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ABSTRACT Polymyxins are a last-line therapy against multidrug-resistant Pseudomo-
nas aeruginosa; however, resistance to polymyxins has been increasingly reported.
Therefore, understanding the mechanisms of polymyxin activity and resistance is crucial
for preserving their clinical usefulness. This study employed comparative metabolomics
and transcriptomics to investigate the responses of polymyxin-susceptible P. aeruginosa
PAK (polymyxin B MIC, 1 mg/liter) and its polymyxin-resistant pmrB mutant PAKpmrB6
(MIC, 16 mg/liter) to polymyxin B (4, 8, and 128 mg/liter) at 1, 4, and 24 h, respectively.
Our results revealed that polymyxin B at 4 mg/liter induced different metabolic and tran-
scriptomic responses between polymyxin-susceptible and -resistant P. aeruginosa. In
strain PAK, polymyxin B significantly activated PmrAB and the mediated arn operon,
leading to increased 4-amino-4-deoxy-L-arabinose (L-Ara4N) synthesis and the addi-
tion to lipid A. In contrast, polymyxin B did not increase lipid A modification in
strain PAKpmrB6. Moreover, the syntheses of lipopolysaccharide and peptidoglycan
were significantly decreased in strain PAK but increased in strain PAKpmrB6 due to
polymyxin B treatment. In addition, 4 mg/liter polymyxin B significantly perturbed
phospholipid and fatty acid levels and induced oxidative stress in strain PAK, but
not in PAKpmrB6. Notably, the increased trehalose-6-phosphate levels indicate that
polymyxin B potentially caused osmotic imbalance in both strains. Furthermore, 8
and 128 mg/liter polymyxin B significantly elevated lipoamino acid levels and de-
creased phospholipid levels but without dramatic changes in lipid A modification in
wild-type and mutant strains, respectively. Overall, this systems study is the first to
elucidate the complex and dynamic interactions of multiple cellular pathways associ-
ated with the polymyxin mode of action against P. aeruginosa.

IMPORTANCE Pseudomonas aeruginosa has been highlighted by the recent WHO
Global Priority Pathogen List due to multidrug resistance. Without new antibiotics,
polymyxins remain a last-line therapeutic option for this difficult-to-treat pathogen.
The emergence of polymyxin resistance highlights the growing threat to our already
very limited antibiotic armamentarium and the urgency to understand the exact
mechanisms of polymyxin activity and resistance. Integration of the correlative meta-
bolomics and transcriptomics results in the present study discovered that polymyxin
treatment caused significant perturbations in the biosynthesis of lipids, lipopolysaccha-
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ride, and peptidoglycan, central carbon metabolism, and oxidative stress. Importantly,
lipid A modifications were surprisingly rapid in response to polymyxin treatment at
clinically relevant concentrations. This is the first study to reveal the dynamics of
polymyxin-induced cellular responses at the systems level, which highlights that
combination therapy should be considered to minimize resistance to the last-line
polymyxins. The results also provide much-needed mechanistic information which
potentially benefits the discovery of new-generation polymyxins.

KEYWORDS lipid A modification, metabolomics, Pseudomonas aeruginosa,
transcriptomics, glycerophospholipids, lipopolysaccharide, polymyxins

Pseudomonas aeruginosa is a prominent opportunistic pathogen that can cause
chronic lung infections in cystic fibrosis patients, as well as serious acute infections

in immunocompromised and injured individuals (1). However, due to its highly intrinsic
and adaptive resistance to a wide range of antibiotics, infections caused by this
organism are often very difficult to treat (2). For this reason, the use of polymyxins (i.e.,
polymyxin B and colistin) has resurged as a last-line therapeutic option over the last
decade (3). Polymyxins are a family of cyclic lipopeptides that display a narrow
spectrum of activity against Gram-negative bacteria (4). The putative mechanism of
antibacterial killing of polymyxins involves an initial electrostatic interaction between
the positively charged L-�,�-diaminobutyric acid (Dab) residues of polymyxins and the
negatively charged phosphate groups of lipid A in Gram-negative outer membrane
(OM) (4, 5). This interaction results in the displacement of divalent cations (Mg2� and
Ca2�) that bridge adjacent lipid A molecules and allows the hydrophobic moieties
(N-terminal fatty acyl tail and D-Phe6-L-Leu7) of polymyxins to penetrate into the OM (4,
6). The insertion acts to facilitate polymyxins to cross the OM and is believed to
promote the exchange of phospholipids between the OM and inner membrane (IM),
which therefore disrupts the integrity of IM phospholipids, causes osmotic imbalance,
and consequently leads to cell death (7, 8). Another proposed mechanism suggests that
polymyxins induce bacterial cell death through the formation of hydroxyl radicals,
leading to the oxidative damage of DNA, lipids, and proteins (9, 10). However, the
precise cellular mechanism of polymyxin activity has not been well defined.

The most common mechanism of polymyxin resistance is through covalent modi-
fications of lipid A phosphate groups with positively charged moieties, such as
4-amino-4-deoxy-L-arabinose (L-Ara4N) and/or phosphoethanolamine (pEtN), which
decrease the net negative charge of lipid A and repel the binding to positively charged
polymyxins (11). Moreover, bacteria are able to attain high-level polymyxin resistance
by both charge-charge repulsion and hydrophobic alterations of lipid A (12). In P.
aeruginosa, polymyxin resistance is mainly due to lipid A modification with L-Ara4N
which is mediated by mutations in several two-component regulatory systems (TCRs)
(e.g., PhoPQ, PmrAB, and/or ParRS) and the subsequent constitutive expression of the
arnBCADTEF-pmrE operon (13–15). Although the incidence of polymyxin resistance in
the clinic is relatively low, suboptimal dosing and increased use of polymyxins may
significantly increase the resistance (16). More worryingly, the recent emergence of
plasmid-mediated polymyxin resistance via mcr genes implies that polymyxin resis-
tance may readily spread (17). Therefore, there is a clear unmet need for the discovery
of novel alternative drug targets against polymyxin resistance.

To date, systems pharmacology has been increasingly employed to investigate the
detailed mechanisms of antibiotic activity and resistance (18–21). In particular, metabo-
lomics provides a powerful systems tool to define the diversity and abundance of small
metabolite molecules within bacterial cells and to determine the direct consequence of
bacterial responses to antibiotics (18, 19, 22). Transcriptomics enables us to interpret
the functional elements of the genome and reveal the global gene expression profiles
in bacterial cells (20, 23, 24). The integration of metabolomics and transcriptomics helps
to investigate the functional correlations between metabolism and gene expression
and to identify metabolic pathways that are essential in cellular responses to antibiotic
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treatment. In the present study, correlative metabolomics and transcriptomics were
conducted to investigate cellular metabolic perturbations and differentially expressed
genes in paired polymyxin-susceptible and -resistant P. aeruginosa strains in response
to polymyxin treatment. This integrated omics approach provides detailed mechanistic
insights into the mechanisms of antibacterial killing and resistance to polymyxins,
as well as potential intracellular targets to tackle resistance to this last-line class of
antibiotics.

RESULTS
Metabolic and lipidomic perturbations in response to polymyxin B. According

to the Clinical and Laboratory Standards Institute (CLSI) and European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines (2017), the clinical resistance
breakpoint of polymyxin B against P. aeruginosa is �4 mg/liter (25). Therefore, 4 mg/
liter polymyxin B was used to examine the metabolic responses in the paired
polymyxin-susceptible P. aeruginosa PAK (polymyxin B MIC, 1 mg/liter) and polymyxin-
resistant PAKpmrB6 (polymyxin B MIC, 16 mg/liter) strains at 1, 4, and 24 h (see Fig. S1
in the supplemental material). To ensure that both the hydrophilic and lipophilic
metabolites were detected, hydrophilic interaction liquid chromatography (HILIC) and
reversed-phase liquid chromatography (RPLC) were employed, yielding 871 (see Data
Set S1 in the supplemental material) and 427 (Data Set S2) putatively identified
metabolites, respectively. These metabolites were involved in a wide range of path-
ways, including amino acids, carbohydrates, lipids, nucleotides, and secondary metab-
olites. The technical performance was monitored based on periodic analysis of pooled
biological quality control (PBQC) samples with the median relative standard deviation
(RSD) values of 10.5% (HILIC) and 12.9% (RPLC), which were well within the acceptable
limits for metabolomics (Table S1) (26). The reproducibility of metabolomics data are
potentially affected by analytical techniques, sampling procedures, and natural biolog-
ical variability; the median RSD values for all sample groups were between 25 and 40%
(Table S1), which were generally within acceptable limits (26). Moreover, the principal-
component analysis (PCA) score plots showed that the PBQC samples were clustered
tightly by both methods (Fig. S2), indicating minimal analytical variation and consis-
tency with the RSD values.

From PCA score plots, the most significant overall metabolic change induced by
polymyxin B (4 mg/liter) treatment was observed at 1 h, whereas little difference was
observed at 24 h between the polymyxin-susceptible and -resistant P. aeruginosa
strains. The perturbations of metabolites in the wild-type PAK strain with polymyxin B
treatment at 4 h were still distinguishable, but not significant in strain PAKpmrB6
(Fig. 1A). With regards to the number of significantly changed metabolites (fold change
[FC] � 2; P � 0.05) at 1 and 4 h, polymyxin B treatment resulted in 12.9% and 9.0%
metabolic changes in the polymyxin-susceptible wild-type PAK strain, respectively, but
only 4.9% and 3.7% metabolic changes in the polymyxin-resistant PAKpmrB6 strain,
respectively (Fig. 1B and 2; Data Set S3). Intriguingly, polymyxin B treatment (4 mg/liter)
dramatically perturbed a wide range of key pathways, including lipids, carbohydrates,
nucleotides, and amino acids, particularly in the wild-type PAK strain. Moreover, the
volcano plots revealed that lipids and the associated metabolites were the most
significantly perturbed features with 4 mg/liter polymyxin B at 1 and 4 h in both strains
(Fig. 2). It is notable that the intracellular levels of two intermediates responsible for the
synthesis of UDP-4-amino-4-deoxy-L-arabinose (UDP-L-Ara4N) were significantly ele-
vated by polymyxin B in strain PAK, but not in strain PAKpmrB6 (Fig. 2 and Table 1).
Moreover, our metabolomics results also showed that 4 mg/liter polymyxin B induced
dramatic depletions of nucleotides (27.8%; 10 out of 36 nucleotides) in PAK only at 1 h,
but no significant perturbations at 4 h. However, nucleotides were not significantly
changed in PAKpmrB6 due to polymyxin B treatment at 4 mg/liter over 24 h (Fig. 1B and
2 and Table 1).

Polymyxin B induced differential transcriptomic changes between polymyxin-
susceptible and -resistant P. aeruginosa strains. Polymyxin B at 4 mg/liter also
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induced markedly different transcriptomic responses between strains PAK and
PAKpmrB6 (Fig. 3). The PCA score plots revealed that 4 mg/liter polymyxin B successfully
distinguished the treated samples from those of untreated PAK at 1 h; however, no
significant difference was detected at 4 h (Fig. 3A). Notably, polymyxin B treatment led
to 558/226 (up/down) differentially expressed genes (DEGs) in strain PAK at 1 h, which
sharply decreased to 94/7 at 4 h (Fig. 3B) (FC � 2; false-discovery rate [FDR] � 0.05). Our

FIG 1 Multivariate and univariate analyses of global metabolic changes. (A) PCA score plots of the first two principal components (PC1 and PC2) for metabolite
levels from P. aeruginosa PAK and PAKpmrB6 treated with 4 mg/liter polymyxin B at 1, 4, and 24 h. Each data set represents a total of 10 samples containing
five biological replicates of each condition. The untreated control is shown in red, and polymyxin B-treated samples are shown in green. (B) Bar charts show
the number of significantly increased and decreased metabolites in the major metabolic pathways in strains PAK and PAKpmrB6 due to 4 mg/liter polymyxin
B treatment at 1 and 4 h (fold change � 2, P � 0.05, Student’s t test). The numbers of metabolites are shown on the x axes.
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results demonstrated that bacterial responses to polymyxin B were rapid in polymyxin-
susceptible PAK. In the polymyxin-resistant PAKpmrB6 strain, a minimal transcriptomic
response was induced by 4 mg/liter polymyxin B, with only 8/1 (up/down) and 11/1
(up/down) DEGs observed at 1 and 4 h, respectively (Fig. 3). Even in the absence of
polymyxin B treatment, a number of different DEGs (40/4) were observed between the
wild-type PAK and the pmrB mutant PAKpmrB6 (Table S2). Notably, transcriptional
regulators PA4581-4585, PmrAB (PA4776-4777), and the regulated arnBCADTEF-
pmrE operon (PA3552-3558), spermidine biosynthesis (PA4773-4774), ferrous trans-
fer (PA4357-4359), ABC transporter (PA3396-3399), as well as heme biosynthesis
(PA0510-0515) were all significantly upregulated (FC � 2) in polymyxin-resistant PAK-
pmrB6 compared to polymyxin-susceptible PAK. Conversely, in PAKpmrB6, the arginine
biosynthesis gene cluster (PA5171-5173) was downregulated (FC � �2) compared to
the wild-type strain. Our transcriptomic data also showed significantly increased ex-
pression of crpA in PAKpmrB6 than in PAK, which is known to play a role in high-level
polymyxin resistance in P. aeruginosa (27).

Polymyxin B induced alterations in lipid profiles and the related metabolites.
Polymyxin B treatment at 4 mg/liter significantly perturbed the relative abundance of
lipids and the related metabolites in both PAK and PAKpmrB6 strains mainly at 1 and
4 h (Data Set S3A). Specifically, a number of fatty acids containing 8 to 18 carbons were
significantly depleted by polymyxin B treatment in both strains at 1 and 4 h (Table 1),
whereas the dramatic depletion of lysophospholipids (phospholipids that have lost one
fatty acyl chain from di-acyl phospholipids), including lysophosphatidylethanolamine
(LPE), lysophosphatidylcholine (LPC), and lysophophatidylglycerol (LPG), was mainly

FIG 2 Volcano plots show the fold change and significance of metabolites in strains PAK (A and B) and PAKpmrB6 (C and D) in response to 4 mg/liter polymyxin
B at 1 and 4 h. The log2 fold change is shown from �10 to 10 on the x axis. Statistical significance displayed by �log10 (P value) is shown from 0 to 6 on the
y axis. Metabolites having a fold change of �2 and P � 0.05 (Student’s t test) are shown by the red dots. Metabolites that were not significantly changed are
shown by gray dots. Fold changes of the treated samples relative to the untreated control are based on mean values of five biological replicates in both strains.
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TABLE 1 Metabolic perturbations of lipid, amino acid, and nucleotide metabolites in P.
aeruginosa PAK and PAKpmrB6 in response to 4 mg/liter polymyxin B at 1 and 4 ha

aThe values for P. aeruginosa PAK and PAKpmrB6 strains at 1 and 4 h are shown. The values and whether
metabolite level decreased (blue) or increased (red) are shown. A heatmap is shown to the right of the
table with the log2 fold change (FC) values. Asterisks after values indicate significant change in the
abundance of metabolites (�1.0 log2 fold change, P � 0.05, and FDR � 0.05) (Student’s t test).
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observed in strain PAK after polymyxin B treatment (4 mg/liter) at both 1 and 4 h
(Table 1). Intriguingly, further analysis through RPLC revealed that in PAK after 4 mg/
liter polymyxin B treatment, the levels of di-acyl phospholipids, in particular PC, PE, PG.
and phosphatidylserines (PS) were dramatically increased at 1 h but decreased at 4 h
(Fig. 4A). However, 4 mg/liter polymyxin B did not induce significant changes in the
levels of phospholipids and lyso-phospholipids in PAKpmrB6 (Fig. 4A). Moreover, it is
notable that polymyxin B at 4 mg/liter significantly altered the levels of specific
metabolites associated with phospholipid metabolism in both strains. Specifically,
sn-glycerol-3-phosphate (an important precursor in phospholipid synthesis) was de-
pleted (FC � �3.1 to �4.8) in both PAK and PAKpmrB6 strains with polymyxin B
treatment (4 mg/liter) at 1 and 4 h (Table 1 and Fig. 4B) (28). Consistently, its upstream
substrates, sn-glycerol-3-phosphocholine (FC � 3.7 to 8.8) and sn-glycerol-3-
phosphoethanolamine (FC � 1.9 to 3.9), accumulated in both strains in response to
4 mg/liter polymyxin B (Fig. 4B). Moreover, the decreased levels of choline (FC � �2.1
to �2.8) which is a by-product of sn-glycerol-3-phosphocholine degradation were
observed in both strains after 4 mg/liter polymyxin B treatment for 1 and 4 h (Table 1)
(28, 29).

FIG 3 Transcriptomic changes in strains PAK and PAKpmrB6 in response to polymyxin B (PMB). (A) PCA score plots of the first two components indicate
transcriptomic changes in strains PAK and PAKpmrB6 with the treatment of 4 mg/liter PMB at 1 h (i) and 4 h (ii). Each data set represents three biological
replicates of the two strains with and without PMB treatment. The values for untreated PAK (blue), PMB-treated PAK (cyan), untreated PAKpmrB6 (red), and
PMB-treated PAKpmrB6 (green) are shown. (B) Venn diagrams show the numbers of upregulated genes (i) and downregulated genes (ii) in response to 4 mg/liter
PMB in strains PAK and PAKpmrB6 (fold change � 2, FDR � 0.05).
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The effect of 8� MIC polymyxin B on lipid profiles of both PAK (8 mg/liter) and
PAKpmrB6 (128 mg/liter) strains was also investigated (Fig. 5 and Data Set S3B). Notably,
in addition to the dramatic decrease in the levels of most phospholipids and fatty acids,
a number of features putatively annotated as amino acid-containing fatty acids [e.g.,
N-oleoyl tyrosine/phenylalanine/(iso)leucine, N-palmitoyl methionine/phenylalanine,
and N-stearoyl proline] were significantly enriched (FC � 5.4 to 802.8) by polymyxin B
at 8� MIC in both strains at 1 h (Fig. 5). It is interesting that polymyxin B at 4 mg/liter
elevated the levels of phospholipids and the associated precursors (sn-glycerol-3-
phosphocholine and sn-glycerol-3-phosphoethanolamine) in strain PAK at 1 h (Fig. 5);

FIG 4 Perturbations of lipids and the related metabolites in strains PAK and PAKpmrB6 in response to 4 mg/liter polymyxin B at 1 and 4 h. (A) Significantly
perturbed lipids of major classes in strains PAK and PAKpmrB6 following treatment with polymyxin B (4 mg/liter) at 1 and 4 h. Fold change � 2, P � 0.05,
FDR � 0.05 (Student’s t test). Lipids were analyzed using a C8 RPLC method. Lipid names were putatively assigned based on accurate mass. GPLs,
glycerophospholipids; FA, fatty acids; LM, lipid metabolism. (B) Depletion of sn-glycero-3-phosphate and elevations of sn-glycero-3-phosphocholine and
sn-glycero-3-phosphoethanolamine in strains PAK and PAKpmrB6 due to 4 mg/liter polymyxin B treatment at 1 and 4 h. Statistical significance (Student’s t test)
is indicated by asterisks as follows: �, P � 0.05; ��, P � 0.01; ���, P � 0.001.
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their levels were dramatically decreased by polymyxin B at 8� MIC in both strains at the
same time point (Fig. 5).

Polymyxin B caused metabolic and transcriptomic changes in central carbon
metabolism and stress response pathways. Polymyxin B (4 mg/liter) differentially
altered the levels of metabolites related to central carbon metabolism in both PAK and
PAKpmrB6 strains. Specifically, coenzyme A (CoA), which is associated with the tricar-
boxylic acid (TCA) cycle and plays an important role in the synthesis of fatty acids (30),
was significantly decreased in its relative abundance in strain PAK (FC � �13.5 and
�4.9, respectively) but increased in strain PAKpmrB6 (FC � 6.7 and 2.1, respectively)
under polymyxin B treatment (4 mg/liter) at 1 and 4 h (Table 1). Notably, a critical
metabolite in both pentose phosphate and glycolysis pathways, D-glucose-6-
phosphate, was depleted by polymyxin B (4 mg/liter) in PAK at 1 h (FC � �2.7), but it
had no dramatic change in PAKpmrB6. It is also known that D-glucose-6-phosphate
functions as a substrate in the synthesis of trehalose-6-posphate as well as the
formation of UDP-glucose (31, 32). In our study, the levels of trehalose-6-phosphate
were significantly increased in response to 4 mg/liter polymyxin B in both PAK and
PAKpmrB6 at 1 h (FC � 4.0 and 2.3, respectively) (Fig. 2 and Table 1).

The PmrAB-regulated speDE (PA4773-4774) operon is responsible for spermidine
synthesis, and our transcriptomics data showed its upregulation (FC of 19.4 for speD
and 22.0 for speE) in the PAK strain after 1-h polymyxin B treatment (Fig. 6) (33). Our
metabolomic result revealed that a key by-product of spermidine production, S-methyl-
5-thio-D-ribose-5-phosphate (S-MTRP) was dramatically enriched (FC � 4.1) in PAK in
response to 4 mg/liter polymyxin B at 1 h (Table 1) (34). In addition to speDE, other
PmrAB-mediated genes related to stress responses, such as feoABC (PA4359 to PA4357)
and ssuAC (PA3445 and PA3443) (35, 36), were also upregulated (FC � 11.3 to 90.5) in
strain PAK after 4 mg/liter polymyxin B treatment for 1 h (Fig. 6). The role of multidrug
efflux pumps in polymyxin resistance remains unclear, but it is interesting to note in
PAK the significant upregulation of mexAB (PA0425-0426) and mexXY (PA2019-2018)
(FC � 2) and downregulation of outer membrane porins (PA0291, PA0958, PA2760,
PA3790, and PA4067) (FC � �2) after 4 mg/liter polymyxin B treatment at 1 h (Fig. 6).

Metabolic perturbations in lipopolysaccharide and peptidoglycan synthesis.
Polymyxin B at 4 mg/liter also significantly perturbed lipopolysaccharide (LPS) and

FIG 5 Significant lipid perturbations in response to 8� MIC polymyxin B at 1 h in strain PAK (8 mg/liter) (A) and strain PAKpmrB6 (128 mg/liter) (B). Fold
change � 2, P � 0.05, FDR � 0.05 (Student’s t test). Lipids were detected using an RPLC method and putatively identified based on the accurate mass. GPLs,
glycerophospholipids; FA, fatty acids; LM, lipid metabolism.
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peptidoglycan syntheses at 1 and 4 h. An important precursor for LPS and cell wall
biosynthesis, UDP-N-acetyl-D-glucosamine (UDP-GlcNAc) was significantly decreased in
strain PAK after polymyxin B treatment (4 mg/liter) at 1 and 4 h (FC � �3.8 and �6.3,
respectively) (Fig. 7). Similarly, two intermediates associated with the generation of core
sugars of LPS, D-sedoheptulose-7-phosphate (FC � �2.2 and �11.3, respectively)
generated from the pentose phosphate pathway (PPP) and ADP-D-glycero-D-manno-
heptose (FC � �4.7 and �2.3, respectively) were also significantly depleted by
4 mg/liter polymyxin B at 1 and 4 h (37). In contrast, the relative concentrations of
these metabolites were slightly increased (FC � 1.8 to 2.8) in the polymyxin-resistant
PAKpmrB6 strain with polymyxin B treatment at 1 h.

Our results also showed that polymyxin B differentially affected cell wall bio-
synthesis between the paired polymyxin-susceptible and -resistant strains. In detail,
the relative abundance of a major precursor of peptidoglycan synthesis, UDP-N-
acetylmuramic acid (UDP-MurNAc) was obviously decreased in strain PAK (FC � �3.8
and �6.3, respectively) due to 4 mg/liter polymyxin B treatment at 1 and 4 h but
increased in strain PAKpmrB6 (FC � 2.1) at 1 h. Consistently, the levels of two inter-
mediates in the cell wall synthesis pathway, UDP-N-acetylmuramoyl-L-alanyl-D-gamma-
glutamyl-meso-2,6-diaminopimelate (FC � �4.3 and �3.7, respectively) and UDP-N-

FIG 6 Heatmaps reveal significantly affected pathways by 4 mg/liter polymyxin B (PMB) in strains PAK and PAKpmrB6 at 1 h using transcriptomics. Gene names
are described under P. aeruginosa PAO1 homologues. Transcriptomic expression counts were normalized by sum and transformed to log2 scale. Decreased gene
expression (blue) and increased gene expression (red) (fold change � 2; FDR � 0.05) are indicated.
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acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-D-alanyl-D-alanine (FC � �3.2
and �6.1, respectively), were significantly decreased in PAK, while elevated in PAKp-
mrB6 (FC � 2.4) with polymyxin B treatment (4 mg/liter) (Fig. 7).

Metabolic and transcriptomic perturbations in lipid A remodelling. The most
common mechanism of polymyxin resistance in P. aeruginosa is the modification of
lipid A phosphate groups with positively charged L-Ara4N (11). From our untargeted
metabolomics study, two key intermediates related to L-Ara4N biosynthesis, UDP-
glucuronate (FC � 7.8) and UDP-4-deoxy-4-formamido-L-arabinose (UDP-L-Ara4FN)
(FC � 41.6) were significantly enriched in strain PAK after 4 mg/liter polymyxin B
treatment even at 1 h (Table 1). Consistently, extensive modifications of lipid A phos-
phates with an L-Ara4N group (peaks at m/z 1497, 1577, and 1747) rapidly occurred
even within 1 h in response to polymyxin B (4 mg/liter) (Fig. 8). Transcriptomic analysis
of the DEGs from strain PAK treated by 4 mg/liter polymyxin B for 1 h revealed the
upregulation of the arnBCADTEF (PA3552-3559) operon (FC � 11.8 to 47.8; FDR � 0.05)
and the PmrAB two-component regulatory system (TCR) (FC � 19.8 for pmrA and 42.2

FIG 7 Differential alterations of metabolites associated with synthesis of lipopolysaccharide (A) and peptidoglycan (B) in strains PAK and PAKpmrB6 in response
to polymyxin B treatment (4 mg/liter) at 1 and 4 h. Blue boxes in the flow charts indicate that the metabolites were differentially changed, while gray boxes
indicate that the metabolites were not detected by either the HILIC or RPLC method. Statistical significance (Student’s t test) is indicated by asterisks as follows:
�, P � 0.05; ��, P � 0.01; ���, P � 0.001.

Polymyxin Killing Involves Multiple Pathways

January/February 2019 Volume 4 Issue 1 e00149-18 msystems.asm.org 11

https://msystems.asm.org


for pmrB) (Fig. 6). This upregulation activated the L-Ara4N biosynthesis pathway which
was responsible for the enriched abundance of UDP-glucuronate (FC � 7.8) and
UDP-L-Ara4FN (FC � 41.6) (Table 1) as well as the L-Ara4N modifications of lipid A
(Fig. 8) (38). In addition, in our recent study, we reported an upregulation of pagL

FIG 8 Lipid A analysis of strains PAK (A) and PAKpmrB6 (B) with and without polymyxin B (PMB) treatment for 1 h. The lipid A samples were analyzed by
LC-MS/MS in negative ion mode. The red and blue numbers in the mass spectra indicate wild-type and L-Ara4N-modified lipid A, respectively. In detail, peaks
at m/z 1350, 1366, 1382, 1430, 1446, and 1462 correspond to penta-acylated lipid A with the loss of one hydrogen ([M � H]�), while peaks at m/z 1520, 1536,
1552, 1600, 1616, and 1632 represent hexa-acylated lipid A with an R-3-hydroxydecanoate at position 3 compared to penta-acylated forms. The major peaks
at m/z 1481, 1497, and 1513 in the right panel of the mass spectra indicate dephosphorylated penta-acylated lipid A with the addition of an L-Ara4N group.
Other peaks at m/z 1577, 1667, 1709, 1748, 1863, and 1879 represent lipid A modified with one or two L-Ara4N groups. Three abnormal peaks at m/z 1401,
1409, and 1417 in the bottom left mass spectra possibly correspond to doubly charged Kdo2-lipid A. The asterisks in the figure indicate that the lipid A
remodelling in response to 4 mg/liter polymyxin B in PAK and PAKpmrB6 strains was described in reference 39.
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(PA4661) (FC � 3) in both PAK and PAKpmrB6 strains in response to 4 mg/liter
polymyxin B over 24 h, which resulted in the deacylation of lipid A in both strains (39).
The relationships of lipid A deacylation with polymyxin resistance have been confirmed
using neutron reflectometry (39). Moreover, the effect of polymyxin B at a higher
concentration (i.e., 8� MIC) on the lipid A modification pathway in both PAK (8 mg/
liter) and PAKpmrB6 (128 mg/liter) was also investigated. Remarkably, in L-Ara4N syn-
thesis, UDP-glucuronate and UDP-L-Ara4FN were not significantly altered by polymyxin
B at 8� MIC in either strain PAK or PAKpmrB6 (Data Set S3B). Accordingly, unlike
4 mg/liter polymyxin B treatment, 8� MIC polymyxin B did not cause dramatic lipid A
modifications (Fig. 8).

DISCUSSION

For the first time, the present study elucidated different metabolic and transcrip-
tomic changes between paired polymyxin-susceptible and -resistant P. aeruginosa
strains associated with both polymyxin killing and the development of resistance
(Fig. 9). The current literature supports the idea that polymyxins affect the OM physical
integrity and lead to phospholipid exchange (4). As predicted, polymyxin B treatment
(4 mg/liter) led to profound perturbations of several key lipid metabolites mainly in the
wild-type PAK strain (Fig. 4A), possibly due to the membrane-targeted killing by
polymyxins (5). Our metabolomics data indicated that, after treatment with a clinically
relevant concentration of polymyxin B, the decreased level of lyso-phospholipids in
strain PAK was probably due to the suppression of phospholipid degradation, and
therefore resulted in an accumulation of phospholipids at 1 h. As the decreased levels
of fatty acids and sn-glycerol-3-phosphate might contribute to the inhibition of phos-
pholipid synthesis (40), a decreased level of phospholipids observed in PAK at 4 h
supports this hypothesis. Our results are consistent with the metabolomic findings for

FIG 9 Overview of metabolic and transcriptomic responses of the polymyxin-susceptible PAK strain (A) and polymyxin-resistant PAKpmrB6 strain (B) to
polymyxin B treatment. In strain PAK, polymyxin B (4 mg/liter) significantly upregulated the PmrAB regulatory system and related genes, resulting in the
increased L-Ara4N synthesis. Meanwhile, polymyxin B induced severe oxidative stress and osmotic imbalance and significantly decreased metabolite levels
related to LPS and peptidoglycan synthesis in the wild-type PAK strain. In contrast, in strain PAKpmrB6, 4 mg/liter polymyxin B did not activate the PmrAB system
and related genes; therefore, the L-Ara4N synthesis pathway was not affected. Moreover, polymyxin B significantly elevated the metabolites associated with
LPS and peptidoglycan synthesis pathways in the polymyxin-resistant PAKpmrB6 strain. In addition, polymyxin B induced osmotic stress in both PAK and
PAKpmrB6 strains. It is also notable that in both strains, a high concentration of polymyxin B (8� MIC) significantly decreased fatty acid and phospholipid levels
but increased lipoamino acid levels. The red and blue arrows indicate that the levels of metabolites were significantly increased and decreased, respectively
(fold change � 2, P � 0.05, FDR � 0.05, Student’s t test).
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Acinetobacter baumannii that colistin treatment significantly decreased the OM lipid
levels and disrupted membrane asymmetry (18, 20, 41). Importantly, this finding
supports the notion proposed in our recent study that decreased phospholipid levels
observed in the pmrB mutants PAKpmrB6 and PAKpmrB12 possibly play important roles
in polymyxin resistance in P. aeruginosa (42). On the other hand, a high concentration
of polymyxin B (8� MIC) substantially disrupted the OM phospholipids and their
synthesis in both P. aeruginosa PAK and PAKpmrB6 (Fig. 5). Therefore, we speculate that
the dramatically elevated lipoamino acid levels may contribute to the stabilization of
the OM by counteracting the negative charge of LPS (43), thereby diminishing the
interaction with positively charged polymyxin molecules. However, the precise biolog-
ical functions of lipoamino acids in Gram-negative bacteria and the relationship with
polymyxin resistance are not clear and are under investigation in our laboratory.

In addition to disorganizing the OM, our results indicated that polymyxin B also
interfered with the biosynthesis of both LPS and cell wall in the wild-type PAK strain
(Fig. 7); this finding is consistent with our previous study in A. baumannii (18). However,
the different metabolic changes in strain PAKpmrB6 suggested that the polymyxin-
resistant strain responded to polymyxin treatment by promoting the biosynthesis of
LPS and peptidoglycan, possibly to cope with the cell envelope damages by polymyx-
ins. The central carbon metabolism plays an essential role in generating metabolic
precursors in bacteria (30). Our metabolomics data showed different perturbations
in the levels of CoA and D-glucose-6-phosphate between the polymyxin-susceptible
PAK strain and the polymyxin-resistant PAKpmrB6 strain (Table 1). Notably, elevated
trehalose-6-phosphate levels were evident after 4 mg/liter polymyxin B treatment at
1 h. As the dephosphorylated form trehalose is a well-known osmoprotectant when
bacterial cells are under osmotic stress (44), the elevated trehalose-6-phosphate levels
suggest that 4 mg/liter polymyxin B induced osmotic imbalance in both polymyxin-
susceptible and -resistant strains at 1 h.

Our transcriptomics results indicated that the dramatically increased expression of
PmrAB-regulated speDE, feoABC, and ssuAC operons as well as several ABC transporters
in strain PAK was related to oxidative stress due to polymyxin B treatment (Fig. 6).
Spermidine has been reported to stabilize and protect the bacterial OM against
antibiotic and oxidative damage (33). The upregulation of the speDE operon in strain
PAKpmrB6 was possibly related to oxidative stress caused by polymyxin B and contrib-
uted to polymyxin resistance (33, 45). Consistently, our recent study revealed perturbed
spermidine levels and the methionine salvage cycle in the pmrB mutants compared to
the wild-type PAK strain even without polymyxin treatment (42). The FeoABC trans-
porter is a well-conserved system in the transport of ferrous iron in bacteria (46). It is
known that feoABC plays an important role in promoting bacterial growth in response
to low iron and Mg2� concentrations (35). Therefore, it was very likely that the
expression of the feoABC operon played a key role in the bacterial survival from
polymyxin B treatment. Our results also suggested that polymyxin B treatment poten-
tially led to sulfate starvation, while the upregulation of the ssu operon helped to
counter the oxidative stress (36). In addition, the significant upregulation of several
genes regulated by ParRS (e.g., pagL, PA1797, and mexXY) due to polymyxin B treat-
ment in both the wild-type and pmrB mutant strains is indicative of the interactions
between the two TCRs PmrAB and ParRS (13, 14, 27).

Our correlated metabolomic and transcriptomic data demonstrated, for the first
time, that bacterial cells rapidly responded to polymyxins by lipid A modifications,
thereby minimizing the interaction and subsequent cellular damage and developing
resistance (Fig. 8). This finding is also consistent with the minimal metabolic and
transcriptomic perturbations observed in strain PAKpmrB6 following polymyxin B treat-
ment (4 mg/liter), which was very likely due to the dramatically diminished interaction
between polymyxin molecules and L-Ara4N modified lipid A (39). Considering the
pharmacokinetics/pharmacodynamics of polymyxins, the 4-mg/liter polymyxin B con-
centration employed in the present study is higher than the unbound average steady-
state concentration (fCss,avg) of 1.17 mg/liter (i.e., Css,avg 2.79 mg/liter � unbound
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fraction 0.42) in patients with the currently recommended dosage regimens (47);
combination therapy should be strongly recommended to minimize any potential
emergence of resistance to this important last-line class of antibiotics. Polymyxin B at
a super MIC (e.g., 8� MIC) severely damaged bacterial cells and halted the remodelling
of their LPS (e.g., adding L-Ara4N to lipid A) (Fig. 8), indicating that both strains were
not able to generate polymyxin resistance at super MICs. Unfortunately, for P. aerugi-
nosa isolates with MICs � 0.5 mg/liter, an fCss,avg of 8� MIC is difficult to achieve in
patients with the current dosage regimens (47–49).

Collectively, our findings on the complex and dynamic interactions of multiple
cellular pathways provide key mechanistic insights into understanding the mechanisms
of activity and resistance to polymyxins. This study highlights the urgency of develop-
ing rational combination therapy to reduce polymyxin resistance due to rapid lipid A
modifications. Our results may also benefit the discovery of much-needed new-
generation polymyxins targeting polymyxin-resistant Gram-negative ’superbugs’.

MATERIALS AND METHODS
Chemical and reagents. Polymyxin B was purchased from Sigma-Aldrich (Sydney, New South Wales,

Australia). The stock solution of polymyxin B (1 mg/ml) was prepared using Milli-Q water (Millipore
Australia, North Ryde, NSW, Australia) and filtered through 0.22-�m syringe filters (Sartorius, Melbourne,
VIC, Australia).

Bacterial strains and culture. P. aeruginosa PAK and PAKpmrB6 strains were obtained from the
Moskowitz laboratory (Massachusetts General Hospital, MA, USA) (50). The polymyxin B MICs of P.
aeruginosa PAK and PAKpmrB6 strains were determined by broth microdilution (25). Prior to experiments,
strain PAK was subcultured on Mueller-Hinton agar plates, while the mutant strain PAKpmrB6 was
subcultured on Mueller-Hinton agar plates containing 4 mg/liter polymyxin B and incubated for 16 to
18 h at 37°C. A single colony was then inoculated into 10 ml of cation-adjusted Mueller-Hinton broth
(CaMHB) (Oxoid) and incubated overnight at 37°C with shaking at 150 rpm. The overnight culture was
diluted 1:100 into three different reservoirs with 100 ml fresh CaMHB medium and then grown to an
optical density at 600 nm (OD600) of 0.50 � 0.02 (	108 CFU/ml). The bacterial cultures of strains PAK and
PAKpmrB6 were then treated with polymyxin B at 4 mg/liter, 8 mg/liter (PAK), and 128 mg/liter
(PAKpmrB6) for 1, 4, and 24 h; the untreated bacterial culture served as a control sample.

Preparation of metabolomics samples. Cellular metabolites of PAK and PAKpmrB6 strains were
extracted by a previously optimized method with slight modifications (18). Briefly, both treated and
untreated samples were collected at 0, 1, 4, and 24 h for metabolite extraction. Bacterial cultures (20 ml)
were collected and immediately transferred into 50-ml ice-cold Falcon tubes. Samples were then rapidly
quenched in a dry ice/ethanol bath for 	30 s to stop the metabolic processes and normalized according
to OD600 at 0.50 � 0.02 to ensure that the bacterial cell counts were at 	108 CFU/ml. Cell pellets were
then collected from 10 ml normalized culture after centrifugation at 3,220 � g at 4 °C for 10 min. After the
cell pellets were washed twice with 2 ml ice-cold 0.9% NaCl, they were resuspended in 500 �l chloro-
form/methanol/water (CMW) (1:3:1 [vol/vol]) containing 1 �M generic internal standards (CHAPS, CAPS,
PIPES, and TRIS). A freeze-thaw process was performed three times to lyse the cells and release cellular
metabolites. The extracted samples were centrifuged at 3,220 � g at 4°C for 10 min, and a 300-�l
supernatant was collected, which was followed by a further centrifugation at 14,000 � g for 10 min at
4 °C to obtain particle-free supernatants (200 �l) for LC-MS analysis.

LC-MS analysis of metabolites. Both hydrophilic interaction liquid chromatography (HILIC) and
reversed-phase liquid chromatography (RPLC) coupled to high-resolution mass spectrometry (HRMS)
were employed to ensure the detection of both hydrophilic and hydrophobic metabolites. Samples were
analyzed on a Dionex U3000 high-performance liquid chromatography system (HPLC) in tandem with a
Q-Exactive Orbitrap mass spectrometer (Thermo Fisher) in both positive and negative ion modes with a
resolution at 35,000. The HILIC method was described previously in detail (18). Briefly, samples main-
tained at 4°C were eluted through a ZIC-pHILIC column (5 �m, polymeric, 150 by 4.6 mm; SeQuant,
Merck) by mobile phase A (20 mM ammonium carbonate) and mobile phase B (acetonitrile). The gradient
started with 80% mobile phase B at a flow rate of 0.3 ml/min and was followed by a linear gradient to
50% mobile phase B over 15 min. The Ascentis Express C8 column (5 cm by 2.1 mm, 2.7 �m) (catalog no.
53831-U; Sigma-Aldrich) was applied in the RPLC method. The samples were controlled at 4°C and eluted
by mobile phase A (40% of isopropanol and 60% of Milli-Q water with 8 mM ammonium formate and
2 mM formic acid) and mobile phase B (98% of isopropanol and 2% of Milli-Q water with 8 mM
ammonium formate and 2 mM formic acid). The linear gradient started from 100% mobile phase A to a
final composition of 35% mobile phase A and 65% mobile phase B over 24 min at 0.2 ml/min. All samples
were analyzed within a single LC-MS batch to avoid variations. The pooled quality control samples (QC),
internal standards, and total ion chromatograms were assessed to evaluate the chromatographic peaks,
signal reproducibility, and stability of analytes. To assist the identification of metabolites, a mixture of
	600 metabolite standards was analyzed within the same batch.

Data processing and statistical analyses. Metabolomics data analyses were performed using
mzMatch and IDEOM (http://mzmatch.sourceforge.net/ideom.php) (51). The quantification of each me-
tabolite was based on the chromatogram raw peak height (relative intensity). Univariate and multivariate
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statistical analyses were conducted using MetaboAnalyst 3.0 (52). Prior to analysis, the data set of relative
peak intensity was normalized by the median, log transformed, and auto-scaled. Unsupervised principal-
component analysis (PCA) was applied for the analysis of global metabolic profiles, while Student’s t test
(P � 0.05; false-discovery rate [FDR] � 0.05) was used to identify significantly changed metabolites in
polymyxin B-treated samples relative to untreated control samples at each time point. Metabolites that
showed a fold change of �2 were further analyzed and subjected to metabolic pathway analysis using
the KEGG pathway (53), BioCyc (54), and Visualisation and Analysis of Networks containing Experimental
Data (VANTED) software (55).

RNA extraction and analysis of RNA sequencing data. Polymyxin B-treated and untreated samples
(1.5 ml) were collected at 0, 1, 4, and 24 h for RNA extraction. RNAprotect (Qiagen) was used for the
sample collection in order to preserve gene expression profiles. RNA was isolated using an RNeasy minikit
(Qiagen) in accordance with the manufacturer’s instructions. RNA-Seq was undertaken using Illumina
HiSeq (56). RNA-seq data were analyzed according to the methods described previously (39). Briefly, the
transcriptome was assembled based on the RNA-Seq data using Trinity RNA-Seq software, and the
RNA-Seq reads were aligned according to the genome sequences of P. aeruginosa PAK and PAKpmrB6
strains using Subread (57). The RNA-Seq data were analyzed using voom and limma linear models
through Degust interactive Web-based RNA-Seq visualization software (http://degust.erc.monash.edu)
(58).

Isolation and structural characterization of lipid A. Lipid A was isolated by mild acid hydrolysis as
previously described (59, 60). Briefly, P. aeruginosa PAK and PAKpmrB6 were treated by polymyxin B at
4 mg/liter and 8� MIC for 1 h. The bacterial cell pellets were harvested from 100 ml of normalized culture
(OD600 � 0.50 � 0.02) via centrifugation at 3,220 � g for 20 min and washed twice with 5 ml PBS. Cell
pellets were then resuspended in 4 ml PBS, which was followed by resuspension in 5 ml chloroform and
10 ml methanol to make a single-phase Bligh-Dyer (chloroform/methanol/water, 1:2:0.8 [vol/vol]). After
15-min centrifugation at 3,220 � g, the supernatant was removed, leaving LPS in the pellets. After
washing once with 5 ml single-phase Bligh-Dyer solvent, the LPS pellets were resuspended in 10.8 ml of
hydrolysis buffer (50 mM sodium acetate [pH 4.5] with 1% sodium dodecyl sulfate [SDS]) and homog-
enized via sonication with a probe tip sonicator (Misonix, USA) at a constant duty cycle (20 s at 50%
output). The samples were then incubated in a boiling water bath for 45 min and allowed to cool to room
temperature. To extract lipids after hydrolysis, 12 ml of chloroform and 12 ml of methanol were added
to the 10.8-ml hydrolysis solution to make a double-phase Bligh-Dyer (chloroform/methanol/water,
1:1:0.9 [vol/vol]). The lower phase containing lipid A was finally collected and dried under nitrogen gas
stream. Structural analysis of lipid A was performed using mass spectrometry in negative ion mode on
a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer.

Data availability. All transcriptomic raw data were deposited in GenBank under accession numbers
SRX4714399 to SRX4714440. The metabolomic data set is publicly available at MetaboLights under the
study identifier MTBLS751.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSystems.00149-18.
FIG S1, TIF file, 0.3 MB.
FIG S2, TIF file, 0.4 MB.
TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOCX file, 0.02 MB.
DATA SET S1, XLSX file, 3.3 MB.
DATA SET S2, XLSX file, 2.9 MB.
DATA SET S3, XLSX file, 0.1 MB.

ACKNOWLEDGMENTS
This research was supported by a research grant from the National Institute of

Allergy and Infectious Diseases of the National Institutes of Health (R01 AI111965 [J.L.,
T.V., and D.J.C.]). J.L. and T.V. are also supported by grant R01 AI132154. M.-L.H. and
Y.-W.L. are recipients of the 2018 Faculty Bridging Fellowship, Monash University. J.L. is
an Australian National Health and Medical Research Council (NHMRC) Senior Research
Fellow. T.V. and D.J.C. are Australian NHMRC Career Development Research Fellows.

The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institute of Allergy and Infectious Diseases
or the National Institutes of Health.

The authors declare no conflicts of interest.
J.L. conceived the project, and all authors were involved in the design of the

experiments. M.-L.H. performed the experiments, and M.-L.H., Y.Z., D.J.C., and T.V.
analyzed the results. All authors reviewed the manuscript.

Han et al.

January/February 2019 Volume 4 Issue 1 e00149-18 msystems.asm.org 16

http://degust.erc.monash.edu
https://www.ncbi.nlm.nih.gov/sra/SRX4714399
https://www.ncbi.nlm.nih.gov/sra/SRX4714440
https://doi.org/10.1128/mSystems.00149-18
https://doi.org/10.1128/mSystems.00149-18
https://msystems.asm.org


REFERENCES
1. Mesaros N, Nordmann P, Plésiat P, Roussel-Delvallez M, Van Eldere J,

Glupczynski Y, Van Laethem Y, Jacobs F, Lebecque P, Malfroot A, Tulkens
PM, Van Bambeke F. 2007. Pseudomonas aeruginosa: resistance and
therapeutic options at the turn of the new millennium. Clin Microbiol
Infect 13:560 –578. https://doi.org/10.1111/j.1469-0691.2007.01681.x.

2. Poole K. 2011. Pseudomonas aeruginosa: resistance to the max. Front
Microbiol 2:65. https://doi.org/10.3389/fmicb.2011.00065.

3. Zavascki AP, Goldani LZ, Li J, Nation RL. 2007. Polymyxin B for the
treatment of multidrug-resistant pathogens: a critical review. J Antimi-
crob Chemother 60:1206 –1215. https://doi.org/10.1093/jac/dkm357.

4. Velkov T, Thompson PE, Nation RL, Li J. 2010. Structure-activity relation-
ships of polymyxin antibiotics. J Med Chem 53:1898. https://doi.org/10
.1021/jm900999h.

5. Berglund NA, Piggot TJ, Jefferies D, Sessions RB, Bond PJ, Khalid S. 2015.
Interaction of the antimicrobial peptide polymyxin B1 with both mem-
branes of E. coli: a molecular dynamics study. PLoS Comput Biol 11:
e1004180. https://doi.org/10.1371/journal.pcbi.1004180.

6. Rabanal F, Cajal Y. 2017. Recent advances and perspectives in the design
and development of polymyxins. Nat Prod Rep 34:886 –908. https://doi
.org/10.1039/c7np00023e.

7. Cajal Y, Berg OG, Jain MK. 1995. Direct vesicle-vesicle exchange of
phospholipids mediated by polymyxin B. Biochem Biophys Res Commun
210:746 –752. https://doi.org/10.1006/bbrc.1995.1722.

8. Cajal Y, Ghanta J, Easwaran K, Surolia A, Jain MK. 1996. Specificity for the
exchange of phospholipids through polymyxin B mediated intermem-
brane molecular contacts. Biochemistry 35:5684 –5695. https://doi.org/
10.1021/bi952703c.

9. Sampson TR, Liu X, Schroeder MR, Kraft CS, Burd EM, Weiss DS. 2012.
Rapid killing of Acinetobacter baumannii by polymyxins is mediated by a
hydroxyl radical death pathway. Antimicrob Agents Chemother 56:
5642–5649. https://doi.org/10.1128/AAC.00756-12.

10. Yeom J, Imlay JA, Park W. 2010. Iron homeostasis affects antibiotic-
mediated cell death in Pseudomonas species. J Biol Chem 285:
22689 –22695. https://doi.org/10.1074/jbc.M110.127456.

11. Olaitan AO, Morand S, Rolain J-M. 2014. Mechanisms of polymyxin
resistance: acquired and intrinsic resistance in bacteria. Front Microbiol
5:643. https://doi.org/10.3389/fmicb.2014.00643.

12. Velkov T, Roberts KD, Nation RL, Wang J, Thompson PE, Li J. 2014.
Teaching ‘old’ polymyxins new tricks: new-generation lipopeptides tar-
geting Gram-negative ‘superbugs’. ACS Chem Biol 9:1172. https://doi
.org/10.1021/cb500080r.

13. Fernández L, Gooderham WJ, Bains M, McPhee JB, Wiegand I, Hancock
RE. 2010. Adaptive resistance to the “last hope” antibiotics polymyxin B
and colistin in Pseudomonas aeruginosa is mediated by the novel two-
component regulatory system ParR-ParS. Antimicrob Agents Chemother
54:3372–3382. https://doi.org/10.1128/AAC.00242-10.

14. Fernández L, Jenssen H, Bains M, Wiegand I, Gooderham WJ, Hancock
RE. 2012. The two-component system CprRS senses cationic peptides
and triggers adaptive resistance in Pseudomonas aeruginosa indepen-
dently of ParRS. Antimicrob Agents Chemother 56:6212– 6222. https://
doi.org/10.1128/AAC.01530-12.

15. Jochumsen N, Marvig RL, Damkiær S, Jensen RL, Paulander W, Molin
S, Jelsbak L, Folkesson A. 2016. The evolution of antimicrobial pep-
tide resistance in Pseudomonas aeruginosa is shaped by strong epi-
static interactions. Nat Commun 7:13002. https://doi.org/10.1038/
ncomms13002.

16. Miller AK, Brannon MK, Stevens L, Johansen HK, Selgrade SE, Miller SI,
Høiby N, Moskowitz SM. 2011. PhoQ mutations promote lipid A modi-
fication and polymyxin resistance of Pseudomonas aeruginosa found in
colistin-treated cystic fibrosis patients. Antimicrob Agents Chemother
55:5761–5769. https://doi.org/10.1128/AAC.05391-11.

17. Liu Y-Y, Wang Y, Walsh TR, Yi L-X, Zhang R, Spencer J, Doi Y, Tian G, Dong
B, Huang X, Yu L-F, Gu D, Ren H, Chen X, Lv L, He D, Zhou H, Liang Z, Liu
J-H, Shen J. 2016. Emergence of plasmid-mediated colistin resistance
mechanism MCR-1 in animals and human beings in China: a microbio-
logical and molecular biological study. Lancet Infect Dis 16:161–168.
https://doi.org/10.1016/S1473-3099(15)00424-7.

18. Maifiah MHM, Creek DJ, Nation RL, Forrest A, Tsuji BT, Velkov T, Li J.
2017. Untargeted metabolomics analysis reveals key pathways re-
sponsible for the synergistic killing of colistin and doripenem com-

bination against Acinetobacter baumannii. Sci Rep 7:45527. https://
doi.org/10.1038/srep45527.

19. Zampieri M, Zimmermann M, Claassen M, Sauer U. 2017. Nontargeted
metabolomics reveals the multilevel response to antibiotic perturba-
tions. Cell Rep 19:1214 –1228. https://doi.org/10.1016/j.celrep.2017.04
.002.

20. Henry R, Crane B, Powell D, Deveson Lucas D, Li Z, Aranda J, Harrison P,
Nation RL, Adler B, Harper M, Boyce JD, Li J. 2015. The transcriptomic
response of Acinetobacter baumannii to colistin and doripenem alone
and in combination in an in vitro pharmacokinetics/pharmacodynamics
model. J Antimicrob Chemother 70:1303–1313. https://doi.org/10.1093/
jac/dku536.

21. Zhu Y, Czauderna T, Zhao J, Klapperstueck M, Maifiah MHM, Han M-L,
Lu J, Sommer B, Velkov T, Lithgow T. 2018. Genome-scale metabolic
modelling of responses to polymyxins in Pseudomonas aeruginosa.
GigaScience 7:giy021.

22. Kaddurah-Daouk R, Kristal BS, Weinshilboum RM. 2008. Metabolomics:
a global biochemical approach to drug response and disease. Annu
Rev Pharmacol Toxicol 48:653– 683. https://doi.org/10.1146/annurev
.pharmtox.48.113006.094715.

23. Sorek R, Cossart P. 2010. Prokaryotic transcriptomics: a new view on
regulation, physiology and pathogenicity. Nat Rev Genet 11:9 –16.
https://doi.org/10.1038/nrg2695.

24. Lowe R, Shirley N, Bleackley M, Dolan S, Shafee T. 2017. Transcriptomics
technologies. PLoS Comput Biol 13:e1005457. https://doi.org/10.1371/
journal.pcbi.1005457.

25. Bakthavatchalam YD, Pragasam AK, Biswas I, Veeraraghavan B. 2018.
Polymyxin susceptibility testing, interpretative breakpoints and resis-
tance mechanism: an update. J Glob Antimicrob Resist 12:124 –136.
https://doi.org/10.1016/j.jgar.2017.09.011.

26. Kirwan JA, Weber RJ, Broadhurst DI, Viant MR. 2014. Direct infusion mass
spectrometry metabolomics dataset: a benchmark for data processing
and quality control. Sci Data 1:140012. https://doi.org/10.1038/sdata
.2014.12.

27. Gutu AD, Rodgers NS, Park J, Moskowitz SM. 2015. Pseudomonas aerugi-
nosa high-level resistance to polymyxins and other antimicrobial pep-
tides requires cprA, a gene that is disrupted in the PAO1 strain. Antimi-
crob Agents Chemother 59:5377–5387. https://doi.org/10.1128/AAC
.00904-15.

28. Sohlenkamp C, Geiger O. 2016. Bacterial membrane lipids: diversity in
structures and pathways. FEMS Microbiol Rev 40:133–159. https://doi
.org/10.1093/femsre/fuv008.

29. Geiger O, López-Lara IM, Sohlenkamp C. 2013. Phosphatidylcholine
biosynthesis and function in bacteria. Biochim Biophys Acta 1831:
503–513. https://doi.org/10.1016/j.bbalip.2012.08.009.

30. Noor E, Eden E, Milo R, Alon U. 2010. Central carbon metabolism as a
minimal biochemical walk between precursors for biomass and energy.
Mol Cell 39:809 – 820. https://doi.org/10.1016/j.molcel.2010.08.031.

31. Kolbe A, Tiessen A, Schluepmann H, Paul M, Ulrich S, Geigenberger P.
2005. Trehalose 6-phosphate regulates starch synthesis via posttrans-
lational redox activation of ADP-glucose pyrophosphorylase. Proc
Natl Acad Sci U S A 102:11118 –11123. https://doi.org/10.1073/pnas
.0503410102.

32. Ruhal R, Kataria R, Choudhury B. 2013. Trends in bacterial trehalose
metabolism and significant nodes of metabolic pathway in the direction
of trehalose accumulation. Microb Biotechnol 6:493–502. https://doi
.org/10.1111/1751-7915.12029.

33. Johnson L, Mulcahy H, Kanevets U, Shi Y, Lewenza S. 2012. Surface-
localized spermidine protects the Pseudomonas aeruginosa outer mem-
brane from antibiotic treatment and oxidative stress. J Bacteriol 194:
813– 826. https://doi.org/10.1128/JB.05230-11.

34. Sauter M, Moffatt B, Saechao MC, Hell R, Wirtz M. 2013. Methionine
salvage and S-adenosylmethionine: essential links between sulfur, eth-
ylene and polyamine biosynthesis. Biochem J 451:145–154. https://doi
.org/10.1042/BJ20121744.

35. McPhee JB, Bains M, Winsor G, Lewenza S, Kwasnicka A, Brazas MD,
Brinkman FS, Hancock R. 2006. Contribution of the PhoP-PhoQ and
PmrA-PmrB two-component regulatory systems to Mg2�-induced gene
regulation in Pseudomonas aeruginosa. J Bacteriol 188:3995–4006. https://
doi.org/10.1128/JB.00053-06.

36. Tralau T, Vuilleumier S, Thibault C, Campbell BJ, Hart CA, Kertesz MA.

Polymyxin Killing Involves Multiple Pathways

January/February 2019 Volume 4 Issue 1 e00149-18 msystems.asm.org 17

https://doi.org/10.1111/j.1469-0691.2007.01681.x
https://doi.org/10.3389/fmicb.2011.00065
https://doi.org/10.1093/jac/dkm357
https://doi.org/10.1021/jm900999h
https://doi.org/10.1021/jm900999h
https://doi.org/10.1371/journal.pcbi.1004180
https://doi.org/10.1039/c7np00023e
https://doi.org/10.1039/c7np00023e
https://doi.org/10.1006/bbrc.1995.1722
https://doi.org/10.1021/bi952703c
https://doi.org/10.1021/bi952703c
https://doi.org/10.1128/AAC.00756-12
https://doi.org/10.1074/jbc.M110.127456
https://doi.org/10.3389/fmicb.2014.00643
https://doi.org/10.1021/cb500080r
https://doi.org/10.1021/cb500080r
https://doi.org/10.1128/AAC.00242-10
https://doi.org/10.1128/AAC.01530-12
https://doi.org/10.1128/AAC.01530-12
https://doi.org/10.1038/ncomms13002
https://doi.org/10.1038/ncomms13002
https://doi.org/10.1128/AAC.05391-11
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1038/srep45527
https://doi.org/10.1038/srep45527
https://doi.org/10.1016/j.celrep.2017.04.002
https://doi.org/10.1016/j.celrep.2017.04.002
https://doi.org/10.1093/jac/dku536
https://doi.org/10.1093/jac/dku536
https://doi.org/10.1146/annurev.pharmtox.48.113006.094715
https://doi.org/10.1146/annurev.pharmtox.48.113006.094715
https://doi.org/10.1038/nrg2695
https://doi.org/10.1371/journal.pcbi.1005457
https://doi.org/10.1371/journal.pcbi.1005457
https://doi.org/10.1016/j.jgar.2017.09.011
https://doi.org/10.1038/sdata.2014.12
https://doi.org/10.1038/sdata.2014.12
https://doi.org/10.1128/AAC.00904-15
https://doi.org/10.1128/AAC.00904-15
https://doi.org/10.1093/femsre/fuv008
https://doi.org/10.1093/femsre/fuv008
https://doi.org/10.1016/j.bbalip.2012.08.009
https://doi.org/10.1016/j.molcel.2010.08.031
https://doi.org/10.1073/pnas.0503410102
https://doi.org/10.1073/pnas.0503410102
https://doi.org/10.1111/1751-7915.12029
https://doi.org/10.1111/1751-7915.12029
https://doi.org/10.1128/JB.05230-11
https://doi.org/10.1042/BJ20121744
https://doi.org/10.1042/BJ20121744
https://doi.org/10.1128/JB.00053-06
https://doi.org/10.1128/JB.00053-06
https://msystems.asm.org


2007. Transcriptomic analysis of the sulfate starvation response of
Pseudomonas aeruginosa. J Bacteriol 189:6743– 6750. https://doi.org/
10.1128/JB.00889-07.

37. King JD, Kocíncová D, Westman EL, Lam JS. 2009. Lipopolysaccharide
biosynthesis in Pseudomonas aeruginosa. Innate Immun 15:261–312.
https://doi.org/10.1177/1753425909106436.

38. Raetz CR, Reynolds CM, Trent MS, Bishop RE. 2007. Lipid A modification
systems in gram-negative bacteria. Annu Rev Biochem 76:295–329.
https://doi.org/10.1146/annurev.biochem.76.010307.145803.

39. Han M-L, Velkov T, Zhu Y, Roberts KD, Le Brun AP, Chow SH, Gutu AD,
Moskowitz SM, Shen H-H, Li J. 2018. Polymyxin-induced lipid A deacy-
lation in Pseudomonas aeruginosa perturbs polymyxin penetration and
confers high-level resistance. ACS Chem Biol 13:121–130. https://doi
.org/10.1021/acschembio.7b00836.

40. Zhang Y-M, Rock CO. 2008. Membrane lipid homeostasis in bacteria. Nat
Rev Microbiol 6:222–233. https://doi.org/10.1038/nrmicro1839.

41. Henry R, Vithanage N, Harrison P, Seemann T, Coutts S, Moffatt JH,
Nation RL, Li J, Harper M, Adler B, Boyce JD. 2012. Colistin-resistant,
lipopolysaccharide-deficient Acinetobacter baumannii responds to lipo-
polysaccharide loss through increased expression of genes involved in
the synthesis and transport of lipoproteins, phospholipids and poly-�-
1,6-N-acetylglucosamine. Antimicrob Agents Chemother 56:59 – 69.
https://doi.org/10.1128/AAC.05191-11.

42. Han M-L, Zhu Y, Creek DJ, Lin Y-W, Anderson D, Shen H-H, Tsuji B, Gutu
AD, Moskowitz SM, Velkov T. 2018. Alterations of metabolic and lipid
profiles in polymyxin-resistant Pseudomonas aeruginosa. Antimicrob
Agents Chemother 62:e02656-17. https://doi.org/10.1128/AAC.02656-17.

43. Geiger O, González-Silva N, López-Lara IM, Sohlenkamp C. 2010. Amino
acid-containing membrane lipids in bacteria. Prog Lipid Res 49:46 – 60.
https://doi.org/10.1016/j.plipres.2009.08.002.

44. Iturriaga G, Suárez R, Nova-Franco B. 2009. Trehalose metabolism: from
osmoprotection to signaling. Int J Mol Sci 10:3793–3810. https://doi.org/
10.3390/ijms10093793.

45. Kwon DH, Lu C-D. 2006. Polyamines induce resistance to cationic pep-
tide, aminoglycoside, and quinolone antibiotics in Pseudomonas aerugi-
nosa PAO1. Antimicrob Agents Chemother 50:1615–1622. https://doi
.org/10.1128/AAC.50.5.1615-1622.2006.

46. Lau CK, Krewulak KD, Vogel HJ. 2016. Bacterial ferrous iron transport: the
Feo system. FEMS Microbiol Rev 40:273–298. https://doi.org/10.1093/
femsre/fuv049.

47. Sandri AM, Landersdorfer CB, Jacob J, Boniatti MM, Dalarosa MG, Falci
DR, Behle TF, Bordinhão RC, Wang J, Forrest A, Nation RL, Li J, Zavascki
AP. 2013. Population pharmacokinetics of intravenous polymyxin B in
critically ill patients: implications for selection of dosage regimens. Clin
Infect Dis 57:524 –531. https://doi.org/10.1093/cid/cit334.

48. Nation RL, Garonzik SM, Thamlikitkul V, Giamarellos-Bourboulis EJ, For-
rest A, Paterson DL, Li J, Silveira FP. 2017. Dosing guidance for intrave-
nous colistin in critically ill patients. Clin Infect Dis 64:565–571. https://
doi.org/10.1093/cid/ciw839.

49. Garonzik S, Li J, Thamlikitkul V, Paterson D, Shoham S, Jacob J, Silveira F,
Forrest A, Nation R. 2011. Population pharmacokinetics of colistin meth-
anesulfonate and formed colistin in critically ill patients from a multi-
center study provide dosing suggestions for various categories of pa-
tients. Antimicrob Agents Chemother 55:3284 –3294. https://doi.org/10
.1128/AAC.01733-10.

50. Moskowitz SM, Ernst RK, Miller SI. 2004. PmrAB, a two-component
regulatory system of Pseudomonas aeruginosa that modulates resistance
to cationic antimicrobial peptides and addition of aminoarabinose to
lipid A. J Bacteriol 186:575–579.

51. Creek DJ, Jankevics A, Burgess KE, Breitling R, Barrett MP. 2012. IDEOM:
an Excel interface for analysis of LC–MS-based metabolomics data.
Bioinformatics 28:1048 –1049. https://doi.org/10.1093/bioinformatics/
bts069.

52. Xia J, Sinelnikov IV, Han B, Wishart DS. 2015. MetaboAnalyst 3.0—making
metabolomics more meaningful. Nucleic Acids Res 43:W251–W257. https://
doi.org/10.1093/nar/gkv380.

53. Kanehisa M, Goto S. 2000. KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Res 28:27–30.

54. Caspi R, Foerster H, Fulcher CA, Kaipa P, Krummenacker M, Latendresse
M, Paley S, Rhee SY, Shearer AG, Tissier C, Walk TC, Zhang P, Karp PD.
2007. The MetaCyc Database of metabolic pathways and enzymes and
the BioCyc collection of Pathway/Genome Databases. Nucleic Acids Res
36:D623–D631. https://doi.org/10.1093/nar/gkm900.

55. Junker BH, Klukas C, Schreiber F. 2006. VANTED: a system for advanced
data analysis and visualization in the context of biological networks.
BMC Bioinformatics 7:109. https://doi.org/10.1186/1471-2105-7-109.

56. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N,
Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G,
Knight R. 2012. Ultra-high-throughput microbial community analysis on
the Illumina HiSeq and MiSeq platforms. ISME J 6:1621. https://doi.org/
10.1038/ismej.2012.8.

57. Liao Y, Smyth GK, Shi W. 2013. The Subread aligner: fast, accurate and
scalable read mapping by seed-and-vote. Nucleic Acids Res 41:e108.
https://doi.org/10.1093/nar/gkt214.

58. Soneson C, Delorenzi M. 2013. A comparison of methods for differential
expression analysis of RNA-seq data. BMC Bioinformatics 14:91. https://
doi.org/10.1186/1471-2105-14-91.

59. Nowicki EM, O’Brien JP, Brodbelt JS, Trent MS. 2014. Characterization of
Pseudomonas aeruginosa LpxT reveals dual positional lipid A kinase
activity and co-ordinated control of outer membrane modification. Mol
Microbiol 94:728 –741. https://doi.org/10.1111/mmi.12796.

60. Han M-L, Shen H-H, Hansford KA, Schneider EK, Sivanesan S, Roberts KD,
Thompson PE, Le Brun AP, Zhu Y, Sani M-A, Separovic F, Blaskovich MAT,
Baker MA, Moskowitz SM, Cooper MA, Li J, Velkov T. 2017. Investigating
the interaction of octapeptin A3 with model bacterial membranes. ACS
Infect Dis 3:606 – 619. https://doi.org/10.1021/acsinfecdis.7b00065.

Han et al.

January/February 2019 Volume 4 Issue 1 e00149-18 msystems.asm.org 18

https://doi.org/10.1128/JB.00889-07
https://doi.org/10.1128/JB.00889-07
https://doi.org/10.1177/1753425909106436
https://doi.org/10.1146/annurev.biochem.76.010307.145803
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1038/nrmicro1839
https://doi.org/10.1128/AAC.05191-11
https://doi.org/10.1128/AAC.02656-17
https://doi.org/10.1016/j.plipres.2009.08.002
https://doi.org/10.3390/ijms10093793
https://doi.org/10.3390/ijms10093793
https://doi.org/10.1128/AAC.50.5.1615-1622.2006
https://doi.org/10.1128/AAC.50.5.1615-1622.2006
https://doi.org/10.1093/femsre/fuv049
https://doi.org/10.1093/femsre/fuv049
https://doi.org/10.1093/cid/cit334
https://doi.org/10.1093/cid/ciw839
https://doi.org/10.1093/cid/ciw839
https://doi.org/10.1128/AAC.01733-10
https://doi.org/10.1128/AAC.01733-10
https://doi.org/10.1093/bioinformatics/bts069
https://doi.org/10.1093/bioinformatics/bts069
https://doi.org/10.1093/nar/gkv380
https://doi.org/10.1093/nar/gkv380
https://doi.org/10.1093/nar/gkm900
https://doi.org/10.1186/1471-2105-7-109
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1093/nar/gkt214
https://doi.org/10.1186/1471-2105-14-91
https://doi.org/10.1186/1471-2105-14-91
https://doi.org/10.1111/mmi.12796
https://doi.org/10.1021/acsinfecdis.7b00065
https://msystems.asm.org

	RESULTS
	Metabolic and lipidomic perturbations in response to polymyxin B. 
	Polymyxin B induced differential transcriptomic changes between polymyxin-susceptible and -resistant P. aeruginosa strains. 
	Polymyxin B induced alterations in lipid profiles and the related metabolites. 
	Polymyxin B caused metabolic and transcriptomic changes in central carbon metabolism and stress response pathways. 
	Metabolic perturbations in lipopolysaccharide and peptidoglycan synthesis. 
	Metabolic and transcriptomic perturbations in lipid A remodelling. 

	DISCUSSION
	MATERIALS AND METHODS
	Chemical and reagents. 
	Bacterial strains and culture. 
	Preparation of metabolomics samples. 
	LC-MS analysis of metabolites. 
	Data processing and statistical analyses. 
	RNA extraction and analysis of RNA sequencing data. 
	Isolation and structural characterization of lipid A. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

