA modification of bacterial cell membrane lipid A but also af-
fected the efflux of colistin by disturbing the expression of efflux
pump proteins involved in the CAMP resistance pathway. Further-
more, the disturbed glycerophospholipid metabolism was closely
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related with mcr-1-mediated colistin resistance and this finding
could further provide valuable information to inhibit colistin re-
sistance by blocking this metabolic process.
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