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Abstract 

Multidrug-resistant (MDR) bacteria are one of the three greatest threats to human health globally 

and there are few therapeutic options available. Polymyxins (polymyxin B and polymyxin E [i.e. 

colistin]) have been used as the last-line defence for infections caused by MDR Gram-negative 

pathogens, such as Acinetobacter baumannii and Pseudomonas aeruginosa. However, 

pharmacokinetic/pharmacodynamic (PK/PD) studies indicate that polymyxins often fail to 

achieve an effective exposure in vivo due to the dose-limiting nephrotoxicity, potentially leading 

to the emergence of resistance. Combination therapy has been strongly recommended to 

optimise the clinical use of intravenous polymyxins; however, there is a lack of understanding 

of the exact mechanisms of polymyxin action and their synergistic combinations with other types 

of antibiotics. Polymyxins enter Gram-negative bacteria via the ‘self-promoted uptake’ pathway, 

which is initiated by electrostatic interaction with the lipid A of lipopolysaccharide (LPS) in the 

bacterial outer membrane however the details remain unknown. Metabolomic and transcriptomic 

analyses are robust, systems-based tools that are increasingly used to investigate the mechanism 

of drug action. This PhD project is the first to investigate the comparative metabolic profiles of 

MDR A. baumannii strains and revealed that there are significant metabolic differences between 

polymyxin-susceptible and -resistant strains (Chapter 2). In contrast to its parent strain ATCC 

19606, the LPS-deficient, polymyxin-resistant derivative strain 19606R was significantly 

perturbed in the pentose phosphate pathway (PPP), tricarboxylic acid (TCA) cycle and 

metabolism of specific amino acids, nucleotides, lipids, LPS and peptidoglycan. Furthermore, in 

vitro and clinical evidence demonstrated that two combination therapies, namely polymyxins 

with carbapenems, and polymyxins with rifampicin, are synergistic against MDR A. baumannii 

and P. aeruginosa. An untargeted metabolomics study of the colistin/doripenem combination 

against A. baumannii showed synergistic killing via a time-dependent inhibition of key 

metabolic pathways (e.g. lipids, nucleotides, PPP, LPS and peptidoglycan biosynthesis) (Chapter 



 
 

ix 
 

3). Moreover, the untargeted metabolomics study of polymyxin B/rifampicin combination 

against P. aeruginosa showed that the synergistic action significantly perturbed cell metabolism 

of lipids, nucleotides, amino acids, central carbon metabolism (i.e. glycolysis, TCA cycle, and 

PPP), LPS and peptidoglycan biosynthesis. Interestingly, the synergy was predominantly driven 

by the action of rifampicin but facilitated by polymyxin B (Chapter 4). Transcriptomic data on 

polymyxin B/rifampicin combination treatment revealed that the synergistic action significantly 

reduced virulence gene expression in P. aeruginosa, suggesting that this combination therapy 

could affect bacterial pathogenicity (Chapter 5). Furthermore, the results demonstrate the 

dynamics of cellular respiration of P. aeruginosa in adopting anaerobic denitrification process 

to counteract the effect induced by polymyxin B/rifampicin combination. In turn, treatment with 

polymyxin B or rifampicin alone induced antibiotic resistance within 1 hr and 24 hr, respectively, 

signifying the importance of PK/PD optimisation and the significant potential of polymyxin 

combination therapy. Finally, using genome-scale metabolic network analysis, the 

complementary metabolomics and transcriptomic data were integrated to examine the 

synergistic mechanism of polymyxin B and rifampicin in combination (Chapter 6). Overall, this 

project provides valuable mechanistic insights into the global metabolic differences between 

polymyxin-susceptible and -resistant isolates. This study also highlights the significance of the 

dynamic interaction of cellular metabolic and regulatory pathways in response to different 

classes of antibiotics, and the potential of paradigm-shifting antimicrobial pharmacology.  
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1.1 Statement of the problem 

Among the greatest challenges to human health is the global dissemination of multidrug-resistant 

(MDR) bacterial pathogens. The paradoxical trend of the constant declining of novel antibiotic 

discovery as well as the rapid emergence of Gram-negative ‘superbugs’, necessitates a 

resurgence of polymyxins as the last-line therapy for the treatment of life-threatening infections. 

The finite in vivo pharmacokinetics/pharmacodynamics (PK/PD) of polymyxins show 

polymyxin monotherapy generate sub-optimal plasma concentrations. This phenomenon can 

lead to the emergence of polymyxin resistance and significantly compromise their clinical utility. 

In order to address this crucial problem, polymyxin combination therapy has been suggested as 

a viable alternative resolution to polymyxin monotherapy. Despite the fact that various efforts 

have been focused in detailing the action mechanism of polymyxins, the exact mechanism still 

remains unclear. A comprehensive understanding of the polymyxin action and resistance 

mechanisms is essential to systematically optimise the clinical use. Systems biology provides 

powerful tools to obtain a global cross-section of cellular biochemical and regulatory networks 

under a defined condition. This approach is being increasingly employed in drug development 

to elucidate the mechanism of drug action. The overall aim of this PhD project was to decipher 

the mechanisms of antibacterial activity and resistance of polymyxins mono- and combination 

therapy with carbapenems and rifampicin against MDR pathogens, namely Acinetobacter 

baumannii and Pseudomonas aeruginosa. Hypothesis-generating methodologies, metabolomics 

and transcriptomics were employed. Admittedly, an in-depth understanding of cellular metabolic 

and regulatory perturbations of MDR Gram-negative bacteria, induced by polymyxins and their 

combinations provides key information to the discovery of novel potential drug targets. 

Importantly, the results obtained in this project highlight the significant potential of systems 

pharmacology in optimisation of antibiotic use in patients and advocate the employment of 

polymyxin combination therapy.
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1.2 Bad bugs, no drugs 

Antibiotic resistance is increasing at an exponential rate worldwide. This is exacerbated by the 

consistently lower rates of novel antibiotic discovery and development pipeline (Figure 1.1) (1). 

The overwhelming drug resistance evolved predominantly due to the global overuse and misuse 

of the existing drugs, which has resulted in multidrug-resistant (MDR) pathogens, in particular 

Gram-negative ‘superbugs’ (2, 3). Worryingly, it has been projected that this critical state of 

antimicrobial resistance will continue to rise and by 2050 would lead to a mortality rate of 10 

million every year, coupled with a reduction of 2% to 3.5% in Gross Domestic Product (GDP) 

(Figure 1.2) (4). The World Health Organization (WHO) declared the emergence of antibiotic 

resistance as one of the greatest threats to human health (5).  

 

The Infectious Diseases Society of America (IDSA) ascertains that the major threat of antibiotic 

resistance is mainly caused by the six ‘superbugs’ ESKAPE (i.e. Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter species), that are characterised by their ability to ‘escape’ 

antibiotics (6, 7). The Centres for Disease Control and Prevention (CDC) has categorised major 

MDR pathogens that commonly cause infections in the hospital and the community settings as 

presenting “Urgent”, “Serious” or “Concerning” Threats (8). Very recently, the WHO ranked a 

list of antibiotic-resistant “priority pathogens” into three levels, Priority 1 (Critical), Priority 2 

(High) and Priority 3 (Medium) based on the urgency and corresponding allocated focus for the 

research and development of new antibiotics (9).  

 

Proactive counter-measures need to be thoughtfully planned out and implemented by various 

parties, particularly the pharmaceutical industries, clinicians and researchers. The IDSA 

previously proposed a goal to develop and approve 10 novel antibiotics by the year 2020 (10). 
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To achieve this target, strategic clinical research should be focused more intensively to accelerate 

the process of drug discovery and development. Nevertheless, the current global economic 

climate and the challenging regulatory requirements necessitate a comprehensive effort to 

optimise the currently available antibiotics (2). Therefore, the use of an ‘old’ class antibiotic 

polymyxins as the last-line therapeutic defense is vital (11). This PhD project primarily 

employed the MDR A. baumannii and P. aeruginosa, general overviews of both important 

pathogens are covered in this section.    

 

 

Figure 1.1. The inverse relationship of antibiotic development versus emergence of 

antibiotic resistance. The rapid increase of antibiotic resistant bacteria coincides with the sharp 

decrease of new antibiotic discovery. Figure adapted from Schaberle et al. (5). 
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Figure 1.2. A global estimate of death attributable to antimicrobial resistance (AMR) every 

year by 2050. (A) Comparison between leading causes of death. The problem of antibiotic 

resistance would lead to 10 million people dying every year. (B) Comparison of antibiotic 

resistance problems between different parts of the world. Figure adapted from O’Neill (4).    

 

1.2.1 A. baumannii: an emerging opportunistic pathogen  

A. baumannii is an environmental coccobacillus Gram-negative opportunistic pathogen that is 

rapidly emerging in the clinic (12). The CDC has classified MDR A. baumannii as a 

microorganism with a “Serious Threat” level (8). Due to its resistance to almost all current 

antibiotics, A. baumannii has been rated with the “Critical” level by the WHO in the priority to 

discover for novel antibiotics (9). This pathogen’s remarkable ability to tolerate and survive in 

a wide range of environmental conditions, particularly in hospitals for months has predominantly 

led to serious nosocomial and endemic infections, contributing to high morbidity and mortality 

rates (13, 14). At least three factors mainly contribute to the persistence of A. baumannii in the 

hospital setting which include their resistance to antibiotics, desiccation and disinfectants (12). 

A. baumannii commonly causes pneumonia, bacteremia, meningitis, urinary tract infection and 

wound infection (14-16).  
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Pathogenesis of A. baumannii is associated predominantly with several virulence factors, 

specifically of OmpA, a type of outer membrane protein, their ability to form biofilm and secrete 

key proteins for example phospholipase C and D (17, 18). Other significant factors that may 

contribute to the virulence of A. baumannii include its presence of lipopolysaccharide (LPS), 

capsular polysaccharide, penicillin binding proteins (PBPs) and outer membrane vesicles 

(OMV) (19). Among the treatment preferences for MDR A. baumannii infection are 

carbapenems (e.g. doripenem, imipenem and meropenem), -lactamase inhibitors (e.g. 

sulbactam), aminoglycosides (e.g. amikacin and tobramycin) and tigecycline (12). Polymyxins 

would be administered as the last-line therapy against carbapenem-resistant A. baumannii 

isolates and it is commonly combined with aminoglycosides or rifampicin (20, 21). Analysis of 

several observational studies indicate that approximately 57-77% of severely ill patients infected 

with MDR A. baumannii were improved following treatment with colistin (13). The combination 

therapies for treating MDR A. baumannii infection that have displayed additive and synergistic 

killing effects include the rifampicin containing combinations (e.g. imipenem/rifampicin, 

colistin/rifampicin, tobramycin/rifampicin), imipenem/amikacin and carbapenem/sulbactam 

(14).   

 

A. baumannii hastily evolves resistance to almost all clinically existing antibiotics by its ability 

to regulate innate resistance mechanisms, and more alarmingly by the acquisition of external 

genetic elements (12). Recently, Gao et al. reported the longitudinal multicenter surveillance 

study which revealed a significant increase in a nationwide prevalence of A. baumannii 

resistance from 2004 to 2014 in China (22). The results showed that the rate of antibiotic 

resistance in A. baumannii was approximately > 65% with increased of the prevalence of 

imipenem resistance from 13% to 70% and that extremely drug-resistant A. baumannii from 11% 

to 60% (22). A. baumannii genetically contains several large genomic islands with multiple 
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resistance genes, and the resistance mechanism can be mediated via mobile genetic elements, 

particularly plasmids, transposons and integrons (23-32). A. baumannii can also potentially 

develop resistance via enzymatic degradation for example by -lactamases, metallo--

lactamases, serine oxacillinases, AmpC cephalosporinases, acetyltransferases, 

nucleotidyltransferases and phosphotransferases (12). Non-enzymatic mechanisms of resistance 

in MDR A. baumannii include changes in outer membrane proteins and drug-target binding sites, 

efflux pumps and alterations of PBPs (12, 33-39). It has been shown that MDR A. baumannii 

can develop resistance by the loss of porin channels which are functionally essential to transport 

drugs into the cell (40). Polymyxin resistance in A. baumannii is commonly associated with the 

modification of the polymyxin binding site, the lipid A domain of LPS structure in the bacterial 

outer membrane and total LPS loss (41-44). Heteroresistance to polymyxins has been reported 

in A. baumannii, which is characterised by the presence of polymyxin-resistant subpopulations 

within a susceptible isolate (45-48). The detailed mechanism of polymyxin-induced LPS 

modification is reviewed in Section 1.3.4. 

 

1.2.2 P. aeruginosa: an opportunistic ‘superbug’  

P. aeruginosa is an opportunistic aerobic bacillus Gram-negative pathogen commonly exists in 

both community and hospital setting (49). Predominantly, P. aeruginosa is a cause of hospital-

acquired acute and chronic infections in patients with immunocompromised, seriously ill in 

intensive care units (ICU), mechanically ventilated with malignancies or human 

immunodeficiency virus (HIV) (8, 50-52). In addition, cystic fibrosis (CF) patients are highly 

susceptible to P. aeruginosa which has become a leading cause of chronic lung infection (53, 

54). MDR P. aeruginosa is majorly responsible for pneumonia, urinary tract infections and 

bloodstream infections (49). Similar to A. baumannii, MDR P. aeruginosa has also been 

assigned a threat level of “Serious” by the CDC and of “Critical” priority by the WHO (8, 9). 
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The life-threatening infections caused by MDR P. aeruginosa has led to significant increases in 

morbidity and mortality rates worldwide (49, 55). Notably, P. aeruginosa displays susceptibility 

towards α-carboxy- and amino-penicillins, third- and fourth-generation cephalosporins, 

monobactams, carbapenems, aminoglycosides and fluoroquinolones.  

 

Pathogenesis of P. aeruginosa is initiated by bacterial colonisation followed by tissue invasion, 

as the processes are elicited via numerous cellular virulence factors (Figure 1.3) (50, 51). P. 

aeruginosa colonises the infection site with their structural surface components of flagella and 

pili which then lead to tissue invasion by a wide range of extracellular products for example 

elastase, alkaline protease and pyocyanin (51). Notably, isolates of P. aeruginosa from acute 

infections phenotypically display a great extent of virulence determinants compared to isolates 

from chronic infections (54, 56). Several virulence factors are tightly governed by a complex 

regulatory and signaling network via a quorum-sensing (QS) system (54, 57). Studies showed 

that approximately 3-7% of P. aeruginosa genome is regulated by the QS system (58).  
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Figure 1.3. Virulence factors of P. aeruginosa. Cell-associated virulence factors are flagella, 

type IV pili and LPS which are essential for bacterial attachment. Secreted virulence factors that 

exhibit various effects on the host including cytotoxins, proteases, mucins, lipases, 

phospholipases, pyocyanin and pyoveridine. Figure adapted from Gellatly et al. (56). 

 

In general, the QS system is mediated by autoinducers, which are small membrane-diffusible 

signal molecules, known as acyl homoserine lactones (AHLs) operating in a density-dependent 

manner by acting upon specific transcriptional regulators (56). The most studied QS systems in 

P. aeruginosa are the las and the rhl systems (58). The las system includes the Lasl synthase 

protein, important for the production of the AHL signal molecule N-(3-oxododecanoyl)-L-

homoserine lactone (3O-C12-HSL), and the LasR transcriptional regulator. Secondly, the rhl 

system comprises of RhlI, important for the production of the AHL N-butyryl-L-homoserine 

lactone (C4-HSL), and the RhlR transcriptional regulator. Additionally, a novel QscR has been 

identified to functionally regulate the production of several other virulence factors via the 

expression of both lasl and rhlI (59). It has been demonstrated in several animal models that the 

deletion of one or more genes associated with the QS system result in decreased virulence in P. 

aeruginosa (60, 61).       
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As the QS systems and virulence factors are significant for the establishment of infections, these 

machineries have been examined as potential drug targets (53, 58, 62-64). Studies have been 

reported on the significant effects of different antibiotic classes on the regulation of many 

virulence determinants in P. aeruginosa (65-71). Azithromycin at sub-inhibitory concentrations 

significantly inhibited the expression of several virulence factors (e.g. elastase, proteases, 

lecithinase, DNase and pyocyanin) and caused loss of bacterial motility (65). In addition, it has 

been reported that the effect of azithromycin, ceftazidime and ciprofloxacin significantly 

decreased the expression of QS-regulated virulence determinants (e.g. chitinase, protease, 

elastase, rhamnolipid and type III secretion system), suggesting the reduction of bacterial 

pathogenicity (67). Cummins et al. reported the transcriptome analysis of the effect of sub-

inhibitory concentrations of colistin on P. aeruginosa which revealed the up-regulation of the 

Pseudomonas quinolone signal (PQS) biosynthesis genes and the phenazine biosynthesis operon 

(68). Therefore, infections caused by P. aeruginosa potentially can be prevented as the QS 

regulated genes and virulence factors would be an ideal drug target.   

 

Notably, the efficiency of P. aeruginosa to develop resistance in response to various classes of 

antibacterial agents during the treatment has become a significant challenge particularly from 

patients in ICUs (49). In particular, the resistance rate from CF patients is significantly higher 

than from non-CF patients (72). An important feature of MDR P. aeruginosa, particularly during 

chronic infection in CF patients is its propensity to form biofilm and over-express the 

exopolysaccharide alginate to become mucoid (73, 74). MDR P. aeruginosa can develop 

resistance via an intrinsic, acquired and adaptive mechanisms (and sometimes all three at once), 

which makes their infections extremely tough to treat (56). The intrinsic resistance can be due 

to the low permeability of this pathogen’s outer membrane. It has been reported that its 

membrane permeability is about 100% lower than outer membrane of E. coli (75). Resistance in 
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P. aeruginosa is also caused by the constitutive expression of membrane efflux-pumps (mex) 

and the natural occurrence of chromosomal -lactamase, ampC; particularly induced in response 

to -lactams, quinolones and aminoglycosides (76). As a consequence of the activation of efflux-

pumps and -lactamases, the entry of small hydrophilic compounds is inhibited while excluding 

larger molecules altogether. The ability of P. aeruginosa to develop resistance to various classes 

of antibiotics is conferred by its large genome size approximately of 6.26 Mbp which encode 

5,567 genes (72, 77). Furthermore, the acquired resistance of P. aeruginosa may be the result of 

plasmid-mediation or mutations (either by single or multiple mutations) which alter the 

expression and/or function of chromosomally target genes. These pathogens are commonly 

treated with penicillins, cephalosporins, carbapenems, monobactams, aminoglycosides and 

fluoroquinolones (49, 56, 78). The effect of external environment and antibiotic treatment can 

significantly induce adaptive resistance in P. aeruginosa (56), and this is reviewed in Section 

1.3.4, particularly of polymyxin resistance.  

 

1.3 Polymyxins: an overview 

Polymyxins are an ‘old’ class of cationic polypeptide antibiotic firstly isolated in 1947 from the 

spore-forming Gram-positive soil bacterium, Paenibacillus polymyxa (79, 80). Polymyxins were 

used clinically since the late 1950s, but were never subjected to a systematic drug development 

procedure (81). Due to reports of toxicity, particularly nephrotoxicity and neurotoxicity, the 

clinical use of polymyxins was abandoned in the 1970s (82). Nevertheless, since the 1990s 

polymyxins have been increasingly used as the last-line treatment for MDR Gram-negative 

bacterial infections. 
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1.3.1 Chemical structures 

Polymyxins are small non-ribosomal cyclic lipopeptide molecules of ~1200 Da in mass. 

Structurally, it composed of a cyclic heptapeptide ring between the amino group of the side chain 

of the diaminobutyric acid (Dab) residue at position 4 and the carboxyl group of the C-terminal 

threonine residue at position 10 (Figure 1.4) (11). The five non-proteogenic Dab residues render 

their polycationic activity at pH 7.4 with hydrophobic residues at positions 6 and 7 and an N-

terminal fatty acyl group. The presence of both lipophilic and hydrophilic groups in polymyxin 

structure are attributed to its amphipathic nature, which is vital for their bactericidal action (11). 

Two classes of polymyxins are being used clinically, polymyxin B and colistin (also known as 

polymyxin E) which differ by only an amino acid at position 6 (Figure 1.4) (83). Both polymyxin 

B and colistin are made up of L-configuration amino acid residues but only differ at their 

hydrophobic region at position 6 with the presence of D-phenylalanine in polymyxin B while D-

leucine in colistin. Two main components that form colistin are colistin A and B, whereas of 

polymyxin B are polymyxin B1 and B2. There are at least 7 individual polymyxin B and 11 

polymyxin E components that have different structures, such as the N-terminal fatty acyl groups. 

The synthesis of polymyxins involves a series of non-ribosomal synthetases with specific 

domains that govern adenylation, thiolation (peptidyl carrier protein) and condensation (84).    
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Figure 1.4. Chemical structures of polymyxin B and colistin. Polymyxin structure is 

characterised by five Dab residues, hydrophobic residues at positions 6 and 7 and an N-terminal 

fatty acyl group. Figure adapted from Godoy et al. (85).  

 

1.3.2 Mode of action of polymyxins  

The emergence of extremely resistant Gram-negative bacteria towards polymyxins demands 

detailed understanding on the mechanism of polymyxin action to leverage novel drug discovery 

strategies. Both colistin and polymyxin B generally display similar modes of bactericidal action 

with narrow spectra activity against Gram-negative bacteria (86). In order to understand the 

mechanism of polymyxin action, it is important to firstly appreciate the very fundamental 

structure of Gram-negative bacterial outer membrane, which serves as a selective permeability 

barrier (Figure 1.5A) (87). The basic architecture of Gram-negative bacteria cell envelope is 

made up of an asymmetrical outer membrane and a symmetrical inner membrane (87). The outer 

membrane characteristically is separated into the outer leaflet which is predominantly constitutes 

of lipopolysaccharides (LPS) and the inner leaflet which is majorly comprises of phospholipids 

(87, 88). Three components that make up the structure of LPS are a highly conserved inner core 

2-keto-3-deoxyoctonoic acid (Kdo), lipid A and a variable O-antigen of repeating units of 

polysaccharide (Figure. 1.5) (87). It is widely accepted that the lipid A domain of LPS is the 
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initial specific binding target for polymyxins (11, 89). The lipid A structure consists of -1’-6-

linked D-glucosamine (GlcN) disaccharide that is phosphorylated at the positions 1- and 4’ 

(Figure. 1.5B). Lipid A commonly contains six acyl chains; four attached directly to the 

glucosamine sugars are -hydroxyl chains (usually C12 and C14 in length) and two secondary 

acyl chains adhered to the -hydroxyl group. Lipid A functionally acts as a hydrophobic anchor 

to preserve, maintain and stabilise the structure of outer membrane, conferred by the tight 

packing of its fatty acyl chains (87).  

 

 

 

Figure 1.5. Structure of Gram-negative bacteria cell envelope and LPS. (A) Cell envelope 

is surrounded by outer membrane and inner membrane structures. The outer membrane is 

composed of asymmetrical outer leaflet, predominantly contains LPS, and symmetrical inner 

leaflet, mainly composed of phospholipids. (B) The chemical structure of LPS molecule. Lipid 

A structure of LPS consists of β-1′,6-linked disaccharide of glucosamine contains both 

phosphate and fatty acyl groups. Figure modified from Ruiz et al. (90). 
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A number of models have been described on the mode of action of polymyxins (11, 91-96). 

Nevertheless, the detailed mechanism of polymyxin-induced bactericidal killing still remains 

uncertain. The broadly accepted model of polymyxin action is explained by the ‘self-promoted 

uptake’ pathway (Figure 1.6). Firstly proposed by Newton, polymyxins execute antibacterial 

action by its ability to attach to and disorganise the outer membrane structure of Gram-negative 

bacteria to eventually cause osmotic disturbance (97). Via the electrostatic and hydrophobic 

interactions, polymyxins specifically attach to their specific target binding sites, lipid A 

component of LPS structure and also phospholipids in the outer membrane. The results of 

polymyxin interactions significantly induce membrane disruption, osmotic imbalance and 

subsequently cell death (93, 94, 98-102). The electrostatic interaction is exerted as a result of the 

protonation of free amines present on the positively charged Dab residues of polymyxins with 

the negatively charged phosphate groups of the lipid A domain. The destabilisation of the LPS 

leaflet of the bacterial outer membrane is predominantly due to the displacement of divalent 

cations (Mg2+ and Ca2+) which are essential for bridging the adjacent LPS molecules. This 

permits an insertion of the hydrophobic regions of the N-terminal fatty acyl tails and amino acid 

residues at position 6 and 7 of polymyxins into the outer leaflet of outer membrane. Polymyxins 

may enter the periplasmic space and interact with the phospholipids embedded in the inner leaflet 

of outer membrane and inner membrane to disrupt bacterial phospholipid membrane structure. 

The changes cause significant expansion of the outer membrane then lead to a local membrane 

disturbance and osmotic imbalance. Later, this will increase the permeability of bacterial 

membrane structure to finally induce cell death (11, 98). Nevertheless, the systematic 

mechanism of polymyxin permeabilising action presumably does not interconnect with the 

polymyxin-induced lethal effect (103).  
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Figure 1.6. Mode of action of polymyxin via the ‘self-promoted uptake’ pathway. (A) The 

space-filling molecule represents lipid A and the stick molecule represents polymyxin B. (B) 

The electrostatic interaction between the Dab residues on polymyxin and the lipid A 

phosphoresters of LPS induces the insertion of hydrophobic regions of the N-terminal fatty acyl 

tail and amino acid residues at position 6 and 7. Figure adapted from Velkov et al. (11). 

 

Morphological study of Salmonella typhimurium and E. coli demonstrated that polymyxins 

predominantly induced blebs, projections of the outer leaflet of the bacterial outer membrane 

structure (104). The study also showed that polymyxins significantly accumulated in the cells 

which caused the aggregation of nuclear material and ribosomes (104). Furthermore, polymyxins 

have been shown to display binding affinity to 16S A-site of E. coli ribosomes but with an 

unclear impact on translation (105). In addition, the effect of polymyxins significantly altered 

the process of cell division (106, 107). Studies also have shown that the mechanism of 

polymyxin-induced bacterial killing is partly associated with oxidative stress via the generation 

of reactive oxygen species (ROS) mainly targeting DNA, RNA, proteins and lipids (108-113). 

In addition, polymyxins can potentially inhibit the respiratory chain enzymes for example 

NADH-quinone oxidoreductase, NADH cytochrome c and NADH dehydrogenase (92, 109, 114-
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116). Notwithstanding, the link of free radical generation in the mechanism of antibiotic killing 

is disputable in several literatures (110-112, 117-120). In this PhD project, the key focus of the 

investigation was to elucidate the mechanism of polymyxin action as a single or in combination 

with other antibiotics. The novel findings gathered from this PhD project will significantly 

extend the present understanding on the mechanism of polymyxin action which can be employed 

for pharmacokinetics/pharmacodynamics (PK/PD) optimisation and developing new generation 

of polymyxins (Chapters 3 to 6).  

 

1.3.3 Mechanisms of polymyxin resistance 

The worldwide increase of polymyxin use has resulted in the emergence of polymyxin 

resistance. The most common mechanism of polymyxin resistance in Gram-negative bacteria 

involves the remodelling of LPS structure in the bacterial outer membrane (121). As reviewed 

in Section 1.3.3, lipid A domain is the specific attachment site for polymyxins to exert its 

bactericidal effect. Polymyxin treatment can cause modification of the phosphate group of the 

lipid A structure by the addition of 4-amino-4-deoxy-L-arabinose, phosphoethanolamine or 

galactosamine (11). This mechanism of polymyxin resistance has been previously demonstrated 

in E. coli, P. aeruginosa, A. baumannii, K. pneumoniae and Salmonella enterica serovar 

Typhimurium (41-43, 122). The modified lipid A domain of the LPS structure caused significant 

reduction in the net negative charge of the bacterial outer membrane and thus precludes the 

electrostatic attraction of polymyxins to LPS. Polymyxins also can induce the addition of fatty 

acyl chains in the lipid A structure of the LPS. The alteration significantly induced the N-terminal 

fatty acyl chain and the hydrophobic amino acid motifs of the polymyxins to be less penetrable 

towards the outer membrane structure of bacteria (123). Interestingly, lipid A-deficient mutants 

have been reported in Neisseria meningitides (124) and A. baumannii (44, 125) which results in 

complete LPS loss. These LPS-deficient mutant strains develop a very strong degree of 
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resistance to polymyxins highly likely due to the inactivation of genes of lipid A biosynthesis 

(e.g. lpxA).     

 

The mechanism of polymyxin adaptive resistance in Gram-negative bacteria is tightly regulated 

by the two-component systems induced in response to chromosomal mutations (126). 

Notwithstanding of the extensive study on the mechanism of polymyxin resistance particularly 

in P. aeruginosa, the problem remains unresolved due to the extremely complex bacterial 

regulatory networks. There are at least five two-component regulatory systems that have been 

characterised in P. aeruginosa namely PmrA/PmrB (127-130), PhoP/PhoQ (131-134), 

ParR/ParS (135, 136), ColR/ColS and CprR/CprS (137). The PhoPQ and PmrAB systems are 

the first and most studied two-component systems that linked to polymyxin resistance (127, 131, 

138, 139). The two systems, PhoPQ and PmrAB systematically regulate the expression of lipid 

A modification operon, arnBCADTEF-pmrE particularly in response to the limited availability 

of Mg2+ and phosphate independently of the presence of polymyxins. The expression of the 

arnBCADTEF-pmrE operon induced the attachment of 4-aminoarabinose, a sugar with a free 

amino group to lipid A domain of the LPS structure. The significant reduction in the negative 

charge of LPS structure as a result of lipid A modification thereby decreasing the binding affinity 

of polymyxins. On the contrary, a novel ParRS two-component regulatory system is specifically 

activated by the presence of cationic peptides (i.e. polymyxin B, colistin, indolicidin) 

independently induced by the limited-Mg2+ environmental concentration (135). Interestingly, 

Muller et al., reported that the ParRS two-component system could be activated in response to 

no fewer than four different classes of antibiotics including polymyxins, aminoglycosides, 

fluoroquinolones and -lactams (140). Therefore, the activation of the ParRS system potentially 

can induce three different resistance mechanisms via LPS modification, increased efflux pump 

and reduced porin pathway (140). The ParRS two-component system also has been shown to 
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control the regulation of multidrug efflux pump (MexEF-OprN) and quorum sensing system in 

P. aeruginosa (141). Furthermore, resistance to polymyxin also can be modulated by the CprRS 

(cationic peptide resistance) two-component regulatory system upon the exposure to 

antimicrobial peptides independently regulated by the ParRS system (136). 

 

In addition to LPS modification, polymyxin resistance potentially can be developed due to 

several other different mechanisms. K. pneumoniae, P. aeruginosa and Streptococcus 

pneumoniae have been shown to significantly induce the over-expression of anionic capsule 

polysaccharides (CPS); so as will reduce the number of polymyxins to reach bacterial surface 

(142). Polymyxins also potentially can induce the up-regulation of outer membrane efflux-pump 

proteins as demonstrated in K. pneumoniae, P. aeruginosa and E. coli (143-146). Several efflux 

pumps that have been associated with polymyxin resistance are the AcrAB (143, 146) and 

KpnEF (144), exhibited by K. pneumoniae and E. coli, and the MexAB-OprM (145) exhibited  

by P. aeruginosa. Worringly, for the first time, the emergence of plasmid-mediated colistin 

resistance, designated as MCR-1 was reported in E. coli as being isolated from animals and 

humans (147). Since then, many studies have been increasingly reported on the occurrence of 

plasmid-mediated colistin resistance in both animals and humans (148-150). The product of mcr-

1 gene, annotated as a member of the family phosphoethanolamine transferases is attributed to 

polymyxin resistance via the addition of phosphatidylethanolamine to lipid A structure of the 

LPS in the bacterial outer membrane (151). More worryingly, the likely co-existence of mcr-1 

gene with other MDR resistance genes of carbapenem and extended-spectrum -lactams (ESBL) 

potentially induced the emergence of subpopulation bacterial pathogens with pan-drug resistance 

properties (152-158). The different mechanisms of polymyxin resistance in Gram-negative 

bacteria is summarised in Table 1.1. 
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Table 1.1 Major mechanisms of polymyxins resistance in MDR Gram-negative bacteria. The 

table is modified from Olaitan et al. (159).    

Resistance mechanism  Genes involved  Bacterium   

Modification of the lipid A or Kdo with 

aminoarabinose  

arnBCADTEF operon  

and pmrE  

Salmonella enterica, 

K. pneumoniae, E. 

coli, P. aeruginosa, 

burkholderia cepacia 

complex  

Modification of the lipid A with 

phosphoethanolamine  

pmrC S. enterica, K. 

pneumoniae, A. 

baumannii  

Increased acylation of lipid A 

enhancing its modification with 

aminoarabinose  

lpxM S. enterica, K. 

pneumoniae, E. coli 

Loss of LPS  lpxA, lpxC, lpxD A. baumannii 

Efflux pump acrAB, kpnEF, 

MexAB-OprM 

K. pneumoniae, P. 

aeruginosa 

Over-expression of outer membrane 

protein OprH 

oprH P. aeruginosa  

Activation of LPS-modifying operon 

by mutations in two-component 

regulatory system  

pmrA/pmrB, 

phoP/phoQ, colR/colS, 

cprR/cprS, parR/parS 

S. enterica, K. 

pneumoniae, A. 

baumannii, P. 

aeruginosa 

Plasmid-mediated  mcr-1 E. coli 

 

 

 

1.3.4 Nephrotoxicity and neurotoxicity 

The clinical use of intravenous polymyxins has been reported to cause notable nephrotoxicity in 

up to 60% of patients (82, 160-162). The old studies of polymyxin nephrotoxicity mainly were 

attributed to intramuscular colistimethate sodium administration, an inactive prodrug form of 

colistin also known as colistin methanesulphonate (CMS) (163-165). The administration of CMS 

was markedly associated with the higher daily dosage compared to the current dose 

recommendation (82). Old literature reported that the incidence of nephrotoxicity of intravenous 

CMS administration was about 20-36% in studies of patients with pre-existing renal disease 

(166, 167). It has been shown that patients treated with intravenous CMS had renal impairment 
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during treatment (26%), prolonged increase of blood urea nitrogen levels (10%), decreased 

creatinine clearance and an elevated serum creatinine levels (50%) (168-170). Nevertheless, 

recent data revealed that the incidence of polymyxin-induced nephrotoxicity was lower 

compared to the previously reported cases in the 1970s. In a comparative study of patients with 

ventilator-associated pneumonia caused by an A. baumannii infection, the results demonstrated 

that the incidence of CMS-induced nephrotoxicity (24%) was much lower than the effect of 

intravenous imipenem/cilastatin administration (42%) (171). In addition, Hartzell et al. reported 

that the administration of CMS caused only mild renal dysfunction, without the occurrence of 

renal replacement therapy and permanent kidney damage (172).  

 

Polymyxins predominantly induce renal insufficiency by the reciprocal rise in serum creatinine 

levels and decline in creatinine clearance. The administration of polymyxins potentially to cause 

haematuria, proteinuria, cylindruria, oliguria and acute tubular necrosis (82). Polymyxin-

induced nephrotoxicity is known to be dose-dependent effect potentially due to the disruption of 

cellular membrane integrity, which allows the influx of ions and water to finally cause cell lysis 

(173, 174). Colistin also significantly increases the transepithelial conductance of the urinary 

bladder epithelium (175). Nevertheless, the detailed mechanism of polymyxin-induced 

nephrotoxicity still remains unclear. Furthermore, neurotoxicity occurs less often than 

nephrotoxicity. The adverse effects associated with neurotoxicity include paraesthesia and the 

development of respiratory apnoea which also found to be dose-dependent effect (167, 168). 

Conversely, recent reports demonstrate that the incidence of polymyxin-induced neurotoxicity 

was not associated with the neuromuscular blockade or apnoea (176-178). The occurrence of 

neurotoxicity has been linked with the interaction of polymyxin and neurons. Polymyxin induces 

neuromuscular blockade as it inhibits the release of acetylcholine to the synaptic gap (179, 180). 

In addition, the neurotoxic effects of polymyxins could cause dizziness, generalised or specific 
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muscle weakness, facial and peripheral paraesthesia, partial deafness, visual disturbance, 

vertigo, confusion, hallucinations and seizures.     

       

1.3.5 Pharmacokinetics and pharmacodynamics (PK/PD) 

The pharmacokinetics/pharmacodynamics (PK/PD) of polymyxins have been examined in order 

to optimise their clinical use. Despite the indistinguishable in vitro antibacterial activity of 

polymyxin B and colistin, both show remarkable differences in term of their in vivo PK profiles 

which significantly affecting clinical outcomes of polymyxins in patients (81, 165). Colistin and 

polymyxin B predominantly differed in term of their parenteral administration. Colistin is 

generally administered as an inactive prodrug of the sodium salt of colistin methanesulphonate 

(CMS), also known as colistimethate, whereas the administration of polymyxin B is as its active 

form (sulphate salt) (163-165). CMS is a chemically-modified form of colistin, masking the 

primary amines of the Dab residues with methanesulphonate moieties that are negatively charged 

at a physiological pH (181). The complex chemical feature of CMS renders it as an inactive 

prodrug, functionally exhibits less potent bactericidal killing and toxic effects as compared to 

polymyxin B. A greater amount of PK study of polymyxins has been carried out on colistin and 

CMS compared to polymyxin B as the former has been more broadly used clinically (182-185).  

 

The PK description for CMS, colistin and polymyxin B is simplified in Figure 1.7 (181). After 

parenteral administration, CMS is converted to colistin with a slow increase in plasma 

concentration. The route of clearance of CMS is predominantly via the kidneys whereas colistin 

mainly via other routes as it is extensively reabsorbed in the renal tubules (186, 187). It has been 

shown that intravenous administration of 3 million units (240 mg) of CMS for every 8 hr takes 

about 36 hr to achieve colistin steady-state plasma concentration of 2 mg/L in patients with no 

renal impairment indicating the low plasma exposure to colistin (188). Garonzik et al. reported 
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a largest population PK model (n=105) investigated the disposition of colistin following 

intravenous CMS administration in critically ill patients (Figure 1.8) (189). In this study, the 

average steady-state plasma colistin concentration was highly variable between the patients 

(0.48–9.38 mg/L) given that the plasma concentration of formed colistin is highly influenced by 

renal function (189). Several clinical studies demonstrated that CMS monotherapy with the 

currently recommended dosage regimens were unlikely to produce an optimal in vivo plasma 

exposure particularly in patients with moderate-to-good renal function and/or for causative 

pathogens with MICs of > 1.0 mg/L (190-192). On the contrary, the available clinical studies on 

PK information of polymyxin B is very limited (193-196). As polymyxin B is administered as 

active drug, therefore its disposition is relatively simple and rapidly to reach steady-state 

concentrations (197). Polymyxin B is majorly eliminated via non-renal routes as only less than 

1% is excreted through the renal pathway in its unchanged form (98). It has been suggested that 

plasma concentration of polymyxin B have not been influenced by renal function as shown by 

minimal interpatient variability in the average steady-state plasma polymyxin B concentration 

(0.68 mg/L to 4.88 mg/L) (197). Therefore, polymyxin B is better administered in those 

infections that highly required rapid and reliable optimal concentrations in the systematic 

circulation (181). Whereas, CMS becomes a treatment preference for urinary tract infections as 

CMS relatively exists in higher concentrations (181). 
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Figure 1.7. Summary of polymyxin pharmacokinetic pathways. (A) CMS and colistin (B) 

polymyxin B. The relative degree of polymyxin clearance with normal kidney function is 

represented by the thickness of the arrows. Figure adapted from Nation et al. (181). 

 

 

Figure 1.8. Steady-state plasma concentration versus time profiles of (A) CMS and (B) 

formed colistin in critically-ill patients. The data were gathered from 105 patients in critical 

conditions with 89 not on renal replacement, 12 on intermittent hemodialysis and four on 

continuous renal replacement therapy. Figure adapted from Garonzik et al. (189).
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Compared to polymyxin B, colistin has been extensively reported in many in vitro PD study in 

both static and dynamic time-kill studies. Both colistin and polymyxin B exhibit rapid 

concentration-dependent killing against Gram-negative bacteria including A. baumannii, K. 

pneumoniae and P. aeruginosa often following with the rapid re-growth (183-185, 198). In 

addition, the rate and extent of bacterial killing of polymyxins are influenced by an inoculum 

effect (198, 199). The rapid emergence of polymyxin resistance is likely due to heteroresistance, 

a polymyxin-resistant subpopulation in a colony that shows susceptibility based upon minimal 

inhibitory concentrations (MICs) (46, 81, 184, 199, 200). Polymyxin PK/PD index represents 

the most predictive correlation of polymyxin activity (i.e. as determined by log10 CFU/mL 

reductions in the population of bacteria) which is defined by the ratio of the area under free 

plasma concentration-time curve to MIC value (fAUC/MIC) (Figure 1.9) (201, 202). As 

reviewed in the PK profile of CMS above, polymyxin B is very likely to generate higher 

fAUC/MIC values than CMS (203). The association of fAUC/MIC with polymyxin bacterial 

killing effect indicates the significant effect of the time-average exposure to polymyxins than 

the dosage-average exposure (204). On account of the PK/PD limitations of both colistin and 

polymyxin B, hence, more data are urgently required from both in vitro and in vivo studies to 

provide polymyxins dosage guidelines, especially in critically ill patients.   
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Figure 1.9. Relationship between bacterial load of log10/CFU in the thighs of neutropenic mice 

at 24 hr and the fAUC/MIC of colistin for P. aeruginosa ATCC 27853. Figure adapted from 

Cheah et al. (182).  

    

 

1.3.6 Polymyxin combination therapy 

Evidence from in vitro and clinical studies demonstrated that antibiotic combination therapy is 

a better option for the treatment of MDR Gram-negative pathogens as shown by higher efficacy 

and lower rate of resistance development (205-208). An observational study recorded that 

approximately 25-50% of patients with bacteraemia, surgical site infections, pneumonia and 

septic shock in ICUs have been treated with drug combination therapy (205). A comparative 

meta-analysis study of carbapenemase-producing Enterobacteriaceae infections showed that the 

mortality rates in combination therapy was 27%, whereas in monotherapy was 38%, suggesting 

the survival advantage of the antibiotic combination treatment (209). However, evidence on 

efficacious antibiotic combination therapy in clinical studies is insufficient as more needed to be 

investigated. Arguably, certain drug combination therapy might potentially lead to even more 

adverse and harmful toxic effects, further increasing bacterial resistance and finally exorbitant 
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treatment costs (205). Despite the negative points concerning on drug combination therapy, at 

least three reasons justify its application: (i) to extend the empiric coverage provided by two 

different agents aimed at different cellular targets to sufficiently kill the pathogens, by at least 

one of the two drugs, (ii) to enhance the clinical outcome due to the limited PK/PD profile of 

drug monotherapy and, (iii) to limit or inhibit the likely emergence of heteroresistant 

subpopulation bacteria during antibiotic treatment (16, 205, 210-212). In particular 

circumstances, antibiotic combination therapy is strongly recommended to be used for example 

for patients with profoundly neutropenic and septic as well as patients in the ICU and ventilator-

associated pneumonia (VAP) (205).  

 

As reviewed in Section 1.3.5, polymyxin monotherapy is unlikely to generate in vivo optimal 

plasma concentrations with the potential development of polymyxin heteroresistant 

subpopulation (81, 189, 197, 213-216). Approximately 47% to 67% mortality rates have been 

recorded in patients subjected to polymyxin monotherapy (217-221). Polymyxin combination 

therapy therefore becomes an alternative solution to polymyxin monotherapy and the approach 

has been increasingly applied in the hospital setting (81, 214). The great advantage of polymyxin 

combination therapy with other antibiotics allows the use of lower concentrations of each 

antibiotic, thus reducing its adverse toxic effects (217). Several in vitro and clinical studies on 

polymyxin combination treatment have shown synergy against MDR Gram-negative pathogens, 

including A. baumannii, P. aeruginosa and K. pneumoniae (98, 217). A number of in vitro 

studies of colistin and carbapenem combination, in particular doripenem synergistically killed 

MDR P. aeruginosa, K. pneumoniae and A. baumannii (222-227). In addition, the combination 

of colistin and tigecycline or meropenem have been shown to significantly increase the survival 

rates of patients (228, 229). It has also been demonstrated that the colistin-carbapenem 

combination significantly limit the emergence of colistin resistance (16, 227, 230). Furthermore, 
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evidence from several in vitro and clinical studies showed that the combination of polymyxin 

and rifampicin synergistically kill MDR Gram-negative pathogens (231-236). However, there is 

still lack of evidence on polymyxin combination therapy in patients and it is usually evalued 

only by non-randomised, retrospective analysis, with small and low power prospective trials of 

undefined patients (206, 214, 228, 237-242). In addition, the dosage regimens and PK data from 

the clinical studies of polymyxin combination are often missing in the literature.  

 

The synergy between two agents is defined as a greater-than-log2 increase in in vitro bacterial 

killing relative to the killing effect of each agent alone (205). Two standard methods to measure 

the rate of in vitro bacterial killing are (1) time-kill curve method, a fixed concentration of a 

single or multiple agents in combination over time, and (2) checkerboard method, an evaluation 

of the various concentrations of two different agents (205). Various techniques have been 

developed to evaluate and determine the type of drug interactions (i.e. synergistic, additive and 

antagonistic), for example using dose-response based methods namely Loewe additivity (243), 

isobologram (244) and Chou-Talalay method (245, 246). Using a computational approach, a PPI 

network-based method termed “NIMS” and neighbour communities have been designed to study 

drug combinations (247). Despite the efficiency of drug combination therapy and the advanced 

progress on the method to evaluate drug interactions, the detailed underlying mechanism remains 

unclear (212). So far, very little work has been undertaken to elucidate the mechanism of action 

of drug combination therapy. Recently, using systems pharmacology to study antibiotic-induced 

metabolomic and transcriptomic changes can provide valuable insights into the mechanism of 

drug interactions with individual biomolecules affecting particular cellular pathways (248). 

Detailed review of this topic is in Section 1.4.1.       
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A number of models have been proposed to elucidate the mechanism of action of the synergistic 

killing of antibiotic combination therapy. Firstly, synergistic killing can be explained by the 

“simple uptake effects” or the bioavailability model; one drug increases the permeability of 

bacterial cell envelope to facilitate another drug reachs its specific intracellular target (212, 248-

250). Secondly, the parallel pathway inhibition model suggests that the two drugs are synergistic 

if they inhibit two different targets in parallel pathways that are essential for an observed 

phenotype (248, 251). It has also been suggested by Pal et al. that drug combination potentially 

could be elucidated by the “collateral sensitivity” model; the organism resistant to drug A may 

have become more susceptible to drug B (252). Interestingly, the mechanism of polymyxin 

synergistic killing with other antibiotics has been elucidated by two models namely the 

subpopulation synergy model and mechanistic synergy model (214). The subpopulation synergy 

model describes that one drug kills the resistant subpopulation(s) of the other drug, and vice 

versa, whereas the mechanistic synergy model describes that two drugs acting on different 

cellular pathways increase the rate or extent of killing of the other drug (214). In this PhD project, 

two synergistic polymyxin combinations were investigated, including colistin plus doripenem 

and polymyxin B plus rifampicin (Chapter 3-6). Therefore, doripenem and rifampicin are briefly 

reviewed in Sections 1.3.6.1 and 1.3.6.2, respectively.          

 

1.3.6.1 Doripenem 

Doripenem is a member of antibiotic under a carbapenem class (253). The chemical structure of 

doripenem is similar to that of other antibiotics in carbapenem class whereas differs from the 

penicillins with a sulfur atom at position 1 and an unsaturated bond between C2 and C3 (Figure 

1.10) (254). Structurally, doripenem is very similar to meropenem with sulfamoylaminoethyl-

pyrrolidinylthio group at position 2. Doripenem displays time-dependent broad-spectrum 

bactericidal activity against Gram-positive, Gram-negative and anaerobic organisms in vitro 
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including ESBL and AmpC-producing Enterobacteriaceae (255, 256). The in vitro killing effect 

of doripenem against Gram-positive bacteria is similar to that of imipenem and better than that 

of meropenem and ertapenem (257). Whereas,  against many Gram-negative bacteria, doripenem 

displays a relatively similar activity to meropenem and superior to that of imipenem and 

ertapenem (257). However, doripenem has less activity against methicillin-

resistant Staphylococcus aureus (MRSA) or vancomycin-resistant enterococci (258). The 

mechanism of action of doripenem involves the penetration and disruption of bacterial cell wall 

biosynthesis by inhibiting the action of penicillin-binding proteins (PBPs), enzymes that are 

essential for the peptidoglycan synthesis of peptide-cross linking process (258, 259). It has been 

shown that doripenem displays a high affinity for PBP2 and PBP3 in P. aeruginosa and PBP2 

in E. coli (260). As a class of -lactams, doripenem predominantly requires outer membrane 

proteins, also known as porins to facilitate its diffusion through the bacterial cell wall (259). 

Doripenem is generally stable against many -lactamases but it can be hydrolysed by 

carbapenemases.    

 

 

Figure 1.10.  Chemical structure of doripenem. Figure adapted from Peterson et al. (258).  
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1.3.6.2 Rifampicin 

Rifampicin is an ‘old’ semisynthetic antibiotic produced from Streptomyces mediterranei which 

was firstly introduced in 1968 (Figure 1.11) (261). Rifampicin displays broad spectrum 

bactericidal killing against most Gram-positive and Gram-negative bacteria, and remains the 

main drug for treatment of patients with tuberculosis (261). Rifampicin has been recommended 

to be used in combination with other drug, mainly isoniazid, pyrazinamide and ethambutol 

potentially can inhibit the emergence of resistance (261). Rifampicin displays higher MIC values 

on Gram-negative bacteria compared to Gram-positive bacteria as rifampicin is less permeable 

to the Gram-negative bacterial outer membrane (262). Rifampicin-induced bacterial killing 

involves the specific high-affinity binding to, and inhibition of the bacterial DNA-dependent 

RNA polymerase (i.e. specifically the  subunit) to directly block the RNA transcript elongation 

step (262-264).  Rifampicin resistance occurs as a result of the mutation in the protein sequence 

of the  subunit of the bacterial RNA polymerase that decreases the sensitivity of the enzyme 

towords rifampicin (262).    

 

 

Figure 1.11. Chemical structure of rifampicin. Figure adapted from (265). 
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1.4 Metabolomics  

The central dogma of molecular biology defines that the flow of information is unidirectional 

from the genomic DNA to messenger RNA (mRNA) and finally translate into proteins (Figure 

1.12) (266). Metabolites basically are compounds of protein products of the downstream systems 

biology components, including enzymes which functionally influence the concentration of their 

substrates and products in a very specific manner. The balance of cellular metabolite levels is 

highly vital in controlling many metabolic pathways and flux changes which at the end will 

determine the phenotype state of an organism (267). Therefore, cellular communication is now 

understood to be developed on the basis of complex system networks and interactions between 

DNA, RNA, protein and metabolites significantly interplayed between positive and negative 

feedback loops (Figure 1.12).  

 

 

Figure 1.12. The omics nomenclature. Metabolites are the biochemical end products of 

genomics and proteomics. Metabolites represent the comprehensive signature of the 

physiological state and unique insight of the specific biochemical processes of an organism. 

Figure is modified from Patti et al. (268). 

 

Revolutions during the period of 1980s and 1990s in the method of biological experiment has 

developed the new method of omics, an invaluable tool for the study of cell networks and 
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interactions at systems based levels (269). Although research on metabolic profiling was 

initiated earlier in the 1970s, the word “metabolome” was firstly used only in 1998 to describe 

a quantitative phenotypic analysis of Saccharomyces cerevisiae (270, 271). Metabolomics is a 

rapidly evolving systems biology method which has been applied in various research areas 

including clinical medicine and pharmaceutical (272-278), microbiology (279), agriculture and 

environmental toxicology, as well as in food analysis (280). At present, metabolomics is 

significantly adopted in the field of clinical diagnostic and drug discovery and development 

process (281-285). Metabolomics generally presents a snapshot comparison between healthy and 

diseased cells or tissues that potentially may lead to a discovery of new disease markers, 

diagnostic tests or drug targets.  

 

In general, metabolomics is a study aimed to profile all the cellular metabolites and metabolic 

pathways of the cells in response to a particular set of environmental condition (286, 287). The 

approach used in metabolomics is comprehensive which encompassed both quantitative and 

qualitative measurement of metabolites (286, 287). On the contrary, classical biochemical 

methods are commonly subjected to only a particular single metabolite and metabolic reaction 

as well as its kinetic property under a defined set of linked reactions and cycles (267, 274). 

Metabolites are small chemical units typically with a molecular weight of less than 1000 Da 

generated as a result of complex cellular interactions of genome, transcriptome, proteome and 

environment. Different classes of metabolites are for example carbohydrates, amino acids, lipids, 

and nucleotides significantly display a broad range of cellular functions. Collectively, 

metabolome represents a total pool of metabolites of various chemical compounds from 

hydrophilic carbohydrates, volatile alcohols, ketones, amino and non-amino organic acids and 

lipids to a complex mixture of secondary metabolites for example antibiotics, pigments, non-

ribosomal peptides and cofactors (267). The levels of metabolites represent a direct functional 
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reflection of a cellular metabolic state or physiological phenotypes of a cell (268, 288). 

Therefore, metabolites are always referred to as biomarkers of many biochemical reactions and 

enzymatic pathways (268, 288).  

 

Understanding the complete nature of cellular metabolic network is extremely challenging due 

to the complex pathway interactions of metabolites, enzymatic reactions and multi levels of 

regulatory systems (289). Among the massive challenges in metabolomics research is to deal 

with the dynamic nature of metabolites as they are influenced by genetic and environmental 

stimuli (267, 290). The compositions and levels of metabolites are constantly and rapidly 

transformed likely to generate variations between individual samples (290). A study conducted 

using a genome-scale model demonstrated that less than 30% of metabolites involved in two 

metabolic reactions only, whereas about 12% participated in more than 10 reactions (291). 

Metabolites are highly variables, complex and heterogeneous in their chemical structures and 

properties particularly in terms of the solubility, polarity and stability (267, 292). Therefore, it 

is inconceivable to identify and quantify the entire cell metabolome simultaneously by applying 

only a single analytical method (267, 292). Furthermore, global metabolic profiling is frequently 

complicated by the annotation of a large set of unknown metabolites that are largely exceeding 

the number of currently existing compounds in databases (268). Metabolite identification and 

validation is highly challenging by the tremendous efforts that are required to postulate the 

biological meaning of the many significantly changed metabolites, as this tends to be the rate 

limiting step in metabolomic analysis (275).   

 

1.4.1 Untargeted and targeted metabolomics 

Methodologies in metabolomics can be categorised into two, untargeted and targeted methods, 

depending on the experimental question that needs to be answered (268, 269, 293). Untargeted 
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also known as global metabolomics is basically a hypothesis-generating method which aims to 

comprehensively measure as many identifiable metabolites as possible at once including those 

of unknown compounds (275, 294). The steps in untargeted metabolomics include (1) acquiring 

global mass spectrometry data (2) bioinformatics analysis (3) putative metabolite annotation 

based on the matched mass/charge ratio and retention time with the respective metabolites 

available in various databases, and (4) metabolite confirmation via tandem mass spectral data 

analysis (295). Untargeted metabolomics is often performed to discover potential novel 

biomarkers and drug targets (269). Key challenges in untargeted metabolomics include 

metabolite sampling and processing protocols, raw data processing, identifying and 

characterising unknown molecules and a potential bias towards high-abundance metabolites 

recovery (269). In addition, the results generated from untargeted metabolomics study are always 

in the form of sophisticated metadata which highly require an advanced chemometric method 

analysis in order to produce a feasible dataset.  

 

On the contrary, targeted metabolomics is a hypothesis-driven approach, in which a 

predetermined set of a compound is measured and analysed qualitatively and quantitatively 

targeting definite interrelated pathways of interest (268, 275, 296). In targeted metabolomics, 

the dominant of high abundance metabolites and analytical artefacts likely are avoided and 

reduced as the sample preparation and processing method can be manipulated and optimised 

(269). It is important to note that, targeted metabolomics method is commonly employed to 

justify the hypothesis generated from the result of untargeted metabolomics analysis. 

 

Antibiotic-induced cell death is generally mediated via target specific inhibition (297). However, 

in detail, the mechanism of action of antibiotic is a very complex process of interactions between 

regulatory and biochemical networks. To cater the problem of antibiotic resistance, detailed 
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understanding on the mode of drug action and its resistance is hugely significant for improving 

current antibiotic therapy and identifying a novel antibiotic target. The traditional program of 

drug discovery predominantly depends on target-based high-throughput screening of a large 

library of compounds followed by lead optimisation (298-300). Nevertheless, the progress for 

searching of potential novel drugs is always hampered by the high tendency rate of failure and 

erroneous of leads as well as its uncertain in vivo activity. At present, systems biology methods 

such as genomics, transcriptomics, proteomics and metabolomics are increasingly utilised to 

investigate the mechanism of drug action and resistance (275).  

 

The rapid advancement and development of analytical technologies and bioinformatics analysis 

methods promote the extent of many advantageous of metabolomics approach in drug-mode-of-

action studies (301-303). Vincent et al. recently demonstrated the potential of untargeted 

metabolic profiling method to systematically determine the mechanisms of actions of eight 

different compounds (304). The changes of cellular metabolites were consistent with the 

expected modes of actions and targets of the drugs under the study, for example thymidylate 

kinase for AZ1, isoprenoid biosynthesis for fosmidomycin, acyl transferase for CHIR-090, DNA 

metabolism for 2-(cyclobutylmethoxy)-5’-deoxyadenosine and changes in cell wall metabolites 

for ceftazidime (304). In a study of nanoparticles which exhibit antibiotic properties revealed 

that the nanoparticles significantly induced global metabolic changes predominantly associated 

with intracellular metabolism of alanine, aspartate and glutamate (305). Halouska et al. 

demonstrated that the results of NMR-based metabolomics systematically clustered the different 

classes of antibiotics (i.e. 12 known drugs and 3 drugs with unknown mode of action) based on 

their unique global metabolic changes reflecting to their expected mechanisms of actions (300). 

Furthermore, treatment of three different antibiotic classes (i.e. ampicillin, kanamycin and 

norfloxacin) against E.coli showed a common pattern of significant metabolic changes at the 
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early time points (30 min and 60 min) then become more specific at the later time point (90 min) 

(113). Notably, of the significant metabolic changes observed was the elevation of central carbon 

metabolism and the reduction of nucleotide and lipid metabolites, suggesting the mechanism of 

oxidative stress (113). Previously, few studies have been conducted to elucidate the mechanisms 

of actions of antiprotozoal drugs applying untargeted metabolomics approach (306, 307). To the 

best of our knowledge, virtually no metabolomics research has been conducted specifically to 

investigate the modes of actions of polymyxins, either as a single or in combinations with other 

antibiotics against MDR Gram-negative pathogens.  

 

In this PhD project, untargeted metabolomics was performed to investigate the mechanism of 

action of polymyxins against MDR Gram-negative pathogens either as a monotherapy or 

combination therapy (Chapters 3 to 6). To the best of our knowledge, the studies conducted in 

this research were the first to reveal the different metabolic profiles of MDR A. baumannii and 

P. aeruginosa subjected to different polymyxin combination therapies with other antibiotics.  

 

1.4.2 Sample preparation for bacterial metabolomics 

A good study design with a robust, sensitive and reproducible method of sample preparation is 

the cornerstone of metabolomics research as it is essential for producing relevant and statistically 

significant biological data (308-310). Metabolomics experiment basically includes steps for pre-

treatment sample preparation and processing, analytical instrument processing, raw data 

processing, statistical analysis and finally data interpretation (311). Many studies concerning the 

development and optimisation of sample preparation methods have been done subjecting to 

different types of metabolomic samples (309, 310, 312, 313). In microbial metabolomics, it is 

highly recommended to establish an individual sample preparation protocol on account of the 

different structural organisations of bacterial cell envelope (314). One general sample 



Chapter One: General Introduction 
 

38 
 

preparation protocol does not fit all. Therefore, a general metabolomics protocol always needs 

to be optimised to meet the objective of a particular study and to achieve the maximum coverage 

of the entire metabolome. This is predominantly considering a large number of cellular 

metabolites with diverse biochemical properties (287). In addition, a preliminary small-scale 

metabolomic study is highly recommended to be conducted before the ‘real’ experiment to 

prevent or limit any possible error during the large-scale experimental process (308). 

 

1.4.2.1 Sample pre-treatment  

Sample preparation is the most critical step in metabolomics as the product will determine the 

biological reliability and data quality of a particular experiment. Ideally, sample pre-treatment 

method for untargeted metabolomics should be simple, unselective and rapid with minimum 

number of steps (i.e. to avoid metabolite losses) that incorporates a quenching step (287). The 

protocol should be pragmatic, robust and most importantly reproducible. To certify that the 

identified metabolites are truly reflects its physiological nature, any influence that likely leads 

to metabolic changes should be avoided or limited. Many cellular metabolites are very labile 

with high turnover rates, therefore the metabolism of cells firstly must be stopped or quenched 

(309). Quenching is an essential step in the sample preparation method that is performed to halt 

or lock cellular metabolism instantaneously by the inactivation of intracellular enzymes (315, 

316). In bacterial metabolomics, several sampling methods that are commonly performed 

include a direct quenching, cold centrifugation and fast vacuum dependent filtration (317). Cold 

centrifugation and fast filtration methods advantageously reduce the dilution effect and possible 

contaminants derived from the culture media components. These two methods enable the 

measurement of both intracellular (fingerprint) and extracellular (footprint) metabolites obtained 

by the separation of cell pellets and culture supernatants (318). However, sampling using 

centrifugation is significantly time-consuming and is likely to induce physical stress to cells. 
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Direct quenching is performed by cold shock or an instant contact with an organic solvent which 

will likely lyse cells and may lead up to 60% intracellular metabolite leakage (309). Fast 

vacuum-dependent filtration displays some advantages over the two sampling methods. The step 

taken in the fast filtration method is technically fast and the metabolite leakage potentially could 

be avoided as the cells are filtered before treatment with organic solvent (309).  

 

The use of rich culture media to grow microorganisms in metabolomics studies most likely will 

contaminate and potentially interfere the quantification of cellular-derived metabolites by falsely 

increasing their levels. To avoid the medium effect, therefore cell washing step is strongly 

recommended (309). However, under certain conditions, the washing may potentially cause cell 

leakage of up to 97% of intracellular metabolites (309). The next is cell extraction, a disruption 

of cell membrane structure to make the cell permeable to release a maximum number of 

intracellular metabolites while at the same time deactivate intracellular enzymes (316). The 

method for cell extraction must be non-destructive with the power to release as many metabolites 

as possible without any bias regardless of the diverse physicochemical properties of metabolites 

(316). Cell disruption can be either by chemical or mechanical methods. The output recovery of 

metabolites can be enhanced by combining the two extraction methods but it sometimes can be 

destructive and likely to decrease the recovery yield of some particular metabolite classes. 

Extraction using an organic solvent particularly methanol is the most common method used in 

untargeted metabolomics as the result obtained is always reproducible (309). Some of the 

frequently applied solvent mixtures used for cell extraction are cold chloroform:methanol:water 

(1:3:1, v/v), boiled ethanol:water (75:25, v/v), cold methanol:water (80:20, v/v) and 

acetonitrile:methanol:water (2:2:1, v/v) (319-322). Many studies have been conducted to 

evaluate and optimise different extraction protocols targeting for various and distinct metabolite 

classes, but none can comprehensively cover all the cellular metabolites with a single protocol 
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(319, 323-325). In this PhD project, cell washing and cell extraction steps were evaluated and 

optimised specifically for bacterial untargeted metabolomic studies (Chapter 2).  

 

1.4.2.2 Analytical methods 

The rapid advancement of analytical tools further extends the potential of metabolomics 

research. In particular, global metabolomics study ideally adopts analytical instrument which 

can provide broad coverage of different classes of metabolites (292). In addition, the instrument 

should present high selectivity and sensitivity with high resolution in order to generate 

biologically sense metabolomics data.The common analytical methods used in metabolomics 

research include nuclear magnetic resonance (NMR) spectroscopy, fourier transform-infrared 

spectroscopy (FT-IR) and chromatography separation coupled to mass spectrometry (MS) which 

are gas chromatography MS (GC-MS) and liquid chromatography MS (LC-MS) (326, 327). 

NMR spectroscopy is regularly applied for bulk metabolite analysis. Whereas, GC-MS is 

particularly used for volatile organic compounds which always requires sample pre-treatment 

processing steps (328). LC-MS allows the separation and detection of compounds of a wide 

range of polarity and the method is mostly used for untargeted metabolomics (308). Furthermore, 

high-resolution mass spectrometry (HRMS), in particular, the Orbitrap system, is preferably 

applied for untargeted metabolomics as it offers better high mass resolution and mass accuracy 

(100,000 FWHM at m/z 400 and 1 – 2 ppm) (329). For targeted metabolomics study, triple 

quadrupole (QQQ) mass spectrometry integrated with the multiple reaction monitoring (MRM) 

technology is commonly used as it is highly sensitive and robust to produce relatively high 

throughput data (268, 293).  

 

The results of untargeted metabolomics are represented by the relative differences in the 

integrated mass ion intensities of either chromatogram’s peak areas or heights between the 
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individual groups of samples. Whereas, targeted metabolomics analysis provides an absolute 

quantitation of a defined set of a metabolite level relative to the isotopically labeled standard 

(293). As no single analytical method can completely cover the various types of metabolites, 

therefore, integration of different analytical approaches is strongly recommended to obtain broad 

metabolite recovery. Previously, Martin et al. conducted a large-scale inter-laboratory metabo-

ring analysis of different analytical instruments (i.e. 5 NMR and 11 different mass spectrometers) 

demonstrated the reliability of untargeted metabolomics results (330). Interestingly, the analysis 

of same set of samples by the various analytical instruments generated comparable metabolic 

profiles with high convergence in the spectral information (with an average of 64-91%) 

irrespective of the type of standardisation, deconvolution methods, LCMS analyser or 

configuration (330). In addition, several other intra- and inter-laboratory evaluations of 

different analytical instruments have been reported. The results from the analysis of NMR 

(331, 332), GC-MS (333) and LC-MS (334) were exceptionally comparable, reliable and 

reproducible, indicating the high reliability of untargeted metabolomics data.   

 

1.4.3 Metabolomic data analysis 

Other major challenges in untargeted metabolomics concern on the complexity of high-

throughput data management, analysis and interpretation. The problems always represent the 

rate-limiting step in metabolomics research. In parallel with the rapid advancement of 

bioinformatics study field, this greatly facilitates the process of metabolomics data handling and 

analysis. In metabolomics, data analysis generally encompasses of raw data processing, 

metabolite identification, statistical analysis, pathway analysis and most importantly biological 

interpretation. The presence of many omics softwares and programs for example MathDAMP, 

MetAlign, MZMine, XCMS, IDEOM, MetaboAnalyst 3.0 and iPath provide a better convenient 

platform for data analysis (268). Depending on its particular functions, these programs are 
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functionally developed for raw data analysis (e.g. normalisation, peak picking, integration and 

alignment from the spectral noise), statistical analysis and output visualisation (268).  

 

Metabolites are assigned, either absolutely or putatively based on the signal of mass to charge 

ratio from the mass spectrum data. For metabolite identification, compounds are searched and 

matched with the metabolites presence in the various databases such as the Kyoto Encyclopedia 

of Genes and Genomes (KEGG) (335), METLIN (336), Human Metabolome Database (HMDB) 

(337) and Lipidmaps (338). A robust statistical analysis of the complex metadata put forth by 

both univariate and multivariate approaches to determine the group-wise differences between 

individual samples (288). Univariate statistical analysis is performed basically to reduce a large 

high-throughput data set to only those that demonstrate significant changes in response to a 

particular condition. Whereas, multivariate statistical analysis always is the first step to perform 

to globally visualise and verify the whole data for any unintended issues with the design of 

experiment. Some of the common approaches include unsupervised methods (e.g. principal 

component analysis (PCA), clustering algorithms) and supervised methods (e.g. partial least 

square regression and support vector machine) (288, 339, 340).  

 

1.4.3.1 IDEOM and MetaboAnalyst 3.0  

In this PhD project, IDEOM and MetaboAnalyst 3.0 were the primary tools applied for the 

metabolomics data processing and analysis. IDEOM is a freely available user friendly 

metabolomic software, accessible in a Microsoft Excel template (341). IDEOM is an automated 

processing tool, practically applied to analyse high resolution LC-MS data with integrated 

functions for noise removal, metabolite identification, statistical analysis and result visualisation. 

IDEOM integrates both the mzMatch (342) and XCMS (343) programs mainly used for raw data 

processing, peak matching, noise filtering, gap filling and peak annotation. For data analysis, 
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samples can be assigned based on individual study groups for example as blank, control, 

treatment and quality control. In addition, consistency of the samples can be automatically 

monitored based on the average peak high coupled with the normalisation function. Some of the 

noise filtered in the IDEOM include chromatographic peak shoulders, irreproducible peaks, 

background or contaminant signals and artefacts (e.g. isotopes, adducts and fragments). 

Metabolite annotation and identification is based on the accurate mass and retention time 

matching between the detected peaks with metabolites in reference databases (e.g. KEGG, 

BioCyc, Lipidmaps and HMDB). In IDEOM, metabolomics data can be analysed by both 

univariate (e.g. mean, relative intensity, standard deviation, t-test and Fisher ratio) and 

multivariate (e.g. PCA) approaches. Previously, IDEOM has been validated as an efficient data 

processing and analysis tool in several untargeted metabolomics studies for example in a study 

to elucidate the mechanism of action of a combination of eflornithine, a polyamine pathway 

inhibitor, and nifutimox against Trypanosoma brucei (307). Also, IDEOM has been applied to 

investigate the metabolic response of protozoan parasite Trpanosoma cruzi to benznidazole 

(303). Furthermore, MetaboAnalyst 3.0 was applied to complement the metabolomics data 

analysis from IDEOM majorly focused on statistical analysis and pathway analysis. 

MetaboAnalyst 3.0 is a comprehensive web-based omics tool and has been widely applied for 

data analysis, visualisation and interpretation (344). Three general categories in MetaboAnalyst 

3.0 include (i) exploratory statistical analysis (i.e. Statistical Analysis and Time Series Analysis), 

(ii) functional analysis (i.e. Enrichment Analysis, Pathway Analysis and Integrated Pathway 

Analysis), and (iii) advanced methods for translational studies (i.e. Biomarker Analysis and 

Power Analysis). Advantageously, the tool is freely available with a user-friendly interface.  
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Figure 1.13. Untargeted metabolomics workflow. 

 

1.4.4 Integrated systems biology  

Advanced systems biology has enabled the integration of different omics data (e.g. 

transcriptomics, proteomics and metabolomics) for details elucidation of the underlying 

mechanism of drug action and resistance (345, 346). The effect of drug treatment generally 

causes the alteration of cellular metabolic pathways directly affecting the cellular functions of 

genes, proteins and metabolites (339, 347). However, in certain cases of no direct association 

between genes and metabolites, the elucidation of a particular biochemical interaction is more 

complicated (267).  

 

Genome-scale metabolic model (GSMM) is a reconstruction of the metabolic network of a cell 

annotated based on the interaction between gene-protein-reactions (GPR) and mass-energy 

balance (348). GSMM has been used widely in the study of systems biology for example in 

industrial biology and systems medicine (348). The basic reconstruction of a predictive 

metabolic model is based on the available information from various omics and microbial 
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physiology studies (267). The study of metabolic response and flux simulation at systems based-

level is possible as different multi-omics data can be systematically and concurrently analysed.         

Coupled with the stoichiometric balance technique, therefore, detailed biological understanding 

of the mechanism of drug action potentially could be attained via a GSMM method. However, 

due to the complexity of the codes and scripts underlying the model, the application of GSMM 

is always limited to those computational expert groups only whereas it is not readily available 

to biologists. In addition, the limitation of a genome scale modelling include the presence of 

undefined enzyme sequences (potentially as high as 30-40%) and metabolic reactions, 

particularly those only regulated under specific external influences (349). Furthermore, the 

relationship between the GPR is generally qualitative which requires certain assumptions to 

determine their quantitative relationship (348). As the relationship between fluxes, gene 

expression levels and enzymes is extremely complex, therefore, making a general assumption is 

always difficult. Hence, interpretation of the result of a GSMM analysis is better qualitatively 

rather than quantitatively (348). In other words, the application of a GSMM is much more 

relevant to determine the presence or absence of a particular reaction with the aim to develop 

higher quality and more specific model.  

 

In particular, the reconstruction of GSMM of P. aeruginosa PAO1 was firstly reported by 

Oberhardt et al. and assigned as iMO1056 (350). The model encompassed of the association of 

GPR coupled with the stoichiometric and thermodynamic balances, accounts for a total of 1,056 

genes encoding for 1,030 proteins and 883 metabolic reactions (350). The pathways generated 

comprised of those elements important for growth and production of common cellular virulence 

factors (e.g. alginate, rhamnolipids and QS molecules). The model then was validated that 

included data of the experimental growth rate, various carbon sources and genome-scale gene 

from many of P. aeruginosa studies. The model of PAO1 has become a major tool to understand 
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the metabolic and regulatory mechanism of drug action and its resistance, in addition to its 

potential use for rational drug design and phenotypic prediction. In Chapter 6 of this thesis, a 

GSMM of P. aeruginosa was constructed and analysed to elucidate the relationship between the 

metabolite-gene-pathways that were significantly altered in response to drug treatment.     

 

1.5 Summary  

The overuse and sub-optimal use of antibiotics have led to multidrug-resistance, one of the three 

greatest threats of human health in modern medicine. With the recent state of the dry discovery 

and development pipeline for new drugs and the rapid emergence of resistance, this desperately 

requires optimisation of the clinical use of currently available antibiotics. Due to this crucial 

situation, polymyxins, an ‘old’ antibiotic class, have been revived as the last-line therapeutic 

preference for infections caused particularly by MDR Gram-negative bacteria. Notwithstanding, 

the PK/PD profile of polymyxins demonstrates that polymyxin monotherapy is not likely to 

generate optimal plasma exposure with the emergence of a resistant sub-population. To cater 

these problems, polymyxin combination therapy is strongly recommended. There are models 

that consider the mechanism of polymyxin action, yet the details remain uncertain. The complete 

understanding of the mode of polymyxin action and resistance is significant to optimise the 

clinical use. In this PhD project, hypothesis-generating omics strategies were employed to 

elucidate the mechanisms of activity and resistance of polymyxins against MDR A. baumannii 

and P. aeruginosa.  

 

1.6 Hypotheses and aims 

The central hypotheses of this PhD project were that:    

1. Global metabolic profiles are different between polymyxin-susceptible and polymyxin-

resistant MDR A. baumannii strains in the absence of antibiotic treatment. 
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2. Synergistic killing by polymyxin combinations is due to mutual perturbations of bacterial 

global metabolism and gene expression.   

 

The aims of this thesis were:  

1. To develop an efficient sample pre-treatment method for bacterial metabolomics; 

2. To examine the global metabolic profiles of paired polymyxin-susceptible and 

polymyxin-resistant of A. baumannii without antibiotic treatment; 

3. To investigate the metabolic profiles of A. baumannii with mono- and rational polymyxin 

combination therapy; and 

4. To elucidate the mechanisms of polymyxin synergistic killing against P. aeruginosa 

using metabolomics and transcriptomics. 

 

1.7 Significance statement 

1. The comparative global metabolomics study is the first to demonstrate significant 

metabolic profile changes between pairs of polymyxin-susceptible and polymyxin-

resistant A. baumannii strains of different mechanisms of polymyxin resistance due to 

LPS loss and lipid A modifications. 

2. Both colistin and polymyxin B significantly perturbed the bacterial lipid metabolism in 

both A. baumannii and P. aeruginosa reflecting its general rapid action to cause 

membrane disruptions.    

3. Two conceptual models of antibiotic synergism, the bioavailability model and parallel 

pathway inhibition model were described via a metabolomics approach; well explained 

the synergistic killing of colistin and doripenem combination and also polymyxin B and 

rifampicin combination, respectively.    
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4. The combination of colistin and doripenem synergistically kills A. baumannii by the 

time-dependent inhibition of key metabolic pathways of lipids, nucleotides, pentose 

phosphate pathway, peptidoglycan and LPS biosynthesis. 

5. The synergistic combination of polymyxin B and rifampicin is predominantly driven by 

the action of rifampicin and facilitated by the effect of polymyxin B demonstrated by the 

abundant increases of nucleotides, amino acids, peptidoglycan and LPS biosynthesis 

metabolites.  

6. The synergistic killing of the polymyxin B and rifampicin combination induced 

significant suppression of many P. aeruginosa QS-regulated virulence factors, signifying 

the inhibition of bacterial pathogenicity. 

7. The transient emergence of polymyxin resistance at 1 hr and rifampicin resistance at 24 

hr in P. aeruginosa highlights the importance of antibiotics optimal dosages and the great 

potential of polymyxin combinations therapy to reduce or inhibit the development of 

resistance.  

8. The results of metabolomics and transcriptomics study of the polymyxin B and 

rifampicin combination are complementary, as demonstrated by the significant changes 

in key metabolic and regulatory pathways of lipids, nucleotides, amino acids, 

peptidoglycan and LPS biosynthesis, highlighting the potential of a systems 

pharmacology to elucidate the mechanism of antibiotic action. 

 

Overall, this PhD project provides valuable insights on the mechanisms of polymyxins actions 

and resistance that may greatly facilitate the discovery of novel antibiotics.  
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1.8 Structure of the thesis 

There are seven chapters in this thesis. Chapter 1 is the background and Chapter 2 and 3 focus 

on the untargeted metabolomics of A. baumannii strains. Chapters 4, 5 and 6 are on the global 

metabolomics and transcriptomics of P. aeruginosa. Chapter 2 and 3 comprise two manuscripts 

that have already been published and Chapter 6, a manuscript yet to be submitted for publication. 

The texts and figures in these chapters have been reproduced as published or submitted for 

publication with modifications for this thesis as per the requirements for this research degree. 

The final chapter provides a conclusion and discussion of future perspectives.     
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Chapter 2: Global metabolic analyses identify key differences in metabolite levels between 

polymyxin-susceptible and polymyxin-resistant Acinetobacter baumannii 

 

2.1 Abstract  

Multidrug-resistant Acinetobacter baumannii presents a global medical crisis and polymyxins 

are used as the last-line therapy. This study aimed to identify metabolic differences between 

polymyxin-susceptible and polymyxin-resistant A. baumannii using untargeted metabolomics. 

The metabolome of each A. baumannii strain was measured using liquid chromatography-mass 

spectrometry. Multivariate and univariate statistics and pathway analyses were employed to 

elucidate metabolic differences between the polymyxin-susceptible and -resistant A. baumannii 

strains. Significant differences were identified between the metabolic profiles of the polymyxin-

susceptible and -resistant A. baumannii strains. The lipopolysaccharide (LPS) deficient, 

polymyxin-resistant 19606R showed perturbation in specific amino acid and carbohydrate 

metabolites, particularly pentose phosphate pathway (PPP) and tricarboxylic acid (TCA) cycle 

intermediates. Levels of nucleotides were lower in the LPS-deficient 19606R. Furthermore, 

19606R exhibited a shift in its glycerophospholipid profile towards increased abundance of 

short-chain lipids compared to the parent polymyxin-susceptible ATCC 19606. In contrast, in a 

pair of clinical isolates 03-149.1 (polymyxin-susceptible) and 03-149.2 (polymyxin-resistant, 

due to modification of lipid A), minor metabolic differences were identified. Notably, 

peptidoglycan biosynthesis metabolites were significantly depleted in both of the 

aforementioned polymyxin-resistant strains. This is the first comparative untargeted 

metabolomics study to show substantial differences in the metabolic profiles of the polymyxin-

susceptible and -resistant A. baumannii.  
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2.2 Introduction  

A. baumannii is a Gram-negative, aerobic bacterium and a major cause of nosocomial infections 

worldwide, particularly in critically-ill patients (12). A. baumannii infections include hospital-

acquired pneumonia, bloodstream infection, urinary tract infection, skin and soft tissue 

infections (13, 351). A. baumannii has become a significant global threat and is one of the six 

‘superbugs’ identified by the IDSA which required urgent attention for discovery of novel 

antibiotics (6). Recently, the CDC classified MDR A. baumannii as a microorganism with a 

threat level of “Serious” (8). A. baumannii has been characterised as ‘naturally transformable’, 

since it can rapidly acquire diverse resistance mechanisms and undergo genetic modifications 

that confer resistance to all current clinically used antibiotics (12, 351, 352). 

 

The clinical use of polymyxins waned in the 1970s due to potential nephrotoxicity and 

neurotoxicity (Section 1.3.2) (11, 186). However, over the last decade colistin (polymyxin E) 

and polymyxin B have been widely used as the only effective therapeutic option for patients 

infected with MDR A. baumannii (80, 353, 354). Polymyxins are amphipathic, cationic 

lipopeptides that contain five L-α, -diaminobutyric acid (Dab) residues (Section 1.3.1) (11, 

186). The bactericidal activity of polymyxins is exerted via the ‘self-promoted uptake’ pathway, 

initiated by electrostatic interaction with the lipid A of lipopolysaccharide (LPS) on the outer 

leaflet of the bacterial outer membrane (Section 1.3.3) (11, 355). In addition, a recent study 

suggested that polymyxins exert bacterial killing through a specific mechanism via the formation 

of hydroxyl radicals (109). As reviewed in Section 1.3.4, polymyxin resistance in A. baumannii 

can be acquired via the addition of phosphoethanolamine (41, 42) or galactosamine (43) to lipid 

A structure. Our group firstly reported that A. baumannii ATCC 19606 spontaneously acquired 

colistin resistance following exposure to high levels of colistin, via the loss of its initial target, 

LPS (44). Further analyses revealed LPS loss was due to single random mutations in the lipid A 
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biosynthesis genes, lpxA, lpxC and lpxD (44). Moreover, transcriptomic analyses of the A. 

baumannii LPS-deficient strain 19606R revealed significant up-regulation of genes involved in 

the cell envelope and membrane biogenesis, in particular of the Lol lipoprotein transport system 

and the Mla-retrograde phospholipid transport system (356). We therefore hypothesised that the 

LPS-deficient strain 19606R exhibits significant changes in its metabolic profile in response to 

LPS loss. For bacteria, metabolomics is a powerful systems biology tool for understanding cell 

physiology and can complement and validate data from genomics, transcriptomics and 

proteomics (280, 357, 358). In this study, we report the first comparative untargeted 

metabolomics analyses of paired polymyxin-susceptible and polymyxin-resistant (via LPS loss 

or lipid A modifications) A. baumannii strains. 

 

2.3 Materials and methods 

2.3.1 Strains  

The A. baumannii wild-type strain ATCC 19606 was obtained from the American Type Culture 

Collection. The lpxA mutant strain 19606R (MIC > 128 mg/L) is an LPS-deficient, polymyxin-

resistant derivative of ATCC 19606 (44). The two clinical isolates used in this study were 

polymyxin-susceptible 03-149.1 (MIC 1 mg/L) and polymyxin-resistant 03-149.2 (MIC > 32 

mg/L); both were isolated from the same patient (189). Bacterial strains were grown in cation-

adjusted Mueller-Hinton broth (CaMHB; Oxoid, England; 20 - 25 mg/L Ca2+ and 10 - 12.5 mg/L 

Mg2+).  

 

2.3.2 Identification of 16S rDNA, genome sequencing and lipid A structural analysis of A. 

baumannii clinical isolates 03-149.1 and 03-149.2 

The identification of 16S rDNA and genome sequencing of the clinical isolates of A. baumannii 

were performed by Dr Matthew D. Johnson. The A. baumannii clinical isolates 03-149.1 and 03-
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149.2 16S were identified using rDNA gene sequencing. Degenerate oligonucleotide primers 

16s_Fw CCTACGGGNGGCWGCAG and 16s_Rv GACTACHVGGGTATCTAATCC were 

used to amplify the 16S gene from each strain by PCR. The 16S fragment was purified by gel 

extraction (Qiagen) and sequenced using Sanger chemistry (Micromon, Monash University, 

Australia). Sequences were analysed using Eztaxon (359) and identification of phylogenetic 

neighbours was conducted using BLASTN (360) program against the database containing 

published prokaryotic representatives (359). Their genome sequences were determined using 36-

bp paired-end sequencing chemistry on an Illumina Genome Analyzer II apparatus (Illumina) at 

the Micromon Sequencing Facility (Monash University) as previously described (44).  

 

Structural analysis of lipid A of A. baumannii clinical isolates was conducted by Mei-Ling Han 

in our laboratory. Lipid A of the clinical isolates 03-149.1 and 03-149.2 was prepared by mild 

acid hydrolysis as previously described (361). In detail, 100 mL of broth cultures were harvested 

at OD600nm = 0.8 via centrifugation at 3,220 g for 20 min and washed twice with phosphate-

buffered saline (PBS). Initially, the cells were re-suspended in 4 mL PBS, methanol (10 mL) and 

chloroform (5 mL) were then added to the suspension, making a single-phase Bligh-Dyer 

(chloroform/methanol/water, 1:2:0.8, v/v) (362). The mixture was centrifuged at 3,220 g for 15 

min and supernatant was removed. The pellet was washed once with chloroform/methanol/water 

(1:2:0.8, v/v), re-suspended in the hydrolysis buffer (50 mM sodium acetate pH 4.5, 1% sodium 

dodecyl sulphate (SDS)), and incubated in a boiling water bath for 45 min. To extract lipid A, 

the SDS solution was converted into a double-phase Bligh-Dyer mixture by adding 6 mL of 

chloroform and 6 mL of methanol for a final mixture of chloroform/methanol/water (1:1:0.9, 

v/v) (362). The lower phase containing lipid A was finally extracted and samples were dried and 

stored at 20C. Structural analysis of lipid A was performed in negative mode on a Q-Exactive 

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher).
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2.3.3 Bacterial culture preparation for metabolomics experiments  

Bacterial strains, subcultured from -80°C frozen stocks, were inoculated onto nutrient agars and 

incubated for 16 - 18 hr at 37°C. For the polymyxin-resistant strains, lpxA mutant 19606R and 

clinical isolate 03-149.2, the Mueller-Hinton plates were supplemented with polymyxin B (10 

mg/L) to maintain the selection pressure. For each culture, a single colony was used to inoculate 

10 mL CaMHB for incubation overnight (16 - 18 hr) at 37°C with constant shaking (180 rpm). 

Three biological replicate reservoirs for different A. baumannii colonies, each consisting of 50 

mL CaMHB, were prepared for each A. baumannii strain. Each reservoir was inoculated with 

500 µL of overnight culture and grown at 37°C with shaking (180 rpm) to an OD600nm ~0.5 (mid-

exponential growth phase). The polymyxin-resistant strains 19606R and 03-149.2 were grown 

in CaMHB without colistin. For the blank controls, two CaMHB reservoirs without bacterial 

inoculation were included in the experiment.  

 

2.3.4 Sample preparation for metabolomic study  

Metabolomic sample was prepared as previously described with slight modifications (309). The 

sample pre-treatment method, washing step and extraction solvents were optimised for improved 

recovery of cellular metabolites. The final method for cell pellet analyses employed four 

technical replicates, each consisting of 10 mL mid-exponential culture (OD600nm ~0.5) collected 

in 50 mL Falcon tubes (Thermo Fisher). The tubes were centrifuged at 3,220 × g at 4°C for 5 

min and the supernatant discarded. For each sample, extracellular metabolites and medium 

components were removed by washing cell pellets twice with 0.5 mL of 0.9% NaCl (4°C). 

Following each wash, cells were pelleted by centrifugation at 3,220 × g at 4°C for 3 min. To 

evaluate the washing effect on the metabolite leakage, washing waste supernatant samples were 

collected and analysed (below). Furthermore, the efficiency of four different extraction solvents 

were evaluated: (i) absolute methanol (MeOH), (ii) 60% ethanol (60EtOH), (iii) 
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chloroform:methanol:water (CMW; 1:3:1, v/v), and (iv) chloroform:methanol (CM; 1:2, v/v). In 

our comparison study of different A. baumannii strains, washed cell pellets were resuspended in 

0.5 mL metabolite extraction solvent consisting of CMW (1:3:1, v/v; -80°C); the solvent mixture 

contained the internal standards (CHAPS, CAPS, PIPES and TRIS; 1 M of each). These 

compounds were selected as the internal standards as they are physicochemically diverse small 

molecules that are not naturally occurring in any microorganism and can be spiked at known 

concentrations to determine the analytical performance of the method used. Samples were frozen 

in liquid nitrogen and thawed on ice, and freeze-thaw was repeated three times in order to 

permeabilise the cells and release intracellular metabolites. The mixtures were centrifuged for 

10 min at 3,220 × g at 4oC and 300 L of the supernatants containing the extracted metabolites 

were collected in 1.5-mL centrifuge tubes and stored at -80°C immediately. For analysis, the 

samples were thawed and further centrifuged at 14,000 × g for 10 min at 4oC and 200 μL of 

particle-free supernatant was transferred into the injection vial for LC-MS analysis. For footprint 

samples, an aliquot of approximately 1.5 mL of the culture was rapidly filtered through a 0.22-

m filter and stored at -80oC. Prior to analysis, these samples were thawed and 10 L combined 

with 250 μL extraction solvent (CMW, 1:3:1, v/v) and then centrifuged at 14,000×g for 10 min 

at 4oC to collect 200 μL supernatant for LC-MS analysis (below). Equal volumes from each of 

the A. baumannii strains samples were mixed for a quality control sample (QC). This pooled 

quality control sample was used to estimate a composite sample profile representing all the 

analytes that will be encountered during the LC-MS analysis (363). 

 

2.3.5 LC-MS analysis  

Hydrophilic interaction liquid chromatography (HILIC) - high-resolution mass spectrometry 

(HRMS) was employed in this study. Samples were analysed on a Dionex high-performance 

liquid chromatography (HPLC) system (RSLCU3000, Thermo Fisher) using a ZIC-pHILIC 
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column (5 m, polymeric, 150×4.6 mm; SeQuant, Merck) coupled to a Q-Exactive Orbitrap 

mass spectrometer (Thermo Fisher) operated at 35,000 resolution in both positive and negative 

electro-spray ionisation (ESI) mode and a detection range of 85 to 1,275 m/z. The LC solvent 

consisted of 20 mM ammonium carbonate (A) and acetonitrile (B) with a multi-step gradient 

system from 80% B to 50% B over 15 min, then to 5% B at 18 min, followed by wash with 5% 

B for 3 min, and 8 min re-equilibration with 80% B at a flow rate of 0.3 mL/min (364). The run 

time was 32 min and the injection sample volume was 10 L. All samples (3 biological 

replicates, each with 4 technical replicates) were randomised and analysed in a single LC-MS 

batch to reduce batch-to-batch variation. The chromatographic peaks, signal reproducibility and 

analyte stability were monitored by the assessment of pooled quality control sample analysed 

periodically throughout the run, internal standards and total ion chromatograms for each sample. 

Mixtures of pure standards containing over 250 metabolites of different classes were analysed 

within the batch to aid in the identification of metabolites.  

 

2.3.6 Data processing, bioinformatics and statistical analyses  

Global metabolomic analyses were performed using mzMatch (342) and IDEOM (http:// 

mzmatch.sourceforge.net/ideom.php) free software (341). Raw LC-MS data were converted to 

mzXML format and chromatogram peaks were detected using XCMS (343) and saved in the 

peakML format. The program Mzmatch.R was used to align samples and filter peaks based on 

minimum detectable intensity (100,000), reproducibility (relative standard deviation (RSD) for 

all replicates < 0.5) and peak shape (codadw > 0.8). Mzmatch.R was also used to retrieve LC-

MS peak intensities for missing peaks and for the annotation of related peaks. Unwanted noise 

and artefact peaks were eliminated using IDEOM with default parameters. Metabolites were 

putatively identified by the exact mass within 2 ppm, after correction for loss or gain of a proton 

in negative and positive ESI mode, respectively. Retention time was employed to confirm the 
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identification of each metabolite based on the available authentic standards. Putative 

identification of other metabolites was determined using exact mass and predicted retention time 

based on the Kyoto Encyclopedia of Genes and Genomes (KEGG), MetaCyc and Lipidmaps 

databases, with preference given to bacterial metabolites annotated in EcoCyc. Quantification of 

each metabolite was calculated using the raw peak height and is expressed relative to the average 

peak height for their paired susceptible strain. Univariate statistical analyses utilised a Welch’s 

T-test (α = 0.01) and multivariate analyses utilised the metabolomics R package. Metabolic 

pathway analyses were performed using the free web-based metabolomics tool Pathos 

(http://motif.gla.ac.uk/Pathos/) (365), BioCyc (http://biocyc.org/) (366), and Visualisation and 

Analysis of Networks containing Experimental Data (Vanted) software (367). 

 

2.4 Results  

Comparative untargeted metabolomics was employed to identify differences in the metabolic 

profile between polymyxin-susceptible and polymyxin-resistant A. baumannii strains. Two pairs 

of A. baumannii strains were examined: a laboratory-derived polymyxin-resistant, LPS-deficient 

lpxA-mutant strain, 19606R and its polymyxin-susceptible parent strain, ATCC 19606; and two 

clinical isolates, polymyxin-susceptible 03-149.1 and polymyxin-resistant 03-149.2 obtained 

from a patient before and after colistin treatment, respectively. The polymyxin-resistant strain 

19606R displayed a slower growth rate compared to the parent strain ATCC 19606, as previously 

reported (44). Whereas, there was no significant difference in the growth rate between the paired 

polymyxin-susceptible 03-149.1 and polymyxin-resistant 03-149.2 clinical isolates.  

 

 

 

http://motif.gla.ac.uk/Pathos/
http://biocyc.org/
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2.4.1 Genomics and lipid A structural analysis of A. baumannii clinical isolates 03-149.1 and 

03-149.2  

The paired A. baumannii clinical isolates of polymyxin-susceptible 03-149.1 and polymyxin-

resistant 03-149.2 strains were initially identified using 16S rDNA gene sequencing; and showed 

96.17% and 97.15% sequence similarity to the A. baumannii ATCC 19606, respectively (Table 

2.1). Furthermore, a comparison of the polymyxin-susceptible 03-149.1 and the polymyxin-

resistant 03-149.2 by high-throughput sequencing and variant calling revealed 3 variations 

unique to the 03-149.2 isolate (Table 2.2). One variation found in 03-149.2 was a deletion of 3 

bases in the pmrB gene, which conferred an in-frame deletion of alanine 28.  

 

We also investigated the mechanism(s) of polymyxin resistance in the clinical isolate 03-149.2 

with lipid A structural analysis. Lipid A samples isolated from both polymyxin-susceptible 03-

149.1 and polymyxin-resistant 03-149.2 were characterised with electrospray ionisation (ESI) 

high-resolution mass spectrometry (HRMS) in the negative-ion mode (Figure 2.1). The mass 

spectrum of lipid A from the polymyxin-susceptible 03-149.1 shows a predominant peak at m/z 

1911.28, which represents a hepta-acylated lipid A with four primary fatty acyls (i.e. two 3-

hydroxylaurate [C12 (3-OH)] acyl chains and two 3-hydroxymyristate [C14 (3-OH)] acyl chains), 

and three secondary fatty acyls (i.e. one C12 (3-OH) acyl chain and two laurate (C12) acyl chains); 

while the peak at m/z 1933.26 represents the sodium adduct of the hepta-acylated lipid A 

mentioned above (Figure 2.1A). The peak at m/z 1883.25 is for a hepta-acylated lipid A with 

four primary C14 (3-OH) acyl chains and three secondary fatty acyls (i.e. one C12 acyl chain, one 

C12 (3-OH) acyl chain, and one myristate (C14) acyl chain). The peak at m/z 1729.12 corresponds 

to a hexa-acylated lipid A, indicating the loss of a laurate acyl chain from the hepta-acylated 

lipid A at m/z 1911.28 (m/z = 182). Additional peaks at m/z 1649.15, 1803.29, 1831.32 differ 

from the peaks listed above by dephosphorylation at the 1 or 4 position of lipid A (m/z = 80), 
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while the peaks at m/z 1712.12, 1867.26, and 1895.29 were only different from the corresponding 

peaks at m/z 1729.12, 1883.25, and 1911.28 by the mass of one oxygen atom (m/z = 16), 

indicating the absence of 3-hydroxylation at the secondary laurate acyl chain.  

 

Mass spectrometry analyses of lipid A from the polymyxin-resistant 03-149.2 isolate revealed 

several different types of modifications in the lipid A structure (Figure 2.1B). The predominant 

peak at m/z 2034.29 represents the hepta-acylated lipid A at m/z 1911.28 modified with a 

phosphoethanolamine (pEtN) residue (m/z = +123), while the peak at m/z 1954.32 indicates its 

dephosphorylated form (m/z = 80). Minor peaks at m/z 1990.26, 2006.26, and 2018.29 

correspond to lipid A at m/z 1867.26, 1883.25, and 1895.29 which were modified with a pEtN 

group, respectively. The peak at m/z 2157.30 represents a modified lipid A with the addition of 

two pEtN moieties to the parent structure at m/z 1911.28. Interestingly, lipid A modified with 

galactosamine (GalN) was also detected in polymyxin-resistant 03-149.2. In detail, the peaks at 

m/z 2078.25 and 2094.33 represent lipid A at m/z 1895.29 and 1911.28 modified with a GalN 

residue (m/z = +161) along with a sodium adduct, respectively, and the peak at m/z 2195.36 

corresponds to a lipid A (m/z 1911.28) with both pEtN and GalN additions (m/z = +284) (Figure 

2.1B). 
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Table 2.1 Phylogenetic characterisation by 16S gene sequencing.  

Strain name Length (base pairs)a Closest matchb Similarity %c Completeness %d 

03-149.1 446 ATCC 19606 96.17 30.6 

03-149.2 442 ATCC 19606 97.15 30.4 

a 
Length of input sequence generated by sanger-based sequencing methodologies. 

b 
Closest match determined by BLASTn against a database of published prokaryotic  

representatives. 
c 
Similarity based on BLASTn search against the closest match. 

d 
Completeness accounts for the entire 16S gene of the closest match. 

 

 

Table 2.2 Mutations identified in the polymyxin-resistant 03-149.2 isolate by high-throughput 

sequencing and variant calling to A. baumannii ACICU.  

Annotation by similarity 

to A. baumannii ACICU 

Sequence Effect 

03-149.1  03-149.2 

Hypothetical Protein CTTGAG GCTTGAG Frame shift 

PmrB Sensor Kinase AAGC A Amino acid deletion (A28-) 

Phage-related protein G T Amino acid substitution 

(I241L) 
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Figure 2.1. The mass spectra of lipid A isolated from the A. baumannii clinical isolates. (A) 

Polymyxin-susceptible 03-149.1 without lipid A modifications. (B) Polymyxin-resistant 03-

149.2 with lipid A modification with phosphoethanolamine (pEtN) and galactosamine (GalN) 
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Figure 2.2. Structures of lipid A in clinical A. baumannii isolates (A) 03-149.1 and (B) 03-

149.2.
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2.4.2 Optimal metabolite recovery of MDR A. baumannii by washing with 0.9% NaCl and 

extraction using chloroform:methanol:water (1:3:1)  

Optimisation of the metabolite sampling method was performed prior to the metabolomics 

analysis of paired polymyxin-susceptible and polymyxin-resistant strains. The potential for 

metabolite leakage during the washing step was examined by comparing washed and unwashed 

cell extracts, and analysing the washing waste supernatant. The hierarchical clustered heat map 

demonstrated that the washing step with 0.9% NaCl successfully removed the majority of culture 

media components (Figure 2.3A). Recovery of intracellular metabolites (those not present in the 

broth) was not substantially impacted by washing. Analysis of the supernatant from the washing 

waste detected leakage of certain cell-derived metabolites, but at very low levels relative to the 

levels within the cell pellets. Furthermore, evaluation of four extraction solvents showed a total 

of 1099, 1104, 1070 and 1089 metabolites detected from the LC-MS analyses of metabolite 

samples extracted by the chloroform:methanol (CM; 1:2, v/v), chloroform:methanol:water 

(CMW; 1:3:1, v/v), 60% ethanol (60EtOH) and absolute methanol (MeOH) solvents, 

respectively. CMW was the most promising solvent, demonstrating efficient extraction of a wide 

range of metabolite classes (Figure 2.3B). In addition, the median relative standard deviation 

(RSD) for all metabolites in the CMW samples was 22%, which is within an acceptable range 

and is comparable to the standard MeOH extraction solvent (Table 2.3). In comparison, CM and 

60EtOH extraction solvents showed median RSD values of 25% and 24%, respectively. Peak 

intensities and RSD values for a number of common metabolites are provided in Table 2.3, 

showing that CMW was the most reproducible compared to the other three extraction solvents. 
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Figure 2.3. Evaluation of washing step and extraction solvents in the sample pre-treatment 

method. (A) Clustered heat map distinguished the total metabolite recovery between cells 

subjected to washing with 0.9% NaCl and without washing. (B) Comparison of four different 

extraction solvents on the global metabolite recovery in A. baumannii: 60% ethanol, absolute 

methanol, chloroform:methanol (1:2, v/v), and chloroform:methanol:water (1:3:1, v/v). 
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Table 2.3 Validation and reproducibility of metabolite extraction procedure for four different 

extraction solvents. CM, chloroform:methanol (1:2, v/v); CMW, chloroform:methanol:water 

(1:3:1, v/v); 60EtOH, 60% ethanol; MeOH, absolute methanol (3 biological samples with 3 

technical replicates per condition). *NA, not available as the metabolite was not detected. Data 

are expressed as mean relative intensity (relative standard deviation, RSD, %). 

 
CM CMW 60EtOH MeOH 

Median RSD value (%) 25 22 24 20 

Identified compound     

Amino acids  

L-Lysine 4.1 x 107 (20.7) 5.7 x 107 (16.1) 4.1 x 107 (20.4) 4.2 x 107 (27.6) 

L-Serine 1.7 x 107 (22.2) 1.7 x 107 (13.7) 1.3 x 107 (15.7) 1.8 x 107 (7.3) 

L-Tyrosine 9.7 x 107 (14.0) 9.5 x 107 (12.8) 5.6 x 107 (17.6) 1.1 x 108 (11.2) 

L-Methionine 1.8 x 108 (11.9) 1.7 x 108 (13.9) 1.2 x 108 (14.5) 1.9 x 108 (10.4) 

L-Phenylalanine 3.0 x 108 (13.4) 2.7 x 108 (13.0) 1.8 x 108 (10.8) 2.7 x 108 (9.5) 

L-Valine 1.0 x 107 (14.1) 9.6 x 106 (10.2) 7.4 x 106 (13.7) 1.0 x 107 (5.6) 

L-Aspartate 2.8 x 107 (11.8) 2.5 x 107 (9.4) 2.2 x 107 (10.5) 2.6 x 107 (6.3) 

Energy 

NADPH 5.4 x 105 (45.0) 1.6 x 106 (11.5) 3.8 x 105 (48.3) 6.9 x 105 (35.1) 

NAD+ 4.6 x 107 (33.0) 7.6 x 107 (9.8) 3.4 x 107 (16.1) 5.5 x 107 (23.4) 

FMN 4.7 x 105 (31.3) 6.2 x 105 (7.6) NA* 4.0 x 105 (61.7) 

Nucleotides 

Adenine 6.7 x 106 (46.7) 5.1 x 106 (15.6) 2.3 x 106 (41.8) 8.8 x 106 (26.6) 

Cytidine 9.1 x 106 (24.1) 8.7 x 106 (11.9) 4.0 x 106 (10.9) 8.1 x 106 (10.1) 

Guanine 2.1 x 105 (38.6) 2.1 x 105 (12.6) 1.5 x 105 (28.2) 2.5 x 105 (12.9) 

Uridine 8.7 x 106 (19.2) 8.2 x 106 (14.0) 5.0 x 106 (15.2) 1.0 x 107 (17.3) 

Carbohydrate 

Pyruvate 3.0 x 105 (19.8) 3.0 x 105 (17.0) 2.4 x 105 (25.2) 2.8 x 105 (10.7) 

Sucrose 2.0 x 106 (39.2) 1.9 x 106 (13.5) 1.1 x 106 (13.7) 1.8 x 106 (14.7) 

Citrate 1.7 x 107 (38.7) 2.8 x 107 (14.9) 2.7 x 107 (20.4) 2.2 x 107 (18.6) 

cis-aconitate 2.3 x 105 (29.3) 4.5 x 105 (14.9) 2.6 x 105 (17.8) 3.3 x 105 (19.5) 

Oxalate 2.5 x 105 (22.7) 2.7 x 105 (19.3) 2.8 x 105 (29.2) 2.3 x 105 (22.9) 

(R,R)-Tartaric acid 3.2 x 104 (19.4) 4.0 x 104 (17.3) 3.4 x 104 (23.3) 3.3 x 104 (22.3) 
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2.4.3 Multivariate and univariate metabolomics analyses were able to identify key differences 

between the polymyxin-susceptible and polymyxin-resistant A. baumannii strains  

The metabolomics data from the present LC-MS-based comparative untargeted metabolomics 

study were highly reproducible. The pooled quality control samples clustered tightly in the 

principal component analysis (PCA) plot, indicating small analytical variations among the 

samples (Figure 2.4). Furthermore, the median relative standard deviation (RSD) value for all 

metabolites in this study was less than 10% (i.e. within 5% retention time for identification of 

authentic standard). Global metabolome differences between four A. baumannii strains were 

visualised using PCA score plots (Figure 2.5A) and heat map profiles (Figure 2.6), and 

demonstrate that the polymyxin-resistant and polymyxin-susceptible strains differed 

significantly in their levels of a number of key cellular metabolites. PCA score plots also clearly 

show that there were global metabolic differences between the paired A. baumannii strains 

(Figures 2.5B and C). Interestingly, nearly 25% of metabolites in the LPS-deficient polymyxin-

resistant strain 19606R, were significantly more abundant than the corresponding polymyxin-

susceptible parent strain ATCC 19606 (Figure 2.5D). Peptides were highly enriched in 19606R, 

and it appears that many of the more abundant metabolites in this polymyxin-resistant strain 

19606R were derived from the growth medium (Figure 2.6). The accumulation of medium 

components within cells was unique to the LPS-deficient 19606R, and was not apparent in the 

polymyxin-resistant clinical isolate 03-149.2. For univariate analyses, all the putatively 

identified cellular metabolites (i.e. those more abundant in cell pellets than in footprint samples) 

were further analysed to reveal those that showed at least 2-fold differences (*p < 0.05 and **p 

< 0.01) in relative abundance between the polymyxin-resistant and polymyxin-susceptible A. 

baumannii strains. Several cellular metabolites were differentially abundant in the polymyxin-

susceptible ATCC 19606 and polymyxin-resistant 19606R strains including carbohydrate, 

amino acid, nucleotide and lipid metabolites. In comparison, there were very few metabolic 
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differences observed in the polymyxin-resistant clinical isolate 03-149.2 and polymyxin-

susceptible clinical isolate 03-149.1 (Figure 2.5D). 

 

 

 

Figure 2.4. PCA score plot of the untargeted metabolomics dataset of paired polymyxin-

resistant 19606R and the wild-type ATCC 19606 and paired of polymyxin-resistant 03-

149.2 (blue and labelled with “2”) and polymyxin-susceptible 03-149.1 (red and labelled 

with “1”) clinical isolates. Each data set for individual strains represents a total of 12 sample 

replicates (3 biological replicates and each with 4 technical replicates). Yellow, pool quality 

control samples; purple, polymyxin-resistant 19606R; green, ATCC 19606; blue, polymyxin-

resistant 03-149.2; and red, polymyxin-susceptible 03-149.1.  
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Figure 2.5. (A) PCA score plot of four A. baumannii strains. (B) PCA score plot of paired 

polymyxin-resistant 19606R and the wild-type ATCC 19606. (C) PCA score plot of paired 

polymyxin-resistant 03-149.2 and -susceptible 03-149.1 clinical isolates. Each data set for 

individual strains represents a total of 12 sample replicates (3 biological replicates and each with 

4 technical replicates). (D) Pathway-focused representation of the significant metabolites (black 

bars) and total number of putatively identified metabolites (open bars) for the polymyxin-

resistant 19606R relative to the wild-type ATCC 19606 (left) and the polymyxin-resistant 

clinical isolate 03-149.2 relative to the polymyxin-susceptible isolate 03-149.1 (right). 

Significant metabolites were selected by at least 2-fold difference (p < 0.05) in the metabolites 

levels of polymyxin-resistant strain relative to the polymyxin-susceptible strain.  
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Figure 2.6. Heat map profiles of metabolite peak intensities in A. baumannii. Left: paired 

strains of ATCC 19606 and polymyxin-resistant 19606R, Right: paired clinical isolates 

polymyxin-susceptible 03-149.1 and polymyxin-resistant 03-149.2. Metabolites are grouped 

into different classes: amino acids, carbohydrates, energy, lipids, nucleotides, peptides and 

undefined. Metebolites derived from the footprint (fp) also represented in the heat map. The 

colors indicate the relative abundance of metabolites based on the relative peak intensity (red = 

high, yellow = no change, blue = undetectable). 



Chapter Two 

 

73 
 

2.4.4 Perturbations in sugar and nucleotide metabolism  

The polymyxin-resistant strain 19606R showed significant pertubations of several putative sugar 

phosphate metabolites, including metabolites associated with the pentose phosphate pathway 

(PPP). In particular, over 2-fold (p < 0.01) higher levels were observed for two PPP metabolites, 

D-erythrose 4-phosphate and D-sedoheptulose 7-phosphate, whereas the PPP-derived nucleotide 

precursor, 5-phospho--D-ribose 1-diphosphate (PRPP) was more than 3-fold (p < 0.01) lower 

than the polymyxin-susceptible parent strain ATCC 19606 (Figure 2.7). On the contrary, the 

polymyxin-resistant clinical isolate 03-149.2 showed significantly lower abundance of the 

detected PPP metabolites, D-erythrose 4-phosphate, D-sedoheptulose 7-phosphate, D-

glyceraldehyde 3-phosphate, and D-ribose 5-phosphate (p < 0.05) than the paired susceptible 

isolate 03-149.1.  

 

Besides, the levels of most nucleotides were significantly lower in the polymyxin-resistant 

19606R than the parent polymyxin-susceptible ATCC 19606 strain (Figure 2.8). However, there 

were no clear differences in nucleotide levels between the paired clinical isolates. Furthermore, 

two essential tricarboxylic acid (TCA) cycle intermediates, 2-oxoglutarate and cis-aconitate 

were identified at least 2-fold (p < 0.05) lower in relative abundance in the polymyxin-resistant 

19606R cells (Figure 2.9). Other TCA cycle metabolites, acetyl-CoA, citrate, and succinate, 

showed a consistent pattern of lower relative abundance in the polymyxin-resistant strain 

19606R, albeit with less than two-fold difference. Interestingly, a similar pattern of metabolic 

changes were observed in the polymyxin-resistant clinical isolate 03-149.2; which showed lower 

abundance of citrate, cis-aconitate, 2-oxoglutarate and succinate than the polymyxin-susceptible 

clinical isolate 03-149.1.        
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Figure 2.7. Pertubations of identified sugar phosphates in A. baumannii. Pentose phosphate 

pathway (PPP) of A. baumannii. PPP intermediates showed significant differences between 

polymyxin-resistant and polymyxin-susceptible A. baumannii strains. Metabolites in the red and 

bold box indicate metabolites that were at least 2-fold more abundant in polymyxin-resistant 

16906R strain than polymyxin-susceptible ATCC 19606 strain. Metabolites in the red box 

indicate metabolites that were less than 2-fold higher in the 19606R strain. The blue and bold 

box indicates the metabolite that was at least 2-fold lower in 16906R than ATCC 19606. The 

blue box indicates the metabolite that was less than 2-fold lower in the 03-149.2 polymyxin-

resistant strain than polymyxin-susceptible 03-149.1 strain. The black boxes indicate metabolites 

that were not detected.  *p < 0.05; **p < 0.01. 
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Figure 2.8. Heat map profiles of relative abundance of nucleotides. The polymyxin-resistant 

19606R and its parent ATCC 19606 (left) and the clinical isolates polymyxin-resistant 03-149.2 

and polymyxin-susceptible 03-149.1 (right). The colors indicate the relative abundance of 

metabolites based on the relative peak intensity (red = high, yellow = no change, blue = 

undetectable). 
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Figure 2.9. Pertubations of TCA cycle intermediates in A. baumannii. TCA cycle of A. 

baumannii. The blue and bold box indicates metabolites that were at least 2-fold less abundant 

in the polymyxin-resistant 19606R strain than polymyxin-susceptible ATCC 19606. Metabolites 

in the blue box indicate metabolites that were less than 2-fold lower in 19606R than ATCC 

19606. The green boxes indicate metabolites that were detected but not significant. The black 

boxes indicate metabolites that were not detected. *p < 0.05; **p < 0.01. 
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2.4.5 Variations of amino acid related metabolites in the polymyxin-resistant 19606R  

The abundance of several metabolites involved in phenylalanine, tyrosine, tryptophan and 

histidine metabolic pathways were significantly (p < 0.01) perturbed in the polymyxin-resistant 

19606R strain (Table 2.4). Most notably, two putative metabolites associated with the shikimate 

pathway, shikimate-3-phosphate and 5-O-(1-Carboxyvinyl)-3-phosphoshikimate were 

significantly higher in abundance (between 11- to 14-fold) in the polymyxin-resistant 19606R 

compared to the polymyxin-susceptible parent strain ATCC 19606. Significant depletion was 

observed in three important peptidoglycan biosynthesis intermediates, N-succinyl-L,L-2,6-

diaminopimelate, meso-diaminopimelate and UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-

meso-2,6-diaminopimelate which were 2- to 5-fold lower in the polymyxin-resistant 19606R 

(Figure 2.10A). In addition, levels of these metabolites also decreased in the clinical polymyxin-

resistant strain, 03-149.2. Interestingly, choline was undetectable in the polymyxin-resistant 

19606R strain (Figure 2.10B), suggesting differential uptake or utilisation of this metabolite 

from the growth medium. Footprint analysis revealed complete depletion of choline from the 

growth medium for the polymyxin-resitant 19606R, but not for the polymyxin-susceptible 

ATCC 19606 or both of the clinical isolates. 
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Table 2.4 Fold changes (relative intensity) in the abundance of metabolites detected in the LPS-

deficient polymyxin-resistant 19606R, relative to the parent strain ATCC 19606. 

Formula Putative metabolitea  Pathway/ 

metabolism 

Fold 

change  

p-value 

Carbohydrate  

C5H12O5 Xylitol Pentose and 

glucoronate 

interconversions  

3.47 0.00017 

C12H23O14P Lactose 6-phosphate Galactose 

metabolism  

2.14 0.0018 

C3H6O9P2 Cyclic 2,3-bisphospho-D-

glycerate 

Carbohydrate 

metabolism 

-3.01 0.0035 

Amino acids      

C7H11O8P Shikimate 3-phosphate Phenylalanine, 

tyrosine, tryptophan 

biosynthesis 

14.41 0.0012 

C10H13O10P 5-O-(1-Carboxyvinyl)-3-

phosphoshikimate 

Phenylalanine, 

tyrosine, tryptophan 

biosynthesis 

11.30 0.0079 

C8H8O5 3,4-Dihydroxymandelate Tyrosine 3.03 0.00074 

C4H6O3 2-Methyl-3-oxopropanoate Valine, leucine and 

isoleucine 

degradation 

2.19 0.00060 

C2H5O5P Acetyl phosphate Taurine and 

hypotaurine  

2.15 9.2E-05 

C9H8O3 Phenylpyruvate Phenylalanine  -2.00 5.9E-05 

C9H10O4 3-(2,3-

Dihydroxyphenyl)propanoate 

Phenylalanine  -2.03 0.0011 

C13H15NO6 4-Hydroxyphenylacetylglutamic 

acid 

Tyrosine  -2.08 0.0077 

C7H15NO3 L-Carnitine Lysine degradation -2.57 0.00049 

C6H6N2O2 Urocanate Histidine  -3.75 0.0031 

C6H10N2O4 N-Formimino-L-glutamate Histidine  -24.86 0.00095 

 
a Putative metabolites, identified by exact mass, with at least 2-fold differences at p < 0.01 

between the polymyxin-resistant 19606R and the polymyxin-susceptible ATCC 19606. 

 



Chapter Two 

 

79 
 

 

Figure 2.10. Low levels of peptidoglycan biosynthesis metabolites were observed in the 

polymyxin-resistant A. baumannii. (A) Peptidoglycan synthesis pathway of A. baumannii. 

Metabolites in the red box indicate metabolites that were less than 2-fold higher in polymyxin-

resistant strains than polymyxin-susceptible strains. The blue and bold boxes indicate 

metabolites that were at least 2-fold lower in polymyxin-resistant strains than polymyxin-

susceptible strains. Metabolites in the blue box indicate less than 2-fold lower abundance in 

polymyxin-resistant strains than polymyxin-susceptible strains. The green box indicates 

metabolites that were detected but not significant. Metabolites in the black box were not 

detected. (B) Intracellular and footprint (extracellular) choline shows significantly lower 

abundance in the polymyxin-resistant 19606R than the parent wild-type ATCC 19606. *p < 0.05; 

**p < 0.01. 
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2.4.6 Perturbation of lipids levels in the polymyxin-resistant 19606R   

Analyses of cellular lipid metabolites in the polymyxin-resistant 19606R and polymyxin-

susceptible ATCC 19606 revealed profound alteration (p < 0.05) of several putatively identified 

lipid metabolites. The observed accurate masses and retention times indicated that many of these 

lipids were unsaturated and oxidised fatty acids; precise identification of these fatty acids is 

beyond the scope of this study. High level identification of glycerophospholipids (GPs) based 

on molecular formula revealed signficant perturbations in the major phospholipid species, 

glycerophosphoethanolamine (PE), glycerophosphoserine (PS), and glycerophosphoglycerol 

(PG). In general, GPs with shorter-chain fatty acids (total ≤ 32 carbons) were enriched in the 

polymyxin-resistant LPS-deficient 19606R, in addition to the shorter-chain lysophospholipids 

(≤ 18 carbons) (Figure 2.11A). Notably, lipids with longer-chain fatty acids (> 32 carbons) were 

generally depleted in the LPS-deficient 19606R. However, these trends were not observed in A. 

baumannii of both clinical isolates, polymyxin-susceptible 03-149.1 and polymyxin-resistant 

03-149.2 (Figure 2.11B). Furthermore, two key metabolites linked with glycerophospholipid 

metabolism, ethanolamine phosphate and glyceroethanolamine phosphate were significantly (p 

< 0.05) lower in abundance in the polymyxin-resistant 19606R than the polymyxin-susceptible 

parent strain ATCC 19606, but not significantly changed in both A. baumannii clinical isolates 

(Figure 2.11C). 
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Figure 2.11. Relative intensity of glycerophospholipids levels. (A) LPS-deficient polymyxin-

resistant 19606R and its parent strain ATCC 19606; and (B) polymyxin-resistant 03-149.2 and 

polymyxin-susceptible 03-149. (C) Glyceroethanolamine phosphate and ethanolamine 

phosphate showed significantly lower levels in the polymyxin-resistant 19606R than its parent 

ATCC 19606. PE, glycerophosphoethanolamine; PS, glycerophosphoserine; PG, 

glycerophosphoglycerols; PA, glycerophosphates. Fatty acyl carbon atom number and double 

bond number are shown in brackets. *p < 0.05.
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2.4.7 Untargeted analysis reveals unknown metabolites that are common to both polymyxin-

resistant strains 

Four unidentified features were uniquely detected in both polymyxin-resistant strains and not in 

either of the polymyxin-susceptible strains. Whilst these features could not be identified based 

on existing bacterial metabolite databases, formula determination based on accurate mass, 

isotope abundance and retention time suggests that these unique metabolites may be complex 

amino-sugars: C12H24N2O8 (mass 324.153; tR 14.7 min), C30H57N2O12P3 (mass 730.312; tR 17.2 

min), C13H26N2O6 (mass 306.179; tR 19.8 min), and C16H28N2O11[Cl-] (mass 460.146; tR 13.7 

min). Notably, three unidentified metabolites were detected in both polymyxin-susceptible 

strains, but were absent in both of the polymyxin-resistant strains. Accurate mass indicates that 

these features likely represent metabolites with the formulas C9H14N2O5S (mass 262.063; tR 13.4 

min), C7H11NO3S (mass 189.046; tR 7.5 min) and C11H19N3O7S2 (mass 369.066, tR 16.8 min). 

The latter formula corresponds to -glutamyl cystine, and the presence of sulfur in the other 

formulas suggest that they may also be cysteine conjugates.  

 

2.5 Discussion 

In recent times, untargeted metabolomics has been successfully applied towards the investigation 

of global metabolic profiles, particularly in microbiology and pharmacology (267, 281, 368). 

Advantageously, the untargeted metabolomics platform enables the detection of both known and 

unknown metabolites and has allowed the elucidation of complex interactions between cellular 

metabolites (280). Significantly, this global metabolomics approach has been beneficial in 

enhancing our understanding of the biological nature of antimicrobial resistance mechanisms. 

Global metabolic profiling distinguished differential metabolic patterns between antibiotic-

susceptible and antibiotic-resistant strains of A. baumannii, P. aeruginosa, Nocardiopsis spp., as 

well as the protozoan parasites Trypanosoma brucei and Leishmania donovani (369-373). In a 
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previous study, both planktonic and biofilm forms of A. baumannii were compared to identify 

metabolic profiles associated with biofilm synthesis (369). In the present study, we employed a 

global metabolic profiling strategy to identify key metabolic differences between two pairs of 

polymyxin-susceptible and polymyxin-resistant A. baumannii strains, specifically conferred by 

two different mechanisms of polymyxin resistance, LPS loss and lipid A modifications.  

 

Gram-negative bacteria can develop resistance to most current antimicrobial agents because of 

their extraordinary metabolic versatility and adaptability to a wide range of environmental 

conditions (351). The main mechanisms used for conferring polymyxin resistance in Gram-

negative bacteria involved modifications of lipid A, the membrane embedded component of LPS 

(11). In a previous study, we discovered that A. baumannii can develop resistance to very high 

colistin concentrations through a complete loss of LPS, due to spontaneous mutations in any of 

the three key lipid A biosynthetic genes (44). Polymyxin resistance in 19606R was shown to be 

conferred by a spontaneous single mutation in lpxA gene, resulting in LPS loss (44). RNA 

expression profiling of polymyxin-resistant 19606R by our group indicated that significant 

outer-membrane remodelling occurs due to LPS loss (356). This included increased expression 

of genes involved in cell envelope and membrane biogenesis, in particular the Lol lipoprotein 

transport system, the Mla-retrograde phospholipid transport system and poly--1,6-N-

acetylglucosamine (PNAG) biosynthesis (356). In addition, polymyxin-resistant 19606R 

displays a decreased expression of genes predicted to encode the fimbrial subunit FimA and 

components involved in the type VI secretion system (T6SS) (356). 

 

Our genome sequencing data for the polymyxin-resistant isolate 03-149.2 show that the deletion 

of 3 bases in the pmrB gene conferred an in-frame deletion of alanine 28. This particular mutation 

has not been characterised previously. However, mutations in pmrB have repeatedly been shown 
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to cause polymyxin resistance in A. baumannii by the up-regulation of the phosphoethanolamine 

transferase, pmrC, and subsequent lipid A modification (25). Furthermore, structural analyses of 

lipid A from both polymyxin-susceptible 03-149.1 and polymyxin-resistant 03-149.2 clinical 

isolates revealed lipid A modifications with pEtN and GalN in the polymyxin-resistant 03-149.2 

strain (Figure 2.2). These lipid A modifications play a role in polymyxin resistance similar to 

that of aminoarabinose modification in other Gram-negative bacteria (121, 374) which reduce 

the initial electrostatic interaction with polymyxins by reducing the negative charge on the 

bacterial outer membrane (11, 91, 375). The results clearly indicate that the mechanism of 

polymyxin resistance in the polymyxin-resistant 03-149.2 isolate differs from the A. baumannii 

19606R resistant strain, which was due to the complete loss of LPS (44).  

 

Careful assessment of sample preparation methods is an important pre-requisite step to generate 

physiological metabolome data based on the differences in cell composition and culture 

condition (310). In our study, the effect of the washing step and the efficiency of four different 

extraction solvents were firstly examined. Since a very rich culture medium, CaMHB was used 

in this study, a washing process was essential to avoid medium effects and to ensure that detected 

metabolites solely derive from cells (309). Desirably, the leakage of intracellular metabolites 

into its extracellular environment should be avoided during the washing step (312). As washing 

with organic solvents at sub-zero temperature leads to the leakage of cellular metabolites (376), 

we implemented a quenching step at 0°C and washing in aqueous buffer 0.9% NaCl (4°C). The 

washing process was effective in eliminating most of the extracellular contaminants from the 

rich growth media whilst avoiding significant leakage of intracellular metabolites. Furthermore, 

the ideal extraction solvent should be able to extract a broad range of metabolites with different 

physicochemical properties in high and reproducible yield (377). Several extraction solvents 

have been reported in the literature for bacterial metabolomics, and four promising solvent 
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compositions were selected to determine the optimal extraction method specifically for A. 

baumannii in the present study. Unsurprisingly, our analyses showed that different extraction 

solvents preferentially extract certain metabolites depending on the polarity of the solvent. 

Overall, CMW (1:3:1, v/v) provided the greatest recovery and reproducibility for the largest 

number of different classes of metabolites, and is suitable to be used as a one-step method for 

untargeted metabolomics studies of A. baumannii.  

 

Metabolic fingerprinting of two pairs of polymyxin-susceptible and polymyxin-resistant A. 

baumannii strains demonstrated accumulation or depletion of specific metabolite pools, 

indicating differential regulation of particular metabolic pathways. Interestingly, PCA plots 

clearly distinguished the metabolic profile differences between the polymyxin-resistant strain 

19606R and the three other A. baumannii strains, signifying that the metabolic differences were 

substantially driven by the complete loss of outer membrane LPS. Notably, there were clear 

metabolic differences between the polymyxin-susceptible ATCC 19606 and polymyxin-resistant 

19606R. In contrast, relatively very few metabolite differences were identified between the A. 

baumannii clinical isolates, polymyxin-susceptible 03-149.1 and polymyxin-resistant 03-149.2, 

demonstrating that lipid A modifications had minimal impact on the global metabolic profile. In 

general, the results show that different mechanisms of polymyxin resistance lead to unique 

changes in global metabolic profiles.  

 

Our results demonstrate that peptides derived from the medium component were substantially 

accumulated in the polymyxin-resistant strain 19606R compared to other A. baumannii strains, 

and suggested that the uptake was facilitated significantly as a result of loss membrane integrity 

from the total LPS loss. The analyses of carbohydrate associated metabolites displayed higher 

levels of PPP intermediates in the polymyxin-resistant 19606R than in its susceptible parent 
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strain ATCC 19606. In contrast, the polymyxin-resistant 03-149.2 showed significantly lower 

levels of detected PPP-associated metabolites than the polymyxin-susceptible 03-149.1. 

However, a major end-product of the PPP, PRPP, was 3.5-fold lower in abundance in the 

polymyxin-resistant 19606R, suggesting diversion of flux through the non-oxidative branch of 

the PPP. PRPP is an essential precursor for both purine and pyrimidine nucleotide biosynthesis 

as well as for the biosynthesis of amino acids histidine and tryptophan (378). Coincidently, 

decreased levels of nucleotides was observed in 19606R, as well as depletion of two histidine 

metabolites, N-formimino-L-glutamate (24-fold) and urocanate (3-fold), which may be 

secondary to the decreased concentration of PRPP. However, the significant depletion of 

nucleotide levels was not observed in the polymyxin-resistant 03-149.2 clinical isolate. The 

increased level of D-erythrose 4-phosphate (2-fold) generated in the PPP of the polymyxin-

resistant 19606R strain appears to facilitate biosynthesis of the aromatic amino acids: 

phenylalanine, tyrosine and tryptophan through the shikimate pathway, as shown by the 

significant accumulation of two intermediates, shikimate-3-phosphate (14-fold) and 5-O-(1-

Carboxyvinyl)-3-phosphoshikimate (11-fold) (379). Apart from the importance of PPP to 

conserve stable carbon equilibrium, to generate nucleotide and amino acid biosynthesis 

precursors and to supply reducing molecules for anabolism, PPP also has been found to be 

essential in the biosynthesis of LPS in Gram-negative bacteria (380). SHI, an enzyme that has 

been characterised in Escherichia coli, P. aeruginosa (381) and Helicobacter pylori (382) 

converts sedoheptulose 7-phosphate into the LPS precursor, glycero-manno-heptose 7-

phosphate (381, 383, 384). Interestingly, we identified that the level of this particular metabolite, 

D-sedoheptulose 7-phosphate was about 2-fold higher (**p < 0.01) than the other three A. 

baumannii strains. We hypothesised that, as the polymyxin-resistant 19606R is characterised by 

the total LPS loss (44), the metabolite, sedoheptulose 7-phosphate was significantly accumulated 

in the cells since it was not converted into the LPS precursor. The TCA cycle is another essential 
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central metabolic pathway in bacterial cells, providing substrates for energy and biosynthetic 

reactions, including precursors for lipids and amino acids (385). Notably, both polymyxin-

resistant strains, 19606R and clinical isolate 03-149.2 showed lower abundance of TCA cycle 

metabolites than their respective polymyxin-susceptible strains. This suggested that, in general, 

the polymyxin-resistant strains produced less energy through TCA cycle indicating lower 

cellular metabolism than the polymyxin-susceptible strains and this was significantly observed 

particularly in the polymyxin-resistant strains, 19606R.       

 

Three intracellular metabolites engaged in the peptidoglycan biosynthesis pathway, meso-

diaminopimelate, UDP-N-acetylmuramoyl-L-alanyl--D-glutamyl-meso-2-6-diaminopimelate, 

and N-succinyl-L,L-2,6-diaminopimelate were detected 2- to 5-fold less abundant in the 

polymyxin-resistant 19606R strain, compared to the parent strain ATCC 19606. Interestingly, 

these metabolites were also significantly decreased (2- to 3-fold) in the polymyxin-resistant 

clinical isolate 03-149.2. Meso-diaminopimelate is derived from lysine degradation and is 

conjugated with UDP-N-acetylmuramoyl-L-alanyl-D-glutamate (catalysed by MurE ligase) in 

the cytoplasm to form UDP-N-acetylmuramoyl-L-alanyl--D-glutamyl-meso-2-6-

diaminopimelate (386). This is followed by the addition of dipeptide D-alanyl-D-alanine to form 

UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-D-alanyl-D-alanine (catalysed 

by MurF ligase). In E. coli, the MurE and MurF ligases are encoded by the murE and murF 

genes, respectively, co-localised in the genome; these ligases are essential for bacterial viability 

and are targets for antibacterial chemotherapy (387). The lower levels of the peptidoglycan 

biosynthesis metabolites indicate that the polymyxin-resistant 19606R and clinical isolate 03-

149.2 synthesised less peptidoglycan compared to their polymyxin-susceptible parent strains. 

Interestingly, choline levels were significantly depleted in the 19606R strain and its culture 

medium. In our recent transcriptomics study, the expression of choline dehydrogenase, choline-
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glycine betaine transporter and choline transport protein BetT was significantly increased (3.0, 

3.0 and 4.6 folds, respectively) in the polymyxin-resistant A. baumannii 19606R (356). As 

choline uptake and metabolism have been associated with maintenance of osmotic balance in 

Gram-negative bacteria (383, 388), our transcriptomics and metabolomics data collectively 

indicate that choline was required by 19606R in response to the osmolarity pressure due to the 

less peptidoglycan caused by polymyxin resistance. However, there was no profound change in 

choline level in the polymyxin-resistant clinical isolate 03-149.2 proposing that choline was not 

utilised and the level was in equilibrium state between intracellular and extracellular.      

  

The outer membrane (OM) of Gram-negative bacterial cells is composed of an asymmetrical 

bilayer consisting of an outer leaflet with LPS as a major component, and the inner leaflet mainly 

containing glycerophospholipids (GPs) (389). The OM serves as an efficient permeability barrier 

and a first-line defence mechanism, and GPs are the most prevalent component of lipids in the 

bacteria OM (390). Compared to GPs species in the samples obtained from ATCC 19606, the 

LPS-deficient, polymyxin-resistant 19606R produced relatively high levels of GP species PE, 

PS and PG with shorter fatty acyl chains (less than 32 carbons in both chains) and concomitantly 

less GP species with more than 34 carbons in their fatty acyl chains. This finding agrees with a 

previous report that showed a LPS-deficient Neisseria meningitides mutant preferentially 

incorporated saturated PE and PG species with shorter fatty acyl chains into its OM (124). 

Furthermore, the higher abundance of lyso-GPs (those with a single fatty acid chain less than 18 

carbons) in the polymyxin-resistant 19606R, compared to the parent strain ATCC 19606, 

indicate significant GPs turnover; hence, our result supports the hypothesis that the OM structure 

of polymyxin-resistant bacterial cells is dramatically altered due to LPS loss. The observed 

increase in the production of GPs, which we hypothesise are mainly exported to the outer leaflet 

of the OM of the LPS-deficient strain 19606R, further supports the previously described the 
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compensatory mechanism for the LPS loss which associated with increase in cell envelope and 

membrane biosynthesis (356). Transcriptomics analyses of the LPS-deficient strain 19606R 

revealed that there was a significant increase in the expression of genes involved in phospholipid 

transport (mlaBCD) in response to the LPS loss (356). Remarkably, glyceroethanolamine 

phosphate and ethanolamine phosphate showed significantly lower levels in the polymyxin-

resistant 19606R than its parent ATCC 19606. Ethanolamine utilisation was suggested to 

associate with bacterial pathogenesis and virulence (391, 392). Our results support the claim and 

suggest that ethanolamine is crucial for bacterial metabolism, in particular in the polymyxin-

resistant 19606R. The present study utilising HILIC chromatography does not represent the total 

phospholipid composition and does not reveal the relative distribution of each GP species in the 

inner and outer membranes of A. baumannii. Future membrane lipidomics analysis of LPS-

deficient, polymyxin-resistant A. baumannii is underway and will further define the total lipid 

abundance and distribution. 

 

In addition to the perturbations to known metabolic pathways, our untargeted metabolomics 

analysis revealed four unidentified metabolite features which are consistent with amino-sugars 

that were unique to the polymyxin-resistant strains, and not in either of the polymyxin-

susceptible strains. Metabolite identification is a major bottleneck in untargeted metabolomics, 

and accurate identification of metabolites that are not present in existing databases requires large-

scale fractionation and extensive structural analysis (393-395). Precise structural identification 

of the unknown metabolites that are unique to polymyxin-resistant strains is beyond the scope 

of the present study. Nevertheless, with the high-resolution mass spectrometry applied here, 

features can be annotated with the most likely molecular formulas. Whilst not conclusive, these 

unique unidentified metabolites suggest the involvement of glycan metabolism in the molecular 

mechanisms of polymyxin resistance in A. baumannii. Further studies are warranted to 
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characterise these unknown metabolites and their biological functions. Together with our 

metabolomics and transcriptomics results (356), it will provide additional information about the  

metabolic differences between polymyxin-susceptible and polymyxin-resistant A. baumannii 

(Figures 2.5 and 2.6).  

 

2.6 Conclusions 

To the best of our knowledge, this comparative untargeted metabolomics study is the first to 

demonstrate significant global metabolic changes in polymyxin-resistant A. baumannii strains. 

In particular, global metabolic differences are associated with different mechanisms of 

polymyxin resistance due to LPS loss and lipid A modifications. Our study provides a valuable 

insight into the global metabolism of polymyxin-resistant A. baumannii and potentially offers 

new therapeutic targets
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Chapter 3: Untargeted metabolomics analysis reveals key pathways responsible for the 

synergistic killing of colistin and doripenem combination against Acinetobacter baumannii 

 

3.1 Abstract  

Combination therapy is deployed for the treatment of MDR Acinetobacter baumannii, as it can 

rapidly develop resistance to current antibiotics. This is the first study to investigate the 

synergistic effect of colistin and doripenem combination on the metabolome of A. baumannii. 

The metabolite levels of A. baumannii ATCC 19606 and a paired of clinical strains polymyxin-

susceptible 03-149 and -resistant 03-149.2 were measured using LC-MS following treatment 

with colistin (2 mg/L) or doripenem (25 mg/L) alone, and their combination at 15 min, 1 hr and 

4 hr (n=4). Colistin predominantly caused disruption of the bacterial outer membrane and cell 

wall, as shown by perturbation of glycerophospholipids and fatty acids in all the three A. 

baumannii isolates tested. Concentrations of peptidoglycan biosynthesis metabolites decreased 

in response to doripenem, reflecting its mode of action. The combination induced significant 

changes to more key metabolic pathways relative to either monotherapy. Down-regulation of 

cell wall biosynthesis (via D-sedoheptulose 7-phosphate, D-ribulose 5-phosphate) and nucleotide 

metabolism (via D-ribose 5-phosphate, PRPP) particularly in the A. baumannii ATCC 19606 and 

03-149.1 strains were associated with perturbations in the pentose phosphate pathway. Notably, 

the synergistic killing of the combination against the polymyxin-susceptible ATCC 19606 and 

03-149.1 displayed common metabolic changes via the time-dependent inhibition of key 

metabolic pathways. In contrast, the elevated abundances of metabolites (e.g. nucleotides, amino 

acids) in the A. baumannii 03-149.2 strain presumably was the general antibiotic stress response 

induced by colistin alone and the combination. Overall, our study highlights the significant 

potential of systems pharmacology in elucidating the mechanism of synergy and optimising 

antibiotic pharmacokinetics and pharmacodynamics.
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3.2 Introduction  

MDR A. baumannii has been classified by CDC as a “Serious Threat” which is responsible for 

a plethora of nosocomial infections including pneumonia, bacteraemia, wound infections, 

urinary tract infections and meningitis (8, 351, 396). As one of the six significant ESKAPE 

‘superbugs’ identified by the IDSA, A. baumannii represents a challenge as it can rapidly 

develop resistance to all clinically available antibiotics (6, 397, 398). A. baumannii exhibits a 

wide array of antibiotic resistance strategies, including degradation and modification of 

enzymes, alteration of target binding sites and activation of efflux pumps (399). 

 

Due to the dry antibiotic discovery pipeline, the re-utilisation of the ‘old’ polymyxin class of 

antibiotics has become essential for the treatment of life-threatening infections caused by MDR 

A. baumannii (354). Polymyxin B and colistin (i.e. polymyxin E) are non-ribosomal cyclic 

lipopeptides that contain six basic L-α-γ-diaminobutyric acid (Dab) residues, two hydrophobic 

amino acids, and an N-terminal fatty acyl group (Section 1.3.1) (11). Polymyxins interact 

electrostatically with the phosphate groups of the lipid A component of lipopolysaccharide (LPS) 

followed by non-polar interactions of hydrophobic domains on both molecules to initiate the 

rapid bactericidal effect (Section 1.3.3) (11, 400). Destabilisation of the LPS leaflet of the outer 

membrane has generally been thought to cause local disturbance, osmotic imbalance and finally 

cell death, although the ultimate mechanism of cell death is not completely understood (96).  

 

Polymyxin monotherapy may lead to treatment failure as it is not always possible to generate 

reliably efficacious plasma exposure and bacterial resistance may emerge (Section 1.3.5) (45, 

48, 212, 401-403). A. baumannii can become resistant to polymyxins by the addition of 

phosphoethanolamine (pEtN), galactosamine (GalN) or both (41-43, 404-406) to its lipid A 

structure, or by the loss of LPS (Section 1.3.4) (44). These modifications significantly reduce 
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the negative charge on the bacterial outer membrane, thus diminishing the binding of polymyxins 

(11). A number of in vitro studies have shown that colistin and doripenem combination therapy 

is synergistic against MDR Pseudomonas aeruginosa, Klebsiella pneumoniae and A. baumannii 

(222-226, 407). In addition, the colistin-carbapenem combination has been shown to 

significantly limit the emergence of colistin resistance in A. baumannii (16). Therefore, 

polymyxin-carbapenem combinations are often employed to enhance therapeutic response and 

minimise potential polymyxin resistance. 

 

The mechanisms that underlie the synergistic action of polymyxins and carbapenems have not 

been fully elucidated. Metabolomics provides the opportunity to gain a system-wide snapshot of 

cellular biochemical networks under defined conditions, and has been increasingly employed in 

bacterial physiology and drug discovery to elucidate the mechanism of drug action (304, 408-

410). Furthermore, a detailed understanding of cellular metabolic perturbations in response to 

antibiotic treatment can potentially facilitate the discovery of novel alternative drug targets 

(248). To elucidate the mechanism of synergistic killing of the colistin and doripenem 

combination against A. baumannii, we conducted an untargeted metabolomics study. Our study 

is the first to reveal the metabolic perturbations induced by the combination were predominantly 

associated with the effect of colistin at the early time points (15 min and 1 hr), followed by the 

effect of doripenem at the later time points (4 hr). Notably, significant metabolic changes via 

disorganisation of membrane lipids and depletion of nucleotides, energy and amino sugar 

metabolites were evident following treatment with colistin alone, and were enhanced by its 

combination with doripenem. Our data provide a novel insight into the mechanism of synergistic 

killing against A. baumannii by the colistin-doripenem combination. 
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3.3 Materials and methods 

3.3.1 Strains, antibiotics and reagents  

A. baumannii ATCC 19606 (American Type Culture Collection [ATCC], Manassas, USA) was 

susceptible to both colistin and doripenem with MICs of 1 mg/L for both antibiotics. The pair of 

A. baumannii strains, 03-149.1 and 03-149.2 were clinically isolated from the similar patient 

(189). The 03-149.1 and 03-149.2 strains were polymyxin-susceptible (MIC 1 mg/L) and 

polymyxin-resistant (MIC > 32 mg/L), respectively and both were resistant to doripenem (MIC > 

32 mg/L). The strains were grown in cation-adjusted Mueller-Hinton broth (CaMHB; Oxoid, 

Australia; 20 - 25 mg/L Ca2+ and 10 - 12.5 mg/L Mg2+). Colistin (Sigma-Aldrich, Saint Louis, 

USA) and doripenem (Doribax, Shinogi Inc, Osaka, Japan) were prepared using Milli-Q water 

(Millipore Australia, North Ryde, New South Wales, Australia) prior to each experiment and 

sterilised by filtration with a 0.22-µm pore size Millex GP filter (Millipore, Bedford, MA). 

 

3.3.2 Bacterial culture preparation  

The bacterial culture preparation for A. baumannii ATCC 19606 was conducted independently 

of the two A. baumannii clinical strains. Whereas the study for both A. baumannii clinical 03-

149.1 and 03-149.2 strains was conducted in parallel. Culture of polymyxin-susceptible A. 

baumannii ATCC 19606 and 03-149.1 strains were prepared on nutrient agar plates while 

polymyxin-resistant 03-149.2 strain was plated on Mueller-Hinton agar supplemented with 

polymyxin B (10 mg/L) to maintain selection pressure. The plates were incubated for 16 - 18 hr 

at 37oC. For the overnight culture, colonies of A. baumannii strains were separately inoculated 

into 15 mL CaMHB and incubated for 16 - 18 hr at 37oC with shaking at 150 rpm. As different 

types of growth media have significant impacts on bacterial growth and antibiotic susceptibility, 

CaMHB was selected as the culture medium for PAO1 in this study. For the main culture, 1:100 

dilution of the overnight culture was sub-cultured into four different reservoirs containing 200 
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mL fresh MHB and grown to an optical density at 600 nm (OD600) of ~0.5 to achieve the starting 

inoculum ~108 colony-forming units (CFU)/mL (in order to obtain enough cells) of an early 

exponential growth phase. Bacterial culture was treated with colistin (2 mg/L), doripenem (25 

mg/L) and combination of colistin and doripenem (2 mg/L + 25 mg/L, respectively); 

concentrations of colistin and doripenem were chosen based on their pharmacokinetics in 

patients (222). Bacterial culture without any antibiotic treatment served as a control. Four 

biological replicates were prepared independently from different colonies of A. baumannii 

ATCC 19606, 03-149.1 and 03-149.2 strains on different days.  

 

3.3.3 Preparation of cellular metabolite extracts 

The untargeted metabolomics study was performed to investigate global metabolic alterations in 

A. baumannii ATCC 19606 and paired clinical isolates polymyxin-susceptible 03-149.1 

and -resistant 03-149.2 due to colistin, doripenem and the combination treatments in an in vitro 

static time-kill study. Cellular metabolites of A. baumannii were extracted by the previously 

optimised method with slight modifications (Section 2.3.4). Samples were collected before 

treatment with colistin, doripenem and the combination (i.e. time = 0), and at 15 min, 1 hr and 4 

hr for metabolite extraction and viable counting. For the fingerprint samples (i.e. intracellular 

metabolites), 15 mL of the bacterial culture was collected and immediately transferred on ice. 

All the samples were rapidly quenched in a dry ice/ethanol bath and preserved on ice for all 

following steps. Samples were normalised by optical density (OD600 nm) and centrifuged for 10 

min at 3,220 × g at 4˚C. The supernatant was collected for extracellular metabolites (i.e. 

footprint). The cell pellets were washed three times with sterile saline (4oC) and centrifuged for 

3 min at 3,220 × g at 4oC. Cellular metabolites were extracted with chloroform:methanol:water 

(CMW, 1:3:1, v/v; -80°C) (total volume of 300 L) containing generic internal standards 

(CHAPS, CAPS, PIPES and TRIS) at 1 M. Samples were immediately frozen in liquid nitrogen 
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and allowed to thaw on ice, and the freeze-thaw process was repeated three times to lyse the cells 

and release cellular metabolites. The extracted samples were centrifuged for 10 min at 3,220 × 

g at 4oC and the supernatant was collected and further centrifuged at 14,000 × g for 10 min at 

4oC. The final supernatant samples (200 L) were collected into injector vials for LC-MS 

analysis. For footprint samples, aliquots of the culture supernatant were rapidly filtered through 

a 0.22-m membrane filter, and 10 L of the supernatant was mixed with 250 μL of CMW 

(1:3:1, v/v) and centrifuged at 14,000 × g for 10 min at 4oC to collect particle-free supernatant 

for LC-MS analysis. 

 

3.3.4 LC-MS analysis of metabolites 

Samples were analysed on a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher), coupled 

to a Dionex high-performance liquid chromatograph (U3000 RSLC HPLC, Thermo Fisher) with 

a ZIC-pHILIC column (5 m, polymeric, 150 × 4.6 mm; SeQuant, Merck). The MS system 

was operated at 35,000 resolution in both positive and negative electro-spray ionisation (ESI) 

mode (rapid switching) and a detection range of 85 to 1,275 m/z. The LC mobile phase consisted 

of 20 mM ammonium carbonate (A) and acetonitrile (B) with a multi-step gradient system from 

80% B to 50% B over 15 min, then to 5% B at 18 min, followed by a wash with 5% B for 3 min, 

and re-equilibration for 8 min with 80% B at a flow rate of 0.3 mL/min (122). The injection 

sample volume was 10 L and the run time was 32 min. All samples were analysed in the same 

run and the chromatographic peaks, signal reproducibility and analyte stability were monitored 

by assessment of pooled biological quality control (PBQC) samples (aliquot of 10 L of each 

sample, including both footprints and fingerprints) analysed periodically throughout the batch, 

internal standards and total ion chromatograms for each sample. Mixtures of pure standards 

containing over 200 metabolites were analysed within the batch to aid in the identification of 

metabolites. 
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3.3.5 Data processing, bioinformatics and statistical analyses  

Metabolomics data analyses were performed as previously described in Section 2.3.6 using 

mzMatch (342) and IDEOM (http://mzmatch.sourceforge.net/ideom.php) (341). Quantification 

of each metabolite was conducted using the raw peak height. Univariate and multivariate 

analyses utilised MetaboAnalyst 3.0 (344). For the A. baumannii ATCC 19606, prior to analysis, 

relative peak intensity data were normalised by the median, log transformed and scaled (by auto 

scale function) to reduce variance between the samples. In turn, for the A. baumannii 03-14.9.1 

and 03-149.2 isolates, the data were log transformed and scaled (by auto scale function) without 

median normalisation. The global metabolic profiles of samples with antibiotic treatments at 

each time point were analysed using multivariate statistical analysis by unsupervised principal 

component analysis (PCA). One-way Analysis of Variance (ANOVA) (p < 0.05, FDR ≤ 0.1) for 

multiple comparison and post hoc analysis using Tukey’s Honestly Significant Difference were 

applied to identify significant metabolite changes between treated and untreated control samples 

at each time point. Metabolites that were detected as isomeric peaks with opposite abundance 

changes (increased and decreased levels) were excluded. To further increase the reliability of the 

data, significant metabolites were filtered by selection of only those that showed a >1.5-log2-

fold change relative to the untreated control samples and an identification confidence score of 6 

or more in IDEOM (i.e. removing likely LC-MS artefacts). Metabolic pathway analysis was 

performed based on the statistically significant identified metabolites (> 1.5-log2-fold; p ≤ 0.05, 

FDR ≤ 0.1, one-way ANOVA for multiple comparison). Visualisation and Analysis of Networks 

containing Experimental Data (Vanted) software was utilised to visualise the associated 

metabolic pathways (367). 
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3.4 Results 

Untargeted metabolomics was applied to profile the metabolic changes in A. baumannii ATCC 

19606 and a pair of clinical isolates of polymyxin-susceptible 03-149.1 and -resistant 03-149.2 

treated with colistin and doripenem mono- and combination therapy at 15 min, 1 hr and 4 hr. 

Four biological replicates were independently prepared from different cultures on separate days. 

The A. baumannii ATCC 19606 samples were analysed in a single LC-MS batch independently 

of the A. baumannii 03-149.1 and 03.149.2 samples. The time-kill kinetics curve demonstrates 

that there was no significant killing by colistin alone against ATCC 19606 strain at each time 

point whereas doripenem alone and the combination showed quite significant killing effect 

particularly at 1 hr (~ 0.5-log) and 4 hr (~ 2-log)  (Figure 3.1A). To reduce the variance between 

the sample groups due to the killing effects of doripenem alone and the combination in the ATCC 

19606 study, median normalisation was applied in the data analysis (detail is described in Section 

3.3.5). Furthermore, colistin alone and the combination against 03-149.1 strain caused minimal 

killing at each time point whereas no effect induced by doripenem alone (Figure 3.1B). In turn, 

colistin alone caused no significant bacterial killing whereas there were slight killing by 

doripenem alone and in combination in the 03-149.2 strain at each time point (Figure 3.1C). 

Significant changes in the metabolite relative intensity levels between antibiotic treated samples 

and untreated control samples were defined as at least 1.5 log2-fold difference (ANOVA for 

multiple comparison, p ≤ 0.05, FDR ≤ 0.1). Global metabolome changes and the number of 

significantly perturbed metabolites following treatments with antibiotic at each time point were 

visualised by PCA plots and summarised in Venn diagrams, respectively (Figures 3.3 and 3.4). 

Metabolic pathway analysis then was performed based on the list of significantly altered 

metabolites to elucidate the modes of action of colistin and doripenem alone and in combination.  
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Figure 3.1. Time-kill kinetics of colistin and doripenem alone and in combination against 

A. baumannii isolates of polymyxin-susceptible (A) ATCC 19606, (B) 03-149.1 and 

polymyxin-resistant (C) 03-149.2.  
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Table 3.1 Data precision of individual samples represented as the median relative standard 

deviation (RSD, %) for A. baumannii strains ATCC 19606, 03-149.1 and 03-149.2 (n=4 

biological replicates). Pooled biological quality controls = PBQCs.   

 
ATCC 19606 03-149.1 03-149.2 

15 min 
  

Control  18 18 19 

Colistin  28 18 24 

Doripenem  19 21 19 

Combo  30 17 16 

1 hr  
  

Control  18 18 12 

Colistin  23 22 17 

Doripenem  22 16 18 

Combo  19 26 23 

4 hr 
  

Control  26 19 17 

Colistin  24 17 14 

Doripenem  29 19 18 

Combo  21 21 15 

PBQCs  14 11 11 

 

 

Figure 3.2. PCA score plots of all individual samples of A. baumannii (A) ATCC 19606 and 

(B) 03-149.1 and 03-149.2 strains treated with colistin and doripenem alone and in 

combination. Pooled biological quality controls (PBQCs) were analysed throughout each of the 

LC-MS batch for A. baumannii isolates ATCC 19606 and, 03-149.1 and 03-149.2.  
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3.4.1 Multivariate and univariate analyses 

3.4.1.1 A. baumannii ATCC 19606 

The within-experiment technical (analytical) variations were monitored based on periodic 

analysis of pooled biological quality control (PBQC) samples in the batch. We showed that the 

median relative standard deviation (RSD) of the PBQC, an indicator for analytical 

reproducibility, of ATCC 19606 study was 14% which is well within the acceptable limits for 

metabolomics (< 20%) (Table 3.1) (411). In addition, the PCA plot showed the PBQC samples 

tightly clustered together, indicating minimal technical variation (Figure 3.2A). The median 

RSD value for each sample group was between 19-30%, showing the dynamics of bacterial 

metabolism due to antibiotic treatments (Table 3.1). A total of 1,577, 1,583, and 1,637 unique 

metabolites (carbohydrates, energy, amino acids, nucleotides, lipids, peptides, and others) were 

putatively identified at 15 min, 1 hr and 4 hr, respectively. Univariate analysis of these features 

revealed that 5-11% of metabolites were significantly altered following treatment with 

monotherapy and the combination at each time point (Figure 3.3B). Colistin induced significant 

global metabolic changes as early as at 15 min. In contrast, the most substantial metabolic 

changes associated with doripenem monotherapy were observed at 4 hr, signifying the time-

dependent effect of doripenem. Treatment with the colistin and doripenem combination affected 

31 additional metabolites that were not altered by either colistin or doripenem treatment alone at 

15 min and 1 hr, indicating a synergistic effect of this combination. Interestingly, the PCA plot 

shows relatively similar metabolic profiles between the treatment with colistin monotherapy and 

the combination of colistin and doripenem at 15 min (Figure 3.3A (i)). There was also 

considerable overlap at 1 hr as almost half of the perturbed metabolites from the combination 

treatment were also perturbed by colistin alone (Figures 3.3A (ii) and B (ii)). However, at 4 hr 

the impact of colistin alone was minimal and the combination treatment shared many metabolic 

features with the doripenem monotherapy (Figure 3.3A (iii) and B (iii)). 
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Figure 3.3. Multivariate and univariate analyses of global metabolic changes in A. 

baumannii ATCC 19606. (A) PCA score plots of the first two principal components for 

metabolite levels from samples treated with colistin, doripenem and the combination at (i) 15 

min, (ii) 1 hr and (iii) 4 hr. Each data set represents a total of 16 samples of 4 biological replicates 

of each condition. Red = colistin alone (C); Dark blue = doripenem alone (D); Green = colistin 

and doripenem combination (CD); Light blue = untreated control (X). (B) Venn diagrams 

represent the number of metabolites significantly affected by each treatment at (i) 15 min, (ii) 1 

hr and (iii) 4 hr. Significant metabolites were selected with > 1.5-log2-fold, p ≤ 0.05, FDR ≤ 0.1 

(one-way ANOVA for multiple comparison).  
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3.4.1.2 A. baumannii 03-149.1 and 03.149.2 strains 

Preliminary analyses via PCA plots and median RSD values indicated that there were several 

outliers generated from few replicates in some sample groups of A. baumannii 03-149.1 and 

03.149.2 strains (data not shown). To reduce the variance between the samples and further 

enhance the reliability of the data, those replicates have been removed from the analysis. The 

median RSD value of the PBQC was 11% which is well within the acceptable limits for 

metabolomics (< 20%) (i.e. within 5% retention time for the identification of authentic 

standards) (Table 3.1) (411). For each individual sample group, the median RSD value was 

between 16-26% for 03-149.1 strain and 12-24% for 03-149.2 strain, signifying the metabolic 

perturbations induced by antibiotics (Table 3.1). A total of 2,700 metabolites of different classes 

(e.g. carbohydrates, amino acids, nucleotides, lipids, energy and others) were putatively 

annotated and identified in A. baumannii 03-149.1 and 03.149.2 strains. PCA plots of both 

isolates at 15 min and 1 hr demonstrated that colistin alone and the combination closely clustered 

together which were distinguished from doripenem alone and control untreated groups, 

suggesting general metabolic responses induced by colistin (Figure 3.4A and B). There is no 

clear separation between the antibiotic-treated groups of 03-149.1 strain at 4 hr (Figure 3.4A (i)). 

Interestingly, at 4 hr, the PCA plot of 03-149.2 strain showed that the combination was slightly 

separated from the colistin and doripenem monotherapy and control-untreated group (Figure 

3.4B(i)).  
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Figure 3.4. Global metabolic changes in a pair of A. baumannii isolates. PCA plots (left) and 

Venn diagrams (right) of A. baumannii (A) polymyxin-susceptible 03-149.1 and (B) polymyxin-

resistant 03-149.2 strains treated with colistin and doripenem alone and in combination at 15 

min, 1 hr and 4 hr. The numbers in brackets represent number of metabolites that were 

significantly changed. Colistin = Col; doripenem = Dor; colistin and doripenem combination = 

Combo. Significant metabolites were selected with > 1.5-log2-fold, p ≤ 0.05.  

 

 

3.4.2 Colistin alone and in combination with doripenem predominantly induced disruption of 

bacterial lipids  

Unique patterns of changes in the levels of lipids were observed in ATCC 19606 treated with 

either colistin monotherapy or combination with doripenem at 15 min, 1 hr and 4 hr (Figure 3.5). 

Treatment with colistin alone induced significant perturbation in the levels of membrane lipids 

at 15 min and 1 hr, predominantly the glycerophospholipids (GPs) and fatty acids (FAs) (> 1.5-
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log2-fold, p ≤ 0.05) (Figure 3.5A(i) and (ii)). Significant changes in the levels of GPs were 

observed after treatment with colistin and doripenem combination at all three time points, 

including the depletion of several lysophosphatidylethanolamines (lysoPE) while only very few 

FAs were affected (Figure 3.5A). Doripenem alone showed no significant changes to lipid levels 

at 15 min and 1 hr. However, doripenem alone caused substantial perturbation in the levels of 

cellular lipids, predominantly accumulation of FAs at 4 hr (Figure 3.5A (iii)). Colistin alone and 

in combination also significantly induced similar trends of lipid changes predominantly of FAs 

and GPs in both 03-149.1 and 03-149.2 strains across 4 hr (Figures 3.6 and 3.7). However, 

perturbation of lipids was not clearly observed following exposure to doripenem alone in 03-

149.1 strain at each time point (Figure 3.6). Slight changes in FAs and GPs levels were noticed 

in the 03-149.2 strain following treatment with doripenem alone at 4 hr but no changes at the 

early time points (Figure 3.7). Interestingly, the metabolite arising from PE metabolism, sn-

glycero-3-phosphoethanolamine, significantly decreased (> 1.5-log2-fold, p ≤ 0.0001) after 

treatment with colistin monotherapy and the combination across all time points in ATCC 19606 

(Figure 3.5B). In addition, the combination therapy significantly decreased the level of sn-

glycero-3-phosphate (> 1.5-log2-fold, p ≤ 0.001), another metabolite associated with GP 

metabolism (Figure 3.5B). Notably, sn-glycero-3-phosphate, sn-glycero-3-

phosphoethanolamine and sn-glycero-3-phosphocholine also were significantly depleted (< 1.5-

log2-fold, p ≤ 0.001) by colistin alone and the combination in the 03-149.1 strain (Figure 3.6B). 

Treatment with colistin alone and the combination against 03-149.2 strain similarly decreased 

the level of sn-glycero-3-phosphoethanolamine at each time point whereas sn-glycero-3-

phosphocholine was significantly depleted only at 4 hr by the combination (Figure 3.7B). 
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Figure 3.5. Perturbations of bacterial lipids in A. baumannii ATCC 19606. (A) Significantly 

perturbed lipids following treatment with colistin (Col), doripenem (Dor) and the combination 

(Col-Dor) at (i) 15 min, (ii) 1 hr and (iii) 4 hr. Lipid names are putatively assigned based on 

accurate mass. (B) Depletion of sn-glycero-3-phosphoethanolamine and sn-glycero-3-phosphate 

after treatment with colistin, doripenem and the combination across all three time points. Box 

plots indicate upper and lower quartiles (top and bottom of box); median (line within box); and 

the spread of data that are not outliers (whiskers). * > 1.5-log2-fold, p ≤ 0.05.  
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Figure 3.6. Perturbations of bacterial lipids in polymyxin-susceptible 03-149.1. (A) Colistin 

alone and the combination significantly perturbed the levels of glycerophospholipids and fatty 

acyls at (i) 15 min, (ii) 1 hr and (iii) 4 hr. Lipids were putatively annotated based on the accurate 

masses. (B) Perturbations of metabolites associated with lipid metabolism, sn-glycero-3-

phosphoethanolamine, sn-glycero-3-phoshocholine and sn-glycero-3-phosphate. * > 1.5-log2-

fold.  
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Figure 3.7. Perturbations of bacterial lipids in polymyxin-resistant 03-149.2. (A) Colistin 

alone predominantly perturbed the levels of glycerophospholipids and fatty acyls at (i) 15 min 

and (ii) 1 hr, whereas the combination significantly perturbed the lipids across all time points 

including at (iii) 4 hr. Lipids were putatively annotated based on the accurate masses. (B) 

Perturbations of metabolites associated with lipid metabolism, sn-glycero-3-

phosphoethanolamine and sn-glycero-3-phoshocholine. * > 1.5-log2-fold, * < 1.5-log2-fold, p ≤ 

0.05.  
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3.4.3 Combination of colistin and doripenem induced global metabolic changes via pentose 

phosphate pathway (PPP) metabolism 

The combination of colistin and doripenem caused significant changes in the levels of 

metabolites of central carbon metabolism, primarily associated with bacterial anabolic 

metabolism of the PPP in A. baumannii at 15 min, 1 hr and 4 hr (> 1.5-log2-fold, p ≤ 0.05) 

(Figures 3.8 and 3.9). In particular, the combination of colistin and doripenem induced 

significant decreases in the levels of three essential metabolites of PPP in ATCC 19606 at all 

time points, D-ribose 5-phosphate, D-sedoheptulose 7-phosphate and D-erythrose 4-phosphate, 

key precursors for biosynthesis of nucleotides, LPS and aromatic amino acids, respectively 

(Figure 3.8). In the ATCC 19606, these metabolites were depleted by colistin monotherapy at 

the early time points (significant at 1 hr), but not by doripenem; whereas significant depletion at 

4 hr was observed for doripenem monotherapy, but not colistin. In addition to these PPP 

metabolites, a related metabolite, 2-deoxy-D-ribose-5-phosphate was consistently decreased as 

a result of the combination of colistin and doripenem at 1 hr and 4 hr. Similarly, the levels of D-

sedoheptulose 7-phosphate, D-glucono-1,5-lactone 6-phosphate, 2-deoxy-D-ribose-5-phosphate, 

deoxyribose and D-ribose were significantly depleted (< 1.5-log2-fold, p ≤ 0.05) following 

exposure to colistin alone and the combination in the 03-149.1 strain particularly at 1 hr and 4 

hr (Figure 3.9; Tables 3.6 and 3.7). However, doripenem alone induced no significant effects on 

these PPP metabolites in the 03-149.1 strain at all time points. In turn, for the 03-149.2 strain, 

significant depletions (< 1.5-log2-fold, p ≤ 0.05) in the levels of D-glucono-1,5-lactone 6-

phosphate, D-gluconic acid and 6-phospho-D-gluconate metabolites were observed following 

treatment with the colistin and doripenem combination at 4 hr but no changes by single colistin 

and doripenem treatment (Figure 3.9 and Table 3.10). In contrast, at 4 hr, the levels of 

metabolites D-eryhtrose 4-phosphate and D-sedoheptulose 7-phosphate were notably increased 
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(> 1.5-log2-fold, p ≤ 0.05) by the colistin and doripenem combination treatment in the 03-149.2 

strain (Figure 3.9).  

 

Figure 3.8. Central metabolic changes in the pentose phosphate pathway (PPP). Antibiotic 

treatment of A. baumannii ATCC 19606 significantly decreased the levels of three PPP 

metabolites (i.e. D-sedoheptulose 7-phosphate, D-erythrose 4-phosphate and D-ribose 5-

phosphate) that are essential anabolic precursors of related pathways. The combined colistin and 

doripenem significantly decreased the levels of the three precursor metabolites at all time points. 

Additionally, 2-deoxy-D-ribose 5-phosphate significantly decreased followed by the 

combination at 1 hr and 4 hr. In the pathway flow chart (adapted from biocyc.org with reference 

to E. coli K-12), blue boxes indicate the metabolites that were significantly decreased and red 

boxes indicate the metabolites that were not significantly changed. Box plots indicate upper and 

lower quartiles (top and bottom of box); median (line within box); and the spread of data that 

are not outliers (whiskers). * > 1.5-log2-fold, p ≤ 0.05. 
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Figure 3.9. Central metabolic changes in the pentose phosphate pathway (PPP) in A. 

baumannii clinical isolates. The combination of colistin and doripenem significantly depleted 

the PPP metabolite levels in the polymyxin-susceptible 03-149.1 strain predominantly at 1 hr 

and 4 hr. Colistin and doripenem combination significantly perturbed (i.e. increased and 

decreased) the metabolite levels in the polymyxin-resistant 03-149.2 strain particularly at 4 hr. 

Metabolites with red and black colours indicate metabolites that were significantly changed and 

not significantly changed, respectively.  * > 1.5-log2-fold, * < 1.5-log2-fold, p ≤ 0.05. 
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3.4.4 Colistin and doripenem caused depletion of metabolite levels of energy and nucleotide 

metabolism 

Significant depletion in the levels of intracellular metabolites of energy metabolism, namely 

ATP, NAD+ and NADP+ was observed in the ATCC 19606 strain following treatment with the 

colistin and doripenem combination across all three time points (> 1.5-log2-fold, p ≤ 0.01) 

(Figure 3.10A). Treatment with colistin alone decreased the levels of these energy metabolites 

at 15 min and 1 hr, while doripenem-associated depletion was only significant at 4 hr in the 

ATCC 19606 strain. Significant decreases of energy metabolites (i.e. ATP, ADP, NAD+ and 

NADP+) were also observed in the 03-149.1 strain following treatment with colistin alone at 15 

min and 1 hr, colistin and doripenem combination at each time point, but no significant changes 

by doripenem alone (Tables 3.5-3.7). In contrast, for the 03-149.2 strain, energy metabolites (i.e. 

ATP, NAD+) were significantly increased by colistin alone at 15 min and 1 hr, the combination 

at all time points but no changes by doripenem alone (Tables 3.8-3.10). Notably, significant 

perturbations of TCA cycle intermediates, fumarate and cis-aconitate were identified in samples 

treated with colistin and doripenem alone and in combination in the A. baumannii ATCC 19606 

particularly at 15 min and 4 hr (Tables 3.2 and 3.4). Our results also showed that, the levels of 

several TCA cycle intermediates (e.g. 2-oxoglutarate, (S)-malate, succinate, citrate) were 

significantly changed in both A. baumannii 03-149.1 and 03-149.2 strains (Tables 3.5-3.10). In 

particular, notable increase of succinate was observed following treatment with the combination 

against 03-149.2 strain at 1 hr and 4 hr (Tables 3.9 and 3.10).    

 

Furthermore, significant depletion in the levels of nucleotides, both purines and pyrimidines, 

were observed in the ATCC 19606 after colistin alone at 1 hr, doripenem alone at 4 hr and the 

combination treatment at each time point (> 1.5-log2-fold, p ≤ 0.01) (Figure 3.10B). In the 03-

149.1 strain, the levels of many nucleotides were significantly lowered (< 1.5-log2-fold, p ≤ 0.05) 
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by colistin alone and the combination at all time points, whereas doripenem alone showed no 

significant effect (Figure 3.11A). In contrast, significant increases (> 1.5-log2-fold, p ≤ 0.05) in 

the levels of nucleotides were notified following exposure to colistin alone and in combination 

in the 03-149.2 strain at the early time points, 15 min and 1 hr (Figure 3.11B). Interestingly, at 

4 hr, colistin and doripenem combination caused significant depletion in the levels of nucleotides 

in the 03-149.2 strain whereas no changes induced by colistin and doripenem monotherapy 

(Figure 3.11B). The results also showed that the level of 5-phospho--D-ribose-1-diphosphate 

(PRPP), a key precursor for nucleotide biosynthesis significantly depleted (> 1.5-log2-fold, p ≤ 

0.01) in the 03-149.1 strain after exposure to colistin alone and the combination at each time 

point. Whereas in the 03-149.2 strain, the PRPP was significantly depleted at 4 hr by the 

combination (Figure 3.11C). However, there was no significant change in the level of PRPP in 

the 03-149.2 strain by the colistin and doripenem combination at 15 min and 1 hr whereas only 

colistin alone caused significant increase at 15 min (Figure 3.11C). Furthermore, many of amino 

acid metabolites were significantly decreased (< 1.5-log2-fold, p ≤ 0.05) by colistin alone and 

the combination in the ATCC 19606 and 03-149.1 strains (Tables 3.2-3.7), whereas these were 

significantly increased (> 1.5-log2-fold, p ≤ 0.05) in the 03-149.2 strain (Tables 3.8-3.10).  
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Figure 3.10. Depletion of energy and nucleotide metabolite levels in A. baumannii ATCC 

19606. (A) Decreased levels of key energy-associated metabolites, ATP, NAD+ and NADP+ 

induced by colistin, doripenem and the combination. Box plots indicate upper and lower quartiles 

(top and bottom of box); median (line within box); and the spread of data that are not outliers 

(whiskers). * > 1.5-log2-fold, p ≤ 0.05. (B) Heatmap profile of relative abundance of significantly 

perturbed nucleotides at (i) 15 min, (ii) 1 hr and (iii) 4 hr after treatment with colistin (Col), 

doripenem (Dor) and the combination (Col-Dor) (n = 4). Antibiotics decreased the levels of 

nucleotides, both purines and pyrimidines.  
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Figure 3.11. Purine and pyrimidine nucleotide changes in A. baumannii clinical isolates. 

Heatmap profiles of the significantly changed nucleotides in the A. baumannii (A) polymyxin-

susceptible 03-149.1 and (B) polymyxin-resistant 03-149.2 strains exposed to colistin and 

doripenem alone and the combination at 15 min (left), 1 hr (centre) and 4 hr (right). (C) 

Perturbation of PRPP metabolite, a key precursor for nucleotide biosynthesis in A. baumannii 

(i) 03-149.1 and (ii) 03-149.2 strains. Colistin = Col; Doripenem = Dor; Colistin and doripenem 

combination = Combo; Control = Ctrl. * > 1.5-log2-fold, * < 1.5-log2-fold, p ≤ 0.05.
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3.4.5 Colistin and doripenem induced depletion of amino sugar metabolites for cell wall 

biosynthesis 

Colistin alone significantly decreased the intracellular levels of several important metabolites 

associated with amino sugar and nucleotide sugar metabolism in the ATCC 19606, in particular 

at 1 hr (> 1.5-log2-fold, p ≤ 0.05) (Figure 3.12A). The levels of two major precursor metabolites 

of cell wall biosynthesis significantly decreased after treatment with colistin alone at 1 hr, 

namely UDP-N-acetylmuramate (UDP-MurNAc) and UDP-N-acetylglucosamine (UDP-

GlcNAc) (> 1.5-log2-fold, p ≤ 0.01). Significant decreases in the levels of both metabolites were 

also observed following treatment with the combination of colistin and doripenem at 1 hr and 4 

hr. Doripenem alone significantly decreased the amino sugar associated metabolites only at 4 hr. 

Two metabolites of peptidoglycan biosynthesis were identified to significantly decrease at 4 hr 

after doripenem treatment in the ATCC 19606, meso-2,6-Diaminoheptanedioate and UDP-N-

acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-D-alanyl-D-alanine (> 1.5-log2-fold, p 

≤ 0.01) (Figure 3.12B). Only UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-

D-alanyl-D-alanine was found to significantly decrease after treatment with combined colistin 

and doripenem at 4 hr. The changes in cell wall metabolism were also observed in both 03-149.1 

and 03-149.2 isolates predominantly induced by the combination of colistin and doripenem 

(Figures 3.13 and 3.14). Colistin alone and in combination generally induced significant 

depletion (< 1.5-log2-fold, p ≤ 0.05) in the levels of many peptidoglycan biosynthesis associated 

metabolites in the 03-149.1 strain particularly at 15 min and 1 hr (Figure 3.13). On the contrary, 

the metabolite levels of peptidoglycan biosynthesis were significantly increased by the colistin 

and doripenem combination in the 03-149.2 isolate (Figure 3.14). Notably, the levels of UDP-

MurNAc-L-Ala-gamma-D-Glu-meso-2,6-diaminopimelate and UDP-MurNAc-L-Ala-gamma-

D-Glu-meso-2,6-diaminopimeloyl D-Ala-D-Ala were significantly altered (< 1.5-log2-fold, p ≤ 

0.001) by doripenem alone in both A. baumannii clinical isolates (Figures 3.13 and 3.14). In 
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addition, marked decreases (< 1.5-log2-fold, p ≤ 0.01) of LPS biosynthesis metabolites, D-

ribulose-5-phosphate and 3-deoxy-D-manno-octulosonate (KDO) were noticed following 

colistin alone and the combination in the 03-149.1 strain particularly at 1 hr and 4 hr, but not in 

the 03-149.2 strain (Figure 3.13B). 

 

3.4.6 Colistin and doripenem induced alterations in peptide metabolism  

Treatment with doripenem alone and the combination of colistin and doripenem showed unique 

changes in the levels of short peptides in the ATCC 19606 (Tables 3.2-3.4). The number of 

significantly perturbed peptides increased across the time points after treatment with doripenem 

alone and the combination of colistin and doripenem (> 1.5-log2-fold, p ≤ 0.05). However, 

colistin alone showed significant changes in the levels of only a few cellular peptides. 

Interestingly, a unique putative metabolite, tyramine (m/z = 137.08, tR = 9.03 min; MSI level 2), 

which is associated with tyrosine metabolism was found to significantly increase only after 

treatment with doripenem alone and the combination of colistin and doripenem across all time 

points in all the A. baumannii strains  (> 1.5-log2-fold, p ≤ 0.0001) (Tables 3.2-3.10). 
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Figure 3.12. Depletion of amino sugar metabolites for peptidoglycan and LPS biosynthesis 

in A. baumannii ATCC 19606. (A) Significant decreases in the levels of two amino sugar 

metabolites at 1 hr and 4 hr by colistin, doripenem and the combination. UDP-GlcNAc is a key 

precursor metabolite for LPS and peptidoglycan biosynthesis. (B) Levels of two key metabolites 

of peptidoglycan biosynthesis significantly decreased after treatment with doripenem alone at 4 

hr. The combination of colistin and doripenem also significantly decreased UDP-N-

acetylmuramoyl-L-alanyl-D-glutamyl-meso-2,6-diaminopimeloyl-D-alanyl-D-alanine (> 2.0-

log2-fold) at 4 hr. The blue boxes in the flow charts indicate the metabolites that were 

significantly decreased. The red boxes indicate the metabolites that were not significantly 

changed. Box plots indicate upper and lower quartiles (top and bottom of box); median (line 

within box); and the spread of data that are not outliers (whiskers). * > 1.5-log2-fold, p ≤ 0.05. 



Chapter Three 

 

122 
 

 

Figure 3.13. Peptidoglycan and LPS biosynthesis changes in polymyxin-susceptible 03-

149.1. (A) Peptidoglycan biosynthesis. Colistin alone and the combination significantly 

decreased the levels of many metabolites whereas doripenem alone particularly affected UDP-

MurNAc-L-Ala-gamma-D-Glu-meso-2,6-diaminopimelate and UDP-MurNAc-L-Ala-gamma-

D-Glu-meso-2,6-diaminopimeloyl D-Ala-D-Ala. (B) LPS biosynthesis. Colistin alone and the 

combination significantly altered the levels of D-ribulose-5-phosphate and 3-deoxy-D-manno-

octulosonate. Red and black colours indicate metabolites that were significantly changed and not 

significantly changed, respectively. * > 1.5-log2-fold, * < 1.5-log2-fold, p ≤ 0.05.  
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Figure 3.14. Peptidoglycan biosynthesis changes in polymyxin-resistant 03-149.2. The 

combination of colistin and doripenem significantly increased the levels of many metabolites 

whereas doripenem alone particularly affected UDP-MurNAc-L-Ala-gamma-D-Glu-meso-2,6-

diaminopimelate and UDP-MurNAc-L-Ala-gamma-D-Glu-meso-2,6-diaminopimeloyl D-Ala-D-

Ala. Red and black colours indicate metabolites that were significantly changed and not 

significantly changed, respectively. * > 1.5-log2-fold, * < 1.5-log2-fold, p ≤ 0.05. 
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Table 3.2 Significant metabolites (p ≤ 0.05) of ATCC 19606 identified following exposure to 

colistin (Col) and doripenem (Dor) alone and in combination (Combo) at 15 min. Significant 

fold-changes are highlighted in yellow. 

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 p-value 

C4H7NO4 Amino Acid  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  

Alanine and aspartate  
  

  

  

L-Aspartate 1.68 -0.15 1.43 0.001199 

C15H22N6O5S S-Adenosyl-L-methionine -1.22 -1.30 -2.33 0.001057 

C5H9NO4 L-Glutamate -1.58 -0.57 -2.02 0.002507 

C7H11NO5 N-Acetyl-L-glutamate -1.54 -0.29 -1.88 0.002564 

C8H15NO6 Glutamate  

  

N-Acetyl-D-glucosamine 1.60 -0.61 -0.31 0.000346 

C20H32N6O12S2 Glutathione disulfide -1.64 -0.06 -1.83 0.000270 

C3H4O4 Glycine, serine and 
threonine  

Hydroxypyruvate 1.89 0.25 2.03 1.74E-06 

C41H65N9O28P2 Lysine biosynthesis UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-
carboxy-L-lysyl-D-alanyl- D-

alanine 

-0.70 1.68 1.15 3.10E-07 

C5H8O3 Lysine degradation 5-Oxopentanoate 1.35 0.00 1.76 0.003292 

C9H10O4 Phenylalanine  
  

3-(2,3-
Dihydroxyphenyl)propanoate 

-1.42 -0.53 -2.15 0.001055 

C9H11NO2 L-Phenylalanine 2.12 0.33 0.77 0.002122 

C2H5O5P Taurine and 

hypotaurine 

Acetyl phosphate -1.34 -0.22 -1.67 0.020874 

C8H11NO Tyrosine  Tyramine 0.05 2.00 1.91 2.14E-14 

C6H10O3 Valine, leucine and 

isoleucine degradation 

  

  

(S)-3-Methyl-2-oxopentanoic 

acid 

1.93 0.21 1.34 0.002784 

C5H8O3 3-Methyl-2-oxobutanoic acid 1.52 -0.07 1.95 2.18E-05 

C6H10O3 4-Methyl-2-oxopentanoate 1.42 -0.05 2.06 5.65E-06 

C15H10O5 Biosynthesis 
of Secondary 

Metabolites 

Isoflavonoid 
biosynthesis 

2'-Hydroxydaidzein 1.67 0.38 1.70 0.007274 

C6H13NO5 Carbohydrate  

  

  
  

  

  
  

  

  
  

  

  
  

  

Aminosugars  D-Glucosamine -0.28 -0.11 -1.90 0.005587 

C6H11NO4 C5-Branched dibasic 

acid 

4-Methyl-L-glutamate -1.56 -0.69 -2.31 0.000113 

C6H10O5 Fructose and mannose  2-Dehydro-3-deoxy-L-
rhamnonate 

-0.02 -0.70 -1.77 0.018008 

C3H5O6P Glycolysis / 

Gluconeogenesis 

Phosphoenolpyruvate 1.64 -0.21 1.58 0.000217 

C3H7O7P 3-Phospho-D-glycerate 1.40 0.36 1.85 0.009620 

C6H12O7 Pentose and 
glucuronate 

interconversions 

D-Mannonate 1.74 0.29 1.73 0.002352 

C4H9O7P Pentose phosphate 

pathway 

D-Erythrose 4-P -1.38 0.09 -1.71 0.002240 

C5H11O8P D-Ribose 5-P -0.88 -0.22 -2.05 0.002698 

C7H15O10P D-Sedoheptulose 7-P -1.32 -0.15 -1.80 0.006959 

C6H13NO6 2-Amino-2-deoxy-D-

gluconate 

1.47 0.32 1.73 0.01307 

C3H7O5P Propanoate  Propanoyl phosphate -1.67 -0.08 -1.68 0.001283 

C6H13O9P Starch and sucrose D-Glucose 6-P 1.60 -0.36 0.83 0.008075 

C4H4O4 TCA cycle Fumarate 1.73 2.14 1.48 0.002026 

C8H18NO10P undefined  N-Gluconyl ethanolamine 

phosphate 

-1.75 -0.28 -1.84 0.000740 

C7H7NO2 Cofactors & 

Vitamins 
  

Nicotinate & 

nicotinamide  

N-Methylnicotinate 1.79 0.14 1.77 0.000285 

C5H9NO3 Porphyrin & 
chlorophyll  

(S)-4-Amino-5-
oxopentanoate 

-1.55 -1.36 -2.13 0.004471 

C13H22N4O8S2 Peptide 

  

  
  

  

  

  

  

Acidic peptide 

 

Asp-Cys-Cys-Ser -1.64 -0.51 -2.04 0.001071 

C13H21N5O8 Ala-Asn-Asp-Gly 1.58 0.33 1.74 0.008051 

C15H23N3O6 Glu-Pro-Pro 1.37 1.73 0.01 0.004429 

C21H36N6O10 Basic peptide Glu-Glu-Gln-Lys -0.08 2.07 1.66 4.53E-12 

C22H34N4O7S Hydrophobic peptide Cys-Leu-Thr-Tyr -0.78 -1.86 -1.08 0.046288 

C14H25N3O6 Glu-Ala-Ile 0.46 -1.69 -0.76 0.001490 

C14H24N4O5 Nonpolar peptide Ala-Ala-Ala-Pro -0.07 -1.85 0.01 0.003101 
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Table 3.3 Significant metabolites (p ≤ 0.05) of ATCC 19606 identified following exposure to 

colistin (Col) and doripenem (Dor) alone and in combination (Combo) at 1 hr. Significant fold-

changes are highlighted in yellow.  

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 p value 

C4H7NO4 Amino Acid  

  

  
  

  

  

  

  
  

  

  
  

  

  
  

  

  
  

  

Alanine and aspartate  L-Aspartate 1.76 1.00 2.01 0.004135 

C9H18N4O4 Arginine and proline  

  
  

  

  

N2-(D-1-Carboxyethyl)-L-

arginine 

-1.56 -1.75 -2.27 0.000452 

C7H11NO5 N-Acetyl-L-glutamate -1.80 -0.87 -2.12 0.000932 

C5H9NO4 L-Glutamate -1.93 -0.61 -1.63 0.005325 

C15H22N6O5S S-Adenosyl-L-methionine -1.98 -1.36 -1.54 0.012693 

C10H18N4O6 N-(L-Arginino)succinate -1.76 -0.90 -2.22 0.000369 

C3H7NO5S Cysteine  L-Cysteate -1.25 -0.90 -2.11 0.008426 

C20H31N3O19P2 D-Glutamine and D-
glutamate 

UDP-N-acetylmuramate -2.07 -0.52 -1.61 0.000964 

C8H16NO9P Glutamate  N-Acetyl-D-glucosamine 6-

phosphate 

-1.70 0.11 -1.21 0.005099 

C20H32N6O12S2 Glutamate  Glutathione disulfide -1.86 -0.42 -1.87 0.000538 

C41H65N9O28P2 Lysine biosynthesis 

  

UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-

carboxy-L-lysyl-D-alanyl- 
D-alanine 

-0.82 1.46 1.17 0.000003 

C8H16N2O3 N2-Acetyl-L-lysine -1.96 -1.38 -2.06 0.001197 

C4H7NO2 Methionine  1-Aminocyclopropane-1-

carboxylate 

1.21 1.68 -0.01 0.011663 

C9H10O4 Phenylalanine  
  

3-(2,3-
Dihydroxyphenyl)propanoate 

-1.70 -1.18 -1.70 0.029722 

C8H11N Phenethylamine 1.14 1.30 1.88 0.036894 

C2H5O5P Taurine and 

hypotaurine  

Acetyl phosphate -1.86 -0.71 -1.93 0.001824 

C8H11NO Tyrosine  Tyramine 0.04 2.01 1.90 1.62E-14 

C7H12O5 Valine, leucine & 

isoleucine biosynthesis 

(2S)-2-Isopropylmalate -1.89 -1.23 -1.57 0.020365 

C6H10O3 Valine, leucine & 
isoleucine degradation 

4-Methyl-2-oxopentanoate 1.85 0.20 1.02 0.014174 

C15H10O5 Biosynthesis 

of secondary 

metabolites 

Isoflavonoid 

biosynthesis 

2'-Hydroxydaidzein 2.22 0.75 2.01 4.74E-06 

C8H18NO10P Carbohydrate  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

0 N-Gluconyl ethanolamine 

phosphate 

-1.99 -0.80 -2.05 0.000269 

C17H25N3O18P2 Aminosugars  

  

  

UDP-N-acetyl-D-

mannosaminouronate 

-1.98 -1.18 -1.75 0.006717 

C17H27N3O17P2 UDP-N-acetyl-D-

glucosamine 

-1.89 -0.55 -1.52 0.008819 

C6H13NO5 D-Glucosamine -1.47 -1.78 -1.14 0.041123 

C5H6O4 Ascorbate and aldarate  2,5-Dioxopentanoate 0.92 1.44 1.97 0.015363 

C6H11NO4 C5-Branched dibasic 

acid  

4-Methyl-L-glutamate -2.13 -0.97 -1.55 0.003676 

C6H6O6 TCA cycle cis-Aconitate -0.88 -1.74 -1.52 0.040753 

C4H4O4 Fumarate -0.95 -1.87 -0.79 0.047604 

C6H10O5 Fructose and mannose  2-Dehydro-3-deoxy-L-

rhamnonate 

-1.07 -1.70 -2.00 0.006820 

C3H8O3 Galactose  Glycerol -0.83 0.49 -1.58 0.003247 

C7H15O10P PPP 
  

  

  
  

D-Sedoheptulose 7-P -1.83 -0.70 -2.03 0.000868 

C4H9O7P D-Erythrose 4-P -1.83 -0.51 -1.82 0.002133 

C5H11O8P D-Ribose 5-P -1.52 -1.10 -2.25 0.001589 

C6H12O7 D-Gluconic acid 1.21 1.43 2.05 0.011645 

C5H11O7P 2-Deoxy-D-ribose 5-P -1.00 -0.90 -2.06 0.014475 

C3H7O5P Propanoate  Propanoyl phosphate -1.78 -0.24 -2.00 0.000034 

C8H14O8 Glycan 
biosynthesis 

& 

metabolism 

LPS biosynthesis 3-Deoxy-D-manno-
octulosonate 

-1.74 -1.32 -1.96 0.007821 

C10H18N2O3S biotin biosynthesis II 9-mercaptodethiobiotin -0.55 1.57 -0.30 0.001057 
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C9H20N2O2 Cofactors & 

vitamins 
  

  

  
  

Biotin  7,8-Diaminononanoate -1.97 -1.30 -1.37 0.019147 

C7H7NO2 Nicotinate & 

nicotinamide  
  

N-Methylnicotinate 1.77 1.67 2.28 0.000284 

C11H15N2O8P Nicotinamide D-
ribonucleotide 

-2.01 -1.28 -2.16 0.000342 

C7H6O3 Ubiquinone 

biosynthesis 

4-Hydroxybenzoate -1.84 -0.73 -2.04 0.000841 

C12H20N4O8 Peptide 

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  

Acidic peptide 

 
 

  

  
  

Ala-Asp-Gly-Ser 1.30 -0.15 1.90 0.000208 

C13H22N4O8S2 Asp-Cys-Cys-Ser -1.91 -0.60 -1.83 0.00158 

C14H20N4O11 Asp-Asp-Asp-Gly 0.06 1.50 1.52 0.01172 

C13H21N3O9 Glu-Asp-Thr 0.33 -1.71 -1.24 0.000442 

C11H19N3O7 Glu-Ala-Ser -1.79 -0.07 -1.48 0.001976 

C12H19N3O9 Glu-Asp-Ser -1.12 -1.09 -1.98 0.025683 

C14H21N3O8 Glu-Asp-Pro -0.84 -2.07 -0.73 0.010812 

C21H36N6O10 Basic peptide Glu-Glu-Gln-Lys 0.02 2.11 1.75 8.21E-16 

C14H26N6O6 Glu-Ala-Arg 1.82 1.19 1.74 0.015739 

C19H34N4O5S2 Hydrophobic peptide 
 

 

 
 

 

  

Cys-Leu-Met-Pro 1.87 1.29 2.29 0.000195 

C21H29N5O5S Ala-Met-Trp-Gly -0.42 -1.90 -0.45 0.019406 

C20H32N4O7 Asp-Leu-Pro-Pro 0.54 -1.55 -0.41 0.006251 

C15H25N3O6 Glu-Pro-Val -1.48 -1.90 -1.77 0.007997 

C16H31N3O4 Ile-Val-Val 1.04 1.53 1.91 0.020099 

C17H33N3O4 Ile-Ile-Val 0.51 1.50 1.84 0.012618 

C11H21N3O4 Ile-Ala-Gly 1.19 1.18 2.14 0.007660 

C9H15N3O4 0 Asparaginyl-Proline -0.62 -1.86 -1.82 0.003038 

 

 

Table 3.4 Significant metabolites (p ≤ 0.05) of ATCC 19606 identified following exposure to 

colistin (Col) and doripenem (Dor) alone and in combination (Combo) at 4 hr. Significant fold-

changes are highlighted in yellow.  

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 P value 

C4H7NO4 Amino Acid  Alanine and aspartate  L-Aspartate 1.67 1.82 2.43 0.000015 

C5H9NO4 Arginine and proline  L-Glutamate -1.09 -2.26 -2.20 7.58E-07 

C7H11NO5 N-Acetyl-L-glutamate -1.02 -2.31 -2.26 1.95E-10 

C10H18N4O6 N-(L-Arginino)succinate -0.95 -2.15 -2.18 8.59E-06 

C6H13N3O3 L-Citrulline -0.84 -2.45 -1.23 0.000062 

C9H13NO7 N-Succinyl-L-glutamate -0.76 -2.08 -1.95 0.000198 

C15H22N6O5S S-Adenosyl-L-methionine -0.61 -2.24 -2.11 1.79E-11 

C9H18N4O4 N2-(D-1-Carboxyethyl)-L-

arginine 

-0.53 -2.35 -1.20 0.000074 

C9H16N2O5 N2-Succinyl-L-ornithine -0.24 -2.09 -1.90 4.35E-08 

C9H13NO6 N-Succinyl-L-glutamate 5-
semialdehyde 

-0.20 1.62 1.85 1.46E-06 

C10H18N4O5 N2-Succinyl-L-arginine -0.16 -2.12 -1.81 8.03E-09 

C5H9NO2 L-Proline 0.20 -1.77 -0.23 0.005147 

C9H19N3O3 gamma-L-

Glutamylputrescine 

0.38 1.47 1.90 0.005666 

C9H16N2O5 gamma-Glutamyl-gamma-

aminobutyrate 

0.61 1.91 1.95 0.000544 

C6H12N2O4S2 Cysteine L-Cystine -0.19 -2.24 -1.54 4.76E-07 

C6H12N2O3 D-Alanine  D-Alanyl-D-alanine -0.27 -1.96 -2.09 3.47E-09 

C20H31N3O19P2 D-Glutamine & D-
glutamate  

UDP-N-acetylmuramate -0.57 -2.09 -2.23 2.19E-11 

C8H16NO9P Glutamate  N-Acetyl-D-glucosamine 6-P -0.91 -2.33 -2.06 4.11E-07 

C4H6O3 Succinate semialdehyde 0.97 2.12 2.23 5.80E-06 

C20H32N6O12S2 Glutathione disulfide -0.72 -2.19 -2.25 1.74E-14 

C5H13NO Glycine, serine and 
threonine  

Choline -0.42 -2.23 -1.35 0.000225 

C3H7NO2S L-Cysteine -0.13 -2.17 -1.27 0.000043 

C3H4O4 Hydroxypyruvate 0.96 2.24 1.78 0.000327 
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C6H6N2O2 Histidine  Urocanate 0.00 2.19 1.37 2.45E-07 

C7H14N2O4 Lysine biosynthesis meso-2,6-

Diaminoheptanedioate 

-0.91 -2.00 -0.37 0.008712 

C8H16N2O3 N2-Acetyl-L-lysine -0.47 -2.20 -2.01 3.80E-09 

C41H65N9O28P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-

carboxy-L-lysyl-D-alanyl- 
D-alanine 

-0.36 -1.94 -2.09 1.02E-06 

C5H8O3 Lysine degradation 5-Oxopentanoate 0.13 2.24 1.49 9.32E-08 

C8H16N2O4 N6-Acetyl-N6-hydroxy-L-

lysine 

0.38 1.42 1.98 0.003456 

C6H11NO4 Methionine  O-Acetyl-L-homoserine -0.16 -1.76 -1.57 0.002840 

C14H20N6O5S S-Adenosyl-L-homocysteine 0.06 -0.69 -1.78 0.012369 

C9H10O4 Phenylalanine  3-(2,3-

Dihydroxyphenyl)propanoate 

-0.32 -2.13 -1.96 6.16E-09 

C8H11N Phenethylamine 0.50 1.88 0.54 0.027898 

C9H8O3 Phenylpyruvate 0.79 2.01 2.32 3.19E-07 

C10H13O10P Phenylalanine, 

tyrosine and 

tryptophan 
biosynthesis 

5-O-(1-Carboxyvinyl)-3-

phosphoshikimate 

-0.08 -2.10 -1.46 0.000018 

C2H5O5P Taurine and 

hypotaurine  

Acetyl phosphate -1.07 -1.62 -2.00 0.009353 

C11H12N2O2 Tryptophan 
 

L-Tryptophan 0.07 -1.55 -1.33 0.011505 

C10H9NO2 N-Acetylindoxyl 0.53 1.85 2.19 0.000010 

C8H11NO Tyrosine  Tyramine 0.06 1.94 1.97 3.43E-12 

C9H8O5 3-(3,4-

Dihydroxyphenyl)pyruvate 

0.07 1.99 1.92 9.94E-11 

C8H8O4 3,4-Dihydroxyphenylacetate 0.35 -1.71 -1.10 0.000973 

C9H8O4 3-(4-

Hydroxyphenyl)pyruvate 

0.78 1.74 2.12 0.000969 

C9H8O3 4-Coumarate 1.69 1.51 1.80 0.01506 

C5H10O4 Valine, leucine and 
isoleucine biosynthesis 

(R)-2,3-Dihydroxy-3-
methylbutanoate 

-1.43 -2.05 -2.12 0.000345 

C7H12O5 (2S)-2-Isopropylmalate -0.88 -2.10 -2.18 0.000012 

C6H10O4 (S)-2-Aceto-2-

hydroxybutanoate 

-0.29 1.80 0.63 0.002162 

C6H10O3 Valine, leucine and 

isoleucine degradation 

(S)-3-Methyl-2-oxopentanoic 

acid 

0.25 2.21 1.56 0.000004 

C4H6O3 2-Methyl-3-oxopropanoate 0.26 1.90 0.35 0.010738 

C5H8O3 3-Methyl-2-oxobutanoic acid 0.42 2.28 1.70 1.49E-06 

C6H10O3 4-Methyl-2-oxopentanoate 0.61 2.22 2.07 2.31E-08 

C15H10O5 Biosynthesis 
of Secondary 

Metabolites 

Flavonoid biosynthesis Apigenin 0.55 2.41 0.80 0.000022 

C15H10O5 Isoflavonoid 
biosynthesis 

2'-Hydroxydaidzein 1.33 2.55 1.78 1.01E-06 

C6H13NO5 Carbohydrate Aminosugars  D-Glucosamine -0.82 -2.35 -1.38 0.000320 

C17H27N3O17P2 UDP-N-acetyl-D-

glucosamine 

-0.67 -2.24 -2.15 1.84E-10 

C5H6O4 Ascorbate and aldarate 2,5-Dioxopentanoate -0.04 1.56 1.96 0.000016 

C6H11NO4 C5-Branched dibasic 
acid  

4-Methyl-L-glutamate -1.19 -2.07 -1.84 0.002295 

C6H6O6 TCA cycle cis-Aconitate 0.40 1.16 2.20 0.000681 

C4H4O4 Fumarate 1.57 1.88 2.36 0.000060 

C6H10O5 Fructose and mannose  2-Dehydro-3-deoxy-L-
rhamnonate 

-1.44 -2.39 -2.10 1.78E-06 

C12H22O11 Galactose  Lactose -0.73 -1.44 -2.60 3.38E-10 

C3H7O7P Glycolysis / 

Gluconeogenesis 

3-Phospho-D-glycerate -0.01 -2.05 -1.53 7.76E-06 

C3H7O6P Glycerone phosphate 0.10 -1.83 -1.75 1.54E-06 

C3H5O6P Phosphoenolpyruvate 0.15 -1.91 -1.49 0.000015 

C15H24N2O17P2 Pentose & glucuronate 

interconversions 

UDP-glucose -0.92 -2.27 -2.26 7.87E-11 

C6H12O7 D-Mannonate 0.81 2.35 0.85 0.000404 

C4H9O7P PPP D-Erythrose 4-P -0.99 -1.69 -1.88 0.012929 

C7H15O10P D-Sedoheptulose 7-P -0.93 -1.65 -1.97 0.008206 

C5H11O7P 2-Deoxy-D-ribose 5-P -0.36 -1.75 -2.17 0.000004 

C5H11O8P D-Ribose 5-P -0.34 -1.99 -2.11 2.56E-08 

C6H13O10P 6-Phospho-D-gluconate -0.32 -2.24 -1.74 2.21E-07 

C6H12O7 D-Gluconic acid 0.23 1.82 2.03 5.42E-06 

C6H13NO6 2-Amino-2-deoxy-D-

gluconate 

0.59 0.74 1.86 0.04274 

C7H10O7 Propanoate  2-Methylcitrate -0.54 -1.73 -2.29 6.43E-06 

C3H7O5P Propanoyl phosphate -0.38 1.64 0.09 0.005821 

C12H23O14P Starch & sucrose  Sucrose 6-P -2.27 -1.87 -2.24 2.38E-07 
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C8H18NO10P undefined  N-Gluconyl ethanolamine 

phosphate 

-0.73 -2.30 -1.80 0.000016 

C22H32O13 (S)-Multifidol 2-[apiosyl-(1-
>6)-glucoside] 

-0.38 -2.17 -1.81 0.000002 

C18H33NO15 beta-D-Galactopyranosyl-(1-

>4)-2-amino-2-deoxy-beta-
D-glucopyranosyl-(1->6)-D-

mannose 

-0.29 -2.07 -1.71 0.000044 

C6H14O12P2 Energy  Carbon fixation D-Fructose 1,6-bisphosphate -0.05 -1.98 -1.84 5.43E-08 

C8H14O8 Glycan 

Biosynthesis 

& 
Metabolism 

LPS biosynthesis 3-Deoxy-D-manno-

octulosonate 

-0.67 -2.10 -2.25 1.84E-09 

C7H16O13P2 D-glycero-D-manno-Heptose 

1,7-bisphosphate 

0.04 -2.02 -1.52 5.85E-06 

C10H18N2O3S Cofactors & 
Vitamins 

biotin biosynthesis II 9-mercaptodethiobiotin 1.59 2.18 1.99 0.000276 

C9H20N2O2 Biotin  7,8-Diaminononanoate -0.32 -1.81 -2.00 0.000054 

C11H15N2O8P Nicotinate and 

nicotinamide  

Nicotinamide D-

ribonucleotide 

-0.22 -2.17 -1.62 0.000003 

C6H8O3 pantothenate and 

coenzyme A 
biosynthesis III  

Dihydro-4,4-dimethyl-2,3-

Furandione 

0.94 2.05 1.45 0.009185 

C7H6O3 Ubiquinone 

biosynthesis 

4-Hydroxybenzoate -1.24 -1.89 -2.10 0.001408 

C8H13N2O5P Vitamin B6  Pyridoxamine phosphate -0.23 -1.75 -1.86 0.000421 

C13H22N4O8S2 Peptide Acidic peptide 
 

 

 

Asp-Cys-Cys-Ser -0.58 -2.22 -2.12 1.28E-11 

C15H24N4O9 Asp-Pro-Ser-Ser -0.16 -1.30 -1.84 0.005634 

C14H20N4O11 Asp-Asp-Asp-Gly 0.05 1.86 2.00 3.60E-09 

C13H21N5O8 Ala-Asn-Asp-Gly 1.32 2.41 1.77 0.000059 

C11H19N3O7 Glu-Ala-Ser -0.96 -2.19 -2.27 1.36E-07 

C13H21N3O8 Glu-Ala-Glu -0.48 -2.04 -1.60 0.001209 

C12H19N3O9 Glu-Asp-Ser 0.03 -1.69 -1.48 0.00215 

C13H21N3O7 Glu-Pro-Ser 0.06 -0.53 -1.66 0.032719 

C13H23N3O8 Glu-Thr-Thr 0.62 0.42 -1.58 0.000192 

C21H36N6O10 Basic peptide Glu-Glu-Gln-Lys -0.18 1.83 1.83 1.90E-11 

C24H32N6O8S Hydrophobic peptide 

 

 

 

 
 

 

 
 

 

Asn-Met-Trp-Asp -0.32 0.95 1.65 0.004643 

C20H33N5O8 Asn-Glu-Ile-Pro -0.11 0.21 1.74 0.009794 

C25H37N5O5 Ala-Leu-Trp-Val -0.01 1.57 2.12 3.36E-08 

C18H31N5O7 Asn-Thr-Val-Pro 0.15 1.62 2.00 0.000065 

C16H28N4O6 Ala-Val-Pro-Ser 0.32 -1.64 -1.67 3.73E-06 

C19H34N4O5S2 Cys-Leu-Met-Pro 0.41 -1.51 -1.41 0.000480 

C16H28N4O5 Ala-Leu-Gly-Pro 0.57 -1.67 -0.20 0.000994 

C18H31N5O9 Asn-Glu-Ile-Ser 0.61 1.11 2.31 0.000396 

C20H32N4O7 Asp-Leu-Pro-Pro 0.79 -0.32 1.57 0.014219 

C14H26N4O6 Ala-Thr-Val-Gly 0.84 1.60 1.88 0.014772 

C13H23N3O6S Ile-Asp-Cys 0.18 2.30 1.28 1.39E-06 

C17H33N3O4 Ile-Ile-Val 0.33 1.75 1.47 0.012734 

C14H25N3O5 Ile-Pro-Ser 0.94 1.20 2.31 0.001212 

C11H21N3O4 Ile-Ala-Gly 1.11 1.97 1.54 0.014116 

C19H25N3O4 Phe-Pro-Pro 1.23 0.40 1.99 0.006365 

C12H22N4O6 Polar peptide 

 

 

Ala-Thr-Ala-Gly -0.39 -2.23 -0.65 0.000425 

C15H24N4O5 Ala-Gly-Pro-Pro 0.69 -1.52 0.44 0.000285 

C17H27N5O6 Ala-Asn-Pro-Pro 0.86 1.30 2.39 0.000206 

C10H19N5O5 undefined  

 

 

 

Aspartyl-Arginine -0.01 -1.81 -0.73 0.013069 

C11H20N2O5 L--glutamyl-L-leucine 0.10 0.95 2.18 0.000108 

C10H18N2O5 L--aspartyl-L-leucine 0.85 1.32 2.00 0.016341 

C11H20N2O5 L--glutamyl-L-isoleucine 1.14 1.64 2.56 1.25E-06 
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Table 3.5 Significant metabolites (p ≤ 0.05) of 03-149.1 identified following exposure to colistin 

(Col) and doripenem (Dor) alone and in combination (Combo) at 15 min. Significant fold-

changes are highlighted in yellow.  

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 P value 

C9H18N2O4 Amino Acid 

  

  
  

  

  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  
  

  

  

  

  

  

0 Meprobamate -1.1 -0.9 -2.2 0.019377 

C9H19N3O4 Lysinoalanine -0.8 -0.5 -2.1 0.015845 

C11H13NO4 N-Acetyl-L-tyrosine -2.1 -0.6 -1.7 0.001328 

C9H14N4O3 Alanine and aspartate Carnosine -1.5 -0.1 -1.6 0.011253 

C6H9NO5 N-Acetyl-L-aspartate -2.1 -0.4 -1.2 0.002834 

C6H14N4O2 Arginine and proline  L-Arginine -2.1 -0.4 -2.0 4.55E-06 

C5H9NO4 L-Glutamate -1.8 -0.3 -1.9 0.000886 

C9H13NO7 N-Succinyl-L-glutamate -2.0 -0.4 -1.8 0.000363 

C15H22N6O5S S-Adenosyl-L-methionine -1.8 0.0 -1.7 0.000223 

C5H12N2O2 L-Ornithine -1.8 0.1 -1.4 0.001101 

C5H9NO2 L-Proline -1.8 -0.2 -1.4 0.008895 

C9H16N2O5 gamma-Glutamyl-gamma-

aminobutyrate 

-1.6 0.0 -1.3 0.017451 

C7H11NO5 N-Acetyl-L-glutamate -1.9 -0.2 -1.2 0.003129 

C6H13N3O3 L-Citrulline -1.7 0.1 -0.9 0.006036 

C8H15N3O4 arginine biosynthesis 

III 

N-Acetyl-L-citrulline -1.4 -0.6 -2.2 0.004982 

C3H5NO2 Cysteine metabolism 2-Aminoacrylate 0.5 2.0 -0.2 0.000718 

C6H12N2O3 D-Alanine metabolism D-Alanyl-D-alanine -2.0 0.4 -0.9 2.48E-07 

C6H11N3O3 D-Arginine and D-
ornithine  

5-Guanidino-2-oxopentanoate -2.0 -0.4 -1.4 0.002740 

C5H10N2O3 Glutamate  L-Glutamine -1.9 -0.2 -2.0 7.47E-06 

C8H14N2O5S gamma-L-Glutamyl-L-

cysteine 

-1.9 0.0 -1.8 1.43E-07 

C8H15NO6 N-Acetyl-D-glucosamine 0.2 -1.7 0.6 0.000151 

C6H14NO8P D-Glucosamine 6-phosphate 0.9 -0.1 2.2 0.000062 

C8H16NO9P N-Acetyl-D-glucosamine 6-

phosphate 

1.4 0.1 2.3 0.000019 

C4H9N3O2 Glycine, serine and 
threonine  

Creatine -2.1 -0.7 -2.0 0.000311 

C6H10N2O2 Ectoine -2.2 -0.9 -1.9 0.000080 

C5H9NO3 5-Aminolevulinate -2.2 -0.2 -1.7 1.88E-10 

C10H14N2O6 Histidine  (1-Ribosylimidazole)-4-

acetate 

-2.0 -1.0 -1.9 0.002090 

C10H15N2O9P 1-(5-

Phosphoribosyl)imidazole-4-

acetate 

-1.9 -0.1 -1.5 0.001418 

C9H15N3O2 Hercynine -1.5 0.1 -1.5 0.009637 

C6H10N2O4 N-Formimino-L-glutamate -2.0 -0.4 -1.3 0.003868 

C6H14N2O2 Lysine biosynthesis L-Lysine -1.9 -0.1 -1.8 0.000025 

C7H14N2O4 meso-2,6-

Diaminoheptanedioate 

-2.0 0.0 -1.6 0.000014 

C7H14N2O4 LL-2,6-
Diaminoheptanedioate 

-1.9 -0.1 -1.5 0.000166 

C35H55N7O26P2 UDP-N-acetylmuramoyl-L-

alanyl-D-gamma-glutamyl-
meso-2,6- diaminopimelate 

0.4 -1.8 -1.3 1.23E-06 

C8H16N2O3 N2-Acetyl-L-lysine -1.8 0.3 -1.3 6.30E-06 

C6H11NO4 L-2-Aminoadipate -2.0 0.1 -1.3 0.000028 

C7H9NO4 2,3,4,5-

Tetrahydrodipicolinate 

-1.9 -0.3 -1.2 0.004910 

C41H65N9O28P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-carboxy-

L-lysyl-D-alanyl- D-alanine 

0.3 0.6 2.5 0.000023 

C9H20N2O2 Lysine degradation N6,N6,N6-Trimethyl-L-
lysine 

-1.9 -0.1 -1.7 0.000060 

C9H18N2O4 N2-(D-1-Carboxyethyl)-L-

lysine 

-2.0 0.0 -1.7 1.10E-07 

C7H15NO3 L-Carnitine -1.9 -0.2 -1.3 0.006004 

C8H16N2O3 N6-Acetyl-L-lysine -1.9 -1.6 -0.6 0.007393 
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C6H9NO2   

  
  

2,3,4,5-Tetrahydropyridine-2-

carboxylate 

0.6 -0.5 1.8 0.003195 

C5H11NO2S Methionine  L-Methionine -1.7 -0.1 -1.6 0.001898 

C6H11NO4 O-Acetyl-L-homoserine -1.8 0.2 -1.6 0.000038 

C5H11NO3S L-Methionine S-oxide -2.2 -0.3 -1.5 0.000028 

C8H13NO6 O-Succinyl-L-homoserine -2.0 -0.2 -1.1 0.002475 

C9H11NO2 Phenylalanine  L-Phenylalanine -1.7 0.3 -1.6 0.000010 

C9H8O3 Phenylpyruvate 1.8 -0.2 1.8 9.78E-07 

C6H7NO Tryptophan 2-Aminophenol -1.6 0.1 -1.7 0.000381 

C11H12N2O2 L-Tryptophan -1.8 0.1 -1.5 0.000369 

C10H9NO4 4-(2-Aminophenyl)-2,4-

dioxobutanoate 

-1.7 0.0 -1.2 0.01511 

C8H7N Indole -1.6 0.3 -1.2 0.004602 

C10H9NO2 Indole-3-acetate 1.4 -0.2 1.6 0.005537 

C9H11NO3 Tyrosine L-Tyrosine -1.8 -0.6 -2.0 0.003006 

C9H9NO4 Dopaquinone -1.9 -0.7 -0.4 0.017413 

C9H8O4 2-Hydroxy-3-(4-

hydroxyphenyl)propenoate 

1.6 -0.5 1.3 0.000037 

C8H11NO3 L-Noradrenaline 1.0 -0.2 1.9 0.002437 

C8H11NO Tyramine 0.1 1.9 2.0 1.24E-08 

C6H10O4 Valine, leucine and 

isoleucine biosynthesis 

(S)-2-Aceto-2-

hydroxybutanoate 

1.8 0.1 1.7 0.000158 

C6H13NO2 L-Leucine -2.0 -0.2 -1.7 0.000244 

C6H13NO2 L-Isoleucine -1.9 -0.1 -1.7 0.000210 

C4H8O3 (S)-3-Hydroxyisobutyrate -1.7 0.2 -1.7 0.000043 

C5H11NO2 L-Valine -2.0 -0.2 -1.6 0.000118 

C15H24O Biosynthesis 

of Secondary 

Metabolites 
  

  

  

0 2-trans,6-trans-Farnesal 2.0 0.4 1.8 0.000318 

C7H9NO3 (5R)-carbapenem 

biosynthesis 

(3S,5S)-carbapenam -0.4 1.6 1.7 8.23E-08 

C9H18N4O4 Clavulanic acid 
biosynthesis 

L-N2-(2-
Carboxyethyl)arginine 

-2.1 -0.2 -1.6 5.58E-06 

C16H25N5O6 Zeatin biosynthesis Dihydrozeatin-O-glucoside -1.8 -0.3 -1.1 0.020626 

C8H18NO10P Carbohydrate 

  

  

  

  

  
  

  

  
  

  

  
  

  

  
  

  

  
  

  
  

  

  
  

  

  
  

  

0 N-Gluconyl ethanolamine 

phosphate 

-1.8 0.0 -1.8 0.000010 

C12H20N2O7 Deoxyfructosazine -2.1 -0.6 -1.0 0.003836 

C8H15NO6 Aminosugars  
  

N-Acetyl-D-mannosamine 1.7 -0.3 1.7 9.67E-07 

C20H29N3O19P2 UDP-N-acetyl-3-(1-

carboxyvinyl)-D-glucosamine 

1.8 0.0 2.0 2.53E-09 

C6H10O8 Ascorbate and aldarate  D-Glucarate -1.7 -0.3 -1.7 0.004616 

C4H8O5 [FA trihydroxy(4:0)] 2,3,4-
trihydroxy-butanoic acid 

-1.8 0.0 -1.3 0.003263 

C5H6O4 2,5-Dioxopentanoate -1.7 0.2 -0.7 0.005769 

C5H8O4 Butanoate 2-Acetolactate -1.9 -0.3 -1.3 0.010647 

C4H6O5 TCA cycle (S)-Malate -2.1 -0.6 -2.0 0.000031 

C5H6O5 2-Oxoglutarate -1.8 -1.5 -1.9 0.009938 

C21H36N7O16P3S CoA -1.9 0.0 -1.7 6.08E-06 

C24H42O21 Galactose  Stachyose -1.7 0.1 -1.6 0.000525 

C6H10O6 2-Dehydro-3-deoxy-D-

galactonate 

-1.9 -0.3 -1.4 0.006064 

C12H24O11 Melibiitol -1.7 -0.1 -1.4 0.015204 

C12H22O11 glycogen degradation I  beta-Maltose -1.8 0.1 -1.3 0.000663 

C23H38N7O17P3S Glycolysis / 

Gluconeogenesis 

Acetyl-CoA -1.7 -0.2 -1.8 0.001909 

C12H18N4O7P2S Thiamin diphosphate -1.9 -0.2 -1.2 0.006093 

C6H10O5 Glyoxylate and 

dicarboxylate 

3-Ethylmalate -0.9 -0.1 -2.1 0.005695 

C6H10O6 Inositol metabolism 2,4,6/3,5-

Pentahydroxycyclohexanone 

-1.7 0.1 -1.1 0.010751 

C7H14O6 1-O-Methyl-myo-inositol -1.7 0.2 -1.3 0.001638 

C5H10O6 Pentose & glucuronate 
interconversions 

L-Lyxonate -1.6 0.2 -1.4 0.001413 

C5H10O6 D-Xylonate -0.4 -1.9 -0.3 0.009746 

C5H13O14P3 PPP 5-Phospho-alpha-D-ribose 1-

diphosphate 

-2.1 -0.4 -1.6 0.000290 

C5H10O4 Deoxyribose -1.7 0.1 -1.3 0.002155 

C5H10O5 D-Ribose -1.8 0.2 -1.2 0.000445 

C6H10O6 2-Dehydro-3-deoxy-D-
gluconate 

-1.7 0.0 -1.1 0.01354 

C3H7O5P Propanoate 

metabolism 

Propanoyl phosphate -2.1 -0.5 -1.9 0.000013 

C6H13O9P Starch and sucrose  D-Glucose 6-phosphate -1.6 -0.3 -1.7 0.010495 

C10H15N5O10P2 Energy  
  

  

Oxidative 
phosphorylation 

ADP -1.9 -0.3 -1.5 0.001803 

C10H16N5O13P3 ATP -2.0 -0.4 -1.3 0.002432 

C21H28N7O17P3 Photosynthesis NADP+ -1.8 -0.6 -1.8 0.005682 
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C8H14O8 Glycan 

Biosynthesis 

& 
Metabolism 

LPS biosynthesis 3-Deoxy-D-manno-

octulosonate 

1.4 -0.5 1.5 0.000538 

C6H5NO2 Cofactors & 
Vitamins 

  

  

Nicotinate & 
nicotinamide  

Nicotinate 1.8 -0.1 1.4 0.000340 

C14H18N2O4 Riboflavin  -Ribazole -1.5 0.2 -1.6 0.001781 

C8H13N2O5P Vitamin B6  Pyridoxamine phosphate -1.8 -0.2 -1.6 0.002969 

 

 

Table 3.6 Significant metabolites (p ≤ 0.05) of 03-149.1 identified following exposure to colistin 

(Col) and doripenem (Dor) alone and in combination (Combo) at 1 hr. Significant fold-changes 

are highlighted in yellow.  

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 P value 

C9H19N3O4 Amino Acid  0 Lysinoalanine -0.1 -0.4 -2.2 6.68E-05 

C13H14N2O2 (1xi,3xi)-1,2,3,4-Tetrahydro-1-

methyl--carboline-3-

carboxylic acid 

-1.3 0.2 -2.0 4.79E-06 

C12H24N2O7 1-[(5-Amino-5-
carboxypentyl)amino]-1-

deoxyfructose 

-1.3 0.0 -2.0 0.000126 

C10H18N2O6S -L-Glutamyl-L-methionine 

sulfoxide 

-0.6 0.1 -2.0 0.001011 

C6H12N2O L-Lysine 1,6-lactam -1.2 0.2 -1.9 0.000122 

C9H14N2O5 (2S,3'S)-alpha-Amino-2-

carboxy-5-oxo-1-

pyrrolidinebutanoic acid 

-1.6 0.0 -1.9 8.66E-05 

C11H13NO4 N-Acetyl-L-tyrosine -1.4 0.4 -1.8 3.65E-06 

C12H24N4O7 N2-Fructopyranosylarginine -1.3 0.2 -1.8 0.000686 

C12H12N2O2 L-1,2,3,4-Tetrahydro-beta-

carboline-3-carboxylic acid 

-1.2 0.2 -1.7 0.001738 

C6H13N3O4 4-Hydroxycitrulline -1.8 0.0 -1.7 0.000205 

C7H11N3O3 (S)-N-(4,5-Dihydro-1-methyl-

4-oxo-1H-imidazol-2-yl)alanine 

-1.2 0.3 -1.6 0.005470 

C9H18N2O4 Meprobamate 0.4 0.1 -1.6 0.007501 

C9H14N4O3 Alanine and aspartate  Carnosine -1.6 0.2 -2.0 3.90E-07 

C6H9NO5 N-Acetyl-L-aspartate -1.8 0.1 -1.9 1.31E-08 

CH5O4P Aminophosphonate  Hydroxymethylphosphonate -1.0 -1.6 0.3 0.005838 

C9H16N2O5 Arginine and proline  gamma-Glutamyl-gamma-

aminobutyrate 

-0.9 0.1 -2.1 4.75E-05 

C6H14N4O2 L-Arginine -1.4 -0.1 -2.1 8.69E-05 

C15H22N6O5S S-Adenosyl-L-methionine -1.6 0.1 -2.1 4.49E-08 

C9H18N4O4 N2-(D-1-Carboxyethyl)-L-

arginine 

-1.5 0.0 -2.0 2.21E-06 

C10H18N4O5 N2-Succinyl-L-arginine -1.6 0.0 -2.0 4.45E-05 

C6H13N3O3 L-Citrulline -1.6 0.2 -2.0 2.61E-10 

C9H16N2O4 gamma-Glutamyl-gamma-

aminobutyraldehyde 

-1.5 0.2 -1.9 2.58E-06 

C7H11NO5 N-Acetyl-L-glutamate -1.7 0.2 -1.9 5.01E-08 

C5H11N3O2 4-Guanidinobutanoate -1.2 0.1 -1.9 0.000938 

C5H12N2O2 L-Ornithine -1.8 -0.1 -1.8 9.44E-05 

C5H9NO2 L-Proline -1.6 0.0 -1.8 0.000255 

C9H16N2O5 N2-Succinyl-L-ornithine -1.5 0.3 -1.8 3.55E-06 

C7H14N2O3 N-Acetylornithine -1.8 0.1 -1.8 6.94E-06 

C9H13NO7 N-Succinyl-L-glutamate -2.0 0.0 -1.6 6.63E-06 

C5H9NO4 L-Glutamate -1.2 0.3 -2.0 8.85E-06 

C8H15N3O4 arginine biosynthesis 

III 

N-Acetyl-L-citrulline -0.2 0.0 -1.8 0.012019 

C9H17NO5 beta-Alanine  Pantothenate -1.3 0.1 -1.9 0.000242 
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C9H19N5O3 beta-Alanyl-L-arginine 0.5 0.0 -1.5 0.008931 

C5H9NO3 N-Acetyl-beta-alanine -0.7 0.9 -1.5 3.73E-05 

C9H19N3O3 beta-Alanyl-L-lysine 0.8 -0.1 -1.4 0.004656 

C6H12N2O4S2 Cysteine L-Cystine -1.1 0.3 -1.6 0.006243 

C3H5NO2 2-Aminoacrylate -2.4 -0.2 -0.8 2.15E-07 

C6H12N2O3 D-Alanine  D-Alanyl-D-alanine -1.7 0.4 -1.5 4.45E-07 

C6H11N3O3 D-Arginine and D-

ornithine  

5-Guanidino-2-oxopentanoate -1.6 0.0 -2.0 3.66E-06 

C5H12N2O2 (2R,4S)-2,4-Diaminopentanoate -1.5 0.3 -1.8 1.72E-07 

C20H31N3O19P2 UDP-N-acetylmuramate -1.7 0.1 -1.9 1.08E-06 

C5H10N2O3 Glutamate  L-Glutamine -1.7 0.0 -2.1 3.13E-10 

C6H14NO8P D-Glucosamine 6-phosphate -1.5 0.1 -2.0 1.21E-06 

C8H14N2O5S gamma-L-Glutamyl-L-cysteine -1.9 0.0 -1.9 1.09E-07 

C5H10N2O3S Glutathione  Cys-Gly -1.9 -0.1 -1.8 2.29E-05 

C5H7NO3 5-Oxoproline -0.7 0.0 -1.8 0.016431 

C4H9N3O2 Glycine, serine and 
threonine  

Creatine -1.4 0.1 -2.0 4.41E-06 

C5H9NO3 5-Aminolevulinate -1.7 -0.5 -2.0 0.001249 

C6H10N2O2 Ectoine -1.3 0.1 -1.9 0.000473 

C4H9NO2 N,N-Dimethylglycine -2.0 -0.1 -1.4 6.91E-05 

C3H7NO3 L-Serine -1.7 -0.2 -2.0 2.18E-05 

C10H14N2O6 Histidine  (1-Ribosylimidazole)-4-acetate -1.3 0.0 -2.1 2.47E-06 

C9H15N3O2 Hercynine -1.4 0.1 -2.1 1.76E-06 

C10H15N2O9P 1-(5-Phosphoribosyl)imidazole-
4-acetate 

-1.6 0.1 -2.0 4.45E-09 

C6H10N2O4 N-Formimino-L-glutamate -1.3 0.1 -2.0 1.24E-05 

C6H10N2O5 N-Carbamyl-L-glutamate -1.2 0.0 -1.9 0.002804 

C6H9N3O2 L-Histidine -1.2 0.3 -1.6 0.002982 

C30H39N9O12 homoserine and 

methionine 

biosynthesis  

5-Methyltetrahydropteroyltri-L-

glutamate 

-1.7 0.4 -1.7 2.34E-09 

C35H55N7O26P2 Lysine biosynthesis UDP-N-acetylmuramoyl-L-
alanyl-D-gamma-glutamyl-

meso-2,6- diaminopimelate 

-0.3 -1.4 -2.3 3.67E-07 

C9H16N2O5 N6-Acetyl-LL-2,6-
diaminoheptanedioate 

-0.8 0.1 -2.1 6.87E-05 

C6H14N2O2 L-Lysine -1.4 0.1 -2.0 3.56E-06 

C7H14N2O4 meso-2,6-

Diaminoheptanedioate 

-1.3 0.2 -2.0 1.43E-05 

C7H14N2O4 LL-2,6-Diaminoheptanedioate -1.6 0.2 -1.9 7.86E-07 

C7H9NO4 2,3,4,5-Tetrahydrodipicolinate -1.7 0.2 -1.9 5.86E-08 

C8H16N2O3 N2-Acetyl-L-lysine -1.6 0.3 -1.8 2.52E-07 

C6H11NO4 L-2-Aminoadipate -1.8 0.1 -1.7 4.53E-06 

C41H65N9O28P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-carboxy-
L-lysyl-D-alanyl- D-alanine 

-1.4 0.9 0.9 1.59E-06 

C8H16N2O3 Lysine degradation N6-Acetyl-L-lysine -0.9 0.1 -2.2 3.24E-06 

C9H18N2O4 N2-(D-1-Carboxyethyl)-L-

lysine 

-1.7 0.0 -2.0 4.01E-08 

C9H20N2O2 N6,N6,N6-Trimethyl-L-lysine -1.5 0.2 -2.0 4.62E-07 

C7H15NO3 L-Carnitine -1.6 -0.1 -1.9 0.000126 

C5H11NO2 5-Aminopentanoate -1.8 0.2 -1.8 3.51E-07 

C8H16N2O4 N6-Acetyl-N6-hydroxy-L-

lysine 

0.2 0.1 -1.7 0.002574 

C6H9NO2 2,3,4,5-Tetrahydropyridine-2-

carboxylate 

-1.5 0.1 -1.5 0.003951 

C5H11NO2S Methionine  L-Methionine -1.5 0.0 -2.0 2.64E-05 

C5H11NO3S L-Methionine S-oxide -1.3 0.0 -2.0 9.93E-05 

C8H13NO6 O-Succinyl-L-homoserine -1.6 0.1 -2.0 1.07E-07 

C6H11NO4 O-Acetyl-L-homoserine -1.9 -0.1 -2.0 3.06E-08 

C9H11NO2 Phenylalanine D-Phenylalanine -1.7 0.1 -2.0 5.11E-09 

C13H16N2O4 -N-Phenylacetyl-L-glutamine -1.4 0.0 -1.9 0.000320 

C9H11NO2 L-Phenylalanine -1.7 0.1 -1.9 3.61E-06 

C9H8O3 trans-2-Hydroxycinnamate -1.4 0.1 -1.9 0.000264 

C11H13NO3 N-Acetyl-L-phenylalanine -1.5 0.4 -1.6 6.35E-06 

C9H8O3 Phenylpyruvate 1.8 -0.3 1.1 0.000774 

C7H10O5 Phenylalanine, 

tyrosine and 
tryptophan 

biosynthesis 

Shikimate -1.5 0.2 -1.9 3.91E-06 

C10H13O10P 5-O-(1-Carboxyvinyl)-3-

phosphoshikimate 

1.7 -0.1 1.0 0.009833 

C8H7N Tryptophan  Indole -1.6 -0.3 -2.2 4.32E-06 

C11H12N2O4 L-Formylkynurenine -1.5 0.1 -1.9 8.19E-05 

C11H12N2O2 L-Tryptophan -1.6 0.2 -1.9 1.03E-06 

C6H7NO 2-Aminophenol -1.6 0.2 -1.9 8.35E-07 
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C10H9NO4 4-(2-Aminophenyl)-2,4-

dioxobutanoate 

-1.1 0.4 -1.7 0.000770 

C11H11NO3 Indolelactate -1.5 0.2 -1.6 0.001018 

C9H11NO3 Tyrosine  L-Tyrosine -1.3 0.1 -2.0 0.000199 

C9H10O4 3-(4-Hydroxyphenyl)lactate -1.4 0.1 -1.8 0.000373 

C8H11NO Tyramine 0.3 2.1 2.0 2.97E-09 

C6H13NO2 Valine, leucine and 

isoleucine degradation 

L-Isoleucine -1.7 0.1 -1.9 1.67E-06 

C6H13NO2 L-Leucine -1.6 0.1 -1.9 7.25E-06 

C5H11NO2 L-Valine -1.7 0.1 -1.8 1.02E-05 

C26H44N7O18P3S (2S,3S)-3-Hydroxy-2-

methylbutanoyl-CoA 

-0.3 -0.3 -1.7 0.041719 

C4H8O3 (S)-3-Hydroxyisobutyrate -1.3 0.2 -1.6 0.006279 

C15H24O Biosynthesis 

of Secondary 
Metabolites 

0 2-trans,6-trans-Farnesal 1.6 -0.3 1.4 0.000517 

C7H9NO3 (5R)-carbapenem 

biosynthesis 

(3S,5S)-carbapenam -0.5 1.7 1.5 6.78E-08 

C8H14N2O4 Clavulanic acid 

biosynthesis 

Proclavaminic acid -1.1 0.2 -2.0 2.72E-05 

C9H18N4O4 L-N2-(2-Carboxyethyl)arginine -1.7 0.1 -2.0 8.92E-08 

C16H25N5O6 Zeatin biosynthesis Dihydrozeatin-O-glucoside -1.4 0.2 -1.9 2.06E-05 

C8H18NO10P Carbohydrate  0 N-Gluconyl ethanolamine 

phosphate 

-1.4 0.0 -2.2 1.29E-06 

C15H16O10 Caffeic acid 3-O-glucuronide -1.4 0.0 -2.0 8.64E-05 

C15H16O10 Caffeic acid 4-O-glucuronide -1.2 0.2 -2.0 1.34E-05 

C12H20N2O7 Deoxyfructosazine -1.5 0.2 -2.0 1.57E-06 

C18H33NO15 beta-D-Galactopyranosyl-(1-

>4)-2-amino-2-deoxy-beta-D-

glucopyranosyl-(1->6)-D-
mannose 

-1.7 0.0 -1.8 0.000130 

C4H8O4 L-Erythrulose -1.4 0.5 -1.8 2.17E-07 

C11H19NO7 N-(1-Deoxy-1-fructosyl)proline -1.5 0.3 -1.7 7.11E-05 

C6H13O9P Hexose phosphate -1.2 0.2 -1.7 0.003243 

C12H23NO7 N-(1-Deoxy-1-

fructosyl)isoleucine 

-1.1 0.2 -1.6 0.009169 

C12H19N3O7 N-(1-Deoxy-1-

fructosyl)histidine 

-1.2 0.1 -1.6 0.009751 

C17H25N3O18P2 Aminosugars  UDP-N-acetyl-2-amino-2-

deoxy-D-glucuronate 

-1.8 -0.1 -1.9 1.58E-05 

C17H27N3O17P2 UDP-N-acetyl-D-galactosamine -1.4 0.3 -1.8 9.03E-06 

C20H31N4O16P CMP-N-acetylneuraminate -1.8 0.0 -1.7 4.74E-05 

C6H13NO5 D-Glucosamine -1.9 0.2 -1.7 4.42E-08 

C11H19NO9 N-Acetylneuraminate -1.3 0.1 -1.7 0.003332 

C8H15NO6 N-Acetyl-D-mannosamine 1.9 -0.1 0.0 0.001226 

C6H10O8 Ascorbate and aldarate  D-Glucarate -1.3 -0.2 -2.1 0.000175 

C6H6O6 L-Dehydroascorbate -1.5 -0.1 -2.1 1.38E-05 

C4H8O5 [FA trihydroxy(4:0)] 2,3,4-
trihydroxy-butanoic acid 

-1.6 0.0 -2.0 3.51E-06 

C5H6O4 2,5-Dioxopentanoate -1.6 -0.1 -1.6 0.004669 

C5H8O4 Butanoate  2-Acetolactate -1.6 -0.1 -2.0 7.93E-05 

C4H4O2 3-Butynoate -1.4 0.4 -1.9 5.35E-07 

C6H10N2O3 C5-Branched dibasic 
acid  

4-Methylene-L-glutamine -1.7 0.0 -1.8 0.000250 

C5H6O4 Mesaconate -1.5 0.2 -1.7 0.000310 

C6H11NO4 4-Methyl-L-glutamate -1.1 0.3 -1.6 0.006065 

C4H6O5 TCA cycle (S)-Malate -1.3 -0.3 -2.2 0.000215 

C4H6O4 Succinate -1.9 -0.4 -2.0 7.64E-05 

C6H8O7 Citrate -1.2 0.0 -2.0 0.000813 

C21H36N7O16P3S CoA -1.7 0.5 -1.5 1.10E-07 

C6H13O8P Fructose and mannose  L-Fuculose 1-phosphate -1.6 -0.2 -2.2 1.04E-07 

C6H12O6 D-Fructose -1.5 0.1 -2.1 4.90E-08 

C6H12O6 D-Mannose -1.7 0.2 -1.7 2.14E-05 

C24H42O21 Galactose  Stachyose -1.3 0.2 -2.1 4.27E-06 

C6H10O6 2-Dehydro-3-deoxy-D-
galactonate 

-1.2 0.3 -1.9 1.10E-05 

C18H32O16 Raffinose -1.1 0.0 -1.8 0.006123 

C12H24O11 Melibiitol -1.1 0.1 -1.8 0.005658 

C12H22O11 glycogen degradation I  -Maltose -1.7 0.1 -1.9 4.74E-06 

C3H7O6P Glycolysis / 
Gluconeogenesis 

Glycerone phosphate -1.0 -0.5 -1.9 0.030454 

C3H7O7P 3-Phospho-D-glycerate -1.2 -0.2 -1.7 0.015781 

C12H18N4O7P2S Thiamin diphosphate -1.2 0.1 -1.7 0.005908 

C23H38N7O17P3S Acetyl-CoA -0.6 0.8 -1.4 0.001260 

C6H10O5 Glyoxylate and 

dicarboxylate  

3-Ethylmalate -1.9 -0.8 -1.9 0.002355 

C7H12O5 3-Propylmalate -1.4 0.2 -1.7 0.000773 

C6H12O6 Inositol  myo-Inositol -1.4 0.1 -2.0 1.34E-06 
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C6H10O6 2,4,6/3,5-

Pentahydroxycyclohexanone 

-1.3 0.3 -1.9 4.68E-05 

C7H14O6 Inositol phosphate  1-O-Methyl-myo-inositol -1.6 0.1 -2.0 9.84E-08 

C15H24N2O17P2 Pentose and 

glucuronate 

interconversions 

UDP-glucose -1.3 0.2 -2.0 1.77E-05 

C5H10O6 L-Lyxonate -1.6 0.2 -1.9 5.94E-07 

C5H10O6 D-Xylonate -2.2 0.2 -0.9 1.62E-09 

C6H11O9P Pentose phosphate 

pathway 

D-Glucono-1,5-lactone 6-P -1.6 -0.3 -2.0 0.000278 

C5H13O14P3 5-Phospho--D-ribose 1-
diphosphate 

-1.6 0.0 -2.0 3.99E-06 

C5H11O8P D-Ribulose 5-P -1.0 0.3 -1.9 4.45E-05 

C5H10O4 Deoxyribose -1.8 -0.1 -1.9 8.23E-06 

C5H10O5 D-Ribose -1.6 0.2 -1.9 5.76E-07 

C6H10O6 2-Dehydro-3-deoxy-D-
gluconate 

-1.4 0.3 -1.9 3.56E-05 

C5H11O7P 2-Deoxy-D-ribose 5-P -1.7 0.1 -1.8 1.02E-05 

C5H11O8P D-Ribose 5-P -0.7 0.1 -1.7 0.02267 

C7H15O10P D-Sedoheptulose 7-P -1.2 0.4 -1.6 0.000466 

C7H10O7 Propanoate 2-Methylcitrate -1.7 -0.1 -1.7 0.000926 

C6H10O5 Pyruvate  (R)-2-Ethylmalate -1.2 0.3 -1.8 0.000435 

C12H23O14P Starch and sucrose  alpha,alpha'-Trehalose 6-P -1.8 0.2 -1.8 1.18E-09 

C6H13O9P D-Glucose 6-P -1.7 0.1 -1.5 0.000678 

C6H14O12P2 Energy  Carbon fixation D-Fructose 1,6-bisphosphate -1.1 -0.2 -2.0 0.003926 

C10H16N5O13P3 Oxidative 

phosphorylation 

ATP -1.4 0.1 -2.0 1.16E-05 

C10H15N5O10P2 ADP -1.4 0.3 -1.9 1.91E-06 

C21H27N7O14P2 NAD+ -1.6 0.2 -1.9 1.66E-07 

C21H28N7O17P3 Photosynthesis NADP+ -1.5 0.0 -2.0 2.20E-05 

C8H14O8 Glycan 

Biosynthesis 
& 

Metabolism 

LPS biosynthesis 3-Deoxy-D-manno-

octulosonate 

-1.7 0.0 -1.6 0.001085 

C6H8O4 Cofactors and 

Vitamins 

Nicotinate and 

nicotinamide  

2,3-Dimethylmaleate -1.5 0.3 -1.9 5.69E-07 

C6H5NO2 Nicotinate 2.0 0.3 2.0 2.77E-07 

C9H18NO8P Pantothenate and CoA 
biosynthesis 

D-4'-Phosphopantothenate -1.7 0.2 -1.7 3.21E-05 

C6H8O3 pantothenate and 

coenzyme A 
biosynthesis III  

Dihydro-4,4-dimethyl-2,3-

Furandione 

-0.2 0.1 -1.7 0.012973 

C14H18N2O4 Riboflavin  -Ribazole -0.3 0.3 -1.9 0.000234 

C7H9NO5 Vitamin B6  2-

(Acetamidomethylene)succinate 

-1.4 0.1 -1.9 0.000165 

C8H13N2O5P Pyridoxamine phosphate -1.7 0.1 -1.9 5.61E-07 

 

 

Table 3.7 Significant metabolites (p ≤ 0.05) of 03-149.1 identified following exposure to colistin 

(Col) and doripenem (Dor) alone and in combination (Combo) at 4 hr. Significant fold-changes 

are highlighted in yellow. 

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 p-value 

C9H19N3O4 Amino Acid  0 Lysinoalanine -0.8 -1.0 -2.1 0.009080 

C6H13N3O4 4-Hydroxycitrulline -1.4 0.1 -2.1 4.06E-06 

C13H14N2O2 (1xi,3xi)-1,2,3,4-Tetrahydro-1-

methyl--carboline-3-
carboxylic acid 

-1.1 -0.2 -2.0 0.006071 

C10H18N2O6S -L-Glutamyl-L-methionine 

sulfoxide 

-0.5 -0.1 -1.9 0.005148 

C6H12N2O L-Lysine 1,6-lactam -0.3 -0.1 -1.8 0.015564 

C6H9NO5 Alanine and aspartate  N-Acetyl-L-aspartate -2.1 -0.1 -1.3 3.55E-05 

CH5O4P Aminophosphonate  Hydroxymethylphosphonate -2.0 -0.5 -0.2 0.004324 
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C7H11NO5 Arginine and proline  N-Acetyl-L-glutamate -1.2 -0.1 -2.2 7.09E-05 

C15H22N6O5S S-Adenosyl-L-methionine -1.2 0.0 -2.1 1.01E-05 

C5H11N3O2 4-Guanidinobutanoate -0.8 -0.3 -2.1 0.002874 

C10H18N4O5 N2-Succinyl-L-arginine -1.5 -0.2 -2.0 0.000124 

C4H7N3O Creatinine -0.8 -0.1 -1.9 0.005081 

C5H9NO4 L-Glutamate -1.2 0.1 -1.9 0.000930 

C9H13NO7 N-Succinyl-L-glutamate -0.8 0.1 -1.9 0.002495 

C9H16N2O5 gamma-Glutamyl-gamma-

aminobutyrate 

-0.6 -0.5 -1.9 0.027147 

C6H13N3O3 L-Citrulline -0.5 0.5 -1.9 0.000139 

C7H14N2O3 N-Acetylornithine -1.7 -0.4 -1.7 0.008371 

C5H7NO2 1-Pyrroline-2-carboxylate 0.2 0.1 2.0 0.000583 

C8H15N3O4 arginine biosynthesis 

III 

N-Acetyl-L-citrulline -1.2 -0.3 -2.0 0.002877 

C3H5NO2 Cysteine  2-Aminoacrylate -1.3 0.0 -1.7 0.004637 

C6H12N2O4S2 L-Cystine 1.7 0.0 1.5 0.000904 

C6H12N2O3 D-Alanine  D-Alanyl-D-alanine -1.7 0.2 -1.7 1.60E-06 

C6H11N3O3 D-Arginine and D-

ornithine 

5-Guanidino-2-oxopentanoate -0.7 0.1 -2.0 0.000525 

C20H31N3O19P2 D-Glutamine and D-

glutamate  

UDP-N-acetylmuramate -1.1 0.8 -1.5 1.99E-06 

C28H43N5O23P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamate 

2.2 0.0 0.4 1.35E-05 

C5H10N2O3 Glutamate  L-Glutamine -1.3 -0.1 -2.1 4.03E-05 

C6H14NO8P D-Glucosamine 6-P -0.3 0.1 -2.1 3.88E-05 

C8H14N2O5S gamma-L-Glutamyl-L-cysteine -1.4 0.1 -1.9 0.000145 

C8H16NO9P N-Acetyl-D-glucosamine 6-P 2.1 0.4 1.6 0.000260 

C8H15NO6 N-Acetyl-D-glucosamine 1.5 0.8 2.5 4.52E-06 

C5H10N2O3S Glutathione  Cys-Gly -2.0 -0.2 -1.8 2.14E-05 

C4H9N3O2 Glycine, serine and 
threonine 

Creatine -1.0 -0.1 -1.8 0.013316 

C3H8NO6P Glycine, serine and 

threonine 

O-Phospho-L-serine 1.8 -0.1 1.5 0.000187 

C6H10N2O4 Histidine  N-Formimino-L-glutamate -0.6 -0.4 -2.3 0.000244 

C6H9N3O2 L-Histidine -0.8 -0.2 -2.0 0.004350 

C9H15N3O2 Hercynine -1.2 -0.1 -1.9 0.004723 

C7H10O7 Lysine biosynthesis Homoisocitrate -0.8 -0.2 -2.4 1.14E-06 

C8H16N2O3 N2-Acetyl-L-lysine -1.1 -0.2 -2.3 4.12E-05 

C7H9NO4 2,3,4,5-Tetrahydrodipicolinate -1.2 -0.1 -2.2 4.90E-05 

C7H14N2O4 meso-2,6-
Diaminoheptanedioate 

-1.0 -1.0 -2.2 0.005969 

C6H11NO4 L-2-Aminoadipate -0.9 -0.1 -2.2 0.000179 

C9H16N2O5 N6-Acetyl-LL-2,6-

diaminoheptanedioate 

-0.6 -0.5 -1.9 0.02643 

C7H14N2O4 LL-2,6-Diaminoheptanedioate -2.0 0.0 -1.6 1.31E-05 

C35H55N7O26P2 UDP-N-acetylmuramoyl-L-

alanyl-D--glutamyl-meso-2,6- 

diaminopimelate 

0.9 -1.0 1.5 9.36E-07 

C8H13NO5 N2-Acetyl-L-aminoadipate 1.5 0.8 2.5 2.13E-06 

C6H11NO3 Lysine degradation 6-Amino-2-oxohexanoate -1.2 -0.3 -2.3 3.35E-06 

C8H16N2O3 N6-Acetyl-L-lysine -0.8 -0.7 -2.1 0.004809 

C9H20N2O2 N6,N6,N6-Trimethyl-L-lysine -0.9 0.1 -2.0 0.000109 

C6H9NO2 2,3,4,5-Tetrahydropyridine-2-

carboxylate 

-1.2 0.2 -1.9 0.000368 

C7H15NO3 L-Carnitine -1.8 0.0 -1.7 9.48E-05 

C7H15NO2 4-Trimethylammoniobutanoate -1.5 0.2 -1.6 0.001508 

C5H11NO2 5-Aminopentanoate -2.0 0.4 -0.8 1.07E-05 

C6H11NO4 Methionine  O-Acetyl-L-homoserine -1.3 0.0 -2.0 0.000397 

C5H11NO2S L-Methionine -1.1 0.0 -1.9 0.003462 

C5H11NO3S L-Methionine S-oxide -1.1 0.0 -1.8 0.006439 

C11H13NO3 Phenylalanine  N-Acetyl-L-phenylalanine -1.9 0.1 -1.3 0.000371 

C9H11NO2 L-Phenylalanine -1.7 0.1 -0.7 0.020459 

C8H8O2 Phenylacetic acid 1.7 -0.3 0.0 0.004279 

C9H8O3 Phenylpyruvate -0.9 -0.2 1.5 8.97E-05 

C10H13O10P Phenylalanine, 

tyrosine and 

tryptophan 
biosynthesis 

5-O-(1-Carboxyvinyl)-3-

phosphoshikimate 

1.8 -0.6 0.9 7.79E-06 

C9H16N2O5Se Selenoamino acid  -Glutamyl-Se-

methylselenocysteine 

2.1 0.3 1.9 7.18E-08 

C11H12N2O2 Tryptophan  L-Tryptophan -1.5 -0.1 -1.6 0.007505 

C6H7NO 2-Aminophenol -1.8 -0.2 -1.3 0.008169 

C8H7N Indole -1.9 -0.1 -0.7 0.009161 
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C10H9NO2 Indole-3-acetate 1.6 -0.3 -0.2 0.005570 

C7H5NO4 Pyridine-2,3-dicarboxylate 1.6 0.0 1.3 0.013755 

C11H11NO3 Indolelactate -0.8 0.0 1.5 0.000751 

C8H11NO3 Tyrosine  L-Noradrenaline -1.1 0.2 -1.9 0.000114 

C9H11NO3 L-Tyrosine -1.8 -0.3 -1.7 0.001670 

C8H8O4 Homogentisate -1.8 -0.9 -0.2 0.016084 

C8H11NO Tyramine 0.0 1.5 2.2 3.32E-08 

C6H10O4 Valine, leucine and 

isoleucine 
biosynthesis 

(S)-2-Aceto-2-

hydroxybutanoate 

1.9 0.4 0.8 0.017458 

C26H42N7O17P3S 3-Methylcrotonyl-CoA -1.0 -0.5 -2.4 8.36E-06 

C26H44N7O18P3S (2S,3S)-3-Hydroxy-2-

methylbutanoyl-CoA 

-0.9 -0.4 -2.4 2.95E-05 

C6H13NO2 L-Isoleucine -1.1 0.0 -1.6 0.021256 

C5H8O3 3-Methyl-2-oxobutanoic acid 1.6 -0.3 -0.4 0.002311 

C15H24O Biosynthesis 
of secondary 

metabolites 

0 2-trans,6-trans-Farnesal 1.8 0.0 0.9 0.010408 

C7H9NO3 (5R)-carbapenem 
biosynthesis 

(3S,5S)-carbapenam -0.4 0.9 1.8 0.000378 

C9H18N4O4 Clavulanic acid 

biosynthesis 

L-N2-(2-Carboxyethyl)arginine -1.3 -0.7 -2.4 0.000147 

C8H14N2O4 Proclavaminic acid -0.6 -0.5 -2.0 0.010676 

C4H8O4 Carbohydrate  0 D-Threose -1.6 0.0 -2.1 7.45E-09 

C18H33NO15 -D-Galactopyranosyl-(1->4)-

2-amino-2-deoxy--D-
glucopyranosyl-(1->6)-D-

mannose 

-1.0 0.0 -2.1 6.14E-05 

C8H18NO10P N-Gluconyl ethanolamine 
phosphate 

-1.3 0.1 -1.7 0.002154 

C6H13O9P Hexose phosphate 0.3 0.2 -1.7 0.000918 

C20H31N4O16P Aminosugars  CMP-N-acetylneuraminate -0.1 0.5 -1.9 6.59E-06 

C17H27N3O17P2 UDP-N-acetyl-D-

galactosamine 

-0.8 0.2 -1.7 0.006375 

C6H13NO5 D-Glucosamine -2.1 0.4 -0.7 3.16E-07 

C8H15NO6 N-Acetyl-D-mannosamine 2.2 0.2 1.5 1.69E-05 

C6H10O8 Ascorbate and 

aldarate  

D-Glucarate -1.2 -0.6 -2.4 0.000106 

C4H8O5 [FA trihydroxy(4:0)] 2,3,4-
trihydroxy-butanoic acid 

-1.6 -0.2 -2.0 0.000136 

C5H6O4 2,5-Dioxopentanoate 1.9 0.6 0.8 0.024633 

C8H14O5 Butanoate  (R)-3-((R)-3-

Hydroxybutanoyloxy)butanoate 

-1.3 -0.2 -2.3 3.34E-06 

C4H6O2 Diacetyl -1.7 -0.1 -2.2 1.49E-08 

C4H4O2 3-Butynoate -0.2 -0.3 -2.0 0.002559 

C6H11NO4 C5-Branched dibasic 

acid  

4-Methyl-L-glutamate -1.1 0.0 -2.1 0.000117 

C5H6O4 Itaconate -1.1 0.1 -2.1 1.74E-05 

C6H10N2O3 4-Methylene-L-glutamine -1.4 0.1 -2.0 7.18E-06 

C6H8O7 TCA cycle Citrate -1.2 -0.1 -2.3 3.85E-06 

C6H12O6 Fructose & mannose  D-Fructose -1.8 -1.1 -2.1 0.002184 

C6H10O5 2-Dehydro-3-deoxy-D-fuconate -1.3 -0.5 -2.0 0.004792 

C12H22O11 Galactose  Lactose -1.6 -0.1 -2.2 1.56E-09 

C12H22O11 glycogen degradation 

I  
-Maltose -1.7 0.0 -2.1 1.33E-10 

C23H38N7O17P3S Glycolysis / 
Gluconeogenesis 

Acetyl-CoA -1.0 0.0 -2.0 0.000970 

C7H12O5 Glyoxylate & 

dicarboxylate  

3-Propylmalate -0.9 -0.3 -2.3 9.07E-05 

C6H10O5 3-Ethylmalate -1.7 -0.1 -2.1 9.23E-09 

C26H44N7O17P3S Pentanoyl-CoA -1.8 -0.2 -2.0 7.88E-06 

C7H14O6 Inositol phosphate  1-O-Methyl-myo-inositol -1.0 -0.5 -2.1 0.002990 

C15H24N2O17P2 Pentose & 

glucuronate 

interconversions 

UDP-glucose -1.0 -0.3 -2.0 0.005981 

C5H10O6 L-Lyxonate -1.4 0.0 -1.9 0.000591 

C5H13O14P3 PPP 5-Phospho-alpha-D-ribose 1-

diphosphate 

-1.3 -0.2 -2.0 0.000747 

C5H11O7P 2-Deoxy-D-ribose 5-P -1.4 0.1 -2.0 2.99E-05 

C5H10O5 D-Ribose -1.7 -0.1 -2.0 7.02E-05 

C4H9O7P D-Erythrose 4-P -0.4 0.5 -1.9 3.98E-05 

C6H11O9P D-Glucono-1,5-lactone 6-P -1.9 -0.4 -1.8 0.000753 

C5H11O8P D-Ribulose 5-P -1.0 0.2 -1.7 0.005209 

C5H10O4 Deoxyribose -2.2 -0.2 -1.4 2.63E-05 

C5H11O8P D-Ribose 5-P 1.9 0.2 0.3 0.008862 

C7H10O7 Propanoate  2-Methylcitrate -1.0 -0.3 -2.4 5.16E-07 

C6H13O9P Starch and sucrose  D-Glucose 6-P 1.8 0.2 0.0 0.005044 

C10H15N5O10P2 Energy  Oxidative 
phosphorylation 

ADP -1.2 -0.1 -2.2 8.79E-06 

C10H16N5O13P3 ATP -0.6 -0.2 -2.1 0.000939 

C21H27N7O14P2 NAD+ -1.5 -0.2 -1.9 0.000768 
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C21H28N7O17P3 Photosynthesis NADP+ -1.4 -0.5 -2.1 0.002394 

C8H14O8 Glycan 

biosynthesis & 

metabolism 

LPS biosynthesis 3-Deoxy-D-manno-

octulosonate 

-0.1 0.2 -2.0 5.50E-05 

C6H8O4 Cofactors & 
vitamins 

Nicotinate & 
nicotinamide  

2,3-Dimethylmaleate 0.0 0.0 -1.9 0.001107 

C9H18NO8P Pantothenate & CoA 

biosynthesis 

D-4'-Phosphopantothenate -1.1 -0.4 -2.4 4.93E-06 

C6H10N3O4P Thiamine  4-Amino-2-methyl-5-
phosphomethylpyrimidine 

0.0 -0.7 1.7 2.63E-05 

 

 

Table 3.8 Significant metabolites (p ≤ 0.05) of 03-149.2 identified following exposure to colistin 

(Col) and doripenem (Dor) alone and in combination (Combo) at 15 min. Significant fold-

changes are highlighted in yellow. 

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 p-value 

C6H9NO5 Amino Acid Alanine and aspartate  N-Acetyl-L-aspartate 1.3 0.0 2.0 0.003542 

CH5O4P Aminophosphonate  Hydroxymethylphosphonate -1.9 -0.1 -1.9 3.00E-06 

C6H11NO2 Arginine and proline  N4-Acetylaminobutanal 0.9 -0.4 1.9 0.001355 

C10H18N4O5 N2-Succinyl-L-arginine 1.5 -0.1 2.0 3.22E-05 

C7H11NO5 N-Acetyl-L-glutamate 1.6 0.3 2.1 0.002358 

C7H14N2O3 N-Acetylornithine 1.4 0.2 2.3 0.000193 

C3H5NO2 Cysteine  2-Aminoacrylate -2.0 -0.3 0.4 1.76E-05 

C20H31N3O19P2 D-Glutamine and D-

glutamate  

UDP-N-acetylmuramate 1.2 -0.7 1.5 4.60E-05 

C8H15NO6 Glutamate  N-Acetyl-D-glucosamine 1.3 -0.4 1.6 0.001424 

C8H16NO9P N-Acetyl-D-glucosamine 6-
P 

1.6 0.1 2.0 0.001752 

C6H14NO8P D-Glucosamine 6-P 0.7 0.4 2.5 9.41E-05 

C5H10N2O3 L-Glutamine 1.6 -0.5 1.4 6.43E-05 

C4H6O3 Succinate semialdehyde -1.4 -0.8 -2.4 0.005640 

C3H8NO6P Glycine, serine and 

threonine  

O-Phospho-L-serine 1.7 -0.4 1.2 0.000305 

C8H13NO5 Lysine biosynthesis N2-Acetyl-L-aminoadipate 1.2 -0.5 1.7 0.000362 

C7H10O7 Homoisocitrate 1.5 -0.2 1.8 0.000388 

C7H9NO4 2,3,4,5-
Tetrahydrodipicolinate 

1.4 0.0 1.9 0.004400 

C35H55N7O26P2 UDP-N-acetylmuramoyl-L-

alanyl-D--glutamyl-meso-

2,6- diaminopimelate 

0.4 -2.0 -0.7 2.29E-06 

C41H65N9O28P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-

carboxy-L-lysyl-D-alanyl- 
D-alanine 

1.2 1.2 2.8 7.31E-06 

C6H9NO2 Lysine degradation 2,3,4,5-Tetrahydropyridine-

2-carboxylate 

1.1 -0.1 2.2 5.82E-05 

C6H11NO3 6-Amino-2-oxohexanoate 1.8 0.7 2.3 0.000581 

C5H11NO2 5-Aminopentanoate 1.5 -0.1 1.9 0.001853 

C9H11NO2 Phenylalanine  D-Phenylalanine 1.6 -0.4 1.4 8.58E-05 

C11H11NO3 Tryptophan  Indolelactate -1.2 0.5 -1.5 0.002021 

C9H10O4 Tyrosine  3-(4-Hydroxyphenyl)lactate -1.1 0.3 -1.7 0.008127 

C8H11NO3 L-Noradrenaline 1.2 -0.2 2.1 0.000120 

C8H11NO Tyramine 0.1 2.0 2.0 1.09E-08 

C6H10O4 Valine, leucine and 

isoleucine biosynthesis 

(S)-2-Aceto-2-

hydroxybutanoate 

1.8 0.3 1.9 0.001318 

C5H8O4 (S)-2-Acetolactate 1.6 0.1 2.0 0.000821 

C26H44N7O18P3S Valine, leucine and 
isoleucine degradation 

(2S,3S)-3-Hydroxy-2-
methylbutanoyl-CoA 

1.6 -0.3 1.7 7.09E-06 

C26H42N7O17P3S 3-Methylcrotonyl-CoA 1.5 -0.5 1.5 4.63E-05 
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C7H9NO3 Biosynthesis 

of secondary 

metabolites 

(5R)-carbapenem 

biosynthesis 

(3S,5S)-carbapenam 0.4 2.1 2.1 8.85E-08 

C6H13O9P Carbohydrate  0 Hexose phosphate 1.5 -0.5 1.5 0.000112 

C6H13NO5 Aminosugars D-Glucosamine 1.2 -0.3 1.8 0.001683 

C20H31N4O16P CMP-N-acetylneuraminate 1.1 -0.2 1.9 0.003298 

C17H25N3O18P2 UDP-N-acetyl-2-amino-2-

deoxy-D-glucuronate 

1.6 -0.1 1.9 6.67E-05 

C17H27N3O17P2 UDP-N-acetyl-D-

galactosamine 

1.5 -0.3 2.0 1.03E-06 

C21H36N7O16P3S TCA cycle CoA -2.0 0.2 -1.5 7.44E-09 

C3H6O4 Glycine, serine and 

threonine 

D-Glycerate 2.1 0.2 1.3 0.000906 

C3H5O6P Glycolysis / 
Gluconeogenesis 

Phosphoenolpyruvate 1.8 -0.3 1.4 5.33E-05 

C3H7O7P 3-Phospho-D-glycerate 1.8 -0.2 1.3 0.000460 

C26H44N7O17P3S Glyoxylate & dicarboxylate Pentanoyl-CoA 1.5 -0.5 1.4 9.51E-05 

C5H10O6 Pentose & glucuronate 

interconversions 

D-Xylonate 0.3 -1.6 0.1 0.005754 

C15H24N2O17P2 UDP-glucose 1.6 0.0 1.8 0.002529 

C6H12O7 PPP D-Gluconic acid 2.4 1.1 1.3 0.001664 

C5H13O14P3 5-Phospho--D-ribose 1-
diphosphate 

1.6 -0.4 1.0 0.005792 

C7H10O7 Propanoate  2-Methylcitrate 1.6 -0.2 1.7 0.000167 

C3H7O5P Propanoyl phosphate -2.0 0.0 -1.8 1.03E-08 

C6H13O9P Starch & sucrose D-Glucose 6-P -1.7 0.1 -1.6 0.000661 

C21H27N7O14P2 Energy  Oxidative phosphorylation NAD+ 1.7 0.3 1.9 0.007467 

C10H16N5O13P3 ATP 1.8 0.2 1.6 0.004439 

C11H15N2O8P Cofactors & 

vitamins 

Nicotinate & nicotinamide Nicotinamide D-

ribonucleotide 

-1.5 0.1 -2.0 2.82E-05 

C6H8O4 2,3-Dimethylmaleate 1.1 -0.2 1.7 0.010022 

C6H5NO2 Nicotinate -1.6 0.2 -1.8 4.08E-05 

C7H6O4 Xenobiotics 

Biodegradation 

& Metabolism 

Benzoate degradation via 

hydroxylation 

3,4-Dihydroxybenzoate 1.8 0.2 1.6 0.008062 

 

Table 3.9 Significant metabolites (p ≤ 0.05) of 03-149.2 identified following exposure to colistin 

(Col) and doripenem (Dor) alone and in combination (Combo) at 1 hr. Significant fold-changes 

are highlighted in yellow.  

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 p-value 

C9H19N3O4 Amino Acid  0 Lysinoalanine -0.3 -0.3 -2.1 0.002179 

C6H13N3O4 4-Hydroxycitrulline 0.0 -0.1 1.8 0.004257 

C4H7NO4 Alanine and aspartate  L-Aspartate 1.3 -0.1 1.7 0.005514 

CH5O4P Aminophosphonate  Hydroxymethylphosphonate -1.8 -0.9 0.1 0.008930 

C9H18N4O4 Arginine and proline  N2-(D-1-Carboxyethyl)-L-

arginine 

2.1 1.0 1.6 0.011513 

C7H14N2O3 N-Acetylornithine 2.1 0.3 1.8 0.000015 

C8H15N3O4 arginine biosynthesis III N-Acetyl-L-citrulline -1.2 -0.1 -1.9 0.007131 

C6H12N2O4S2 Cysteine  L-Cystine 0.1 0.6 2.0 0.005740 

C20H31N3O19P2 D-Glutamine and D-

glutamate 

UDP-N-acetylmuramate 1.1 -0.4 1.9 2.85E-08 

C28H43N5O23P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamate 

0.4 -0.3 2.1 1.05E-07 

C8H15NO6 Glutamate  N-Acetyl-D-glucosamine 0.2 -0.2 2.1 4.92E-07 

C8H16NO9P N-Acetyl-D-glucosamine 6-

P 

0.2 0.4 2.2 0.000129 

C10H14N2O6 Histidine  (1-Ribosylimidazole)-4-
acetate 

1.7 -0.1 -0.5 0.000474 

C30H39N9O12 homoserine and methionine 

biosynthesis  

5-

Methyltetrahydropteroyltri-

L-glutamate 

2.2 0.5 2.1 1.57E-06 

C7H14N2O4 Lysine biosynthesis LL-2,6-

Diaminoheptanedioate 

0.7 0.9 2.1 0.012385 
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C8H13NO5 N2-Acetyl-L-aminoadipate 0.3 -0.1 2.2 1.41E-06 

C6H11NO4 L-2-Aminoadipate 1.7 0.0 1.4 0.005904 

C35H55N7O26P2 UDP-N-acetylmuramoyl-L-

alanyl-D--glutamyl-meso-

2,6- diaminopimelate 

0.3 -1.8 0.4 4.34E-07 

C41H65N9O28P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-
carboxy-L-lysyl-D-alanyl- 

D-alanine 

1.3 1.2 2.8 9.46E-08 

C9H18N2O4 Lysine degradation N2-(D-1-Carboxyethyl)-L-
lysine 

2.0 0.4 0.3 0.011946 

C6H9NO2 2,3,4,5-Tetrahydropyridine-

2-carboxylate 

1.3 0.1 2.0 0.001367 

C5H11NO2 5-Aminopentanoate 0.7 0.0 2.0 0.001945 

C8H13NO6 Methionine  O-Succinyl-L-homoserine 1.7 -0.2 -0.5 0.000132 

C13H16N2O4 Phenylalanine  -N-Phenylacetyl-L-

glutamine 

1.9 -0.1 1.0 0.005014 

C11H13NO3 N-Acetyl-L-phenylalanine 1.6 0.2 1.8 0.009534 

C7H10O5 Phenylalanine, tyrosine and 
tryptophan biosynthesis 

Shikimate 1.6 0.3 1.9 0.004118 

C9H10O4 Tyrosine  3-(4-Hydroxyphenyl)lactate -1.6 -0.1 -1.5 0.013233 

C8H11NO3 L-Noradrenaline 1.4 0.3 2.1 0.001578 

C8H11NO Tyramine 0.1 2.0 2.0 1.26E-11 

C8H8O4 Homogentisate 0.4 -0.6 1.6 0.002873 

C6H10O4 Valine, leucine and 
isoleucine biosynthesis 

(S)-2-Aceto-2-
hydroxybutanoate 

-0.2 -0.2 -2.2 0.000041 

C5H8O4 (S)-2-Acetolactate 1.8 -0.3 1.2 0.000553 

C26H44N7O18P3S Valine, leucine and 

isoleucine degradation 

(2S,3S)-3-Hydroxy-2-

methylbutanoyl-CoA 

1.8 -0.3 1.4 0.000018 

C4H8O3 (S)-3-Hydroxyisobutyrate 0.4 0.8 2.1 0.008133 

C7H9NO3 Biosynthesis 

of Secondary 

Metabolites 

(5R)-carbapenem 

biosynthesis 

(3S,5S)-carbapenam 0.3 2.1 1.9 4.98E-06 

C4H8O4 Carbohydrate 0 L-Erythrulose 1.0 0.2 2.0 0.004918 

C18H33NO15 beta-D-Galactopyranosyl-

(1->4)-2-amino-2-deoxy--

D-glucopyranosyl-(1->6)-

D-mannose 

0.9 0.1 2.1 0.000492 

C17H25N3O18P2 Aminosugars  UDP-N-acetyl-2-amino-2-
deoxy-D-glucuronate 

1.6 -0.1 1.5 0.005146 

C20H31N4O16P CMP-N-acetylneuraminate 0.8 -0.2 1.9 0.000552 

C17H27N3O17P2 UDP-N-acetyl-D-

galactosamine 

1.9 0.2 2.0 0.000018 

C6H13NO5 D-Glucosamine 0.6 0.1 2.1 0.001238 

C8H15NO6 N-Acetyl-D-mannosamine 0.4 0.0 2.2 5.08E-07 

C6H10N2O3 C5-Branched dibasic acid  4-Methylene-L-glutamine -0.4 0.1 1.7 0.005430 

C21H36N7O16P3S TCA cycle CoA -1.7 0.4 -1.3 0.000022 

C4H6O4 Succinate 0.0 -0.4 1.6 0.002918 

C12H22O11 Galactose  Lactose 0.7 -0.1 1.9 0.002751 

C3H6O4 Glycine, serine and 

threonine  

D-Glycerate 1.9 0.0 1.4 0.001496 

C3H7O7P Glycolysis / 

Gluconeogenesis 

3-Phospho-D-glycerate 1.7 -0.4 1.1 0.000632 

C5H10O6 Pentose and glucuronate 

interconversions 

D-Xylonate 0.6 0.1 2.1 0.000229 

C3H7O5P Propanoate  Propanoyl phosphate -2.2 0.1 -1.3 1.45E-07 

C12H23O14P Starch and sucrose  alpha,alpha'-Trehalose 6-P 0.6 -0.4 -1.8 0.000028 

C6H13O9P D-Glucose 6-P -0.2 -0.2 1.8 0.000308 

C21H27N7O14P2 Energy  Oxidative phosphorylation NAD+ 1.6 -0.3 1.0 0.008434 

C10H15N5O10P2 ADP 1.3 0.5 2.0 0.01291 

C21H28N7O17P3 Photosynthesis NADP+ 1.7 0.1 -0.4 0.003460 

C8H12O7 Cofactors & 

vitamins 

coenzyme B biosynthesis (-)threo-iso(homo)2citrate -1.7 -0.1 -2.0 0.000134 

C11H15N2O8P Nicotinate and nicotinamide Nicotinamide D-

ribonucleotide 

-1.8 0.0 -1.2 0.004446 

C6H5NO2 Nicotinate -1.6 -0.1 -1.8 0.001814 

C27H33N9O15P2 Riboflavin  FAD 0.6 0.6 2.1 0.012606 

C7H6O4 Xenobiotics 
biodegradation 

& metabolism 

Benzoate degradation via 
hydroxylation 

3,4-Dihydroxybenzoate 1.0 0.5 2.3 0.001400 
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Table 3.10 Significant metabolites (p ≤ 0.05) of 03-149.2 identified following exposure to 

colistin (Col) and doripenem (Dor) alone and in combination (Combo) at 4 hr. Significant fold-

changes are highlighted in yellow.  

Formula Map Pathway Metabolite 

C
o

l 

D
o

r 

C
o

m
b

o
 p-value 

C9H19N3O4 Amino Acid 0 Lysinoalanine -0.7 -0.8 -2.5 0.000269 

C9H18N2O4 Meprobamate -0.2 -0.6 -2.2 0.001450 

C6H13N3O4 4-Hydroxycitrulline -0.2 -0.9 -2.1 0.003498 

C10H18N2O6S -L-Glutamyl-L-methionine 

sulfoxide 

-0.2 -0.4 -2.0 0.011608 

C11H13NO4 N-Acetyl-L-tyrosine -0.3 -0.3 -1.9 0.008451 

C12H24N2O7 1-[(5-Amino-5-

carboxypentyl)amino]-1-

deoxyfructose 

0.4 -0.2 -1.8 0.004288 

C9H14N4O3 Alanine and aspartate  Carnosine 0.2 -0.5 -2.2 0.000157 

CH5O4P Aminophosphonate Hydroxymethylphosphonate -1.6 -1.2 -2.4 0.000599 

C9H16N2O5 Arginine and proline  -Glutamyl-gamma-

aminobutyrate 

-0.3 -0.7 -2.4 0.000400 

C9H16N2O4 -Glutamyl-gamma-
aminobutyraldehyde 

0.0 -0.6 -2.3 0.000029 

C5H11N3O2 4-Guanidinobutanoate 0.1 -0.3 -1.9 0.003726 

C10H18N4O5 N2-Succinyl-L-arginine 0.6 0.0 -1.5 0.007850 

C6H13N3O3 L-Citrulline 0.5 0.3 1.8 0.016178 

C9H16N2O5 N2-Succinyl-L-ornithine 0.1 0.7 2.1 0.007757 

C7H14N2O3 N-Acetylornithine 0.9 1.2 2.5 0.000164 

C6H14N4O2 L-Arginine 0.1 -0.6 -2.3 8.22E-06 

C5H12N2O2 L-Ornithine 1.6 1.4 1.7 0.004537 

C15H22N6O5S S-Adenosyl-L-methionine 0.8 1.2 2.2 0.002008 

C8H15N3O4 arginine biosynthesis III N-Acetyl-L-citrulline -0.3 -0.9 -2.3 0.000979 

C9H19N5O3 beta-Alanine  -Alanyl-L-arginine -0.2 -0.6 -2.0 0.015251 

C9H19N3O3 -Alanyl-L-lysine 0.1 -0.3 -1.9 0.006409 

C6H12N2O4S2 Cysteine  L-Cystine -0.7 0.5 1.8 0.000224 

C20H31N3O19P2 D-Glutamine and D-

glutamate  

UDP-N-acetylmuramate 0.7 0.6 2.3 0.000377 

C8H15NO6 Glutamate metabolism N-Acetyl-D-glucosamine 0.2 0.7 2.3 0.000789 

C8H16NO9P N-Acetyl-D-glucosamine 6-P 0.0 0.8 2.3 0.000128 

C5H10N2O3 L-Glutamine -0.2 -1.0 -1.8 0.00329 

C5H9NO3 Glycine, serine and 

threonine metabolism 

5-Aminolevulinate 0.2 0.7 2.3 0.000890 

C10H14N2O6 Histidine (1-Ribosylimidazole)-4-acetate -0.6 -0.7 -2.4 0.000439 

C6H10N2O4 N-Formimino-L-glutamate 0.3 -0.3 -2.0 0.001137 

C9H15N3O2 Hercynine 0.4 -0.2 -1.9 0.000148 

C6H9N3O2 L-Histidine -0.2 -0.5 -2.1 0.003870 

C9H16N2O5 Lysine biosynthesis N6-Acetyl-LL-2,6-

diaminoheptanedioate 

-0.3 -0.7 -2.4 0.000400 

C7H10O7 Homoisocitrate 0.5 -0.2 -1.9 0.000270 

C7H14N2O4 meso-2,6-

Diaminoheptanedioate 

0.6 0.1 -1.5 0.004920 

C8H13NO5 N2-Acetyl-L-aminoadipate -0.3 0.5 2.1 0.000617 

C7H14N2O4 LL-2,6-Diaminoheptanedioate 0.1 0.5 2.2 0.000289 

C35H55N7O26P2 UDP-N-acetylmuramoyl-L-

alanyl-D--glutamyl-meso-2,6- 

diaminopimelate 

-0.5 -0.4 -2.2 1.36E-06 

C41H65N9O28P2 UDP-N-acetylmuramoyl-L-

alanyl-D-glutamyl-6-carboxy-

L-lysyl-D-alanyl- D-alanine 

0.8 0.5 2.2 0.000458 

C8H16N2O3 Lysine degradation N6-Acetyl-L-lysine 0.0 -0.6 -2.3 0.000050 

C9H18N2O4 N2-(D-1-Carboxyethyl)-L-

lysine 

-0.7 -0.6 -2.0 0.018994 

C7H15NO2 4-Trimethylammoniobutanoate 0.1 0.5 1.9 0.022474 

C6H9NO2 2,3,4,5-Tetrahydropyridine-2-
carboxylate 

0.3 0.9 2.4 0.000297 

C5H11NO2 5-Aminopentanoate 1.1 1.0 2.4 0.001679 

C4H8O2S Methionine  3-(Methylthio)propionic acid 0.1 -0.1 -1.8 0.004468 
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C8H13NO6 O-Succinyl-L-homoserine -0.6 -0.8 -2.5 0.000300 

C8H8O2 Phenylalanine  Phenylacetic acid 0.7 1.3 1.9 0.000560 

C7H10O5 Shikimate 0.7 1.1 2.5 0.000077 

C9H16N2O5Se Selenoamino acid -Glutamyl-Se-
methylselenocysteine 

0.1 0.6 2.3 0.000170 

C2H4O5S Taurine and hypotaurine  Sulfoacetate 0.1 -0.2 -2.0 0.000443 

C2H5O5P Acetyl phosphate 0.5 0.8 2.3 0.003220 

C11H12N2O4 Tryptophan  L-Formylkynurenine -0.5 -0.4 -2.0 0.009990 

C6H7NO 2-Aminophenol 0.2 -0.2 -1.9 0.004606 

C8H11NO3 Tyrosine  L-Noradrenaline 0.1 0.8 2.4 0.000026 

C8H11NO Tyramine 0.1 0.0 1.9 6.27E-08 

C26H44N7O18P3S Valine, leucine and 

isoleucine degradation 

(2S,3S)-3-Hydroxy-2-

methylbutanoyl-CoA 

0.8 0.2 -1.5 0.000095 

C6H10O3 4-Methyl-2-oxopentanoate 0.2 0.0 -1.8 0.000099 

C5H8O3 3-Methyl-2-oxobutanoic acid -0.2 -0.5 -2.4 0.000013 

C9H18N4O4 Biosynthesis 
of Secondary 

Metabolites 

Clavulanic acid 
biosynthesis 

L-N2-(2-Carboxyethyl)arginine 0.1 -0.6 -2.4 4.10E-06 

C15H16O10 Carbohydrate  0 Caffeic acid 4-O-glucuronide -1.0 -0.7 -2.4 0.000050 

C4H8O4 D-Threose 0.0 -0.8 -2.4 6.99E-06 

C16H23N3O10 3'-Amino-3'-deoxythimidine 
glucuronide 

-0.3 -0.6 -2.2 0.003316 

C11H19NO7 N-(1-Deoxy-1-fructosyl)proline -0.6 -0.5 -2.2 0.001037 

C12H20N2O7 Deoxyfructosazine 0.0 -0.2 -1.9 0.000778 

C6H13O9P Hexose phosphate 0.7 0.8 2.2 0.015188 

C4H8O4 L-Erythrulose 0.3 0.8 2.4 0.000187 

C18H33NO15 -D-Galactopyranosyl-(1->4)-

2-amino-2-deoxy--D-

glucopyranosyl-(1->6)-D-

mannose 

0.8 0.9 2.4 0.001075 

C17H25N3O18P2 Aminosugars UDP-N-acetyl-2-amino-2-

deoxy-D-glucuronate 

-0.1 0.0 -1.6 0.004551 

C8H15NO6 N-Acetyl-D-mannosamine 0.1 0.9 2.2 0.000664 

C17H27N3O17P2 UDP-N-acetyl-D-
galactosamine 

0.5 1.0 2.3 0.001294 

C6H13NO5 D-Glucosamine 0.7 1.0 2.5 0.000090 

C6H10O8 Ascorbate and aldarate  D-Glucarate 0.3 -0.3 -2.2 4.00E-06 

C5H6O4 2,5-Dioxopentanoate 0.4 1.1 2.1 0.003667 

C6H6O6 L-Dehydroascorbate 0.1 -0.4 -2.2 0.000196 

C8H14O5 Butanoate  (R)-3-((R)-3-

Hydroxybutanoyloxy)butanoate 

0.1 -0.5 -2.3 2.55E-06 

C4H6O2 Diacetyl 0.1 -0.3 -1.9 0.009602 

C5H8O4 2-Acetolactate 2.2 1.2 2.3 7.84E-09 

C6H10N2O3 C5-Branched dibasic acid  4-Methylene-L-glutamine -0.2 -0.9 -2.0 0.008660 

C6H11NO4 4-Methyl-L-glutamate 1.7 1.2 1.9 0.015476 

C21H36N7O16P3S TCA cycle CoA -1.2 -1.4 -2.5 0.000001 

C6H8O7 Citrate 0.3 -0.2 -1.8 0.009505 

C4H6O4 Succinate 0.5 1.3 1.8 0.000220 

C6H12O6 Fructose and mannose  L-Sorbose 0.0 -0.2 -1.9 0.003560 

C6H10O5 2-Dehydro-3-deoxy-D-fuconate 0.3 -0.3 -1.9 0.006055 

C6H12O6 D-Mannose 0.9 0.8 2.3 0.002399 

C6H12O6 D-Fructose -0.1 -0.6 -2.4 5.35E-06 

C24H42O21 Galactose  Stachyose -0.9 -1.0 -2.6 0.000033 

C12H22O11 Lactose 0.0 -0.8 -2.4 1.96E-06 

C3H6O4 Glycine, serine and 
threonine 

D-Glycerate 0.0 -0.1 -1.7 0.019384 

C12H22O11 glycogen degradation I -Maltose -0.1 -0.8 -2.5 6.01E-07 

C3H7O6P Glycolysis / 

Gluconeogenesis 

Glycerone phosphate 0.0 -0.7 -2.1 0.003990 

C6H10O5 Glyoxylate and 
dicarboxylate  

3-Ethylmalate 0.0 -0.8 -2.4 3.24E-06 

C7H12O5 3-Propylmalate 0.0 -0.4 -2.0 0.007022 

C7H14O6 Inositol phosphate  1-O-Methyl-myo-inositol 0.0 -0.4 -2.2 0.000123 

C6H11O9P PPP D-Glucono-1,5-lactone 6-P 0.2 -0.6 -2.2 0.000239 

C6H12O7 D-Gluconic acid 0.4 -0.4 -2.1 0.000034 

C6H13O10P 6-Phospho-D-gluconate 0.4 -0.4 -2.1 0.000381 

C7H15O10P D-Sedoheptulose 7-P 0.3 0.8 2.4 0.000258 

C4H9O7P D-Erythrose 4-P 0.6 0.9 2.1 0.023033 

C5H13O14P3 5-Phospho--D-ribose 1-

diphosphate 

-0.5 -1.0 -2.5 0.000037 

C7H10O7 Propanoate  2-Methylcitrate 0.5 -0.3 -2.0 0.000062 

C3H7O5P Propanoyl phosphate -1.0 -1.0 -2.4 0.000961 

C6H10O5 Pyruvate  (R)-2-Ethylmalate 0.3 0.1 -1.5 0.007353 
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C18H32O18 Starch and sucrose  1-4--D-Glucan 0.2 -0.4 -2.1 0.000670 

C10H16N5O13P3 Energy  Oxidative phosphorylation ATP -0.3 0.3 1.8 0.008598 

C10H18N2O3 Cofactors & 
vitamins 

Biotin  Dethiobiotin 0.3 -0.3 -2.1 0.000044 

C9H18NO8P Pantothenate and CoA 

biosynthesis 

D-4'-Phosphopantothenate 0.0 -0.7 -2.4 0.000061 
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3.5 Discussion 

The global spread of MDR Gram-negative bacteria is alarming and it is crucial to understand the 

detailed mechanisms of antibiotic action and resistance. Bacterial metabolic responses to 

antibiotics have not been well examined with cutting-edge metabolomics, and deciphering the 

metabolome of bacterial cells can potentially lead to innovative strategies for effective 

antibacterial therapy. Polymyxins and carbapenems display their primary antibacterial activity 

via initial interactions with LPS and binding to penicillin-binding proteins (PBPs), respectively 

(11, 258). Notwithstanding, increasing evidence indicates that the rarely explored effects on 

bacterial metabolism are crucial for the antibacterial activity of antibiotics (113). The 

combination of polymyxins with carbapenems has been shown to be synergistic against MDR 

Gram-negative bacteria; albeit, the detailed mechanism of their synergistic action(s) has not been 

examined (222-226). Previously, our transcriptomics data revealed that the combination of 

colistin and doripenem altered the gene expression profiles in A. baumannii at 1 hr in a similar 

manner to that of colistin treatment alone. These genes were primarily associated with outer 

membrane biogenesis, fatty acid metabolism and phospholipid trafficking (412). Interestingly, 

similar transcriptional changes were also observed in the A. baumannii LPS-deficient strain 

without colistin treatment (356). Our present study is the first to elucidate the synergistic killing 

mechanism of the combination of colistin and doripenem against A. baumannii. The most 

significant findings on the synergistic combination in this metabolomics study include: (1) 

differential time-dependent inhibition of key metabolic pathways; (2) perturbation of the PPP 

and the downstream metabolism of LPS and nucleotides; and (3) inhibition of cell wall synthesis 

via different targets.  

 

In the present study, global metabolic changes of A. baumannii ATCC 19606 and a pair of 

clinical strains of polymyxin-susceptible 03-149.1 and polymyxin-resistant 03-149.2 were 
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investigated following exposure to colistin and doripenem individually and in combination over 

4 hr. Our results show, for the first time, that colistin, doripenem and the combination induced 

common global metabolic perturbations in A. baumannii, and metabolisms of cellular lipids, 

nucleotides, amino sugars and energy are the common pathways involved in the synergistic 

action of colistin and doripenem. The initial cellular metabolic perturbations following treatment 

with colistin monotherapy at 15 min and 1 hr impacted several essential metabolic pathways, 

namely lipid metabolism, nucleotide metabolism, amino sugar metabolism and energy 

metabolism. Similar metabolic alterations were observed following treatment with doripenem 

alone at 4 hr, indicating the effects of each antibiotic occur in a differential time-dependent 

manner. With the combination treatment, the perturbations were observed across all time points 

in A. baumannii strains ATCC 19606, 03-149.1 and 03-149.2. This mechanistic finding has 

important implications for the pharmacokinetics/pharmacodynamics (PK/PD) of the colistin and 

doripenem combination, supporting its use in the clinic for maintaining persistent antibacterial 

effect and minimising the potential bacterial regrowth due to colistin monotherapy (185, 413).   

 

Two key models have been proposed to explain mechanisms of drug synergism, the parallel 

pathway inhibition model and the bioavailability model (reviewed in Section 1.3.6) (249-251, 

414). The parallel pathway inhibition model suggests that two drugs are synergistic if they inhibit 

two different targets in parallel pathways that are essential for an observed phenotype (251). The 

bioavailability model suggests that two drugs are synergistic if one drug’s action enhances 

another drug’s availability in the target cell, either by increasing the second drug’s entry into the 

cell or by decreasing the second drug’s degradation or efflux (250). As doripenem itself can 

access its target in the periplasmic space in A. baumannii, the bioavailability model is unlikely 

to explain the synergistic activity of colistin and doripenem, and is not supported by our 

metabolomics data. Our metabolomics analysis indicates that the parallel pathway inhibition 
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model explains well the synergistic killing by colistin and doripenem against A. baumannii. 

Notably, treatment with colistin or doripenem alone or in combination at different time points 

significantly decreased the cellular levels of PPP intermediates (e.g. D-sedoheptulose 7-

phosphate) and  key precursor and intermediate metabolites for the biosynthesis of peptidoglycan 

and LPS (e.g. UDP-GlcNAc, UDP-MurNAc) in all three A. baumannii strains  (Figures 3.8, 3.9, 

and, 3.12-3.14). Our metabolomics data also demonstrate that colistin and doripenem generally 

perturb various key pathways related to cell envelope biosynthesis, namely GPs, FAs, LPS and 

peptidoglycan biosynthesis (Figures 3.5-3.7 and 3.12-3.14). Importantly, our study is the first to 

reveal that colistin itself also caused inhibition of cell wall synthesis, particularly peptidoglycan 

by decreasing the essential precursor metabolites (e.g. UDP-GlcNAc, UDP-MurNAc), a 

different mechanism from doripenem which acts via binding to PBPs.  

 

The Gram-negative bacterial cell envelope is composed of an asymmetrical outer membrane 

(OM), a thin cell wall, and a symmetrical inner membrane (reviewed in Section 1.3.3) (87). The 

outer leaflet of the OM is predominantly constituted of LPS and the inner leaflet is mainly 

comprised of phospholipids (87, 88). In line with the primary mode of action of colistin, our 

metabolomics data revealed that colistin treatment at 15 min and 1 hr caused significant 

perturbations in the levels of OM lipids, specifically GPs and FAs in all three A. baumannii 

strains (Figures 3.5-3.7). Consistent with our findings, it has been demonstrated in vitro that, 

liposomes prepared from phosphatidylethanolamine were extremely sensitive to polymyxin B 

indicating the binding affinity of polymyxin towards phospholipids (94). In addition, our 

previous transcriptomics results showed that colistin treatment up-regulated the expression of 

the Mla system (Maintenance of OM lipid asymmetry) in A. baumannii ATCC 19606, which is 

responsible for transporting excess phospholipids in the outer leaflet back to the inner membrane 

to maintain the OM asymmetry (412, 415, 416). Significant changes to the OM lipids, as 
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observed at both the transcriptomics and metabolomics levels, are highly consistent with the 

proposed bactericidal mechanism of colistin via lipid exchange between the inner and outer 

membrane (400). Furthermore, our previous transcriptomics data showed that colistin treatment 

induced the up-regulation of genes involved in fatty acid -oxidation/degradation and down-

regulation of genes involved in fatty acid biosynthesis (412), which well explains the colistin-

induced fatty acid perturbations observed in this study. Notably, doripenem treatment at 15 min 

and 1 hr did not produce any appreciable changes in the levels of GPs and FAs relative to the 

untreated control in all the three A. baumannii strains. The expression of lipid metabolism genes 

was not affected at 15 min, although significant transcriptomics changes were reported for 

doripenem treatment at 1 hr (i.e. retrograde phospholipid transport and lipoprotein transport) in 

the ATCC 19606 (412). However, doripenem treatment at 4 hr produced a similar pattern of 

lipid changes (i.e. GPs, FAs) as per the aforementioned colistin treatment particularly in the 

ATCC 19606. There were no significant lipid changes observed in both polymyxin-susceptible 

03-149.11 and  polymyxin-resistant 03-149.2 by doripenem alone likely due to their resistance 

to doripenem. Interestingly, the entire time-course of the combination treatment against the 

ATCC 19606 displayed a distinct pattern of lipid changes, wherein only the GPs were 

significantly perturbed while the FA levels remained largely unaffected. One metabolite 

involved in glycerophospholipid metabolism, sn-glycero-3-phosphoethanolamine, was 

specifically associated with colistin treatment, both alone and in combination was steadily 

decreased in all three A. baumannii strains. Interestingly, sn-glycero-3-phosphoethanolamine 

was also significantly depleted in the LPS-deficient polymyxin-resistant strain A. baumannii 

19606R relative to the wild-type ATCC 19606 strain in the absence of polymyxin treatment, 

suggesting the importance of the metabolite in response to polymyxin (as reported in Section 

2.4.6).   
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In terms of the impact on energy metabolism, treatment with the colistin and doripenem 

combination significantly decreased intracellular ATP, NADP+ and NAD+ levels and the levels 

of major metabolites of PPP, namely D-sedoheptulose 7-phosphate, D-ribose 5-phosphate and D-

erythrose 4-phosphate in the ATCC 19606. ADP-heptose, a key downstream metabolite of the 

heptose biosynthesis pathway, is an important component of the LPS inner core (381, 417). 

Mutations in the gene (GmhA) associated with ADP-glyceromannoheptose synthesis in 

Haemophilus influenza, which cause deficiencies in heptose biosynthesis, result in an avirulent 

phenotype, increased membrane permeability and increased susceptibility to antibiotics (381, 

418, 419). Excitingly, our data revealed significant depletion in the levels of D-sedoheptulose 7-

phosphate in the ATCC 19606 strain under all treatment conditions across 4 hr, in the 03-149.1 

particularly at 1 hr and in the 03-149.2 at 4 hr (Figures 3.8 and 3.9). As D-sedoheptulose 7-

phosphate is also a key early precursor metabolite in the heptose biosynthesis pathway, our data 

suggest that colistin, doripenem and their combination perturb the biosynthesis of ADP-heptose 

in A. baumannii via inhibition of the PPP.  

 

Another metabolite in the PPP, D-ribose 5-phosphate, was significantly depleted after treatment 

with colistin, doripenem and the combination in the ATCC 19606 (Figure 3.8). D-Ribose 5-

phosphate is a key initial precursor metabolite in purine and pyrimidine metabolism, and hence 

all treatment conditions caused significant decreases in the levels of nucleotides, both purine and 

pyrimidine (Figure 3.10B). In turn, the significant decreased of purine and pyrimidine 

nucleotides in the 03-149.1 strain was consistent with the low levels of the precursor metabolite, 

PRPP at 15 min, 1 hr and 4 hr (Figure 3.11C) (420). In contrast to the findings that were observed 

in both polymyxin-susceptible ATCC 19606 and 03-149.1 strains, our results showed that 

treatment with colistin alone and the combination against 03-149.2 strain induced significant 

elevation in nucleotide levels at 15 min and 1 hr (Figure 3.11B). We speculated that the 
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accumulation of the metabolites in the 03-149.2 strain was due to the general stress response 

induced by colistin alone and the combination. As a result, the bacteria presumably tried to 

produce more metabolites to cope with the toxic effects conferred by the antibiotics. In addition, 

the increased levels of many amino acid (e.g. arginine, proline and lysine metabolism) and 

carbohydrate (e.g. PPP metabolism) metabolites were likely to support the hypothesis of 

antibiotic-induced stress response in the 03-149.2 strain. Furthermore, as the synergistic effect 

of the colistin and doripenem combination significantly decreased the levels of nucleotides in 

the 03-149.2 strain at 4 hr, the result was in line with the decreased level of nucleotide precursor, 

PRPP (Figure 3.11B and C) (420). 

 

Previous metabolomics studies have shown total depletion of the nucleotide pool following 

antibiotic treatment (ampicillin, kanamycin, norfloxacin, vancomycin) in both Gram-negative 

(Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria (113, 421). The 

significant changes in nucleotide levels in antibiotic-treated samples were suggestive of 

nucleotide degradation (113). Interestingly, significant depletion in the levels of nucleotides in 

the polymyxin-resistant LPS-deficient strain A. baumannii 19606R was observed even without 

polymyxin treatment (as discussed in Section 2.4.4). Significant depletion in the levels of energy 

metabolites (ATP, NADP+, NAD+) in A. baumannii is likely secondary to the nucleotide pool 

depletion, but may also be indicative of altered oxidative phosphorylation. It has been reported 

that polymyxins predominantly inhibit the process of respiration which reduced the level of the 

intracellular ATP pool (79). In addition, significant alteration in the levels of TCA cycle 

metabolites (e.g. fumarate, cis-aconitate) in all A. baumannii strains were observed in the present 

study. It is likely that the depletion of energy related metabolites by colistin, doripenem and the 

combination also is a secondary effect to their antibacterial activity against MDR Gram-negative 

bacteria, in particular A. baumannii.
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The broad-spectrum antibacterial effect of doripenem against Gram-positive and Gram-negative 

bacteria is by virtue of its ability to inhibit biosynthesis of the key building block of the bacterial 

cell wall, peptidoglycan (258, 422, 423). Fundamentally, doripenem is a substrate analogue that 

binds to the C-terminal transpeptidase active site of PBPs in a non-reversible manner, thus 

inhibiting the peptidoglycan polymerisation process (424). Notably, following treatment with 

doripenem alone or in combination at 4 hr, we observed significant decreases in the levels of 

peptidoglycan biosynthesis metabolites, meso-2,6-diaminoheptanedioate and UDP-N-

acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-D-alanyl-D-alanine in the ATCC 

19606 (Figure 3.12). Significant changes in the levels of peptidoglycan biosynthesis metabolites 

were consistently observed in both A. baumannii clinical isolates (Figures 3.13 and 3.14). As 

mentioned above, colistin monotherapy also significantly decreased the levels of the essential 

peptidoglycan biosynthesis metabolites (e.g. UDP-GlcNAc, UDP-MurNAc) as observed 

particularly in the polymyxin-susceptible strains ATCC 19606 and 03-149.1. Interestingly, our 

previous transcriptomics results showed that peptidoglycan-associated lipoproteins were 

significantly up-regulated in A. baumannii ATCC 19606 in response to treatment with colistin 

and doripenem alone or in combination (412). The up-regulation of peptidoglycan-associated 

lipoproteins may be a protective action by A. baumannii to cope with the inhibition of 

peptidoglycan synthesis by doripenem and/or colistin. Taken together, our current metabolomics 

study reveals that, in addition to disorganising the OM,  colistin also inteferes cell wall synthesis 

via inhbition of peptidoglycan metabolism; this mechanism also explains the synergistic killing 

effect of its combination with a carbapenem. 

 

Studies have shown that the mechanism of polymyxin activity was partly associated with 

oxidative stress via the formation of hydroxyl radicals, with reactive oxygen species mainly 

targeting DNA, RNA, proteins and lipids (108), or by inhibition of respiratory chain enzymes 
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(e.g. NADH-quinone oxidoreductase) (92, 109). However, the association of free radicals in the 

mechanism of antibiotic bacterial killing is disputable (110-112, 117, 118). In our analysis of A. 

baumannii ATCC 19606, the reduced form of glutathione (GSH), an important indicator of 

oxidative stress, was not detected, as it was likely oxidised to glutathione disulfide (GSSG) 

during sample preparation and/or storage (425). Nevertheless, the total glutathione content, 

measured as GSSG, was significantly depleted following exposure to colistin and doripenem 

alone and in combination in the ATCC 19606 (Tables 3.3 and 3.4); this result is in line with the 

utilisation of glutathione pools to compensate for antibiotic-induced oxidative damage, albeit 

not consistent with the increased levels of reduced glutathione previously reported (113). We 

identified that GSH was significantly depleted in the A. baumannii 03-149.1 strain in response 

to colistin alone and in combination (data not shown). As GSH is easily oxidised to GSSG during 

sample preparation and/or storage, thus we carefully considered the changes was predominantly 

due to the oxidation. However, as GSSG was significantly depleted in the A. baumannii 03-149.1 

strain following colistin alone and the combination, similarly we hypothesised that the change 

was due to the utilisation of glutathione pools as observed in the ATCC 19606. Furthermore, 

there was no appreciable change in the GSSG level in the A. baumannii 03-149.2 strain. Even 

though we were unable to detect specific markers of oxidative stress from the TCA cycle 

intermediate (i.e. -ketoglutarate) and product (i.e. NADH), the changes to other TCA 

metabolites (e.g. fumarate, cis-aconitate) in all the A. baumannii strains clearly indicate the 

perturbation of the TCA cycle in response to single and combination treatments of colistin and 

doripenem. Our group previously demonstrated that A. baumannii ATCC 19606 treated with 

colistin significantly increased the expression of superoxide dismutase (SOD) enzyme, 

HMPREF0010_02336 (sodB encoding a predicted FeSOD) and HMPREF0010_02564 

(encoding a predicted Cu-ZnSOD), suggesting the association of hydroxyl radicals in colistin 

antibacterial activity (412). 
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3.6 Conclusions  

To the best of our knowledge, this is the first metabolomics study to investigate the mechanism 

of action of colistin either as monotherapy, or in combination with doripenem, against A. 

baumannii. Notwithstanding the complex of cellular biochemical networks and interactions in 

bacteria, our study significantly highlights the bacterial metabolic responses to antibiotics which 

potentially could be exploited to develop new, effective means to combat MDR infections. Our 

study reveals significant perturbations to cell envelope biosynthesis, nucleotide metabolism and 

energy metabolism induced by colistin and its synergistic combination with doripenem. The 

convergence of antibiotic-induced metabolic profiles on the depletion of PPP and amino-sugar 

metabolites indicates that these pathways play key roles in the antibacterial activity of colistin 

alone and its combination with doripenem. Importantly, we are the first to demonstrate that the 

combination of colistin with doripenem synergistically kills A. baumannii via inhibiting different 

key metabolic pathways in a time-dependent manner, which highlights the essentiality of 

mechanism-based optimisation of this combination using PK/PD. Overall, this study highlights 

the significant potential of systems pharmacology in paradigm-shifting optimisation of antibiotic 

use in patients.
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Chapter 4: Untargeted metabolomics study of the synergistic combination of polymyxin B 

and rifampicin against Pseudomonas aeruginosa PAO1 

 

4.1 Abstract  

The emergence of antimicrobial resistance in parallel with the dry discovery of new antibiotics, 

desperately needs the full exploitation of the last-line antibiotic class polymyxins. Understanding 

the detailed underlying mode of action of polymyxins is highly relevant in optimising its clinical 

use. An untargeted metabolomics study was performed to profile the global metabolic changes 

of Pseudomonas aeruginosa PAO1 following treatment with polymyxin B (1 mg/L) and 

rifampicin (2 mg/L) alone and in combination at 15 min, 1 hr, 4 hr and 24 hr (n=4). Polymyxin 

B alone and in combination significantly altered the PAO1 lipid metabolism at 15 min, 1 hr and 

4 hr, reflecting the general action of polymyxin B to trigger membrane disruptions. Notable 

metabolic perturbations of purine and pyrimidine nucleotides, amino acids metabolites, central 

carbon metabolism (i.e. TCA cycle, glycolysis and pentose phosphate pathway), peptidoglycan 

and LPS biosynthesis were subjected to the synergistic effect of the combination at 15 min, 1 hr 

and 4 hr. Nevertheless, rifampicin alone induced no appreciable changes across all time points. 

The abundance of metabolites (e.g. nucleotides, amino acids) following the combination 

treatment suggesting that PAO1 was in a state of cellular metabolic arrest which in line with the 

mode of action of rifampicin as an RNA synthesis inhibitor. The mechanism of synergistic 

killing of the combination is clearly elucidated by the simple uptake effect as polymyxin B 

induced the disruption of outer membrane to facilitate the entry of rifampicin for the latter to 

reach its intracellular target. Overall, this study significantly provides vast information on 

polymyxin B-rifampicin synergistic interaction which is highly useful for the 

pharmacokinetics/pharmacodynamics optimisation of polymyxins.
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4.2 Introduction  

The aerobic Gram-negative P. aeruginosa has been labelled as a “Serious-Threat” and “Critical-

Priority” opportunistic pathogen due to its remarkable ability to develop resistance towards 

almost all current antibiotics (8, 9, 388). Treatment of MDR P. aeruginosa infection necessitates 

the revisit of polymyxins, an ‘old’ antibiotic class (11, 398). Polymyxin-induced bacterial killing 

is well elucidated by the ‘self-promoted uptake’ pathway (Section 1.3.3) (11). Considering its 

dose-limiting toxicity (82, 160-162), polymyxin monotherapy is unlikely to produce an optimal 

in vivo plasma concentration with the potential emergence of polymyxin heteroresistant sub-

population (Section 1.3.5) (81, 189). Evidence showed that polymyxin combination therapy 

potentially could cater these limitations (98, 214). In particular, the combination of polymyxin 

with rifampicin has been shown to synergistically killed MDR Gram-negative pathogens 

including P. aeruginosa, K. pneumoniae and A. baumannii (231-236). Notwithstanding, the 

detailed mechanistic killing action of polymyxins either as a single or in combination largely 

remains to be explored to further optimise its application in clinical setting.  

 

The study of metabolomics has become an important component in the drug development 

pipeline used to elucidate the mechanism of action of a particular new drug (275). The abundance 

of metabolites, either of its substrates or products generally is a direct reflection of an enzyme’s 

inhibition of a particular reaction (304). For the first time, global metabolite profiling of a single 

and combination of polymyxin B and rifampicin treatment against P. aeruginosa PAO1 was 

conducted across four time points at 15 min, 1 hr, 4 hr and 24 hr. The synergistic action of the 

combination induced significant perturbation in the levels of metabolites associated with lipid, 

cell envelope biosynthesis, nucleotide, amino acid and central carbon metabolisms. The 

predominant effect of polymyxin B at the early time point (15 min) caused membrane lipid 

disorganisation that facilitate the intracellular entry of rifampicin to induce the global metabolic 
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changes. Overall, this study highlights the global insights of the PAO1 metabolic changes of 

single and combination of polymyxin B treatment potentially beneficial to be used for polymyxin 

PK/PD optimisation and discovery of novel polymyxin cellular targets. 

   

4.3 Materials and methods 

4.3.1 Strain 

P. aeruginosa PAO1 strain was from the American Type Culture Collection (ATCC). The PAO1 

was susceptible to polymyxin B and resistant to rifampicin with broth microdilution MICs of 0.5 

mg/L and 32 mg/L, respectively. The strain was grown in cation-adjusted Mueller-Hinton broth 

(CaMHB; Oxoid, Australia; 20-25 mg/L Ca2+ and 10-12.5 mg/L Mg2+). 

 

4.3.2 Antibiotics and reagents  

Polymyxin B was prepared using Milli-Q water (Millipore Australia, North Ryde, New South 

Wales, Australia) while rifampicin was solubilised by DMSO prior to each experiment and 

sterilised by filtration with a 0.22-µm pore size Millex GP filter (Millipore, Bedford, MA). 

 

4.3.3 Bacterial culture preparation  

The culture of P. aeruginosa PAO1 was prepared on a nutrient agar plate from the frozen stock 

(-80oC) and incubated for 16 - 18 hr at 37oC. As different types of growth media have significant 

impacts on bacterial growth and antibiotic susceptibility, CaMHB was selected as the culture 

medium for PAO1 in this study. For the overnight culture, a colony of P. aeruginosa PAO1 was 

inoculated into 15 mL CaMHB and incubated for 16 - 18 hr at 37oC with shaking at 150 rpm. 

The overnight culture was diluted with 1:100 into four different reservoirs of 200 mL fresh 

CaMHB. To obtain enough cells for the metabolomics experiment, the culture was grown to an 

optical density at 600 nm (OD600 nm) of ~0.5 (~108 CFU/mL). Bacterial culture of each reservoirs 
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was treated with polymyxin B (1 mg/L), rifampicin (2 mg/L) and the combination of polymyxin 

B and rifampicin (1 mg/L + 2 mg/L); concentrations of polymyxin B and rifampicin were 

clinically relevant. Untreated bacterial culture served as a control sample. The study was 

conducted with four biological replicates independently from different colonies of PAO1 on 

different days 

 

4.3.4 Preparation of cellular metabolite extracts 

Cellular metabolites of P. aeruginosa PAO1 were extracted by the previously optimised method 

with slight modifications (Section 2.3.4). Samples were collected before treatment with 

polymyxin B, rifampicin and the combination (i.e. time = 0), and at 15 min, 1 hr, 4 hr and 24 hr 

for metabolite extraction and viable counting. For the fingerprint samples (i.e. intracellular 

metabolites), 20 mL of the bacterial culture was collected and immediately transferred onto the 

ice. Quickly, all the samples were quenched in a dry ice/ethanol bath and preserved on ice for 

all following steps. Samples were normalised by OD600 nm of ~0.5 (~108 CFU/mL). The samples 

then were centrifuged for 10 min at 3,220 x g at 4˚C. The supernatant was collected for 

extracellular metabolite preparation (i.e. footprint). The cell pellets were washed three times with 

0.9% NaCl (4oC) and centrifuged for 3 min at 3,220 g at 4oC. Cellular metabolites were extracted 

with chloroform:methanol:water (CMW; 1:3:1, v/v; -80°C) mixture solvent (total volume of 250 

L) containing generic internal standards (CHAPS, CAPS, PIPES and TRIS) at 1 M. Samples 

were frozen in liquid nitrogen and allowed to thaw on ice, and the freeze-thaw process was 

repeated three times to lyse the cells and release cellular metabolites. The extracted samples were 

centrifuged for 10 min at 3,220 x g at 4oC and the supernatant was collected and further 

centrifuged at 14,000 x g for 10 min at 4oC. The final supernatant samples (200 L) were 

collected into the injector vial for LC-MS analysis. For footprint samples, aliquots of the culture 

supernatant were rapidly filtered through a 0.22-m membrane filter, and 10 L of the 
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supernatant was mixed with 250 μL of CMW (1:3:1, v/v) and centrifuged at 14,000 x g for 10 

min at 4oC to collect particle-free supernatant for LC-MS analysis. 

 

4.3.5 LC-MS analysis of metabolites 

Analyses were performed on a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher) coupled 

to a Dionex high-performance liquid chromatograph (U3000 RSLC HPLC, Thermo Fisher) with 

a ZIC-pHILIC column (5 m, polymeric, 150 × 4.6 mm; SeQuant, Merck). The MS system 

was operated at 35,000 resolution in both positive and negative electrospray ionisation (ESI) 

mode (rapid switching) and a detection range of 85 to 1,275 m/z. The LC solvent consisted of 20 

mM ammonium carbonate (A) and acetonitrile (B) with a multi-step gradient system from 80% 

B to 50% B over 15 min, then to 5% B at 18 min, followed by a wash with 5% B for 3 min, and 

re-equilibration for 8 min with 80% B at a flow rate of 0.3 mL/min (Section 2.3.5). The injection 

sample volume was 10 L and the run time was 32 min. All samples were analysed in the same 

run. The chromatographic peaks, signal reproducibility and analyte stability were periodically 

monitored by the assessment of pooled quality control samples (aliquot of 10 L of each sample, 

including both footprints and fingerprints), internal standards and total ion chromatograms 

throughout the batch. Mixtures of pure standards containing over 200 metabolites were analysed 

within the batch to aid in the identification of metabolites. 

 

4.3.6 Data processing, bioinformatics and statistical analyses  

Metabolomics data analyses were performed as previously described in Section 2.3.6 using 

mzMatch (342) and IDEOM (http://mzmatch.sourceforge.net/ideom.php) (341). The 

quantification of each metabolite was conducted using the chromatogram raw peak height. 

Univariate and multivariate analyses utilised MetaboAnalyst 3.0 (344). Prior to analysis, relative 

peak intensity data were normalised by the median, log transformed and scaled (by auto scale 
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function) to reduce variance between the samples (Section 3.3.5). Unsupervised principal 

component analysis (PCA) was applied to analyse the global metabolic profiles at each time 

point. Significantly changed metabolites of the treated samples at each time point were identified 

by One-way Analysis of Variance (ANOVA) (p < 0.05, FDR ≤ 0.05) for multiple comparison 

coupled with post hoc analysis using Tukey’s Honestly Significant Difference (Tukey’s HSD). 

Those metabolites that showed a > 1.0-log2-fold change were further analysed and subjected to 

metabolic pathway analysis.  

 

4.4 Results  

The present study aimed to profile the global metabolic changes of P. aeruginosa PAO1 induced 

by the synergistic killing of the combination of polymyxin B and rifampicin treatment at 15 min, 

1 hr, 4 hr and 24 hr (n=4) (Figure 4.1). The coupling of hydrophilic interaction liquid 

chromatography (pHILIC) method with the Q-Exactive mass spectrometry advantageously 

maximised the separation and fragmentation of metabolites. Absolute identification of 

metabolites was determined based on the matched metabolite retention time and mass with the 

reference standard compounds that were available. Whereas, those metabolites that do not have 

reference standards were putatively annotated based on the calculated retention time and mass 

of the standards compounds. IDEOM (341) analysis annotated about 2,520 metabolite features 

(including their isomers) with reference to the P. aeruginosa and few other central databases 

(e.g. KEGG, Lipidmaps). The reproducibility of the metabolomics data, both the analytical 

(instrument) and the between individual sample groups was firstly determined based on the 

median relative standard deviation (RSD) values. The pooled biological quality control (PBQC) 

samples was used for determination of the analytical instrument performance which 

demonstrated the median RSD value of 20% (i.e. within the acceptable limit of metabolomics 

study of < 20%) (Table 4.1). In addition, identification of the authentic standard was set within 
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5% retention time. Consistently, the principal component analysis (PCA) plot of all the 

individual sample groups at all time points shows that the PBQC samples are well clustered 

(Figure 4.2). Interestingly, the median RSD values for the combination of polymyxin B and 

rifampicin (23-34%) are more reproducible as compared to the single polymyxin B and 

rifampicin as well as untreated control (Table 4.1). The broad values of the median RSD (23-

61%) of the sample groups indicate the highly dynamic nature of P. aeruginosa metabolism.     

 

 

Figure 4.1. Time-kill kinetics of the combination of polymyxin B and rifampicin against P. 

aeruginosa PAO1. PAO1 cells were treated at OD600 of ~0.5 with single and the combined 

polymyxin B and/or rifampicin. Metabolomics samples were collected at 0 hr, 15 min, 1 hr, 4 hr 

and 24 hr (n=4).  
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Table 4.1 Data precision of individual samples for polymyxin B and rifampicin alone and in 

combination (Combo), untreated control and pooled biological quality control (PBQC) 

represented as the median relative standard deviation (RSD, %) at 15 min, 1 hr, 4 hr and 24 hr.   

 

 

15 min  1 hr 4 hr  24 hr  

PBQCs (throughout a batch) 20 
 

 

Control 25 48 33 32 

Polymyxin B 25 34 37 61 

Rifampicin   26 30 28 42 

Combo  34 23 25 27 

 

 

 

 

Figure 4.2. PCA score plot of all individual samples of P. aeruginosa PAO1 treated with 

polymyxin B and rifampicin alone and in combination. Twelve pooled biological quality 

control (PBQC) samples were analysed throughout the LC-MS batch. Each dataset represents 

four biological replicates of sample groups at all time points. 
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PCA plot was utilised to demonstrate the global metabolome changes of individual sample 

groups at each time point (Figure 4.3). The number of metabolites that were significantly 

changed (one way ANOVA; > 1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) by polymyxin B and 

rifampicin monotherapy and the combination at each time point were summarised in Venn 

diagrams (Figure 4.3). PCA plot at 15 min shows that polymyxin B alone well clustered and 

slightly overlapped with the polymyxin B and rifampicin combination (Figure 4.3A). In addition, 

the pattern of metabolic changes shown in the heat map profile at 15 min is likely in common 

between polymyxin B alone and the combination (Figure 4.4A). The combination of polymyxin 

B and rifampicin is distinctly separated from single polymyxin B and rifampicin monotherapy 

and control untreated sample at 1 hr and 4 hr (Figures 4.3B, C, and 4.4B, C). Notably, all the 

groups are indistinguishably separated by the antibiotic treatments at 24 hr (Figures 4.3D and 

4.4D). Single polymyxin B induced subtle metabolic changes (0.2-1.8%) at 15 min, 1 hr and 4 

hr, while rifampicin alone induced almost no changes (0.03-0.4%) at all time points (Figure 4.3). 

On the contrary, the synergistic action of the combination of polymyxin B and rifampicin 

significantly altered approximately 4-8% of the identified metabolites at 15 min, 1 hr and 4 hr, 

whereas 0.5% metabolites at 24 hr (Figure 4.3). Furthermore, metabolic pathway analysis 

demonstrated that the combination significantly altered several key metabolic pathways of 

PAO1 including purine and pyrimidine nucleotide metabolism, peptidoglycan biosynthesis, 

amino sugar and nucleotide sugar metabolism and pyruvate metabolism across the 4 hr (Figure 

4.5).     
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Figure 4.3. Global metabolic perturbations in P. aeruginosa PAO1. PCA plots (left) and 

Venn diagrams (right) of metabolite changes of samples treated with polymyxin B and 

rifampicin alone and the combination at (A) 15 min, (B) 1 hr, (C) 4 hr and (D) 24 hr. The 

numbers in brackets represent the metabolites that were significantly changed (up- and down-

regulated). Green = polymyxin B (PB); Light blue = rifampicin (R); Dark blue = combination 

(PBR); Red = control (C). Significant metabolites were selected with > 1.0-log2-fold, p ≤ 0.05, 

FDR ≤ 0.05 (one-way ANOVA for multiple comparison). 
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Figure 4.4. Heat map profiles of relative abundance of metabolites. The heat maps were 

hierarchically clustered based on the top 500 of significantly changed metabolites (p ≤ 0.05) by 

polymyxin B and rifampicin alone and the combination at (A) 15 min, (B) 1 hr, (C) 4 hr and (D) 

24 hr.  
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Figure 4.5. The overview of metabolic pathway analysis of the combination of polymyxin 

B and rifampicin. Metabolic pathways of P. aeruginosa PAO1 that were significantly perturbed 

by the combination of polymyxin B and rifampicin at (A) 15 min, (B) 1 hr and (C) 4 hr. The 

analysis was according to p-values from pathway enrichment analysis and pathway impact 

values from pathway topology analysis. The circle size represents the pathway impact score 

whereas the colour intensity represents the significance of the pathway. Significant metabolites 

were selected with > 1.0-log2-fold, p ≤ 0.05. 
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4.4.1 Polymyxin B alone and in combination induced perturbation of membrane lipids  

Treatment with polymyxin B alone predominantly altered (< 1.0-log2-fold, p ≤ 0.05) the levels 

of several membrane lipids mainly of fatty acyls (FAs) and glycerophospholipids (GPs) at 15 

min, 1 hr and 4 hr whereas rifampicin alone caused no significant changes (Figure 4.6). 

Substantial perturbations (> 1.0-log2-fold, p ≤ 0.05) of FAs and GPs were notified by the 

combination of polymyxin B and rifampicin treatment at 15 min, 1 hr and 4 hr (Figure 4.6). 

Unique patterns of lipid changes predominantly of GPs with long fatty acyls chains of 

phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) species were observed following 

treatment with the combined polymyxin B and rifampicin at 1 hr and 4 hr. Interestingly, a 

comparable lipid perturbation particularly of FAs was observed at 24 hr between rifampicin 

alone and the combination. Furthermore, at 15 min and 1 hr, the level of sn-glycero-3-

phosphocholine, a metabolite of lipid metabolism was significantly depleted by polymyxin B 

alone and the combination of polymyxin B and rifampicin. 

  

4.4.2 Polymyxin B and rifampicin combination up-regulated metabolites of peptidoglycan and 

LPS biosynthesis  

Significant increases (> 1.5-log2-fold, p ≤ 0.05) of four peptidoglycan biosynthesis metabolites 

namely UDP-N-acetylglucosamine (UDP-GlcNAc), UDP-N-acetylmuramate (UDP-MurNAc), 

UDP-MurNAc-L-Ala-gamma-D-Glu-meso-2,6-diaminopimelate and UDP-MurNAc-L-Ala-

gamma-D-Glu-meso-2,6-diaminopimeloyl-D-Ala-D-Ala were notified following treatment with 

the combination of polymyxin B and rifampicin at 15 min, 1 hr and 4 hr (Figure 4.7A). In 

addition, the combination also significantly up-regulated (> 1.5-log2-fold, p ≤ 0.05) the level of 

3-deoxy-D-manno-octulosonate (KDO), a metabolite of LPS biosynthesis in PAO1 at 15 min, 1 

hr and 4 hr (Figure 4.7B).  However, no significant changes of any peptidoglycan biosynthesis 
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metabolite were detected in response to polymyxin B and rifampicin monotherapy at all time 

points.  

 

 

Figure 4.6. Heat map profiles of lipid perturbation. Polymyxin B alone and the combination 

of polymyxin B and rifampicin induced significant lipid changes majorly of fatty acyls (FAs) 

and glycerophospholipids (GPs) in P. aeruginosa PAO1 at 15 min, 1 hr and 4 hr. Several FAs 

were significantly perturbed by both rifampicin alone and the combination at 24 hr. Control = 

CTRL; polymyxin B = PB; rifampicin = RIF; combination = COMBO. Lipids were putatively 

annotated with reference to accurate mass and significantly selected with > 1.0-log2-fold, p ≤ 

0.05. 
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Figure 4.7. Peptidoglycan and LPS biosynthesis changes. The combination of polymyxin B 

and rifampicin significantly increased the levels of (A) four peptidoglycan biosynthesis 

metabolites and (B) a LPS biosynthesis metabolite at 15 min, 1 hr and 4 hr. Polymyxin B and 

rifampicin monotherapy induced no significant changes on these metabolites at each time point. 

The black circles indicate the significantly changed metabolite. Box plots indicate upper and 

lower quartiles (top and bottom of box); median (line within box); and the spread of data that 

are not outliers (whiskers). * > 1.0-log2-fold, p ≤ 0.05. The figure is modified from the BioCyc.   
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4.4.3 Polymyxin B and rifampicin combination caused significant accumulation of nucleotides 

and perturbation of amino acid metabolites 

The combination of polymyxin B and rifampicin significantly up-regulated (> 1.0-log2-fold, p ≤ 

0.05) the levels of most identified purine and pyrimidine nucleotides at 15 min, 1 hr and 4 hr 

(Figure 4.8A). Notable decreases (< 1.0-log2-fold, p ≤ 0.05) of a few nucleotides were observed 

by polymyxin B alone at 15 min, 1 hr and 4 hr whereas no significant changes were detected by 

rifampicin alone at any time point. At 24 hr, the results showed that there were no significant 

changes in the relative abundance of nucleotides following exposure to polymyxin B and 

rifampicin alone and the combination. Furthermore, the combination of polymyxin B and 

rifampicin also significantly perturbed PAO1 amino acid metabolism predominantly of arginine, 

proline, glycine, serine, threonine, valine, leucine and isoleucine at 15 min, 1 hr and 4 hr (Figure 

4.8B and Tables 4.2-4.4). Notably, few amino acid metabolites were significantly changed by 

polymyxin B alone particularly at 15 min and 4 hr but no significant changes were induced by 

rifampicin alone (Figure 4.8B and Tables 4.2 and 4.4).  
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Figure 4.8. Heat map profiles of (A) nucleotide and (B) amino acid changes. The 

combination of polymyxin B and rifampicin predominantly increased the levels of purine and 

pyrimidine nucleotides and significantly perturbed the levels of amino acid metabolites at 15 

min, 1 hr and 4 hr. Polymyxin B alone significantly induced few nucleotide and amino acid 

changes whereas rifampicin alone showed no significant effect across 4 hr. Control=CTRL; 

Polymyxin B=PB; Rifampicin=RIF; Combination=Combo. Metabolites were significantly 

selected with > 1.0-log2-fold, p ≤ 0.05.  
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4.4.4  Polymyxin B and rifampicin combination induced significant perturbation in the central 

carbon metabolism  

The synergistic killing of the combination significantly altered the levels (> 1.0-log2-fold, p ≤ 

0.05) of several metabolites of central carbon metabolism including glycolysis, tricarboxylic 

acid (TCA) cycle and pentose phosphate pathway (PPP) at 15 min, 1 hr and 4 hr (Figure 4.9). 

However, no significant metabolic changes were notified by polymyxin B and rifampicin 

monotherapy at each time point. The combination of polymyxin B and rifampicin significantly 

up-regulated and down-regulated the levels of phosphoenolpyruvate and pyruvate, respectively, 

the metabolites of glycolytic pathway particularly at 1 hr and 4 hr. Several metabolites of TCA 

cycle pathway that were significantly perturbed by the combination were (S)-malate, acetyl-CoA 

(both were up-regulated) and 2-oxoglutarate (down-regulated). Nevertheless, there were no 

particular pattern in term of time-dependent changes as (S)-malate notably changed at 4 hr, 

acetyl-CoA at 15 min and 1 hr and 2-oxoglutarate across the 4 hr. Furthermore, three metabolites 

of PPP, D-sedoheptulose 7-phosphate, D-ribose 5-phosphate and fructose 6-phosphate were 

steadily increased (> 1.0-log2-fold, p ≤ 0.05) by the combination of polymyxin B and rifampicin 

particularly at 1 hr and 4 hr.        
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Figure 4.9. Perturbations of TCA cycle, glycolysis and pentose phosphate pathway (PPP). 

The combination of polymyxin B and rifampicin significantly perturbed the levels of glycolysis 

and TCA cycle metabolites of PAO1 at 15 min, 1 hr and 4 hr. The combination also 

predominantly increased the levels of three PPP metabolites particularly at 1 hr and 4 hr. 

Polymyxin B and rifampicin alone induced no significant changes at each time point. Red circles 

indicate the significantly changed metabolites. Box plots indicate upper and lower quartiles (top 

and bottom of box); median (line within box); and the spread of data that are not outliers 

(whiskers). * > 1.0-log2-fold, p ≤ 0.05. The figure is modified from the BioCyc.   
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Table 4.2 Significant metabolites (p ≤ 0.05) of PAO1 after treatment with polymyxin B (PB) 

and rifampicin (RIF) alone and in combination (COMBO) at 15 min. Significant fold-changes 

are highlighted in yellow. 

Formula Map Pathway Metabolite 

P
B

 

R
IF

 

C
O

M
B

O
 p-value 

C8H14O8 Glycan 
Biosynthesis & 

Metabolism 

LPS biosynthesis 3-Deoxy-D-manno-
octulosonate 

0.77 0.01 2.08 0.000407 

C10H15N5O10P2 Energy  Oxidative 

phosphorylation 

ADP -0.51 -0.49 1.42 0.003593 

C6H14O12P2 Carbon fixation D-Fructose 1,6-bisphosphate 2.03 0.59 1.88 0.000256 

C8H13N2O5P Cofactors & 
Vitamins 

Vitamin B7 Pyridoxamine phosphate 0.29 -0.40 1.82 0.000629 

C8H11NO6 Vitamin B6  2-(Hydroxymethyl)-3-
(acetamidomethylene)succinate 

-0.93 -0.29 -1.99 0.006781 

C14H18N2O4 Riboflavin  -Ribazole -1.01 -0.27 -2.10 0.001600 

C6H8O4 Nicotinate and 

nicotinamide  

2,3-Dimethylmaleate -0.62 0.69 -1.49 0.002293 

C10H18N2O3S biotin biosynthesis 

II 

9-mercaptodethiobiotin -1.38 -0.26 -1.89 0.004652 

C10H16N2O3S Biotin  Biotin -1.22 -0.73 -2.41 9.27E-05 

C10H18N2O3 Dethiobiotin -0.98 -0.29 -2.16 0.000870 

C21H36N7O16P3S Carbohydrate  TCA cycle CoA 0.76 -0.10 1.87 0.003567 

C3H7O5P Propanoate  Propanoyl phosphate -1.46 0.04 -2.14 8.80E-08 

C5H11O7P PPP 2-Deoxy-D-ribose 1-P 2.20 0.54 1.59 0.000215 

C15H24N2O17P2 Pentose & 

glucuronate 

interconversions 

UDP-glucose -0.24 -0.06 1.90 0.000117 

C6H12O6 Glycolysis / 

Gluconeogenesis 

D-Glucose -0.91 -0.66 -2.23 0.001888 

C3H7O6P Glycerone phosphate 2.28 0.79 1.70 0.000139 

C3H7O7P 3-Phospho-D-glycerate -0.04 -0.26 1.67 0.005657 

C6H12O5 Fructose & 

mannose  

L-Rhamnofuranose 2.18 1.63 2.00 0.000203 

C6H13O8P L-Fuculose 1-phosphate 1.91 1.07 2.05 0.001544 

C8H15NO6 Aminosugars  N-Acetyl-D-mannosamine 2.10 0.68 1.76 0.000671 

C15H16O10 0 Caffeic acid 4-O-glucuronide -1.10 0.04 -2.26 5.09E-08 

C14H26O10 Isopropyl apiosylglucoside 1.82 0.52 1.79 0.002914 

C27H38O18 cis-Ferulic acid [arabinosyl-(1-

>3)-[glucosyl-(1->6)]-
glucosyl] ester 

1.74 0.81 2.23 0.000252 

C16H26N2O15P2 Biosynthesis 
of Secondary 

Metabolites 

Novobiocin 
biosynthesis 

dTDP-6-deoxy-L-mannose 0.53 -0.03 2.09 0.000194 

C8H14N2O4 Clavulanic acid 

biosynthesis 

Proclavaminic acid -1.35 -0.62 -2.16 0.001912 

C10H9NO4 Amino Acid  Tryptophan  4-(2-Aminophenyl)-2,4-

dioxobutanoate 

-0.85 -0.19 -1.91 0.010949 

C2H5O5P Taurine and 

hypotaurine  

Acetyl phosphate 2.04 0.42 1.30 0.003585 

C8H13NO5 Lysine 

biosynthesis 

N2-Acetyl-L-aminoadipate 2.04 0.41 1.95 1.04E-05 

C6H10N2O4 Histidine  N-Formimino-L-glutamate 1.04 -0.33 1.84 0.000260 

C6H6N2O2 Urocanate 1.67 0.28 2.04 0.000122 

C4H9N3O2 Glycine, serine and 

threonine  

Creatine -0.59 0.13 -2.02 0.000350 

C4H6O3 Glutamate 

metabolism 

Succinate semialdehyde -0.66 -0.26 -1.96 0.009503 

C5H8O5 glutamate 

degradation V  

(R)-2-Hydroxyglutarate -0.27 -0.35 1.77 0.000178 

C6H12N2O4S2 Cysteine  L-Cystine 1.47 0.68 2.21 0.000920 

C5H9NO4 Arginine and 

proline  

L-Glutamate -1.35 -0.45 -2.24 0.000237 

C9H16N2O4 gamma-Glutamyl-gamma-

aminobutyraldehyde 

-0.72 -0.07 -1.99 0.002454 

C6H11NO2 N4-Acetylaminobutanal 0.78 0.20 2.23 0.000114 

C2H5O5P Aminophosphonate  Phosphonoacetate 0.25 -0.22 1.65 0.015136 

CH5O4P Hydroxymethylphosphonate 1.81 1.12 1.78 0.014269 
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C18H32O3 Undefined  vernolic acid 

biosynthesis 

vernolate -1.08 -0.15 -1.81 0.013949 

C13H24O11 galactosylcyclitol 

biosynthesis 

D-galactosylononitol -1.83 -0.45 -1.49 0.010712 

C12H10N2O beta-carboline 

biosynthesis 

Harmalol 1.76 -0.10 0.95 0.007413 

C29H41N5O9 undefined  Neocasomorphin (1-5) -1.08 -0.33 -2.20 0.000473 

C6H15O8P Glycerophosphoglycerol -1.39 0.07 -2.15 6.21E-08 

C3H9O6P sn-glycerol-1-P -1.37 0.07 -2.15 1.59E-07 

C12H16N2O3 Carbetamide -0.84 -0.25 -2.05 0.003297 

C12H16N2O4 3-Hydroxyhexobarbital -1.14 -0.11 -2.00 0.001435 

C18H11NO8S2 Quinoline yellow -1.33 -0.06 -1.76 0.005547 

C5H7NO2 3,4-Dihydro-2H-Pyrrole-2-

carboxylate 

1.62 0.26 1.51 0.016637 

C11H17NO7 1,6-anhydro-N-acetylmuramate 2.01 0.17 1.58 0.000140 

C6H14NO8P glycerophosphoserine 1.78 0.21 1.74 0.000884 

C11H8N2 beta-Carboline 2.01 0.47 1.76 0.000460 

C10H15N5O4 formycin A 0.08 -0.27 1.80 0.001451 

CH5O4P methylphosphate 1.92 0.45 1.87 0.000376 

C5H6N2O2 Imidazol-4-ylacetate 0.32 -0.26 1.89 0.000660 

C6H11NO2 (R)-piperidine-3-carboxylate 0.66 -0.16 1.90 0.001681 

C15H24N5O17P3 ADPribose 2'-phosphate 0.35 -0.09 1.93 0.001441 

C8H11N3O3 N-Acetyl-L-histidine 1.25 -0.06 2.04 5.90E-05 

C11H19NO8 N-Acetylmuramate 2.05 1.21 2.09 0.000433 

 

 

Table 4.3 Significant metabolites (p ≤ 0.05) of PAO1 after treatment with polymyxin B (PB) 

and rifampicin (RIF) alone and in combination (COMBO) at 1 hr. Significant fold-changes are 

highlighted in yellow. 

Formula Map Pathway Metabolite 

P
B

 

R
IF

 

C
O

M
B

O
 p-value 

C8H14O8 Glycan 

Biosynthesis & 

Metabolism 

LPS biosynthesis 3-Deoxy-D-manno-

octulosonate 

-0.10 -0.01 2.15 1.07E-08 

C6H14O12P2 Energy  Carbon fixation D-Fructose 1,6-bisphosphate -0.01 0.33 2.23 5.34E-07 

C10H16N5O13P3 Oxidative 
phosphorylation 

ATP -0.48 -0.07 1.74 0.000308 

C10H15N5O10P2 ADP -0.60 -0.22 1.64 0.000289 

C8H8N2O3 Cofactors and 
Vitamins 

Nicotinate and 
nicotinamide  

Nicotinurate 0.26 -0.17 -1.92 0.000271 

C6H5NO3 6-Hydroxynicotinate -0.15 0.06 2.11 6.74E-07 

C8H13N2O5P Vitamin B6  Pyridoxamine phosphate -1.09 0.09 1.44 2.02E-05 

C15H16O10 Carbohydrate  0 Caffeic acid 4-O-glucuronide 0.33 -0.10 -2.12 7.67E-12 

C14H26O10 Isopropyl apiosylglucoside -0.09 0.24 -1.94 0.000147 

C27H38O18 cis-Ferulic acid [arabinosyl-(1-

>3)-[glucosyl-(1->6)]-
glucosyl] ester 

-0.60 0.62 1.80 4.77E-05 

C21H36N7O16P3S TCA cycle CoA 0.16 -0.12 2.22 7.06E-11 

C4H6O4 Succinate 0.07 -0.18 2.06 5.28E-06 

C3H7O7P Glycolysis / 
Gluconeogenesis 

3-Phospho-D-glycerate 0.01 -0.21 2.15 2.83E-13 

C15H22N2O18P2 Pentose & 

glucuronate 

interconversions 

UDP-glucuronate 1.39 -0.05 2.23 4.01E-13 

C15H24N2O17P2 UDP-glucose -0.10 0.00 2.19 1.80E-12 

C3H7O5P Propanoate  Propanoyl phosphate 0.47 -0.41 -2.04 3.37E-08 

C6H10O5 Pyruvate  (R)-2-Ethylmalate -0.10 -0.65 -2.10 0.000662 

C12H22O11 Starch and sucrose  Maltose 0.53 -0.14 1.78 0.007983 

C16H26N2O15P2 Biosynthesis 

of Secondary 

Metabolites 

Novobiocin 

biosynthesis 

dTDP-6-deoxy-L-mannose -0.13 -0.12 2.14 3.17E-12 

C15H29N3O5 Amino Acid  0 Marimastat -0.38 0.03 -2.23 7.71E-07 

C11H12N2O2 D-Tryptophan 0.04 -0.45 -1.84 0.007313 
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C13H14N2O2 (1xi,3xi)-1,2,3,4-Tetrahydro-1-

methyl-beta-carboline-3-
carboxylic acid 

0.11 -0.34 1.92 6.84E-05 

C6H12N2O L-Lysine 1,6-lactam -0.28 0.18 1.92 0.000183 

C3H7NO2 Alanine and 

aspartate  

L-Alanine -0.95 0.09 -1.74 0.009925 

C5H11NO2 Amino Fatty Acids [FA amino(5:0)] 2S-amino-
pentanoic acid 

-0.58 -0.35 -2.12 0.001927 

C2H5O5P Aminophosphonate  Phosphonoacetate 0.25 -0.25 2.15 1.79E-08 

C6H11NO2 Arginine and 

proline  

N4-Acetylaminobutanal -0.81 0.08 1.65 3.25E-05 

C9H16N2O5 gamma-Glutamyl-gamma-
aminobutyrate 

0.91 -0.01 1.74 0.015858 

C5H12N2O2 L-Ornithine 0.52 0.12 2.27 6.52E-06 

C4H9NO2 4-Aminobutanoate 1.52 -0.41 -0.90 1.05E-05 

C5H8O5 glutamate 

degradation V  

(R)-2-Hydroxyglutarate -0.36 0.04 1.96 9.42E-06 

C5H11NO2 Glycine, serine and 

threonine  

Betaine -0.18 -0.02 1.87 0.000532 

C3H8NO6P O-Phospho-L-serine 0.81 0.47 2.03 0.009689 

C2H8NO4P Ethanolamine phosphate 0.52 0.26 -1.77 2.16E-05 

C3H7NO3 L-Serine -0.12 0.00 -2.01 0.000329 

C6H10N2O4 Histidine  N-Formimino-L-glutamate -0.91 0.19 1.54 0.000103 

C6H6N2O2 Urocanate -0.20 0.06 1.77 0.003070 

C8H16N2O3 Lysine 

biosynthesis 

N2-Acetyl-L-lysine -0.04 -0.03 2.07 8.41E-06 

C6H14N2O2 L-Lysine 0.60 0.12 2.24 2.27E-05 

C7H15NO3 L-Carnitine 0.65 -0.57 1.56 0.003152 

C5H11NO2 5-Aminopentanoate -0.31 -0.14 1.90 2.70E-05 

C6H13O7PS Methionine  S-Methyl-5-thio-D-ribose 1-
phosphate 

0.86 -0.30 1.95 0.000104 

C6H11NO4 O-Acetyl-L-homoserine -0.38 0.05 1.86 0.000147 

C9H8O3 Phenylalanine  Phenylpyruvate -0.29 -0.36 -1.96 0.006486 

C9H16N2O5Se Selenoamino acid  gamma-Glutamyl-Se-
methylselenocysteine 

-0.33 -0.41 1.92 3.63E-09 

C2H5O5P Taurine and 

hypotaurine  

Acetyl phosphate -0.05 -0.04 2.19 3.49E-12 

C11H12N2O4 Tryptophan  L-Formylkynurenine 1.01 0.72 2.35 0.000375 

C11H12N2O2 L-Tryptophan 0.01 0.15 -1.77 0.003293 

C9H11NO3 Tyrosine  L-Tyrosine -0.06 0.23 2.01 0.000326 

C6H10O4 Valine, leucine & 

isoleucine 

biosynthesis 

(S)-2-Aceto-2-

hydroxybutanoate 

0.39 -0.30 -1.77 0.001388 

C4H8O3 Valine, leucine & 

isoleucine 

degradation 

(S)-3-Hydroxyisobutyrate -0.32 -0.42 1.88 3.51E-07 

C26H44N7O18P3S (2S,3S)-3-Hydroxy-2-

methylbutanoyl-CoA 

-0.04 -0.04 2.20 1.35E-13 

C26H44N7O17P3S 3-Methylbutanoyl-CoA -0.04 -0.03 2.20 1.02E-13 

C6H10O3 (S)-3-Methyl-2-oxopentanoic 
acid 

-0.91 -0.82 -2.08 0.011798 

C5H8O3 3-Methyl-2-oxobutanoic acid -0.56 -0.55 -2.25 0.000530 

C5H11NO2 L-Valine 0.46 -0.15 2.07 7.36E-05 

C12H18O2 undefined  undefined 4-Hexyloxyphenol -0.41 -0.01 -2.25 7.82E-07 

C11H16O2 3-tert-Butyl-5-methylcatechol -0.36 0.02 -2.23 6.28E-07 

C13H20O2 4-Heptyloxyphenol -0.41 0.06 -2.21 1.28E-06 

C18H11NO8S2 Quinoline yellow 0.21 -0.24 -2.20 9.40E-12 

C7H10 1-Methyl-1,3-cyclohexadiene -0.50 0.05 -2.19 7.25E-06 

C8H19N Octylamine -0.48 -0.39 -2.18 0.000582 

C12H16O Rhubafuran -0.44 0.10 -2.17 5.15E-06 

C6H15O8P Glycerophosphoglycerol 0.31 -0.34 -2.13 1.42E-08 

C3H9O6P sn-glycerol-1-phosphate 0.33 -0.31 -2.11 3.53E-08 

C8H16O3 Ethyl (R)-3-hydroxyhexanoate -0.06 0.24 -2.03 6.81E-06 

C6H7NO2 N-Ethylmaleimide -0.92 -0.39 -1.88 0.024893 

C9H12 Cumene -0.73 0.07 -1.86 0.004976 

C21H27O5 19-oic-deoxycorticosterone -0.11 -0.78 -1.83 0.015015 

C31H53N11O5 Argiotoxin 659 0.22 0.02 -1.79 0.001652 

C12H16N2O3 Carbetamide 0.23 -0.17 -1.78 0.003027 

C16H27NO4 N-(3-

Oxododecanoyl)homoserine 

lactone 

-0.94 -0.03 -1.69 0.026048 

C11H12N2O4 N-Formyl-D-kynurenine 0.87 -0.53 -1.66 3.33E-06 

C9H19O11P sn-glycero-3-Phospho-1-

inositol 

-0.01 -0.13 -1.66 0.02679 

C3H7O5P Hydroxyacetone phosphate -1.41 0.07 -1.59 0.005803 

C12H20O (Z,Z,Z)-3,6,9-Dodecatrien-1-ol -1.58 0.05 -1.52 0.003495 

C10H13NO3 Damascenine -2.00 -0.11 -0.96 0.002310 
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C10H28Cl2N2OP2 Polixetonium chloride -0.33 -0.34 1.50 0.008092 

C10H14N4O3 quinonoid dihydro-(6H)-

biopterin 

0.10 -0.73 1.63 0.000255 

C11H16N4O2 CPX 0.75 -0.18 1.68 0.014547 

C7H13O9P &alpha;-(2,6-anhydro-3-

deoxy-D-arabino-

heptulopyranosid)onate 7-
phosphate 

-0.45 -0.28 1.90 5.65E-08 

C5H11NO3 3-nitro-2-pentanol 0.30 -0.01 1.91 0.002885 

C10H15N3O5 5-Methylcytidine -0.07 -0.04 1.91 0.000487 

C8H15NO7 N-Acetyl-D-glucosaminate -0.06 -0.08 1.93 0.000289 

C19H30N2O12 glcNAc-1,6-anhMurNAc 0.20 0.33 1.95 0.004973 

C11H15N5O3 N6-Methyl-2'-deoxyadenosine 0.32 -0.20 2.07 2.19E-05 

C6H11NO2 (R)-piperidine-3-carboxylate -0.06 -0.12 2.13 5.80E-09 

C14H18N2O4 L-phenylalanyl-L-

hydroxyproline 

0.25 0.19 2.16 8.26E-05 

C10H15N5O4 formycin A 0.00 -0.04 2.17 1.37E-08 

C7H14N2O3 N5-Ethyl-L-glutamine 0.11 0.20 2.18 1.23E-05 

C8H12O7 dihomocitrate -0.04 -0.03 2.21 6.74E-14 

C15H24N5O17P3 ADPribose 2'-phosphate -0.03 -0.03 2.21 1.61E-14 

C10H13N4O8P Inosine2'-phosphate 0.00 0.30 2.22 1.30E-06 

C5H6N2O2 Imidazol-4-ylacetate 0.12 -0.08 2.23 8.71E-12 

C16H30O4 cutin biosynthesis hexadecanedioate -0.53 -0.10 -2.27 4.40E-06 

C14H14N2O6 IAA degradation II  2-oxindole-3-acetyl-asp -0.96 0.14 -1.75 0.006742 

C18H32O3 vernolic acid 

biosynthesis 

vernolate -0.47 -0.16 -2.33 2.70E-07 

 

 

Table 4.4 Significant metabolites (p ≤ 0.05) of PAO1 after treatment with polymyxin B (PB) 

and rifampicin (RIF) alone and in combination (COMBO) at 4 hr. Significant fold-changes are 

highlighted in yellow. 

Formula Map Pathway Metabolite 

P
B

 

R
IF

 

C
O

M
B

O
 p-value 

C14H18N2O4 Cofactors & 

Vitamins 

Riboflavin  alpha-Ribazole 1.86 0.49 1.16 0.02681 

C12H10N4O2 Lumichrome -0.08 -0.05 -2.07 9.29E-05 

C27H33N9O15P2 FAD -0.16 0.04 -2.02 0.000241 

C8H8N2O3 Nicotinate and 
nicotinamide  

Nicotinurate 0.31 0.15 -1.72 0.001279 

C6H5NO3 6-Hydroxynicotinate -1.53 -0.47 -1.69 0.022608 

C8H14O8 Glycan 
Biosynthesis & 

Metabolism 

LPS biosynthesis 3-Deoxy-D-manno-
octulosonate 

-0.54 -0.07 1.85 5.25E-06 

C21H28N7O17P3 Energy  Photosynthesis NADP+ 0.26 0.19 -2.01 1.44E-07 

C10H15N5O10P2 Oxidative 

phosphorylation 

ADP -0.39 0.36 1.75 0.002137 

C10H16N5O13P3 ATP -0.41 0.59 1.82 0.000581 

C6H14O12P2 Carbon fixation D-Fructose 1,6-
bisphosphate 

-0.40 0.03 2.02 6.79E-08 

C12H22O11 Carbohydrate Starch & sucrose Maltose 0.32 0.07 1.80 0.013614 

C6H10O5 Pyruvate  (R)-2-Ethylmalate 0.57 -0.28 -1.51 0.007338 

C6H10O7 PPP 2-Dehydro-D-gluconate -0.13 -0.02 -1.91 0.001998 

C15H24N2O17P2 Pentose & glucuronate 

interconversions 

UDP-glucose -0.21 0.19 2.19 6.40E-11 

C5H10O5 L-Arabinose 1.91 0.27 0.13 0.005576 

C5H10O6 D-Xylonate -0.39 -0.19 -2.22 4.55E-05 

C3H7O6P Glycolysis / 

Gluconeogenesis 

Glycerone phosphate -0.98 0.40 1.31 0.001131 

C3H7O7P 3-Phospho-D-glycerate -0.81 0.06 1.57 0.000237 

C21H36N7O16P3S TCA cycle CoA 1.06 0.93 2.37 0.000450 

C8H15NO6 Aminosugars N-Acetyl-D-mannosamine -1.31 -0.46 -2.32 5.03E-05 

C15H16O10 0 Caffeic acid 4-O-

glucuronide 

0.29 0.27 -1.83 6.16E-05 
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C27H38O18 cis-Ferulic acid [arabinosyl-

(1->3)-[glucosyl-(1->6)]-
glucosyl] ester 

-1.67 -0.03 0.70 0.000149 

C4H9O7P Erythrulose 1-phosphate -0.93 -0.11 1.55 2.22E-05 

C16H26N2O15P2 Biosynthesis 

of Secondary 

Metabolites 

Novobiocin biosynthesis dTDP-6-deoxy-L-mannose -0.48 0.34 1.97 1.56E-06 

C8H14N2O4 Clavulanic acid 

biosynthesis 

Proclavaminic acid 1.97 0.32 1.42 0.002509 

C5H8O3 Amino Acid Valine, leucine and 

isoleucine degradation 

3-Methyl-2-oxobutanoic 

acid 

-0.66 -0.34 -2.22 0.000366 

C26H44N7O18P3S (2S,3S)-3-Hydroxy-2-
methylbutanoyl-CoA 

0.10 0.05 2.28 1.08E-12 

C5H8O4 Valine, leucine and 

isoleucine biosynthesis 

(S)-2-Acetolactate -1.32 -0.08 -2.08 0.000135 

C6H10O4 (S)-2-Aceto-2-

hydroxybutanoate 

-0.59 0.94 -1.50 3.94E-05 

C11H12N2O2 Tryptophan  L-Tryptophan -0.13 -0.11 -2.18 5.95E-06 

C10H9NO4 4-(2-Aminophenyl)-2,4-

dioxobutanoate 

0.13 -0.43 -1.69 0.01778 

C2H5O5P Taurine and hypotaurine  Acetyl phosphate 0.09 0.05 2.26 4.10E-11 

C9H16N2O5Se Selenoamino acid  gamma-Glutamyl-Se-
methylselenocysteine 

-0.73 -0.01 1.68 5.96E-05 

C9H8O3 Phenylalanine  Phenylpyruvate -0.84 -0.34 -2.38 6.00E-06 

C6H11NO4 Methionine  O-Acetyl-L-homoserine -0.52 0.48 1.75 0.000508 

C5H11NO3S L-Methionine S-oxide -0.84 -0.29 -2.18 0.000709 

C14H20N6O5S S-Adenosyl-L-
homocysteine 

-0.07 0.27 -1.67 0.007563 

C5H11NO2 Lysine degradation 5-Aminopentanoate 0.16 0.13 2.17 1.43E-05 

C6H14N2O2 L-Lysine -0.12 0.34 2.05 0.000118 

C8H13NO5 N2-Acetyl-L-aminoadipate -1.44 -0.30 -2.24 2.07E-05 

C8H16N2O3 N2-Acetyl-L-lysine -0.37 0.15 1.64 0.006819 

C6H6N2O2 Histidine  Urocanate -1.32 -0.50 -2.15 0.001406 

C3H7NO3 Glycine, serine and 

threonine 

L-Serine 0.77 -0.26 -1.48 0.002050 

C2H8NO4P Ethanolamine phosphate 0.18 0.21 -2.03 1.55E-07 

C3H8NO6P O-Phospho-L-serine 1.36 0.61 2.38 4.03E-05 

C4H6O3 Glutamate  Succinate semialdehyde 0.65 -0.08 -1.58 0.001504 

C5H7NO2 (S)-1-Pyrroline-5-

carboxylate 

-0.76 -0.20 -1.90 0.01267 

C5H8O5 glutamate degradation V  (R)-2-Hydroxyglutarate 0.14 0.37 1.78 0.022091 

C5H12N2O2 Arginine and proline  L-Ornithine 0.72 0.45 2.34 5.25E-05 

C6H13N3O3 L-Citrulline -1.21 -0.22 -2.07 0.001026 

C4H7N3O Creatinine -0.12 -0.30 -1.82 0.014178 

C9H13NO7 N-Succinyl-L-glutamate -2.12 0.03 -0.25 2.61E-05 

C6H11NO2 N4-Acetylaminobutanal -0.33 0.20 1.91 0.000163 

C7H14N2O3 N-Acetylornithine -0.07 0.74 1.95 0.001648 

C10H18N4O5 N2-Succinyl-L-arginine 0.54 1.81 2.23 9.98E-06 

C2H5O5P Aminophosphonate  Phosphonoacetate -0.90 0.59 1.30 0.002012 

C5H11NO2 Amino Fatty Acids [FA amino(5:0)] 2S-amino-

pentanoic acid 

0.39 -0.04 -1.72 0.001519 

C3H7NO2 Alanine and aspartate L-Alanine -0.51 0.46 -1.70 0.002230 

C11H12N2O2 Undefined D-Tryptophan 0.41 0.02 -1.88 3.98E-05 

C15H29N3O5 Marimastat 0.63 0.14 -1.58 0.000932 

C13H14N2O2 (1xi,3xi)-1,2,3,4-

Tetrahydro-1-methyl-beta-

carboline-3-carboxylic acid 

0.09 0.14 1.77 0.01317 

C6H6N2O Undefined  Glycerophosphoinositols Picolinamide -0.03 0.21 -1.62 0.014068 

C16H25N5O14P2 GDP-L-colitose 
biosynthesis 

GDP-3,6-dideoxy-D-
galactose 

-0.17 0.02 -2.28 1.84E-15 

C13H24O11 galactosylcyclitol 

biosynthesis 

D-galactosylononitol 1.17 0.79 2.11 0.007762 

C16H30O4 cutin biosynthesis hexadecanedioate -0.91 -0.38 -2.26 0.000291 

C10H9NO 3-methylquinoline 

degradation 

3-Methyl-quinolin-2-ol 0.08 -0.42 -2.06 0.000209 

C8H16O3 Undefined Ethyl (R)-3-

hydroxyhexanoate 

-0.81 -0.40 -2.30 0.000149 

C11H19NO8 N-Acetylmuramate -1.20 -0.34 -2.29 4.86E-05 

C11H17NO7 1,6-anhydro-N-

acetylmuramate 

-1.37 -0.36 -2.28 3.29E-05 

C16H21NO Isobutylphendienamide -0.10 -0.43 -2.26 3.36E-06 

C17H21NO Diphenhydramine -0.08 -0.21 -2.25 2.01E-07 

C22H42O5 1,2-dioctanoyl-1,2,6-

hexanetriol 

0.11 -0.22 -2.25 1.21E-14 

C9H19NO7 Choline bitartrate -0.36 -0.08 -2.23 5.96E-06 

C16H19NO Dehydroisochalciporone -0.26 -0.98 -2.22 0.000203 
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C6H14NO8P glycerophosphoserine -1.26 -0.21 -2.19 9.15E-05 

C4H4O3 Succinic anhydride -1.03 -0.11 -2.15 0.000171 

C22H40O3 auricolate 0.06 0.16 -2.14 2.38E-11 

C5H7NO2 3,4-Dihydro-2H-Pyrrole-2-
carboxylate 

-0.77 -0.22 -2.09 0.001571 

C6H7NO2 N-Ethylmaleimide -0.40 -0.41 -2.09 0.002174 

C19H25NO N-Dealkylated tolterodine -0.15 -0.60 -2.08 0.001115 

C12H20O (Z,Z,Z)-3,6,9-Dodecatrien-
1-ol 

0.27 -0.37 -2.07 5.23E-06 

C17H21NO3 Feruperine -0.31 -0.35 -2.05 0.002073 

C14H11N3O2 aeruginosin A 0.54 -0.11 -2.00 3.14E-12 

C15H10O5 phenoxy radical VII 0.54 -0.35 -1.93 2.25E-06 

C7H14N2O3 N5-Ethyl-L-glutamine -1.27 0.00 -1.81 0.003110 

C8H6N2O2 Quindoxin -0.02 0.26 -1.78 0.001754 

C21H29NO2 17-Methylandrosta-2,4-

dieno[2,3-d]isoxazol-

17beta-ol 

0.46 -0.22 -1.77 0.000675 

C7H10 1-Methyl-1,3-

cyclohexadiene 

-0.36 0.33 -1.77 0.002514 

C15H23N5O13P2 NAD stem group 0.04 0.47 -1.76 0.000319 

C16H19NO N-

Desmethyldiphenhydramine 

-0.04 -0.23 -1.75 0.01671 

C6H9NO3 Trimethadione -0.97 0.05 -1.70 0.01602 

C12H16O Rhubafuran 0.16 0.67 -1.68 5.79E-05 

C12H18O2 4-Hexyloxyphenol -0.59 0.46 -1.66 0.003125 

C18H30O3S 2-Dodecylbenzenesulfonic 
acid 

0.38 -0.06 -1.62 0.006936 

C13H20O2 4-Heptyloxyphenol -0.55 0.54 -1.55 0.005321 

C11H16O2 3-tert-Butyl-5-

methylcatechol 

-0.40 0.78 -1.49 0.001468 

C8H19N Octylamine 0.74 0.29 -1.47 0.000917 

C15H21N5O13P2 Cyclic ADP-ribose 0.79 0.63 -1.33 0.000815 

C14H18NO10S2 Sinalbin 1.75 0.53 -0.07 0.015673 

C12H16N2O3 Carbetamide 1.69 -0.11 0.64 0.020069 

C19H30N2O12 glcNAc-1,6-anhMurNAc -1.42 -0.09 0.93 0.000609 

C14H18N2O4 L-phenylalanyl-L-
hydroxyproline 

-0.59 -0.38 1.56 0.000560 

C7H13O9P &alpha;-(2,6-anhydro-3-

deoxy-D-arabino-

heptulopyranosid)onate 7-
phosphate 

-0.79 0.28 1.78 5.94E-07 

C11H15N5O3 N6-Methyl-2'-

deoxyadenosine 

0.25 -0.24 1.86 0.001222 

C6H11NO2 (R)-piperidine-3-
carboxylate 

-0.48 -0.14 1.86 5.21E-06 

C10H16N2O4S d-biotin d-sulfoxide 0.95 0.47 1.93 0.019882 

C8H11N3O3 N-Acetyl-L-histidine -0.20 0.11 1.96 0.000145 

C3H9O6P sn-glycerol-1-phosphate 1.26 1.10 1.99 0.021653 

C11H19N3O6 Ophthalmicacid -0.18 0.06 2.07 2.65E-06 

C10H13N4O8P Inosine2'-phosphate -0.26 0.11 2.08 5.54E-07 

C9H14N2O5 (1R,2S,3R)-2-Acetyl-4(5)-

(1,2,3,4-
tetrahydroxybutyl)imidazole 

0.98 0.55 2.13 0.004399 

C6H15O8P Glycerophosphoglycerol 1.10 1.03 2.14 0.008293 

C5H6N2O2 Imidazol-4-ylacetate -0.07 0.14 2.21 6.27E-09 

C10H15N3O5 5-Methylcytidine 0.69 0.67 2.22 0.001601 

C8H12O7 dihomocitrate 0.10 0.05 2.25 1.37E-09 

C8H15NO7 N-Acetyl-D-glucosaminate 0.10 0.05 2.27 6.41E-11 

C10H14N4O3 quinonoid dihydro-(6H)-

biopterin 

0.78 0.67 2.33 0.000327 

C10H28Cl2N2OP2 Polixetonium chloride 1.07 0.57 2.45 8.30E-06 
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Table 4.5 Significant metabolites (p ≤ 0.05) of PAO1 after treatment with polymyxin B (PB) 

and rifampicin (RIF) alone and in combination (COMBO) at 24 hr. Significant fold-changes are 

highlighted in yellow. 

FORMULA MAP PATHWAY METABOLITE 

P
B

 

R
IF

 

C
O

M
B

O
 p-value 

C21H36N7O16P3S Carbohydrate  TCA cycle CoA 0.10 1.92 1.72 0.000050 

C5H10O6 D-arabinose degradation 

III 

D-Arabinonate -1.63 0.40 0.34 0.001078 

C5H11NO3 undefined undefined 3-nitro-2-pentanol 1.04 1.39 2.32 0.000944 

C12H20O (Z,Z,Z)-3,6,9-

Dodecatrien-1-ol 

-0.30 -1.85 -1.97 0.000046 

C13H20O2 4-Heptyloxyphenol 0.38 1.80 2.16 4.46E-06 

C13H10N2O 2-Aminoacridone 1.46 -0.85 -0.62 0.000021 

C14H11N3O2 aeruginosin A 2.19 0.89 0.11 0.000124 

C22H42O5 1,2-dioctanoyl-1,2,6-

hexanetriol 

-0.19 -1.86 -1.68 0.000513 

C15H24N5O17P3 ADPribose 2'-phosphate 0.27 0.03 1.98 0.001260 

C18H32O3 vernolic acid biosynthesis vernolate -0.65 0.41 1.73 0.000121 
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4.5 Discussion  

Changes in bacterial genome and metabolome are predominantly influenced by the 

environmental conditions or external stimulus such as temperature, pH and also by the effects of 

drugs. The significant changes are generally manifestation of their cellular physiological and 

phenotypic responses and adaptations. Remarkably, bacteria can undergo various cellular 

biochemical modifications in response to antibiotic to develop resistance. A detailed 

understanding of the mechanism of drug action potentially can limit the emergence of antibiotic 

resistance bacterial population. In particular, metabolomics, a hypothesis-generating method has 

been successfully employed to systematically predict and determine the mechanism of action of 

new drugs based on global cellular metabolic changes (304-307, 421, 426). In this PhD project, 

untargeted metabolomics was performed to investigate the mechanism of synergistic killing of 

the combination of polymyxin B and rifampicin against P. aeruginosa PAO1 at four different 

time points, 15 min, 1 hr, 4 hr and 24 hr.       

 

Close clustered and overlapped between groups of polymyxin B alone and the combination of 

polymyxin B and rifampicin were notified in the PCA plot at 15 min. Polymyxin B alone 

commonly induced 37 metabolites that were also significantly changed by the combination 

(Figure 4.3A). Together, these results suggesting that the early metabolic changes at 15 min of 

the combination of polymyxin B and rifampicin were predominantly driven by polymyxin B. 

However, polymyxin B alone indistinguishably clustered together with the control untreated 

group at 1 hr and 4 hr as shown in the PCA plots (Figures 4.3B and C). This was due to the sub-

inhibitory concentration of polymyxin B (1 mg/L) against the high inoculum size of PAO1 

culture (~108 CFU/mL) which induced no bacterial killing and less number of significantly 

changed metabolites particularly at 1 and 4 hr (Figures 4.1, 4.3B and C). Similarly, rifampicin 

alone also induced no significant changes to the PAO1 metabolome as the concentration of 
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rifampicin (2 mg/L) used was remarkably lower than its MICs (32 mg/L) (Figures 4.1 and 4.3). 

On the contrary, the combination synergistically induced significant perturbations of major 

metabolic pathways of PAO1 including lipids, peptidoglycan and LPS biosynthesis, nucleotides, 

amino acids and central carbon metabolism (i.e. glycolysis, PPP, TCA cycle) across 4 hr.  

 

Polymyxin-induced cell death is predominantly mediated by the interaction of polymyxins with 

the lipid A domain of LPS and outer membrane lipids to cause membrane disruption and osmotic 

imbalance (reviewed in Section 1.3.3) (98, 375). Significant perturbation of PAO1 membrane 

lipids mainly of FAs and GPs by polymyxin B alone and the combination at 15 min, 1 hr and 4 

hr thus reflecting the general mode of action of polymyxin B in inducing membrane disturbance 

(Figure 4.6) (11, 87). Similar changes in the levels of FAs and GPs were previously notified in 

A. baumannii (i.e. polymyxin-susceptible ATCC 19606 and 03-149.1, and polymyxin-resistant 

03-149.2) following treatment with colistin and doripenem, alone and in combination (Section 

3.4.2). Unsurprisingly, the present metabolomics results further support that polymyxins (both 

colistin and polymyxin B) elicit their general action by the disruption of cell envelope structures 

of Gram-negative bacteria. Furthermore, the results demonstrated that the combined polymyxin 

B and rifampicin significantly induced up-regulation of amino sugar metabolites of 

peptidoglycan and LPS biosynthesis (i.e. UDP-GlcNAc, UDP-MurNAc, UDP-MurNAc-L-Ala-

gamma-D-Glu-meso-2,6-diaminopimelate and UDP-MurNAc-L-Ala-gamma-D-Glu-meso-2,6-

diaminopimeloyl-D-Ala-D-Ala, KDO) at 15 min, 1 hr and 4 hr (Figure 4.7). On the contrary, in 

the previous study, the effects of colistin and doripenem monotherapy and the combination has 

been shown predominantly down-regulated the levels of several metabolites of peptidoglycan 

and LPS biosynthesis in A. baumannii (Section 3.4.5). In addition to polymyxin primary effect 

to cause membrane disruption, the results also consistently suggest that polymyxins have 



Chapter Four 

 

181 
 

significantly secondary effects on peptidoglycan and LPS biosynthesis metabolism in Gram-

negative bacteria.    

 

The synergistic killing of the combination of polymyxin B and rifampicin predominantly 

increased the levels of a large number of purine and pyrimidine nucleotides and perturbed many 

of amino acid metabolites of PAO1 (Figure 4.8A and B). Notably, the levels of few nucleotides 

and amino acids were significantly decreased by polymyxin B alone but no significant changes 

were observed in response to rifampicin alone. Interestingly, the results showed that uracil, a 

pyrimidine nucleotide was steadily decreased by the combination of polymyxin B and rifampicin 

at 15 min, 1 hr and 4 hr. Uracil is an important nucleotide in cellular metabolism and it has been 

used as an anticancer drug (as an antimetabolite, 5-fluorouracil) which mechanistically acts 

during the nucleic acid replication process (427, 428). The consistent down-regulation of uracil 

suggesting that the metabolite likely has been utilised to protect the bacterial cells from the toxic 

effect conferred by the polymyxin B and rifampicin combination. Nucleotides are highly 

essential in many cellular biological processes, in particular for DNA and RNA biosynthesis, 

and also as intermediate products in lipid and protein biosynthesis (378). Several studies have 

shown that purine and pyrimidine nucleotides levels were significantly altered in bacteria 

induced in response to antibiotic stress (113, 421, 429). In addition, the result of the previous 

metabolomics study also demonstrated that treatment with colistin and doripenem alone and the 

combination significantly decreased the levels of many nucleotides in A. baumannii (Section 

3.4.4). Ampicillin, kanamycin and norfloxacin treatments have been shown to significantly 

induce depletion of nucleotides levels in Escherichia coli, suggesting the acceleration of 

nucleotide turnover rate likely due to the elevated levels of DNA damage (113). On the contrary, 

treatment of ciprofloxacin (421) and rifampicin (429) have been shown to significantly increase 

the levels of nucleotides in Staphylococcus aureus. The increase of nucleotides levels by 
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rifampicin treatment suggested that the bacteria was under a secondary metabolic arrest in cell 

turnover and DNA replication (263, 429). The results of the combination of polymyxin B and 

rifampicin treatment that significantly accumulated a large number of nucleotides and many 

other metabolites (e.g. amino acid, carbohydrate metabolites) also suggesting an inactivation of 

PAO1 cellular metabolism (263, 429). Consistently, the results likely reflecting the mechanism 

of action of rifampicin elicited via strong and specific binding to the bacterial DNA-dependent 

RNA polymerase to inhibit the transcription elongation process of RNA synthesis (263, 429).   

 

Previous studies have demonstrated that antibiotic-induced cell death predominantly was 

associated with a significant increase of cellular respiration and central metabolism via the 

carbon flux changes of TCA cycle (110, 429-436). Consistently, the synergistic killing of the 

combined polymyxin B and rifampicin treatment significantly perturbed PAO1 metabolic 

pathways of central carbon metabolism including glycolysis, TCA cycle and PPP (Figure 4.9). 

The significant changes in the metabolite levels of central metabolism highly suggest that PAO1 

dynamically experienced cellular energy changes. The significant increases of two metabolites 

of PPP, D-sedoheptulose 7-phosphate and D-ribose 5-phosphate by the combination of 

polymyxin B and rifampicin predominantly induced the changes notified in peptidoglycan and 

LPS biosynthesis metabolites and nucleotides, respectively. D-sedoheptulose 7-phosphate is an 

important precursor for cell envelope biosynthesis while D-ribose 5-phosphate is a precursor 

metabolite for nucleotide biosynthesis. The previous results also demonstrated that TCA cycle 

and PPP were significantly perturbed following treatment with colistin and doripenem alone and 

the combination (Sections 3.4.3 and 3.4.4). Importantly, these results highlight that the central 

metabolic pathways particularly of glycolysis, TCA cycle and PPP are common cellular 

metabolic targets of antibiotic-induced killing in bacteria. 
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Polymyxin B and rifampicin display their bactericidal action against Gram-negative pathogens 

with distinguished modes of action owing to the different cellular targets (98, 263). The 

metabolic changes induced by the synergistic combination of polymyxin B and rifampicin 

suggesting that the effect was predominantly conferred by rifampicin that was initially facilitated 

by polymyxin B. Interestingly, the mechanism of synergy of the combination of colistin and 

rifampicin has been previously suggested by the “simple-uptake effect” model (234, 249). The 

studies proposed that the primary effect of colistin predominantly induced membrane disruption 

to facilitate the penetration of rifampicin to reach its intracellular target (234, 249). In addition, 

the relative hydrophobic property of rifampicin that is less permeable to the outer membrane 

layer of Gram-negative bacteria necessitates the action of polymyxin. This justified the 

insignificant effect of rifampicin alone to confer any metabolic changes in P. aeruginosa PAO1 

as rifampicin itself was unable to reach its intracellular target (263).  

 

4.6 Conclusions 

Polymyxin combination therapy offers great potential of increasing polymyxins antimicrobial 

efficacy and limiting the emergence of bacterial resistance. In summary, the synergistic killing 

of the combination of polymyxin B and rifampicin against P. aeruginosa PAO1 significantly 

altered key metabolic pathways of lipid, peptidoglycan and LPS biosynthesis, nucleotide, amino 

acid and central carbon metabolism particularly at 15 min, 1 hr and 4 hr. The simple-uptake 

model sufficiently explains the mechanism of synergistic killing of the polymyxin B and 

rifampicin combination against P. aeruginosa; as polymyxin B significantly disrupts the 

integrity of the bacterial membrane structure to facilitate the penetration of rifampicin into its 

intracellular target. Importantly, this study further broadens our understanding on the underlying 

mechanism of polymyxin action which is invaluable in optimising its clinical use. Last but not 
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least, the results highlight the efficacy of metabolomics approach used for the analysis of drug 

modes of action that can suitably be applied in complementary with other omics methods.   

1 
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Chapter 5: The transcriptomic responses of the synergistic combination of polymyxin B 

and rifampicin against Pseudomonas aeruginosa PAO1 

 

5.1 Abstract  

The limited pharmacokinetics and pharmacodynamics profles of polymyxin monotherapy 

necessitates a detailed understanding of its mechanism of action. Polymyxin combination 

treatment is often employed to enhance polymyxin therapeutic effect and minimise the 

emergence of resistance. In this study, the effect of polymyxin B (1 mg/L) and rifampicin (2 

mg/L) mono- and combination therapy on Pseudomonas aeruginosa PAO1 transcriptome was 

investigated following treatment at 1 hr and 24 hr (n=3). Polymyxin B alone at 1 hr significantly 

up-regulated the genes essential for the modification of lipid A structure of the LPS, multidrug 

efflux protein and phenazine biosynthesis, indicating the development of polymyxin resistance 

and pathogenicity. The significant down-regulation of many quorum sensing (QS) regulated 

virulence factor genes by the synergistic killing of polymyxin B and rifampicin combination, 

signifying the suppression of PAO1 pathogenicity; the changes are predominantly driven by 

rifampicin as initially facilitated by polymyxin B. The combination also strongly up-regulated 

the nitrate uptake system as a result of the repressed terminal cytochrome oxidase, highlighting 

that P. aeruginosa essentially required nitrate as its alternative energy source and for the 

maintenance of redox homeostasis. Notable change in rifampicin resistance gene at 24 hr 

following treatment with rifampicin alone and the combination provides an indicative of the 

emergence of rifampicin resistance. Overall, this study highlights the polymyxin- and 

rifampicin-induced transcriptomics changes in the P. aeruginosa that may significantly 

contribute to the discovery of new drug targets, particularly of polymyxins. 
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5.2 Introduction   

The global problem of antibiotic resistance of P. aeruginosa Gram-negative pathogen is an 

alarming concern. The pathogenicity of P. aeruginosa is predominantly influenced by cellular 

virulence factors, machineries that are essential to initiate bacterial colonisation and tissue 

invasion (50, 51). The superbug exhibits extraordinary ability to escape various classes of 

antibiotics via different resistance mechanisms relatively conferred by its large genome size 

which constituted of 6.26 Mbp encoding for 5,567 genes (56, 72, 77). Polymyxins have been re-

established as the last-line arsenal for MDR P. aeruginosa infection. Polymyxins exert rapid 

bactericidal action via the electrostatic and hydrophobic interactions to its target binding sites, 

the lipid A component of LPS and also phospholipids in bacterial outer membranes. Worryingly, 

the emergence of polymyxin resistance has been reported due to the worldwide and uncontrolled 

use of polymyxins. Due to the limited pharmacokinetic/pharmacodynamic (PK/PD) profiles of 

polymyxins, polymyxin combination therapy has been strongly recommended (214). In 

particular, the combination of polymyxin plus rifampicin has been shown to be synergistic 

against MDR P. aeruginosa, A. baumannii and K. pneumonia in several in vitro and clinical 

studies (231-236). However, the detailed underlying mechanism of polymyxin action either as a 

single therapy or in combination remains unclear (212).  

 

Systems pharmacology is increasingly applied to elucidate the mechanisms of drugs actions 

(275). Transcriptomics using RNA-seq method allows a comprehensive analysis of a genome 

which covers protein-coding genes, intergenic regions, non-coding RNA and small regulatory 

RNA population (437). In this study, we examined the global transcriptomic responses of P. 

aeruginosa PAO1 following treatment with polymyxin B and rifampicin alone and in 

combination at 1 hr and 24 hr. Our analyses revealed that, at 1 hr, polymyxin B alone 

significantly up-regulated genes associated with polymyxin resistance. Whereas the combination 
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significantly down-regulated many genes associated with bacterial virulence factors at 1 hr. In 

turn, at 24 hr, P. aeruginosa PAO1 appeared to develop resistance towards rifampicin following 

treatment with rifampicin alone and the combination. Overall, this transcriptomics study 

significantly highlights the changes elicited by polymyxin B and rifampicin alone and in 

combination that could be used to rationally optimise polymyxin PK/PD and discover novel drug 

target.  

 

5.3 Materials and methods 

5.3.1 Strain 

P. aeruginosa was from the American Type Culture Collection (ATCC). The broth microdilution 

MICs of the PAO1 to polymyxin B and rifampicin were 0.5 mg/L (susceptible) and 32 mg/L 

(resistant), respectively. The strain was grown in cation-adjusted Mueller-Hinton broth 

(CaMHB; Oxoid, Australia; 20-25 mg/L Ca2+ and 10-12.5 mg/L Mg2+). 

 

5.3.2 Antibiotics and reagents 

Polymyxin B was prepared using Milli-Q water (Millipore Australia, North Ryde, New South 

Wales, Australia). Prior to experiment, rifampicin was solubilised by DMSO and filtered with a 

0.22-µm pore size Millex GP filter (Millipore, Bedford, MA). 

 

5.3.3 Bacterial culture preparation 

Preparation of PAO1 bacterial culture is described in Section 4.3.3 with slight modifications. P. 

aeruginosa PAO1 was prepared on a nutrient agar plate from the frozen stock (-80oC) and 

incubated for 16 - 18 hr at 37oC. A colony of PAO1 was inoculated into 10 mL CaMHB and 

incubated for 16 - 18 hr at 37oC with shaking at 150 rpm to prepare for the overnight culture. 

The overnight culture was diluted with 1:100 into four different reservoirs of 100 mL fresh 
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CaMHB. To obtain enough cells for the transcriptomics experiment, the culture was grown to 

an optical density at 600 nm (OD600) of ~0.5 (~108 CFU/mL). Bacterial culture of each reservoirs 

was treated with polymyxin B (1 mg/L), rifampicin (2 mg/L) and the combination of polymyxin 

B and rifampicin (1 mg/L + 2 mg/L); concentrations of polymyxin B and rifampicin were 

clinically relevant. Untreated bacterial culture served as a control sample. Samples (1.5 mL) 

were collected before treatment with polymyxin B, rifampicin and the combination (i.e. time = 

0), and at 1 hr and 24 hr for RNA extraction. The study was conducted with three biological 

replicates independently from different colonies of PAO1 on different days.  

 

5.3.4 RNA extraction  

The preparation of RNA extract was according to the RNeasy Mini Kit manufacturer’s protocol 

(Qiagen) (438). For each sample, one volume of bacterial culture was added to the two volumes 

of RNAprotect Bacteria Reagent (439). The mixture was vortexed immediately for 5 sec and 

incubated for 5 min at room temperature. The mixture was centrifuged for 10 min at 5,000 x g 

and the supernatant was decanted. TE buffer containing lysozyme (added with Proteinase K) 

was added to the mixture pallet and resuspended by pipetting up and down several times. The 

mixture was further vortexed for 10 min and incubated for 10 min on a shaker-incubator. Buffer 

RLT was added and vortexed vigorously. Then, ethanol was added and shaken vigorously. The 

homogenised lysate was transferred to a gDNA Eliminator spin column (placed in a 2-mL 

collection tube) and centrifuged for 30 sec at > 8,000 x g. The column was discarded and the 

flow-through was added with 70% ethanol and mixed by pipetting. About 700 L of the sample 

(including any precipitate) was transferred to an RNeasy spin column and centrifuged for 15 sec 

at > 8,000 x g. The flow-through was discarded. 700 L of buffer RW1 was added to the RNeasy 

spin column and centrifuged for 15 sec at > 8,000 x g. The flow-through was discarded. Then, 

500 L buffer RPE was added to the RNeasy spin column and centrifuged for 15 sec at > 8,000 
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x g. The flow-through was discarded. Again, the step was repeated. 30 L of RNase-free water 

was added directly to the spin column membrane and centrifuged for 1 min at > 8,000 x g to get 

RNA elute (in a new 1.5 mL collection tube). 

 

5.3.5 Analysis of RNA-seq data 

RNA-seq of 27 samples in total was analysed using Illumina HiSeq 1500 at the Hudson Medical 

Research Institute (Clayton, Victoria, Australia). Preliminary RNA-seq analysis was conducted 

by Dr Yan Zhu. The reads were aligned to the PAO1 genome obtained from Pseudomonas 

Genome DB (440) using SubRead (441) with the standard settings. The counts of mapped reads 

were summarised by featureCounts (441). Differential gene expression was identified using 

Degust (www.vicbioinformatics.com/degust), a graphic interface of Voom and Limma packages 

(442). Statistical significance of differential gene expression (DEG) was computed using the F-

statistic with Benjamini Hochberg adjustment to control the false discovery rate (FDR) (443). 

DEG was defined with the cut-off as > 1.0-log2-fold and FDR < 0.05. Gene ontology enrichment 

analysis of DEGs particularly of the polymyxin B and rifampicin combination results was 

performed using Reduce and Visualise Gene ontology (REVIGO) software (444). iPath 

(http://pathways.embl.de/index.html) (445) was utilised to map the DEGs of polymyxin B and 

rifampicin alone and in combination results at 1 hr and 24 hr to demonstrate the general overview 

of the affected KEGG metabolic pathway.   

   

 5.4 Results  

P. aeruginosa PAO1 was treated with polymyxin B (1 mg/L) and rifampicin (2 mg/L) alone and 

in combination at 1 hr and 24 hr to analyse its gene expression profiles. The number of DEGs 

(ANOVA; > 1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) of polymyxin B and rifampicin alone and the 

combination at each time point are summarised using Venn diagrams (Figure 5.1). Treatment of 

http://www.vicbioinformatics.com/degust
http://pathways.embl.de/index.html
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polymyxin B and rifampicin alone differentially regulated approximately 0.6% and 0.5% of the 

total genes in PAO1 at 1 hr, respectively, as the majority of DEGs were up-regulated (Figure 

5.1A). In turn, at 24 hr, about 0.3% and 3% of genes were significantly regulated by polymyxin 

B and rifampicin alone, respectively (Figure 5.1B). The synergistic killing of the polymyxin B 

and rifampicin combination significantly induced a larger number of genes approximately of 

15% and 7.8% at 1 hr and 24 hr, respectively (Figure 5.1). Interestingly, no overlapping of DEGs 

were notified between all the antibiotic-treated groups at 1 hr whereas there were 15 DEGs that 

were commonly regulated at 24 hr (Figure 5.1A and B). At 1 hr, several DEGs of polymyxin B 

(17 DEGs) and rifampicin (8 DEGs) alone were commonly regulated by the combination of 

polymyxin B and rifampicin. The results showed that a large number of DEGs were commonly 

shared between rifampicin alone and the combination at 24 hr, as rifampicin presumably was the 

driven synergistic killing of the combination (Figures 5.1B).  

 

REVIGO (444) was utilised for a Gene ontology (GO) enrichment analysis of the combination 

of polymyxin B and rifampicin at 1 hr and 24 hr to examine biological processes and cellular 

components that were enriched from the DEGs. At 1 hr, the total GO terms of the biological 

processes were reduced from 579 into 152, and the cellular components from 426 into 42. 

Whereas at 24 hr, the analysis reduced the biological processes from 445 into 190 and cellular 

components from 313 into 46 (Figures 5.2 and 5.3). Among the important GO terms for 

biological processes are quorum sensing (GO:0009372), denitrification pathway (GO:0019333), 

phenazine biosynthetic process (GO:0002047), phospholipid biosynthetic process 

(GO:0008654). Whereas, among the GO terms for cellular components are periplasmic space 

(GO:0042597), respiratory chain (GO:0070469), plasma membrane (GO:0005886) and integral 

component of cell outer membrane (GO:0045203). The overview of the metabolic pathways of 
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the significantly changed enzymatic reactions by the combination at 1 hr and 24 hr are presented 

(Figures 5.4 and 5.5).   

 

Figure 5.1. Transcriptomics response of P. aeruginosa PAO1. Venn diagrams represent the 

number of DEGs following treatment with polymyxin B and rifampicin alone and the 

combination at (A) 1 hr and (B) 24 hr. The numbers in brackets represent the number of DEGs 

that were significantly changed (up- and down-regulated). Polymyxin B alone = Poly B; 

Rifampicin alone = Rif; Polymyxin B and rifampicin combination = Combo. DEGs were 

selected with at least 1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05.  
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Figure 5.2. Gene ontology (GO) enrichment analysis of the combination of polymyxin B 

and rifampicin at 1 hr. (A) Summarised REVIGO TreeMap of the GO terms for biological 

processes. Similar colour represents semantic similarity related to similar functional category. 

The size of rectangle is proportional to the p-value for that category. (B) Summarised REVIGO 

scatter plot of the GO terms for cellular components. The circle represents the GO term and is 

plotted according to semantic similarity. The size of circle is proportional to the frequency of the 

GO term. The colour indicates the log10 p-value. DEGs including both the up- and down-

regulated were selected with at least 1.0-log2-fold, p ≤ 0.05.  
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Figure 5.3. Gene ontology (GO) enrichment analysis of the combination of polymyxin B 

and rifampicin at 24 hr. (A) Summarised REVIGO TreeMap of the GO terms for biological 

processes. Similar colour represents semantic similarity related to similar functional category. 

The size of rectangle is proportional to the p-value for that category. (B) Summarised REVIGO 

scatter plot of the GO terms for cellular components. The circle represents the GO term and is 

plotted according to semantic similarity. The size of circle is proportional to the frequency of the 

GO term. The colour indicates the log10 p-value. DEGs including both the up- and down-

regulated were selected with at least 1.0-log2-fold, p ≤ 0.05.  
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Figure 5.4. The overview of metabolic pathways of the significantly changed enzymatic 

reactions (edges) of polymyxin B and rifampicin alone and the combination at (A) 1 hr and 

(B) 24 hr. Polymyxin B alone = Poly B; Rifampicin alone = Rif; Polymyxin B and rifampicin 

combination = Combo. DEGs including both the up- and down-regulated were selected with at 

least 1.0-log2-fold, p ≤ 0.05. 

A 

B 
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5.4.1 Polymyxin B differentially induced the expression of polymyxin resistance genes at 1 hr  

Polymyxin B alone differentially induced over-expression of polymyxin resistance genes in 

PAO1 at 1 hr (Table 5.1). In particular, polymyxin B at sub-inhibitory concentration (1 mg/L) 

significantly up-regulated several genes on lipid A modification namely arnA, arnB, arnC and 

arnE (> 2.5-log2-fold, p ≤ 0.05) as well as pagL (> 1.0-log2-fold, p ≤ 0.05). At 1 hr, polymyxin 

B alone also significantly induced over-expression (> 2.5-log2-fold, p ≤ 0.0001) of genes of 

multidrug efflux protein, mexX and mexY; the changes that were also observed following the 

combination treatment. Notably, strong up-regulation of operon msuE-msuD-PA2355-PA2354 

was notified after treatment with polymyxin B alone and the combination (> 2.5-log2-fold, p ≤ 

0.01). Interestingly, polymyxin B alone differentially up-regulated several genes on phenazine 

biosynthesis (phzA1, phzM; >1.0-log2-fold, p ≤ 0.05), a similar result as what has been previously 

reported in the literatures (68, 446). In addition, two genes of hypothetical proteins of the 

PA1559-PA1560 operon were strongly up-regulated by polymyxin B alone treatment (> 2.5-

log2-fold, p ≤ 0.01). Three common DEGs (i.e. PA1797, PA0806 and PA2358) were steadily 

and strongly induced by both polymyxin B alone (> 3.0-log2-fold, p ≤ 0.05) and the combination 

(> 1.5-log2-fold, p ≤ 0.05) at 1 hr and 24 hr (Table 5.2).  
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Table 5.1 DEGs (at least 1.0-log2-fold, p ≤ 0.05) induced by polymyxin B alone at 1 hr.  

Gene 

name/ 

locus tag 

Product description Expression 

ratio (log2) 

Adjusted 

p-value 

arnB UDP-4-amino-4-deoxy-L-arabinose--oxoglutarate 

aminotransferase 

2.68 0.00958 

arnC undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose 

transferase 

2.83 0.01278 

arnA 

 

bifunctional UDP-glucuronic acid decarboxylase/UDP-4-amino-

4-deoxy-L-arabinose formyltransferase  

2.83 

 

0.00093 

 

arnE 4-amino-4-deoxy-L-arabinose-phosphoundecaprenol flippase 

subunit ArnE 

2.84 0.02206 

mexY RND multidrug efflux transporter  2.82 5.17E-08 

mexX RND multidrug efflux membrane fusion protein  2.89 5.27E-06 

pagL lipid A 3-O-deacylase 1.02 0.00283 

PA2354 transcriptional regulator 2.96 0.00011 

msuC FMNH2-dependent monooxygenase  3.83 0.00225 

msuD methanesulfonate sulfonatase 4.24 0.00088 

msuE NADH-dependent FMN reductase 5.55 0.00062 

phzM  Phenazine specific methyltransferase  1.34 0.00666 

phzA1 Phenazine biosynthesis protein 1.13 0.04192 

PA1559 Unknown  3.06 0.00015 

PA1560 Unknown  2.55 0.00042 

PA4774 Hypothetical protein  3.54 0.00066 

PA4775 Hypothetical protein 1.44 0.00721 

PA4773 Hypothetical protein   3.62 0.00014 

 

 

Table 5.2 Common DEGs (at least 1.0-log2-fold, p ≤ 0.05) induced by polymyxin B alone and 

the combination of polymyxin B and rifampicin at 1 hr and 24 hr.  

Locus tag Product description Expression ratio (log2) 

  Poly B 

(1hr) 

Combo 

(1hr) 

Poly B 

(24 hr) 

Combo 

(24 hr) 

PA1797 Hypothetical protein  5.20 3.40 3.05 1.82 

PA0806 Hypothetical protein  5.11 2.89 5.50 3.03 

PA2358 Hypothetical protein  5.72 3.81 5.00 3.47 
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5.4.2 Rifampicin-induced DEGs at 1 hr  

At 1 hr, rifampicin alone predominantly up-regulated (> 1.0-log2-fold, p ≤ 0.05) the identified 

DEGs except the two genes of phenazine biosynthesis (phzE2, phzF2; < 1.0-log2-fold, p ≤ 0.05) 

(Table 5.3). Notably, DEGs that were significantly over-expressed by rifampicin alone were 

ABC transporter operon (PA3888-PA3891; > 1.0-log2-fold, p ≤ 0.01) and four hypothetical 

proteins (PA4738-PA4739, PA5481-PA5482; > 1.5-log2-fold, p ≤ 0.01).   

 

Table 5.3 DEGs (at least 1.0-log2-fold, p ≤ 0.05) induced by rifampicin alone at 1 hr.  

Gene name/ 

locus tag  

Product description Expression 

ratio (log2) 

Adjusted 

p-value 

phzE2 Phenazine biosynthesis protein  -1.13 0.01090 

phzF2 trans-2,3-dihydro-3-hydroxyanthranilate isomerase -1.12 0.02225 

PA1323 Hypothetical protein 1.19 0.00605 

PA1324 Hypothetical protein 1.20 0.00416 

PA3691 Hypothetical protein 1.35 0.00051 

lptF OM porin F 1.11 0.00147 

opuCD ABC transporter permease 1.15 0.00416 

opuCC ABC transporter 1.13 0.00605 

opuCB ABC transporter permease 1.25 0.00605 

opuCA ABC transporter ATP-binding protein 1.28 0.00096 

PA4738 Hypothetical protein   2.01 0.00268 

PA4739 Hypothetical protein 1.96 0.00661 

PA5481 Hypothetical protein   2.04 0.00268 

PA5482 Hypothetical protein 2.12 0.00514 

 

 

5.4.3 Polymyxin B and rifampicin combination induced the repression of virulence factor 

genes at 1 hr   

Exposure of the combination of polymyxin B and rifampicin treatment at 1 hr induced significant 

changes in many of PAO1 virulence factor genes (Table 5.4). Notably, the combination strongly 

suppressed the phenazine biosynthesis via the down-regulation (< 2.0-log2-fold, p ≤ 0.05) of 

phzA1 and phzA2 operons. A gene of the type IV pili (flp) and genes of the type VI secretion 

system (vgrG6, hcpB) were also strongly down-regulated (< 4.0-log2-fold, p ≤ 0.05) by the 

combination of polymyxin B and rifampicin at 1 hr. Other operons that were significantly down-
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regulated (< 1.0-log2-fold, p ≤ 0.05) by the combination were the type II secretion system 

(PA3095-PA3105), biofilm formation protein (PA2231-PA2241) and the type IV fimbrial 

biogenesis protein (PA4551-PA4556). The combined polymyxin B and rifampicin also 

predominantly induced significant down-regulation (< 1.0-log2-fold, p ≤ 0.05) of genes of 

membrane porin protein (oprB, oprD); as both genes are associated with multidrug resistance 

mechanism. Importantly, the PA3327-PA3334 operon containing a gene of fatty acid 

biosynthesis (fabH2) was strongly down-regulated (< 2.5-log2-fold, p ≤ 0.05) in response to the 

polymyxin B and rifampicin combination.  

 

5.4.4 The combination of polymyxin B and rifampicin induced significant changes in central 

carbon metabolism  

The synergistic killing of the combination of polymyxin B and rifampicin significantly perturbed 

(> 1.0-log2-fold, p ≤ 0.05) the levels of genes involves in PAO1 central carbon metabolism 

(Table 5.4). In particular, several essential genes of glycolytic (bkdB, lpdV) and TCA cycle (icd, 

mqoA, glcF) pathways were significantly regulated following treatment with polymyxin B and 

rifampicin combination at 1 hr. The results also showed that genes associated with an aerobic 

electron transfer, particularly PA0521, norB, cioB, cioA and PA4133 were strongly down-

regulated (< 2.0-log2-fold, p ≤ 0.05) by the combination at 1 hr. Interestingly, the combination 

significantly up-regulated (> 2.0-log2-fold, p ≤ 0.05) the narK1K2GHJI operon (PA3872-

PA3877), which is important for the nitrate uptake system of denitrification process. Whereas 

cyanide-insensitive terminal oxidase operon (PA3928-PA3930) was significantly down-

regulated by the combination. However, we found out that the combination significantly 

suppressed (< 1.5-log2-fold, p ≤ 0.05) the nirSMCFDLGHJEN operon (PA0509-PA0519) which 

is also functionally important for the denitrification process. Furthermore, an operon which 
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involved in chemotactic response (PA0173-PA0179) was significantly down-regulated (< 1.5-

log2-fold, p ≤ 0.05) by the polymyxin B and rifampicin combination at 1 hr.  
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Table 5.4 DEGs (at least 1.0-log2-fold, p ≤ 0.05) induced by the combination of polymyxin B 

and rifampicin at 1 hr.  

Gene name/ 

locus tag  

Product description Expression 

ratio (log2) 

Adjusted 

p-value 

Virulence factors  

phzA2 Phenazine biosynthesis protein  -4.29 1.10E-06 

phzB2 Phenazine biosynthesis protein  -5.01 1.46E-07 

phzC2 Phenazine biosynthesis protein  -3.35 3.93E-08 

phzD2 Phenazine biosynthesis protein  -4.47 5.08E-08 

phzE2 Phenazine biosynthesis protein  -4.91 1.58E-08 

phzF2 trans-2,3-dihydro-3-hydroxyanthranilate isomerase -4.61 5.86E-08 

phzG2 pyridoxamine 5'-phosphate oxidase -3.68 1.45E-07 

phzA1 phenazine biosynthesis protein -4.56 5.10E-06 

phzB1 phenazine biosynthesis protein -4.71 9.09E-08 

phzC1 phenazine biosynthesis protein  -4.43 0.00023 

phzG1 pyridoxamine 5'-phosphate oxidase -4.22 1.67E-06 

phzS hypothetical protein -4.91 8.25E-08 

phzH phenazine-modifying protein -2.43 3.87E-06 

phzM phenazine-specific methyltransferase -3.94 9.90E-08 

flp type IVb pilin Flp -4.33 3.14E-06 

lasA protease LasA -1.47 5.01E-06 

lasB elastase LasB -2.99 3.65E-07 

lasI Acyl-homoserine-lactone synthase  1.12 5.35E-06 

rhlI acyl-homoserine-lactone synthase -1.33 1.08E-06 

rhlR transcriptional regulator RhlR -1.98 7.03E-07 

rhlB rhamnosyltransferase subunit B -3.15 3.98E-08 

rhlA rhamnosyltransferase subunit A -3.53 3.93E-08 

xcpZ T2SS protein M -2.03 9.83E-06 

xcpY T2SS protein L -1.99 1.99E-06 

xcpX T2SS protein K -1.76 4.14E-07 

xcpW T2SS protein J -1.87 2.39E-08 

xcpV T2SS protein I -1.84 1.45E-07 

xcpU T2SS protein H -1.75 6.52E-07 

xcpT T2SS protein G -1.75 1.96E-06 

xcpS T2SS protein F -1.15 4.61E-05 

xcpR T2SS protein E -1.34 9.81E-07 

xcpP T2SS protein N -1.40 9.81E-06 

xcpQ T2SS protein D -1.50 3.43E-07 

pslA biofilm formation protein PslA -1.21 5.80E-07 

pslB biofilm formation protein PslB -1.29 5.20E-07 

pslC biofilm formation protein PslC -1.31 0.00010 

pslD biofilm formation protein PslD -1.40 2.24E-07 

pslE biofilm formation protein PslE -1.52 5.96E-07 

pslF biofilm formation protein PslF -1.79 2.91E-05 

pslG biofilm formation protein PslG -1.88 3.93E-08 

pslH biofilm formation protein PslH -1.83 4.99E-07 

pslI biofilm formation protein PslI -2.09 3.62E-07 

pslJ biofilm formation protein PslJ -2.06 1.32E-07 

pslK biofilm formation protein PslL -1.67 1.24E-05 

pilV type IV fimbrial biogenesis protein PilV -1.28 7.18E-06 

pilW type IV fimbrial biogenesis protein PilW -1.05 2.46E-05 
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pilY1 type IV fimbrial biogenesis protein PilY1 -1.04 8.79E-07 

pilY2 type IV fimbrial biogenesis protein PilY2 -1.21 0.00014 

pilE type IV fimbrial biogenesis protein PilE -1.20 2.88E-06 

oprD porin D -1.07 0.00602 

PA5265 hypothetical protein -2.84 5.08E-06 

vgrG6 Type VI secretion system, RhsGE-associated Vgr 

family subset 

-4.36 5.46E-07 

hcpB Secreted protein Hcp -4.55 5.20E-07 

Central carbon metabolism/respiration  

PA3928 hypothetical protein -2.86 2.67E-06 

cioB cyanide insensitive terminal oxidase -3.20 5.23E-07 

cioA cyanide insensitive terminal oxidase -3.43 7.44E-07 

narI respiratory nitrate reductase subunit gamma 2.64 0.01679 

narJ respiratory nitrate reductase subunit delta 2.31 0.02070 

narH respiratory nitrate reductase subunit beta 2.21 0.01753 

narG respiratory nitrate reductase subunit alpha 2.16 0.04273 

narK2 nitrite extrusion protein 2 3.11 0.04253 

narK1 nitrite extrusion protein 1  3.18 0.02028 

nirN cytochrome C -2.51 2.24E-07 

PA0510 uroporphyrin-III C-methyltransferase -2.99 3.93E-08 

nirJ heme d1 biosynthesis protein NirJ -3.15 3.93E-08 

nirH heme d1 biosynthesis protein NirH -2.63 3.93E-08 

nirG heme d1 biosynthesis protein NirG -2.31 4.23E-08 

nirL heme d1 biosynthesis protein NirL -1.96 8.36E-08 

nirD heme d1 biosynthesis protein NirD -1.95 2.67E-07 

nirF heme d1 biosynthesis protein NirF -2.28 1.13E-07 

nirC cytochrome c55X -2.26 5.33E-06 

nirM cytochrome C-551 -2.65 1.68E-06 

nirS nitrite reductase -2.94 5.35E-06 

bkdB branched-chain alpha-keto acid dehydrogenase 

complex lipoamide acyltransferase 

-2.76 2.68E-07 

lpdV branched-chain alpha-keto acid dehydrogenase 

complex dihydrolipoyl dehydrogenase 

-3.36 7.61E-08 

Icd isocitrate dehydrogenase -1.08 0.000615 

mqoA malate:quinone oxidoreductase 1.43 7.16E-07 

glcF glycolate oxidase iron-sulfur subunit -2.27 0.013103 

PA0521 cytochrome C oxidase subunit -2.24 0.000649 

PA4133 cbb3-type cytochrome C oxidase subunit I -2.59 1.24E-05 

Antibiotic Resistance  

mexY RND multidrug efflux transporter  2.60 3.93E-08 

mexX RND multidrug efflux membrane fusion protein  2.85 9.60E-07 

Others     

PA3328 FAD-dependent monooxygenase -3.39 5.66E-07 

PA3329 hypothetical protein -3.33 4.37E-07 

PA3330 short-chain dehydrogenase -3.57 3.07E-07 

PA3331 cytochrome P450 -2.85 3.62E-07 

PA3332 hypothetical protein (Phenazine biosynthesis protein 

A/B) 

-3.54 3.50E-07 

fabH2 3-oxoacyl-ACP synthase III -4.23 1.10E-07 

PA3334 acyl carrier protein -4.26 9.07E-08 

oprB porin B -1.92 0.00056 

PA3187 ABC transporter ATP-binding protein -2.92 0.00012 

PA3188 sugar ABC transporter permease -2.13 0.00263 
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PA3189 sugar ABC transporter permease -2.29 0.00375 

aprX hypothetical protein -1.97 2.85E-07 

aprD alkaline protease secretion ATP-binding protein 

AprD 

-2.29 1.04E-05 

aprE alkaline protease secretion protein AprE -2.67 1.36E-06 

aprF alkaline protease secretion protein AprF -2.95 4.96E-07 

opmD OM protein precursor  -3.75 2.66E-07 

PA4607 hypothetical protein -3.23 1.17E-06 

ampP Transmembrane transport  -3.45 6.39E-07 

PA3335 hypothetical protein  -4.36 6.96E-08 

PA3336 major facilitator superfamily transporter -3.67 1.43E-07 

PA0173 chemotaxis response regulator protein-glutamate 

methylesterase 

-2.43 7.46E-06 

PA0174 hypothetical protein -2.98 5.75E-06 

PA0175 chemotaxis protein methyltransferase -3.48 7.65E-07 

aer2 aerotaxis transducer Aer2 -2.52 8.15E-07 

PA0177 purine-binding chemotaxis protein -1.96 5.55E-05 

PA0178 two-component sensor -2.15 1.70E-07 

PA0179 two-component response regulator -2.63 5.20E-07 

PA2354 transcriptional regulator 2.05 0.00035 

PA2355 FMNH2-dependent monooxygenase  2.59 0.00453 

msuD methanesulfonate monooxygenase 3.32 0.00069 

msuE NADH-dependent FMN reductase MsuE 4.36 0.00110 
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5.4.5 Rifampicin alone and the combination differentially regulated more genes at 24 hr 

Rifampicin alone differentially regulated more genes at 24 hr than at 1 hr, as the similar changes 

were also notified by the combination of polymyxin B and rifampicin (Figure 5.1B and Table 

5.5). However, only 21 DEGs were induced by polymyxin B alone at 24 hr which were less 

compared to its effect at 1 hr. Interestingly, a similar pattern of changes was observed in the 15 

DEGs after exposure to polymyxin B and rifampicin alone and the combination (Table 5.6). At 

24 hr, the combination differentially up-regulated several essential genes of bacterial virulence 

factors, as the effects were opposite from the changes observed at 1 hr. In particular, significant 

over-expressions (1.0 > log2-fold, p < 0.05) of regulatory genes of the quorum-sensing (QS) 

system, rhlR, lasI and lasA were notified following treatment with the combination. The 

combination also differentially up-regulated the genes of phenazine biosynthesis protein, phzH, 

phzA1, phzA2, and phzB2 at 24 hr, as the changes were also induced by rifampicin alone. Several 

essential genes for transport and secretion of protease and lipase, AprD, AprE and AprF were 

significantly up-regulated (2.0 > log2-fold, p < 0.05) by the combination. Notably, the AprE was 

notified to be up-regulated (3.0 > log2-fold, p < 0.05) in response to rifampicin treatment. 

Furthermore, rifampicin alone and the combination significantly induced over-expression (2.0 > 

log2-fold, p < 0.05) of operon PA4468-PA6670 comprised of a gene encoding for antioxidant 

enzyme superoxide dismutase (SOD), sodM. The synergistic killing of the combination 

differentially induced suppression (1.0 < log2-fold, p < 0.05) of several genes involved in 

phosphate uptake protein, phoU, pstB, pstS and pstA. Importantly, at 24 hr rpoB encoding for 

the beta subunit of bacterial RNA polymerase was significantly down-regulated following 

treatment with rifampicin alone and the combination. 
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Table 5.5 Common DEGs (at least 1.0-log2-fold, p ≤ 0.05) induced by rifampicin alone and the 

combination of polymyxin B and rifampicin at 24 hr.  

Gene 

name/ 

Locus tag  

Product description  Expression ratio (log2) 

  Rif Combo 

phzH phenazine-modifying protein 2.25 2.62 

PA0133 HTH-type transcriptional activator BauR 1.42 1.23 

nuh nonspecific ribonucleoside hydrolase 1.44 1.47 

aer2 aerotaxis transducer Aer2 2.52 2.91 

PA0187 hypothetical protein 2.30 2.66 

PA0188 hypothetical protein 1.88 1.98 

fiuA ferrichrome receptor FiuA 2.01 2.27 

PA0493 acetyl-CoA carboxylase biotin carboxyl carrier protein subunit 1.64 1.40 

PA0494 acetyl-CoA carboxylase biotin carboxylase subunit 1.70 1.36 

PA0495 hypothetical protein 1.81 1.36 

PA0572 hypothetical protein 1.44 1.85 

PA0586 hypothetical protein 1.89 1.82 

PA0587 hypothetical protein 1.07 1.44 

hemO heme oxygenase 2.06 2.43 

vreA hypothetical protein 2.05 2.38 

PA0716 hypothetical protein 1.05 1.15 

recO DNA repair protein RecO -2.10 -2.29 

hpd 4-hydroxyphenylpyruvate dioxygenase 3.38 3.26 

phhB pterin-4-alpha-carbinolamine dehydratase 1.63 1.95 

PA0894 hypothetical protein -1.67 -1.91 

PA0984 colicin immunity protein 2.00 2.16 

pyoS5 pyocin S5 1.43 1.69 

braE branched-chain amino acid ABC transporter permease BraE  1.83 1.19 

PA1131 major facilitator superfamily transporter -1.12 -1.24 

aprE alkaline protease secretion protein AprE 3.00 3.76 

PA1274 5,6-dimethylbenzimidazole synthase -1.66 -2.69 

cobD cobalamin biosynthesis protein CobD -2.04 -2.13 

cobC threonine-phosphate decarboxylase -2.49 -2.49 

PA1302 heme utilization protein 2.07 2.48 

PA1351 ECF subfamily sigma-70 factor 1.30 1.15 

lasI acyl-homoserine-lactone synthase 1.38 1.11 

sucB 2-oxoglutarate dehydrogenase complex dihydrolipoyllysine-

residue succinyltransferase 

-1.30 -1.24 

kdpB potassium-transporting ATPase subunit B -2.98 -2.52 

PA1833 Oxidoreductase 1.11 1.32 

phzA2 phenazine biosynthesis protein PhzA 1.80 2.50 

maiA maleylacetoacetate isomerase 2.49 2.98 

fahA Fumarylacetoacetase 3.33 3.99 

liuC gamma-carboxygeranoyl-CoA hydratase 3.06 2.56 

liuB methylcrotonyl-CoA carboxylase subunit beta 2.12 1.76 

liuA isovaleryl-CoA dehydrogenase 2.28 1.76 

PA2033 hypothetical protein 1.99 2.35 

PA2034 hypothetical protein 1.68 1.93 

PA2226 hypothetical protein 1.09 1.44 

vqsM HTH-type transcriptional regulator VqsM 1.27 1.38 
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bkdB branched-chain alpha-keto acid dehydrogenase complex 

lipoamide acyltransferase 

1.01 1.35 

ansA L-asparaginase I -1.49 -1.12 

PA2381 hypothetical protein 1.28 1.26 

PA2407 adhesion protein 2.54 2.81 

gcvP2 glycine dehydrogenase 2.05 2.55 

PA2465 hypothetical protein 2.51 2.13 

PA2540 hypothetical protein -1.18 -1.37 

PA2552 acyl-CoA dehydrogenase 1.70 1.29 

PA2553 acyl-CoA thiolase 1.93 1.74 

PA2554 short-chain dehydrogenase 1.99 1.52 

PA2561 methyl-accepting chemotaxis protein CtpH 1.04 1.72 

PA2838 transcriptional regulator -1.74 -1.49 

PA2902 hypothetical protein -1.06 -1.13 

cobJ precorrin-3 methylase CobJ -1.31 -1.77 

PA2914 ABC transporter permease -1.77 -1.57 

nqrF Na(+)-translocating NADH-quinone reductase subunit F -1.75 -2.19 

rmf ribosome modulation factor 1.36 1.86 

xcpT type II secretion system protein G 1.25 1.13 

PA3122 transcriptional regulator 1.18 1.35 

PA3174 transcriptional regulator 1.12 1.07 

glpD glycerol-3-phosphate dehydrogenase -1.21 -2.05 

lpxB lipid-A-disaccharide synthase -1.14 -1.31 

cdsA phosphatidate cytidylyltransferase -1.71 -2.30 

wspE chemotaxis sensor/effector fusion protein -1.04 -1.24 

PA3711 transcriptional regulator 1.13 1.15 

PA3723 FMN oxidoreductase 1.23 1.31 

exoS exoenzyme S 1.45 1.63 

rocR DNA-binding response regulator RocR 1.67 1.32 

sltB1 soluble lytic transglycosylase B -1.09 -1.12 

rodA rod shape-determining protein -1.64 -1.79 

PA4048 hypothetical protein -1.49 -1.85 

PA4090 hypothetical protein 1.81 1.51 

phzA1 phenazine biosynthesis protein 2.60 2.06 

pchD 2,3-dihydroxybenzoate-AMP ligase 2.59 3.20 

rpsN 30S ribosomal protein S14 -2.83 -2.50 

rpsQ 30S ribosomal protein S17 -2.56 -3.05 

rpmC 50S ribosomal protein L29 -2.26 -3.02 

rpoB DNA-directed RNA polymerase subunit beta -1.47 -1.88 

mvaT transcriptional regulator MvaT 1.05 1.13 

icmP insulin-cleaving metalloproteinase outer membrane protein 1.96 2.07 

PA4467 hypothetical protein 2.90 3.48 

sodM superoxide dismutase 3.03 3.55 

PA4469 hypothetical protein 3.06 3.74 

fumC1 fumarate hydratase 2.44 3.05 

PA4476 hypothetical protein -1.23 -1.30 

PA4497 ABC transporter 1.78 1.56 

opdP glycine-glutamate dipeptide porin OpdP 1.80 1.73 

lytB 4-hydroxy-3-methylbut-2-enyl diphosphate reductase -1.34 -1.63 

PA4570 hypothetical protein 1.79 2.07 

mscL large-conductance mechanosensitive channel 1.06 1.23 

murI glutamate racemase -1.27 -2.23 

PA4680 hypothetical protein 2.40 2.31 

PA4706 hemin importer ATP-binding subunit 1.53 1.35 

pnp polynucleotide phosphorylase -1.15 -1.29 
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rpsO 30S ribosomal protein S15 -1.10 -1.24 

truB tRNA pseudouridine synthase B -1.35 -1.48 

PA4754 hypothetical protein -1.16 -1.11 

greA transcription elongation factor GreA -1.26 -1.48 

fdnI nitrate-inducible formate dehydrogenase subunit gamma  2.20 1.39 

fdnH nitrate-inducible formate dehydrogenase subunit beta 2.41 2.13 

retS sensor histidine kinase MifS -1.92 -2.35 

PA4889 Oxidoreductase -1.16 -1.64 

parC DNA topoisomerase IV subunit A -1.11 -1.47 

PA5008 hypothetical protein -1.76 -2.32 

pilQ type IV fimbrial biogenesis outer membrane protein PilQ 1.21 1.19 

PA5061 hypothetical protein 1.22 1.19 

glnA glutamine synthetase 1.39 1.60 

dctP C4-dicarboxylate-binding protein 1.51 1.37 

dctQ dicarboxylate transporter 2.43 2.10 

dctM C4-dicarboxylate transporter 2.37 1.99 

PA5230 ABC transporter permease 1.65 2.23 

PA5312 aldehyde dehydrogenase 1.48 1.06 

pstB phosphate ABC transporter ATP-binding protein -1.82 -2.04 

betA choline dehydrogenase -1.20 -2.69 

betI BetI family transcriptional regulator -1.17 -1.98 

wzm LPS efflux transporter membrane protein 1.75 1.25 

wbpW phosphomannose isomerase/mannose-1-phosphate guanylyl 

transferase 

1.81 1.73 

atpC ATP synthase subunit epsilon -2.82 -2.53 

atpD ATP synthase subunit beta -2.97 -2.94 

 

 

Table 5.6 Common DEGs (at least 1.0-log2-fold, p ≤ 0.05) induced by polymyxin B and 

rifampicin alone and the combination at 24 hr.  

Gene name/  

Locus tag  

Product description  Expression ratio (log2) 

  Poly B Rif Combo 

cycH cytochrome c-type biogenesis protein CycH -1.76 -1.87 -2.01 

PA2006 major facilitator superfamily transporter 2.52 3.19 3.29 

nuoG NADH-quinone oxidoreductase subunit G -1.33 -1.63 -1.88 

PA2993 Hypothetical protein -1.66 -1.94 -1.99 

nth endonuclease III -1.63 -2.02 -1.66 

PA3559 nucleotide sugar dehydrogenase -2.46 -3.04 -3.42 

dxr 1-deoxy-D-xylulose 5-phosphate 

reductoisomerase 

-1.78 -2.78 -3.19 

PA3800 OM protein assembly factor BamB -1.67 -1.91 -1.81 

PA3801 Hypothetical protein -1.78 -2.27 -2.21 

rplE 50S ribosomal protein L5 -2.53 -3.01 -2.88 

rplX 50S ribosomal protein L24 -2.60 -3.08 -3.22 

rplN 50S ribosomal protein L14 -2.25 -2.94 -3.16 

PA5001 Hypothetical protein -1.43 -1.96 -1.98 

PA5007 Hypothetical protein -2.09 -2.16 -2.14 

phoU phosphate uptake regulatory protein PhoU -1.66 -2.25 -2.07 
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5.5 Discussion  

The primary action of antibiotics is to cause either bacterial killing or inhibition. Importantly, at 

the cellular level, antibiotics essentially can induce gene regulations and expressions (446). 

Antibiotics at their sub-optimal concentrations can significantly modulate the expression of 

bacterial genes which likely can lead into resistance (447). In this thesis, transcriptomic changes 

of P. aeruginosa PAO1 in response to treatment with polymyxin B and rifampicin alone and in 

combination were profiled particularly at 1 hr and 24 hr. 

 

The significant changes of the polymyxin-associated resistance genes at 1 hr indicated that PAO1 

has become resistant to polymyxin B. The mechanism of polymyxin adaptive resistance in P. 

aeruginosa can be elucidated by two-component regulatory systems. The systems have been 

previously described which include five different classes, PmrA/PmrB (127-130), PhoP/PhoQ 

(131-134), ParR/ParS (135, 136), ColR/ColS and CprR/CprS (137). The PhoPQ and PmrAB 

two-component regulatory systems were first described in P. aeruginosa which functionally 

stimulate LPS modification independently of polymyxin induction (140). These two systems are 

predominantly regulated by the limited Mg2+ and phosphate conditions that induce lipid A 

modifications then finally cause polymyxin resistance (127, 131, 138). On the contrary, the 

ParRS system has been shown to be directly activated by the sub-inhibitory concentrations of 

cationic peptides (i.e. polymyxinB, colistin, indolicidin) to consequently induce LPS 

modification (135). Upon activation, response regulators (i.e. pmrA, phoP and parR) will induce 

the transcription of the arnBCADTEF operon to alter the lipid A structure of LPS by the addition 

of 4-aminoarabinose (127, 128, 448). The changes reduce the negative charge of LPS then inhibit 

polymyxins to bind and cross the outer membrane. In consistent with previous studies, the results 

demonstrated that the ParRS-regulated operons, PA1559-PA1560, PA4773-PA4775-pmrAB 

and arnBCADTEF (also regulated by the PmrAB and PhoPQ systems) were differentially over-
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expressed by the sub-inhibitory concentration of polymyxin B at 1 hr (Table 5.1) (135, 140, 448). 

In addition, lipid A structure of LPS was also likely modified via the deacylation process as 

shown by the up-regulation of pagL gene (Table 5.1). An important hypothetical gene, PA1797 

has been demonstrated to particularly involve in the cascade of ParRS system which directly or 

indirectly linked with the polymyxin resistance (135). The PA1797 is located downstream to but 

transcribed independently of the parRS operon and speculatively has a common function like -

lactamases (135). In addition, a gene, PA2358 encoding an unknown protein also was strongly 

up-regulated by polymyxin B alone and the combination at 1 and 24 hr. Interestingly, PA2358 

also has been previously shown to be controlled by ParR (135, 140). In relation to these genes 

(PA1797 and PA2358), a gene PA0860 of hypothetical protein was also likely to be associated 

with polymyxin resistance as it was commonly over-expressed by polymyxin B alone and the 

combination.  

 

Moreover, over-expression of the genes of multidrug efflux pump (mexXY) by polymyxin B 

alone also suggested the emergence of antibiotic resistance. Notably, the genes of multidrug 

efflux pump also were differentially induced by the combination. However, the synergistic 

killing of the combination importantly inhibited polymyxin resistance via the insignificant 

changes of the arnBCADTEF operon. No literature thus far has been reported on the direct 

association of polymyxin B-induced over-expression of mexXY system (449). Interestingly, a 

study showed that the activation of ParRS system significantly induced the up-regulation of 

MexXY/OprM system (140). Notably, oprD was significantly regulated by the combination but 

not by polymyxin B alone. Speculatively, MexXY/OprM and OprD may act together via active 

efflux and outer membrane impermeability to limit the intracellular accumulation of a toxic 

substrate directly or indirectly in response to polymyxin B (140). Furthermore, a previous study 

demonstrated that sub-inhibitory concentration of colistin significantly over-expressed 
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Pseudomonas quinolone signal biosynthesis genes and phenazine biosynthesis operon (68). 

Consistently, the present results showed that polymyxin B differentially up-regulated genes of 

phenazine biosynthesis, suggesting that the sub-inhibitory concentration of polymyxin B 

significantly influenced the P. aeruginosa pathogenicity. 

 

Fatty acids are importantly used in many cellular processes including for structural component 

synthesis, as cofactors and energy storage reserves (450). A very strong suppression of a fatty 

acid biosynthesis gene, fabH2 by the combination at 1 hr highly suggesting the inhibition of 

PAO1 membrane lipid production (Table 5.4). The synergistic model of the combination of 

polymyxin (specifically colistin) and rifampicin has been previously described by the “simple 

uptake effect”; as polymyxin predominantly induced membrane disorganisation to facilitate the 

entry of rifampicin into the cell (234, 249). Even though the result presented in this 

transcriptomics study cannot be used directly to explain the synergy mechanism of the 

combination but the significantly changed of the fabH2 partly supports the proposed synergistic 

model.  

 

The results demonstrated that the synergistic killing of the combination at 1 hr effectively 

suppressed the expression of many PAO1 virulence factors; the effects which have not been 

observed following treatment with polymyxin B and rifampicin alone (Table 5.4). The 

pathogenesis of P. aeruginosa infection is generally mediated by cellular virulence factors (50, 

51). Importantly, this virulence machinery is highly regulated via the quorum sensing (QS) 

system (53, 451). P. aeruginosa displays two homologous QS systems, las and rhl, functionally 

regulate proteases and rhamnolipids production, respectively; as the las system systematically 

regulates the rhl system (451, 452). The las system comprised of an autoinducer synthase, lasI, 

functionally to produce AHL signal molecule N-(3-oxododecanoyl)-L-homoserine lactone (3O-
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C12-HSL) and a transcriptional activator protein, lasR, functionally to regulate lasA (protease) 

and lasB (elastase) expressions. In addition, the system also regulates xcpP and xcpR, genes 

encoding for secretory proteins. In turn, the rhl system comprised of an autoinducer synthase, 

rhlI, functionally to produce AHL N-butyryl-L-homoserine lactone (C4-HSL) and a 

transcriptional activator protein which is important for the rhlAB operon expression. Also, the 

rhl system functionally regulate other extracellular virulence factors, lasA and lasB elastases, 

pyocyanin, cyanide, alkaline protease and rpoS (451). The importance of QS system to cause 

infection has been subjected it as a potential drug target (53, 58, 62, 63). The results revealed 

that the synergistic killing of the combination significantly down-regulated the QS regulatory 

genes (i.e. lasA, lasB, rhlI, rhlR, rhlA, rhlB); as the changes induced by the rhl system was 

stronger than the las system (Table 5.4). Furthermore, the synergistic action of the combination 

in reducing the potential of PAO1 to form biofilm is essential in avoiding the emergence of 

resistance. Consistently, the combination significantly suppressed rhamnolipids and associated 

biofilm formation proteins, particularly important for maintaining and establishing biofilm in P. 

aeruginosa (Table 5.4). Phenazine compounds (e.g. pyocyanin) are important bioactive 

secondary metabolites served as signals in P. aeruginosa QS system (446, 453). It has been 

shown to inhibit the ciliary function of respiratory epithelial cells and alter the host immune and 

inflammatory response (454, 455). The strong suppression of phenazine biosynthesis operons by 

the synergistic killing of the combination suggesting a significant reduction of PAO1 

pathogenicity.    

 

P. aeruginosa generally uses oxygen as terminal electron acceptor during aerobic respiration. 

Under anaerobic condition, nitrate and nitrite alternatively can be utilised in replacement for 

oxygen; the process known as denitrification (456-458). Denitrification is the process of nitrate 

reduction to dinitrogen that comprised of four steps (458). The first step is the reduction of nitrate 
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to nitrite that requires respiratory nitrate reductase. However, nitrate cannot simply diffuse 

through the cell membrane. Therefore, nitrate/nitrite transport protein(s) is required to facilitate 

its intracellular entry. Specifically, the narK1K2GHJI operon is encoding for both nitrate/nitrite 

transporters and nitrate reductase. In the second step, nitrite is reduced to nitric oxide which 

requires the periplasmic cytochrome cd1 nitrite reductase, NirS (459). The enzyme generally 

comprised of a heme c and a heme d1 (encoded by the nirSMCFDLGHJEN operon) cofactor 

(459). Interestingly, the results suggested that the nitrate uptake system was activated in response 

to the combination as demonstrated by the significant over-expression of the narK1K2GHJI 

operon. The changes indicated that the treated PAO1 required nitrate likely to be used for 

respiration (Table 5.4) (458). In addition, the suppression of the terminal cytochrome oxidase 

(via PA3928-PA3930 operon) further supported the induction of denitrification process as an 

alternative mechanism of energy generation and maintenance of redox homeostasis (Table 5.4) 

(460). However, the significant down-regulation of the nirSMCFDLGHJEN operon suggesting 

that the process of denitrification was incomplete most likely left PAO1 at lower energy level 

(Table 5.4).  

 

At 24 hr, a large number of DEGs were commonly identified between rifampicin alone and the 

combination signifying that the mechanism of synergy was driven predominantly by rifampicin 

(Figure 5.1B and Table 5.5). Interestingly, polymyxin B and rifampicin alone and the 

combination differentially regulated 15 common genes at 24 hr suggesting a general 

transcriptomics response of PAO1 to polymyxin B and rifampicin (Table 5.6). Notably, the 

significant over-expressions of genes associated with the QS regulatory proteins and virulence 

factors likely indicating the increase of bacterial pathogenicity. Rifampicin alone and the 

combination likely to induce the oxidative stress mechanism at 24 hr, an important defense 

system of a cell as notified by the up-regulation of SOD enzyme, sodM (Table 5.4) (461). 
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Moreover, rifampicin alone and the combination at 24 hr significantly repressed rpoB, a 

rifampicin resistance gene encoding for bacterial RNA polymerase  subunit, indicating the 

emergence of rifampicin resistance. The mechanism of rifampicin resistance is exclusively 

attributed to the missense mutation of rpoB which significantly induces structural changes in the 

bacterial RNA polymerase; and this has been demonstrated in E. coli and Mycobacterium 

tuberculosis (263, 462-464). We hypothesised that the significant down-regulation of rpoB 

expression likely resulted in reduced binding of rifampicin into its specific target, the  subunit 

of bacterial RNA polymerase conferring rifampicin resistance in P. aeruginosa. 

 

5.6 Conclusions 

Overall, this study demonstrates the dynamic transcriptomics changes of P. aeruginosa in 

response to polymyxin B and rifampicin alone and the combination treatments. Polymyxin B 

and rifampicin importantly induced the emergence of resistance in P. aeruginosa early at 1 hr 

and later at 24 hr, respectively. The results also highlight the importance of optimal dosage 

administration of both polymyxin B and rifampicin in monotherapy and the significance of 

polymyxin combination therapy to inhibit resistance. The synergistic killing of the combination 

to induce significant changes in QS-regulated virulence factors, fatty acid biosynthesis and 

denitrification process potentially provides novel drug targets, particularly for polymyxins.        
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Chapter 6: Integrated metabolomic and transcriptomic analyses of the synergistic effect of 

polymyxin B and rifampicin combination against Pseudomonas aeruginosa PAO1 

 

6.1 Abstract  

Understanding the detailed mechanism of drug action is extremely important for improving 

current antimicrobial therapies. For the first time, integrated metabolomic and transcriptomic 

analyses of the synergistic combination of polymyxin B (1 mg/L) and rifampicin (2 mg/L) 

against Pseudomonas aeruginosa PAO1 at 1 hr and 24 hr was performed using a genome-scale 

metabolic network (GSMN) method. Polymyxin B alone and the combination induced 

significant lipid perturbations, predominantly of fatty acyls and glycerophospholipids, 

manifesting the known action of polymyxin to cause membrane disorganisation. Importantly, 

polymyxin B alone activated the two-component regulatory system, particularly the ParRS 

system to induce antibiotic resistance via lipid A modification, deacylation and multidrug efflux 

pump. Significant repression of a large number of PAO1 quorum sensing-regulated virulence 

determinants at 1 hr was evident by the synergistic combination. Notable changes in the 

peptidoglycan metabolism by the combination were presumably as a result of the secondary 

effect of polymyxin B. This study also highlights the dynamic respiratory changes of PAO1 to 

adopt the denitrification process in response to the combination. Accumulation of major 

metabolite classes (e.g. nucleotides, amino acids) by the combination indicates that PAO1 was 

in a state of metabolic arrest reflecting the action of rifampicin to inhibit bacterial DNA 

transcription. At 24 hr, the depletion of mRNA for a gene encoding for the RNA polymerase 

binding site for rifampicin suggests the emergence of rifampicin resistance. Overall, this study 

highlights the significant potential of integrative systems pharmacology in antimicrobial PK/PD 

optimisation.
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6.2 Introduction  

The rapid increase of antibiotic resistance across the globe is terrifying. P. aeruginosa, a versatile 

opportunistic Gram-negative pathogen has recently been ranked under the “Critical Priority” by 

the WHO (9). P. aeruginosa is metabolically flexible which produces a large number of cellular 

virulence factors and is able to develop different resistance mechanisms (reviewed in Section 

1.2.2) (50, 51, 56). Polymyxins have been increasingly used as the last-line therapeutic arsenal, 

particularly for MDR P. aeruginosa infection. The well-established mode of bactericidal action 

of polymyxins is via the ‘self-promoted uptake’ pathway (Section 1.3.3) (11, 97), but the detailed 

mechanism of polymyxin-induced cell death remains unclear. As reviewed in Section 1.3.5, the 

PK/PD profiles of polymyxins showed that parenteral polymyxin monotherapy with current 

recommended dosages is unlikely to produce effective plasma exposure which tends to cause 

resistance (81, 189, 197, 213-216). Therefore, polymyxin combination therapy has been 

recommended to enhance its antibacterial activity and at the same time minimise the emergence 

of resistance (81, 214). In vitro and clinical evidence demonstrated that polymyxins in 

combination with rifampicin synergistically killed MDR P. aeruginosa, A. baumannii and K. 

pneumoniae (231-236).  

 

At present, systems pharmacology of integrated omics is increasingly utilised to elucidate the 

detail mechanism of drug action (275, 281-285). The complement between metabolomics and 

transcriptomics information potentially can lead to the discovery of novel enzyme functions and 

metabolic pathways for comprehensive understanding of the basic cellular physiology (465). 

The general assumption that metabolites and genes are co-regulated in the same biochemical 

pathway allows the analysis of the unknown entities based on their pattern of changes with 

compounds of known functions of a defined metabolic pathways (465). In this study, integrated 

metabolomics and transcriptomics study of the synergistic killing of polymyxin B and rifampicin 
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combination against P. aeruginosa PAO1 was examined using a genome-scale metabolic 

network (GSMN). The results provide extensive mechanistic insights of the metabolic and 

regulatory bacterial networks affected by polymyxin B and rifampicin alone and in combination. 

The synergistic action of the combination significantly repressed the production of bacterial 

quorum sensing-regulated virulence factors and perturbed key metabolic pathways of cell 

envelope biosynthesis (i.e. lipids, peptidoglycan and LPS), central carbon metabolism (i.e. 

glycolysis, TCA and pentose phosphate pathway), nucleotides and amino acids. Whereas, 

polymyxin B and rifampicin monotherapy significantly induced the emergence of resistance at 

different time points highlighting the potential application of polymyxin combinations for 

effective treatment of MDR Gram-negative infections. 

 

6.3 Materials and methods 

P. aeruginosa PAO1 and antibiotics used in this study are detailed in Sections 4.3.1 and 4.3.2, 

respectively. Preparation for metabolomic and transcriptomic experiments are described in 

Sections 4.3 and 5.3, respectively  

 

6.3.1 Genome-scale metabolic network (GSMN) reconstruction for P. aeruginosa PAO1  

The GSMN of P. aeruginosa PAO1 was reconstructed by Dr Yan Zhu in our laboratory with 

reference to the iMO1056 (350) and Opt208964 (466) containing a total of 4,365 reactions, 3,022 

metabolites and 1,458 genes. The reconstructed model was assigned as iPAO1. The reactions 

from iPAO1 were categorised into 110 pathways mainly based on classifications in MetaCyc 

and KEGG. The list of significantly changed metabolites and DEGs were uploaded in an Excel 

template of VANTED (367). Using the VANTED software, the experimental data from both 

metabolomics and transcriptomics studies were mapped into the GSMN iPAO1 construct to 

visualise the interaction between metabolites and genes (367). iPath (445) was utilised to map 
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the significantly changed metabolites and DEGs of the polymyxin B and rifampicin combination 

results at 1 hr and 24 hr into the KEGG map to demonstrate the general overview of the affected 

metabolic pathways.   

 

6.4 Results    

6.4.1 Metabolomics 

Global metabolic profiling of PAO1 exposed to polymyxin B and rifampicin alone and in 

combination was conducted across four time points, 15 min, 1 hr, 4 hr and 24 hr (n=4). A total 

of 2,520 metabolite features (including their isomers) were putatively annotated and identified 

using the  IDEOM software (341). Principal component analysis (PCA) plots and Venn diagrams 

are employed to show the global metabolic alterations and the number of significantly changed 

metabolites of PAO1 in response to polymyxin B and rifampicin alone or in combination (Figure 

6.1). At 15 min, polymyxin B alone closely clustered with the combination as a large number of 

the significantly changed metabolites (1.5%) were commonly shared with the combination 

(Figure 6.1A). The effects of polymyxin B alone at 1 hr and 4 hr were very subtle as indicated 

by no bacterial killing (Figure 4.1) and a much less number of significantly changed metabolites 

(Figure 6.1B, C). At 1 and 4 hr, the PCA plots consistently demonstrated that polymyxin B alone 

indistinguishably grouped together with the control untreated (Figure 6.1B and C). Similarly, 

treatment with rifampicin alone showed no significant metabolic changes at 15 min, 1 hr and 4 

hr as 2 mg/L used was also insufficient to induce significant metabolic changes (Figures 4.1 and 

6.1A, B, C). On the contrary, the synergistic killing of the polymyxin B and rifampicin 

combination significantly perturbed key metabolic pathways of lipids, nucleotides, amino acids, 

carbohydrates, peptidoglycan and LPS biosynthesis over 4 hr (Figure 6.1A, B, C). At 24 hr, all 

antibiotic-treated groups noticeably clustered with the untreated control (Figure 6.1D).  
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Figure 6.1. Global metabolic changes in P. aeruginosa PAO1 in response to polymyxin B 

(Poly B) and rifampicin (Rif) alone and in combination (Combo). PCA plots (left) of 

metabolic changes and Venn diagrams (right) of number of significantly changed metabolites at 

(A) 15 min, (B) 1 hr, (C) 4 hr and (D) 24 hr. The numbers in brackets represent the metabolites 

that were significantly changed (up- and down-regulated). Significantly changed metabolites 

were selected with at least 1.0-log2-fold, p ≤ 0.05.  
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6.4.2 Transcriptomics 

The gene expression profile of PAO1 was analysed following treatment with polymyxin B, 

rifampicin and their combination at 1 hr and 24 hr (n=3). The RNA-seq data of 27 samples 

yielded overall 97,676,777 raw 100-bp single-end reads and 63.7-97.1% reads were successfully 

mapped to the coding regions of the PAO1 genome. Gene expression values indicated that a 

large number of DEGs were significantly regulated by the combination at 1 hr (Figure 6.2A (i)). 

Whereas, at 24, DEGs were predominantly regulated by rifampicin alone and the combination 

(Figure 6.2A (ii)). The numbers of DEGs following each antibiotic treatment at 1 and 24 hr were 

summarised by the Venn diagrams (Figure 6.2B). At 1 hr, polymyxin B and rifampicin alone 

significantly regulated approximately 0.6% and 0.5% of genes, respectively, as the majority of 

the DEGs were predominantly up-regulated (Figure 6.2B (i)). Whereas 0.3% and 3% of genes 

were significantly regulated by polymyxin B and rifampicin alone, respectively, at 24 hr (Figure 

6.2B (ii)). The combination of polymyxin B and rifampicin induced a large number of DEGs 

approximately 15% and 7.8% at 1 hr and 24 hr, respectively, signified its persistent synergistic 

effect (Figure 6.2B). At 24 hr, approximately 2.5% of the DEGs induced by the combination 

were also commonly notified following treatment with rifampicin alone (Figure 6.2B (ii)). There 

were no overlapped DEGs between all the antibiotic treatment groups at 1 hr (Figure 6.2). 

Whereas at 24 hr 15 DEGs were commonly altered by the polymyxin and rifampicin mono- and 

combination therapy (Figure 6.2 and Table 5.6 [Section 5.4.5]).  
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Figure 6.2. Gene expression changes in P. aeruginosa PAO1 following exposure to 

polymyxin B (Poly B) and rifampicin (Rif) alone and in combination (Combo). (A) Gene 

expression values for all the DEGs at (i) 1 hr and (ii) 24 hr. (B) Summary number of DEGs at 

(i) 1 hr and (ii) 24 hr. The numbers in brackets represent genes that were significantly changed 

(up- and down-regulated). DEGs were selected with at least 1.0-log2-fold, p ≤ 0.05. 

 

6.4.3 Integration of metabolomic and transcriptomic data  

The construct of PAO1 GSMN model, assigned as iPAO1 accounts for a total of 1,458 genes, 

3,022 metabolites and 4,263 reactions. The significantly changed metabolites and DEGs which 

have KEGG ID numbers were mapped into the iPAO1 model. The overview of PAO1 metabolic 

pathways of the significantly changed enzymatic reactions and metabolites induced by the 

combination at 1 and 24 hr (Figure 6.3). 
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Figure 6.3. The overview of metabolic pathways of P. aeruginosa PAO1 affected by the 

combination of polymyxin B and rifampicin at (A) 1 hr and (B) 24 hr. Blue edges represent 

the significantly changed enzymatic reactions and red nodes represent the significantly changed 

metabolites. Significant metabolites and DEGs (including both the up- and down-regulated) 

were selected with at least 1.0-log2-fold, p ≤ 0.05. 

 

A 

B 
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6.4.4 Polymyxin-induced cell envelope changes  

Polymyxin B alone and the combination significantly perturbed (> 1.0-log2-fold, p ≤ 0.05) the 

levels of PAO1 membrane lipids particularly of fatty acyls (FAs) and glycerophospholipids 

(GPs) at 15 min, 1 hr and 4 hr, whereas no appreciable changes following treatment with 

rifampicin alone at the same time points (Figure 6.4A). At 1 hr and 4 hr, the combination 

predominantly altered phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) species of 

long fatty acyl chains (Figure 6.4A). Notable changes of the DEGs associated with fatty acid-

oxidation (pldA) and fatty acid biosynthesis (PA5524, PA0098, PA1806, PA3333) induced by 

the combination at 1 hr were consistent with the observed metabolomic changes in lipids (Figure 

6.4B). In addition, a very strong suppression (< 4.0-log2-fold, p ≤ 0.00001) of genes involved in 

fatty acid biosynthesis, in particular fabH2 and atoB by the polymyxin B and rifampicin 

combination at 1 hr supported the significant lipid perturbation observed in PAO1 (Figure 6.4B). 

Furthermore, rifampicin alone and the combination predominantly perturbed the levels of FAs 

at 24 hr which was consistent with the DEGs associated with phospholipid biosynthesis (cdsA) 

and fatty acid biosynthesis (PA049) (Figure 6.4B).  

 

Significant metabolomics and transcriptomics changes of PAO1 cell wall synthesis, particularly 

peptidoglycan and LPS by the combination were notified. Metabolites of peptidoglycan 

biosynthesis, UDP-N-acetylglucosamine (UDP-GlcNAc), UDP-N-acetylmuramate (UDP-

MurNAc), UDP-MurNAc-L-Ala-gamma-D-Glu-meso-2,6-diaminopimelate and UDP-MurNAc-

L-Ala-gamma-D-Glu-meso-2,6-diaminopimeloyl-D-Ala-D-Ala were significantly up-regulated 

(> 1.5-log2-fold, p ≤ 0.05) following the combination treatment at 15 min, 1 hr and 4 hr (Figure 

6.5). In addition, the combination also significantly increased (> 1.5-log2-fold, p ≤ 0.05) the 

levels of D-sedoheptulose 7-phosphate, a precursor metabolite for peptidoglycan and LPS 

synthesis, and 3-deoxy-D-manno-octulosonate (KDO), a metabolite in the LPS synthesis. 
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Consistently, following the combination treatment at 1 hr, several DEGs of peptidoglycan and 

lysine biosynthesis (i.e. ampDh3, dapB, PA0223, PA0530) were significantly over-expressed (> 

1.0-log2-fold, p ≤ 0.05), in addition to the significant depletion (< 1.0-log2-fold, p ≤ 0.05) of a 

gene of lysine degradation (PA1252) (Figure 6.5). However, polymyxin B and rifampicin 

monotherapy induced no appreciable changes of PAO1 peptidoglycan and LPS biosynthesis 

metabolites across 24 hr. Several DEGs associated with the (KDO)2-lipid A and peptidoglycan 

biosynthesis (i.e. lpxA, lpxB and murl) were significantly down-regulated by rifampicin alone 

and the combination at 24 hr but no significant metabolite changes detected.  

 

6.4.5 Polymyxin B induced resistance and the expression of genes related to virulence factor 

Polymyxin B alone exclusively up-regulated (> 1.0-log2-fold, p ≤ 0.05) the expression of lipid 

A modification genes, arnA, arnB, arnC, arnE, and pagL particularly at 1 hr and this was 

consistent with the significant increase (> 1.4-log2-fold; p ≤ 0.05) of a key LPS biosynthesis 

metabolite, UDP-glucoronate (Figure 6.6). Notably, no significant changes in the expression of 

the associated DEGs were identified by rifampicin alone and the combination. Three genes of 

hypothetical proteins linked with LPS modification, PA1797, PA0806 and PA2358 were 

significantly over-expressed (> 1.5-log2-fold, p ≤ 0.05) by polymyxin B alone and the 

combination at 1 hr and 24 hr. At 1 hr polymyxin B alone and the combination also significantly 

up-regulated (> 1.0-log2-fold, p ≤ 0.05) genes involved in multidrug efflux protein (mexX, mexY). 

Essentially, a number of genes of phenazine biosynthesis, phzM and phzA1 of PAO1 virulence 

determinants were significantly increased (> 1.0-log2-fold, p ≤ 0.05) by polymyxin B alone at 1 

hr.   
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Figure 6.4. Perturbation of membrane lipids. (A) Heat map profiles of the significantly 

changed lipids at 15 min, 1 hr, 4 hr and 24 hr. Polymyxin B alone and the combination 

predominantly altered FAs and GPs of PAO1 at 15 min, 1 hr and 4 hr. Few FAs were perturbed 

by rifampicin alone and the combination at 24 hr. Lipids were putatively annotated with 

reference to accurate mass. (B) DEGs associated with lipid changes at 1 and 24 hr. Significantly 

changed metabolites and DEGs were selected with at least 1.0-log2-fold, p ≤ 0.05.  
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Figure 6.5 GSMN map of peptidoglycan biosynthesis pathway. Polymyxin B and rifampicin combination significantly up-regulated 

intracellular metabolites and DEGs associated with peptidoglycan biosynthesis at 1 hr. Cellular compartmentalisation represents green background 

as periplasmic space and red background as cytoplasmic space. Polymyxin B = Poly B; Rifampicin = Rif; Polymyxin B and rifampicin combination 

= Combo. Significantly changed metabolites and DEGs were selected with at least 1.0-log2-fold, p ≤ 0.05.  
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Figure 6.6 GSMN map of LPS modification pathway. Polymyxin B alone significantly up-

regulated arnA (rxn 07473, rxn 07475), arnB (rxn 07474), arnC (rxn 07476) and UDP-

glucoronate at 1 hr to induce the addition of 4-aminoarabinose to lipid A structure of LPS 

conferring to polymyxin resistance. Cellular compartmentalisation represents red background as 

cytoplasmic space. Polymyxin B = Poly B; Rifampicin = Rif; Polymyxin B and rifampicin 

combination = Combo. Significantly changed metabolites and DEGs were selected with at least 

1.0-log2-fold, p ≤ 0.05.  
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6.4.6 The combination of polymyxin B and rifampicin induced significant changes in 

nucleotide and amino acid metabolism   

The levels of purine and pyrimidine nucleotides mainly increased (> 1.0-log2-fold, p ≤ 0.05) by 

the combination of polymyxin B and rifampicin at 15 min, 1 hr and 4 hr (Figure 6.7A). 

Consistently, the combination significantly up-regulated DEGs associated with nucleotide 

biosynthesis (atpC, PA0531) and down-regulated a DEG involved in nucleotide degradation 

(PA1521) at 1 hr (Figure 6.7B). On the contrary, only very few nucleotides (mainly decreased) 

were significantly changed by polymyxin B alone at 15 min, 1 hr and 4 hr, whereas no significant 

changes weer induced by rifampicin alone at any time point (Figure 6.7A). Notably, at 24 hr 

there were no significant changes in nucleotide levels following each antibiotic treatment.  

 

Significant changes of PAO1 amino acid metabolism following exposure to the combination of 

polymyxin B and rifampicin at 1 hr were noticeable in both transcriptomics and metabolomics 

data (Table 6.1). In particular, the combination significantly altered the biosynthesis of 

phenylalanine, alanine, serine and glycine as well as degradation of valine, leucine, histidine and 

tyrosine at 1 hr. At 1 hr, the significant increase of 3-methylbutanoyl-CoA (> 2.0-log2-fold, p ≤ 

0.01), a metabolite of leucine degradation was consistent with the notable decrease of associated 

genes (liuA, liuB and liuE) by the combination (< 2.0-log2-fold, p ≤ 0.01). The combination also 

significantly increased (> 2.0-log2-fold, p ≤ 0.01) a tyrosine metabolite while down-regulated 

the expression of tyrosine degradation genes, phhC, hpd, hmgA, maiA and fahA (< 1.0-log2-fold, 

p ≤ 0.01) at 1 hr. In contrast, the expression of leucine and tyrosine degradation genes was 

significantly up-regulated following treatment with rifampicin alone and the combination at 24 

hr (Table 6.2).   
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Figure 6.7. Perturbation of purine and pyrimidine nucleotides. (A) The combination of 

polymyxin B and rifampicin predominantly induced significant increases in the levels of 

nucleotides at (i) 15 min, (ii) 1 hr and (iii) 4 hr. (B) DEGs associated with purine and pyrimidine 

changes induced by the combination at 1 hr. There were no significant changes in nucleotide 

levels following each antibiotic treatment at 24 hr. Significantly changed metabolites and DEGs 

were selected with at least 1.0-log2-fold, p ≤ 0.05.  
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Table 6.1 Significantly changed metabolites and DEGs (at least 1.0-log2-fold, p ≤ 0.05) 

associated with amino acid metabolism induced by the polymyxin B and rifampicin combination 

at 1 hr.  

Metabolism Metabolite(s) Log2-fold DEGs Log2-fold 

Alanine biosynthesis Pyruvate 

L-Alanine  

Valine  

-2.07 

-1.74 

2.07 

iscS, 

dadX 

-1.17 

1.93 

Serine and glycine 

biosynthesis  

3-phospho-D-glycerate,  

3-phospho-L-serine,  

Serine 

2.15 

2.03 

-2.01 

glyA2 1.34 

Phenylalanine 

biosynthesis  

2-oxo-3-

phenylpropanoate 

-1.96 phhC  -1.02 

Valine degradation  Valine,  

(S)-3-hydroxy-

isobutanoate 

2.07 

1.88 

bkdA2, 

PA0744,  

PA0743 

-2.72 

-2.47 

-1.90 

Leucine degradation  3-Methylbutanoyl-CoA 2.20 liuA,  

liuB,  

liuE 

-2.68 

-2.64 

-3.51 

Histidine degradation Urocanate,  

N-formimino L-glutamate 

1.77 

1.54 

PA5106 1.12 

Tyrosine degradation Tyrosine 2.01 phhC,  

hpd,  

hmgA,  

maiA,  

fahA 

-1.02 

-3.37 

-2.75 

-2.93 

-2.82 

 

 

Table 6.2 DEGs (at least 1.0-log2-fold, p ≤ 0.05) associated with amino acid metabolism induced 

by the polymyxin B and rifampicin combination at 24 hr.  

Metabolism Rif Log2-fold Combo Log2-fold 

Leucine degradation liuA 

liuB 

2.28 

2.12 

liuA,  

liuB 

1.76 

1.76 

Tyrosine degradation hpd,  

maiA,  

fahA 

3.38 

2.49 

3.33 

phhC, 

hpd,  

maiA,  

fahA 

1.79 

3.26 

2.98 

3.99 
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6.4.7 Synergistic polymyxin B and rifampicin combination induced suppression of virulence 

factors  

The synergy of polymyxin B and rifampicin combination significantly induced the suppression 

of a large number of PAO1 cellular virulence factors at 1 hr; the effects that have not been 

reported by polymyxin B or rifampicin monotherapy (Table 6.3). Notably, the combination 

strongly repressed (< 2.0-log2-fold, p ≤ 0.05) the expression of phenazine synthesis (via phzA1 

and phzA2 operons), type IV pili (flp) and type VI secretion system (vgrG6, hcpB). Furthermore, 

the combination synergistically down-regulated (< 1.0-log2-fold, p ≤ 0.05) the expression of 

genes associated with type II secretion system (PA3095-PA3105), type IV fimbrial biogenesis 

protein (PA4551-PA4556) and biofilm formation protein (PA2231-PA2241). Several virulence 

determinants are generally regulated by quorum sensing (QS) system where the results 

consistently revealed that the combination significantly suppressed (< 1.0-log2-fold, p ≤ 0.05) 

the associated regulatory genes, lasA, lasB, rhlI, rhlR, rhlA and rhlB at 1 hr. The effect of 

combination treatment significantly down-regulated (< 1.0-log2-fold, p ≤ 0.01) the expression of 

a sigma factor RpoS, the general stress response regulator in bacteria.  

 

 

Table 6.3 DEGs (at least 1.0-log2-fold, p ≤ 0.05) induced by the polymyxin B and rifampicin 

combination at 1 hr. 

Gene name/locus tag  Product description Expression 

Ratio (log2) 

Adjusted 

P-value 

Virulence factor 

lasA protease LasA -1.47 5.01E-06 

lasB elastase LasB -2.99 3.65E-07 

lasI acyl-homoserine-lactone synthase  1.12 5.35E-06 

rhlI acyl-homoserine-lactone synthase -1.33 1.08E-06 

rhlR transcriptional regulator RhlR -1.98 7.03E-07 

rhlB rhamnosyltransferase subunit B -3.15 3.98E-08 

rhlA rhamnosyltransferase subunit A -3.53 3.93E-08 

phzA2, phzB2, phzC2, 

phzD2, phzE2, phzF2, 

phenazine biosynthesis protein < -2.00 <0.001 
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phzG2, phzA1, phzB1, 

phzC1, phzG1, phzS,  

phzH, phzM    

flp type IVb pilin Flp -4.33 3.14E-06 

xcpZ, xcpY, xcpX, xcpW, 

xcpV, xcpU, xcpT, xcpS, 

xcpR, xcpP, xcpQ 

type II secretion system protein < -1.00 <0.001 

pslA, pslB, pslC, pslD, 

pslE, pslF, pslG, pslH, 

pslI, pslJ, pslK 

biofilm formation protein  < -1.00 <0.001 

pilV, pilW, pilY1, pilY2, 

pilE 

Type IV fimbrial biogenesis protein < -1.00 <0.001 

PA5265 hypothetical protein -2.84 5.08E-06 

vgrG6 Type VI secretion system,  

RhsGE-associated Vgr family subset 

-4.36 5.46E-07 

hcpB Secreted protein Hcp -4.55 5.20E-07 

Central carbon metabolism/respiration  

PA3928 hypothetical protein -2.86 2.67E-06 

cioB cyanide insensitive terminal oxidase -3.20 5.23E-07 

cioA cyanide insensitive terminal oxidase -3.43 7.44E-07 

narI, narJ, narH, narG respiratory nitrate reductase subunit gamma > 2.00 < 0.05 

narK2, narK1 nitrite extrusion protein  > 3.00 < 0.05 

nirN cytochrome C -2.51 2.24E-07 

PA0510 uroporphyrin-III C-methyltransferase -2.99 3.93E-08 

nirJ, nirH, nirG, nirL, 

nirD, nirF 

heme d1 biosynthesis protein < 1.5  <0.001 

nirC cytochrome c55X -2.26 5.33E-06 

nirM cytochrome C-551 -2.65 1.68E-06 

nirS nitrite reductase -2.94 5.35E-06 

Antibiotic resistance  

oprB, oprD porin B, porin D < -1.00 <0.001 

mexY, mexX RND multidrug efflux  > 2.60 0.000001 

 

 

6.4.8 Synergistic polymyxin B and rifampicin combination induced alterations in central 

carbon metabolism  

Significant perturbation of PAO1 central carbon metabolism was evident following treatment 

with the polymyxin B and rifampicin combination. Both the transcriptomics and metabolomics 

results demonstrated that the synergistic killing of the combination predominantly altered (> 1.0-

log2-fold, p ≤ 0.05) the metabolic pathways of glycolysis, TCA cycle and PPP at 1 hr (Figure 

6.8). Whereas, no significant changes were notified following treatment with polymyxin B and 

rifampicin monotherapy at each time point. The products of glycolytic reactions, 
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phosphoenolpyruvate and pyruvate, as well as metabolites of TCA cycle, 2-oxoglutarate and 

acetyl-CoA were significantly perturbed by the polymyxin B and rifampicin combination across 

4 hr but with no common pattern of changes (Figure 6.8). Consistently, several essential genes 

of glycolysis and TCA cycle namely PA3416, PA3417, lpdV, icd and mqoA were significantly 

regulated following treatment with the combination at 1 hr. In addition, the combination also 

predominantly increased the abundance levels of PPP metabolites of D-sedoheptulose 7-

phosphate, D-ribose 5-phosphate and fructose 6-phosphate across 4 hr (Figure 6.8). Moreover, 

the results showed that the combination caused strong down-regulation (< 2.0-log2-fold, p ≤ 

0.05) of genes associated with aerobic electron transfer, namely PA0521, norB, cioB, cioA and 

PA4133 (Table 6.3). Interestingly, the synergistic action of the combination of polymyxin B and 

rifampicin significantly altered genes associated with denitrification process, via the up-

regulation of the narK1K2GHJI operon and down-regulation of the nirSMCFDLGHJEN operon 

(Table 6.3). 
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Figure 6.8. Perturbation of central carbon metabolism by the combination of polymyxin B 

and rifampicin. The combination significantly altered the metabolite and gene expression levels 

of metabolic pathways of TCA cycle, glycolysis and PPP. Metabolites of red colours represent 

the significantly changed metabolites (at 15 min, 1 hr and 4 hr); whereas genes of blue colours 

represent the DEGs (at 1 hr) either up-regulated or down-regulated (indicated with arrows). Box 

plots indicate upper and lower quartiles (top and bottom of box); median (line within box); and 

the spread of data that are not outliers (whiskers). Significantly changed metabolites (*) and 

DEGs were selected with at least 1.0-log2-fold, p ≤ 0.05. The figure is modified from the KEGG 

with reference to P. aeruginosa PAO1 strain.    

 

6.4.9 Rifampicin predominantly induced transcriptomic changes in the polymyxin B and 

rifampicin combination at 24 hr  

Analysis of the transcriptomic data showed that rifampicin alone induced more DEGs at 24 hr 

than at 1 hr, as the changes were predominantly in common with the combination of polymyxin 

B and rifampicin (Figure 6.2). A list of DEGs that were induced by both rifampicin alone and 

the combination at 24 hr is presented in Table 5.5 (Section 5.4.5). However, only few metabolites 

were significantly changed following treatment with rifampicin alone and the combination at 24 

hr (Figure 6.1D and Table 4.5 [Section 4.4]). For polymyxin B alone, the changes in both 

metabolomics and transcriptomics at 24 hr were dramatically less than at 1 hr (Figures 6.1 and 

6.2). At 24 hr, the combination predominantly up-regulated a large number of genes of PAO1 

virulence determinants such as the QS regulatory genes (rhlR, lasI, lasA; 1.0 > log2-fold, p < 

0.05), phenazine biosynthesis proteins (phzH, phzA1, phzA2, phzB2; 2.0 > log2-fold, p < 0.05) 

and protease secretion system (AprD, AprE, AprF; 2.0 > log2-fold, p < 0.05). Notably, rifampicin 

alone also differentially over-expressed (2.0 > log2-fold, p < 0.05) those genes of phenazine 

biosynthesis at 24 hr. In addition, significant up-regulation of PA4468-PA6670 operon (2.5 > 
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log2-fold, p < 0.05), which contains an important gene encoding for antioxidant enzyme 

superoxide dismutase, sodM was noted following treatment with rifampicin alone and the 

combination. Moreover, at 24 hr, rifampicin alone and the combination significantly down-

regulated (1.0 < log2-fold, p < 0.05) the expression of an essential gene, rpoB, particularly 

associated with rifampicin resistance.   

 

6.5 Discussion  

Polymyxin combination therapy has been increasingly applied clinically to enhance polymyxin 

antimicrobial efficacy and minimise the emergence of resistance to this last-line class antibiotic 

(81, 197, 213-216). The great prospect of polymyxins use in combination with other antibiotics 

requires extensive PK/PD optimisation, and this can be potentially achieved by systems 

pharmacology via detailed understanding of the mechanism of polymyxin action. At the present 

time, systems pharmacology is an important component in the drug development pipeline used 

to elucidate the mode of action of a new drug. In addition, evidence shows that the platform is 

increasingly used to provide information about potential novel drug targets. In particular, a 

genome-scale metabolic network (GSMN), a reconstruction of the metabolic pathways of a cell 

based on annotations of gene-protein-reaction (GPR) relationships with a mass- and energy 

balance, has been widely applied in systems medicine (348). In this PhD project, transcriptomics 

and metabolomics data were systematically integrated and analysed using a GSMN model to 

provide a comprehensive understanding of the mechanism of synergistic killing of the 

combination of polymyxin B and rifampicin against P. aeruginosa PAO1.  

 

Significant metabolic perturbations induced by the combination treatment at 15 min suggesting 

polymyxin B was the driving force of the observed changes. Notable changes of PAO1 

membrane lipids majorly of GPs and FAs at 15 min were exclusively as a result of the direct 
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action of polymyxin B to cause membrane disorganisation (Figure 6.4) (11, 87). In Section 3.4.2, 

the results showed that colistin alone and the combination with doripenem similarly induced 

significant perturbation in the levels of A. baumannii membrane lipids (GPs and FAs) 

particularly at 15 min and 1 hr. Moreover, the combination of polymyxin B and rifampicin 

significantly increased the levels of peptidoglycan and LPS biosynthesis metabolites in PAO1 

(Figure 6.5). On the contrary, the changes that have been observed in A. baumannii demonstrated 

that colistin alone and the combination with doripenem significantly down-regulated the amino 

sugar metabolites of cell wall biosynthesis (e.g. UDP-GlcNAc, UDP-MurNAc) (Section 3.4.5). 

Even though the significant changes in the levels of peptidoglycan and LPS biosynthesis 

metabolites were only detected as a result of the polymyxin B and rifampicin combination, the 

previous results suggested that polymyxin itself presumably induced the secondary effect on the 

peptidoglycan and LPS biosynthesis (467). Thus, the present results further support the previous 

hypothesis on the potential of polymyxin to induce significant effect on peptidoglycan and LPS 

biosynthesis metabolism; the effect that resembles the primary mode of action of -lactam 

antibiotic via inhibition of cell wall biosynthesis, specifically peptidoglycan (468, 469).   

 

The significant transcriptomics and metabolomics changes induced by polymyxin B alone at 1 

hr indicated that PAO1 became resistant to polymyxin B. Polymyxin resistance in P. aeruginosa, 

particularly via the adaptive resistance mechanism can lead to LPS modification; the mechanism 

that is tightly controlled by two-component regulatory systems (127-137). The most studied two-

component systems, PmrAB and PhoPQ can be induced by a limited Mg2+ condition 

independently in the presence of polymyxins (127-134, 140). Interestingly, a novel ParRS 

system has been shown to be directly activated by the sub-inhibitory concentrations of 

polycationic peptides (e.g. polymyxin B, colistin, indolicidin) (135, 136). The two-component 

systems are generally comprised of sensor kinases (i.e. PmrB, PhoQ, ParS) which can either 



Chapter Six 

 

238 
 

phosphorylate or dephosphorylate the response regulators (i.e. PmrA, PhoP, ParR). The changes 

then activate the arnBCADTEF operon to modify the lipid A structure of LPS by the addition of 

4-aminoarabinose (L-Ara4N). The reduced negative charge of LPS then inhibits the binding of 

polymyxins to permeabilise the outer membrane (127, 128, 448). The differentially over-

expressed genes of the ParRS-regulated operons namely, PA1559-PA1560, PA4773-PA4775-

pmrAB and arnBCADTEF only by the polymyxin B alone at 1 hr were consistent with previous 

studies (Figure 6.6) (135, 140, 448). In addition, the expression of these operons have also been 

reported to be up-regulated directly or indirectly by the PmrAB and PhoPQ systems (135, 140, 

448). The occurrence of polymyxin resistance in PAO1 via lipid A modification was also 

highlighted by the up-regulation of UDP-glucoronate, a precursor metabolite for the L-Ara4N 

synthesis (Figure 6.6) (470). In addition, the mechanism of LPS alteration has been linked with 

a few ParRS-regulated putative genes. In particular, PA1797, a proposed lipoprotein with -

lactamases function has been speculated to play an essential role in the ParRS cascade of 

polymyxin resistance (135). Another gene encoding for unknown protein, PA2358, also has been 

previously suggested to be controlled by the ParR response regulator (135, 140). As the change 

pattern of PA0860 was similar to PA1797 and PA2358, the results likely suggested that the gene 

of PA0860 is also crucially involved in the ParRS-mediated polymyxin resistance. Interestingly, 

activation of the ParRS system by polymyxin B alone and the combination was likely to induce 

the MexXY/OprM system (140), and coincidently, this was consistent with the significant up-

regulation of MexXY genes. Furthermore, the over-expression of two DEGs of phenazine 

synthesis by polymyxin B alone indirectly suggests the increased PAO1 virulence, which 

potentially may lead to complications in patients under polymyxin monotherapy (68).  

 

The results of metabolomics aligned well with the data of transcriptomics, as the combination 

synergistically increased the levels of a large number of purine and pyrimidine nucleotides of 
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PAO1 at 1 hr (Figure 6.7). On the contrary, the levels of a few nucleotides (e.g. 2’,3’-cyclic 

UMP, GDP, dATP, orotate) were predominantly decreased by polymyxin B alone. The previous 

study showed that the effect of colistin alone and the combination with doripenem significantly 

depleted most of nucleotides levels in A. baumannii (Section 3.4.4); as the changes were 

similarly observed for polymyxin B alone in the present study. Nucleotides are basic components 

used for energy transfer in DNA and RNA biosynthesis and intermediates of lipid and protein 

synthesis (378, 471). Antibiotics can significantly induce nucleotide changes in bacteria and this 

has been shown in many studies (113, 421, 429, 467). Ciprofloxacin (421) and rifampicin (429) 

were reported to significantly enhance the levels of nucleotides in Staphylococcus aureus. The 

significant changes of nucleotides levels observed in the rifampicin study (429) suggested that 

S. aureus was in a state of metabolically inactive in cell turnover (i.e. turn off cell metabolism). 

Notably, changes in the nucleotide abundances both in the previous and our present studies were 

likely consistent with the effect of rifampicin to inhibit bacterial DNA transcription process, 

reflecting rifampicin’s mode of action (262, 263, 429). 

 

Several virulence factors in P. aeruginosa are regulated by the QS system (53, 451). Two 

homologous QS systems have been discovered in P. aeruginosa, las and rhl acyl-homoserine 

lactone (HSL) systems, generally vital for the regulation of bacterial secretory factors (451). The 

las system is composed of lasI (to produce N(3-oxo-dodecanoyl)-HSL; 3OC12-HSL) and lasR 

(as a transcriptional activator) which functionally regulate the expression of lasA (protease), lasB 

(elastase) and xcpPR (secretory pathway) (472, 473). The rhl system is composed of rhlI (to 

produce N-butyryl-HSL; C4-HSL) and rhlR (as a transcriptional activator) which functionally 

regulate the expression of rhlAB operon, lasA elastase, lasB elastase, pyocyanin, cyanide and 

alkaline protease (451). The two systems act upon each other as lasR activates the transcription 

of rhl system (both rhlR and rhlI) (474). Due to the significance pathogenic property of QS 
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system, it has been subjected as a potential antimicrobial target (53, 58, 62). Consistently, the 

synergistic action of the combination significantly down-regulated the expression of genes 

associated with QS-regulatory (i.e. lasA, lasB, lasI, rhlI, rhlR, rhlB and rhlA) and virulence 

factors (e.g. phenazine biosynthesis, xcp type II secretion system) at 1 hr (Table 6.3). Notably, 

our analysis indicated several metabolites that were significantly changed by the combination 

particularly can be linked to phenazine synthesis pathway. In particular, phenylpyruvate, indole, 

2-oxo-3-phenylpropanoate and L-tryptophan, which are intermediate products of aromatic amino 

acid biosynthesis were significantly depleted by the polymyxin B and rifampicin combination. 

As an important precursor metabolite for aromatic amino acid biosynthesis, chorismate is also a 

precursor for phenazine biosynthesis particularly at the branch point of the shikimic acid 

pathway (475). As the aromatic amino acid pathway was significantly affected (i.e. observed by  

the depletion of the intermediated metabolites) by the synergistic effect of the combination, the 

results indirectly suggesting the metabolism of chorismate was significantly down-regulated 

which was consistent with repression of the phenazine biosynthesis operons (i.e. phzA1 and 

phzA2) (Table 6.3). Furthermore, the general stress response regulator, a sigma factor rpoS was 

significantly down-regulated by the combination of polymyxin B and rifampicin (Table 6.3). In 

bacteria, rpoS is functionally regulated by the rhl system as a counter-measure to a variety of 

conditions including nutrient starvation during stationary phase, heat, osmotic and oxidative 

stress (476). Overall, the suppression of many genes of QS system and virulence factors in PAO1 

by the synergistic killing of the combination highly supported the application of polymyxin 

combination therapy clinically.  

 

Previous studies showed that antibiotic-induced cell death predominantly altered bacterial 

cellular respiration and central metabolism via carbon flux of TCA cycle (429, 430, 433, 434, 

436). Notably, the effect of antibiotic killing also significantly increased the rate of cellular 
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metabolism as notified in several metabolomics and transcriptomics studies (110, 429, 431, 432). 

In spite of some contradictory findings, the mechanism of antibiotic killing, including 

polymyxins, appears to involve oxidative stress via the formation of reactive oxygen species 

(ROS) (108, 431, 436, 477). In particular, polymyxins have also been reported to inhibit 

respiratory chain enzymes (e.g. NADH-quinone oxidoreductase) (92, 109) and increase 

expression of superoxide dismutase (SOD) enzymes (e.g. HMPREF0010_02336, sodB encoding 

a predicted FeSOD) (412). In the present study, both metabolomics and transcriptomics data 

were consistent and complement each other which  showed that the combination significantly 

induced perturbation of central carbon metabolic pathways of glycolysis, TCA cycle and PPP in 

PAO1 (Figure 6.8). In particular, the inhibition of phosphoenolpyruvate (via increased level) 

conversion to pyruvate (via decreased level) by the combination differentially down-regulated 

several associated genes (i.e. PA3416, PA3417), presumably suggesting the inhibition of central 

carbon metabolic pathway. Notably, the effect on TCA cycle and PPP perturbations has also 

been previously shown by colistin and doripenem alone and the combination treatment against 

A. baumannii (Section 3.4.4).  

 

P. aeruginosa is capable of growing in both aerobic and anaerobic environments (458). Oxygen 

is required as the terminal electron acceptor in an aerobic respiration process, whereas, nitrate is 

alternatively used in anaerobic conditions, also known as the denitrification process (458). 

Denitrification is the process of nitrate reduction to dinitrogen, and is generally comprised of 

four sequential steps (458). The first step involves the reduction of nitrate to nitrite mediated by 

respiratory nitrate reductase. Nitrate needs to enter and bind to its binding site that is located on 

the cytoplasmic side of membrane and this requires a nitrate/nitrite transporter (encoded by the 

narK1K2GHJI operon). Nitrite is then reduced to nitric oxide catalysed by the periplasmic 

cytochrome cd1 nitrite reductase NirS. The enzyme contains heme c and heme d1 cofactors, as 
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the latter is the enzyme catalytic domain (encoded by the nirSMCFDLGHJEN operon) (459). In 

this study, the significant up-regulation of the narK1K2GHJI operon of the nitrate uptake system 

by the combination presumably suggests that PAO1 requires nitrate as their energy source to 

maintain redox homeostasis. The process of nitrate uptake was very likely initiated by the 

significant suppression of terminal cytochrome oxidase genes of aerobic electron transfer 

particularly PA0521, norB, cioB, cioA and PA4133 (Table 6.3). However, the significant down-

regulation of the nirSMCFDLGHJEN operon (Table 6.3), functionally important for nitrite 

reduction likely suggests that the denitrification process was incomplete. 

 

At 24 hr, a large number of DEGs were commonly induced by rifampicin alone and the 

combination, suggesting that rifampicin was primarily responsible for the transcriptomics 

response (Figure 6.1B and Table 5.5). However, only a few significantly changed metabolites 

could be identified in rifampicin alone and the combination at 24 hr likely indicating that PAO1 

was metabolically stable. Interestingly, the identification of 15 common DEGs following 

treatment with polymyxin B and rifampicin mono- and the combination likely were the general 

antibiotic-induced changes of PAO1 at 24 hr (Table 5.6). The significant over-expression of 

several QS-regulatory and virulence factor genes by the combination at 24 hr highlighted the 

increase of virulence of the bacteria, in contrast to its effect at 1 hr. Moreover, at 24 hr rifampicin 

alone and the combination differentially up-regulated sodM, suggesting a mechanism of 

oxidative stress in PAO1, likely driven by the effect of rifampicin treatment (461). Rifampicin 

resistance is attributed by the missense mutation of rpoB, a gene encoding for the  subunit of 

bacterial RNA polymerase, rifampicin’s specific binding target which leads into structural 

modification of the enzyme (263, 462-464). Significant suppression of rpoB by rifampicin alone 

and the combination likely indicating the reduced expression of RNA polymerase’s  subunit 
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and binding capacity of rifampicin to the enzyme, importantly conferred the PAO1 resistance to 

rifampicin.       

 

Polymyxin B and rifampicin distinctively display their primary modes of bacterial killing against 

different cellular targets (98, 263). Polymyxin-induced cell death is initiated by the ‘self-

promoted uptake’ pathway via the electrostatic binding to a lipid A domain of LPS which leads 

to membrane disorganisation and osmotic imbalance (98, 375). Whereas, rifampicin exhibits 

strong and specific binding affinity towards bacterial RNA polymerase, which functionally 

inhibits the transcriptional elongation process during RNA synthesis (263). The overall 

metabolomic and transcriptomic changes of the combination suggested that the synergy was 

predominantly conferred by the intracellular effect of rifampicin, as its action was initially 

facilitated by polymyxin B. As the mode of action of rifampicin is functionally to block bacterial 

RNA synthesis, therefore this is consistent with the observed metabolomic and transcriptomic 

changes (263, 462-464). The abundance of metabolites (e.g. nucleotides, amino acids) induced 

by the combination suggesting that the PAO1 was in a state of metabolic inactivity. Interestingly, 

the synergistic killing of the combination has been previously elucidated which proposed that 

colistin predominantly caused outer membrane disturbance to facilitate the uptake of rifampicin 

into its intracellular target (234, 249). Notably, the relative hydrophobic property of rifampicin 

confers the antibiotic less permeable to cross the outer membrane of Gram-negative bacteria, 

likely supporting the lack of significant metabolomic changes when administered as a single 

treatment (263). 

 

6.6 Conclusions  

To the best of our knowledge, this PhD study is the first to investigate the synergistic mechanism 

of the combination of polymyxin B and rifampicin against P. aeruginosa applying an integrated 
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metabolomics and transcriptomics GSMN analysis. The association of cellular metabolite 

changes and gene expression changes is commonly influenced by several factors including post-

transcriptional alterations and protein expression (478). Although complex interactions are 

expected, we identified that the metabolomic and transcriptomic data aligned well with each 

other. Overall, this study highlights the importance of understanding the complex bacterial 

metabolic and transcriptomic responses either to a single or to combination polymyxin 

treatments at different time points. Taking into consideration the early effect of polymyxin B 

alone to induce resistance, the synergistic killing of the combination and suppression of bacterial 

virulence highly supports the application of polymyxin combination therapy in patients. Lastly, 

the emergence of polymyxin B and rifampicin resistance at different time intervals, at 1 hr and 

24 hr, respectively, signify the clinical importance of PK/PD optimisation of both antibiotics.  
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Chapter 7: Conclusions and Future Perspectives 

The treatment of life-threatening infections using polymyxins has become indispensable due to 

two main factors; the rapid emergence of MDR clinical isolates and the failure of current drug 

discovery and development pipelines to supply novel antibiotic compounds (354). Polymyxins 

exhibit rapid bactericidal action against susceptible Gram-negative bacteria via an initial 

electrostatic interaction with the phosphate groups of the lipid A component of LPS, followed 

by non-polar interactions of the hydrophobic domains with the bacterial outer membrane (11, 

400). Although much has been done to understand the complete action of polymyxin, the 

ultimate mechanism of polymyxin-induced cell death is still not completely understood.  

 

The reported PK/PD profiles of polymyxins revealed that polymyxin monotherapy is unlikely to 

generate optimal plasma concentrations in patients (81, 189, 197, 213-216). Moreover, 

monotherapy likely to induce resistance in Gram-negative bacterial isolates (e.g. A. baumannii 

and P. aeruginosa) due to the existence of a small sub-population of polymyxin resistant cells 

(heteroresistant subpopulation) being present in largely polymyxin susceptible population (45, 

227). Therefore, polymyxin combination therapy has been proposed as a solution to the problem 

of polymyxin monotherapy and is being increasingly utilised in the hospital setting (81, 214). 

As the use of polymyxins is an essential, last-line, treatment option that is currently available, 

full optimisation of its clinical potential is highly required. The key focus of this PhD research 

was to provide essential information on the mechanism of polymyxin action and bacterial 

resistance. This information is crucial to allow us to facilitate the optimisation of PK/PD of 

polymyxins and the discovery of potential novel drug targets.  

 

In this project, for the first time, we performed a comparative, LCMS-based, untargeted 

metabolomics study of MDR A. baumannii to profile global metabolic differences between pairs 
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of polymyxin-susceptible and -resistant A. baumannii strains without antibiotic treatment 

(Chapter 2). Substantial metabolic state differences were identified between the polymyxin-

susceptible parent strain, ATCC 19606 and its polymyxin-resistant strain, 19606R, which is 

resistant due to the complete loss of the LPS component lipid A, the initial target molecule for 

polymyxin (44, 122). Metabolic analysis of the LPS-deficient, polymyxin-resistant strain 

indicated there was significant perturbation in the production of specific amino acid and 

carbohydrate metabolites, particularly intermediates within the PPP and TCA cycle. The LPS-

deficient 19606R also exhibited a lower abundance of nucleotides and had a unique lipid profile 

pattern that included a significant increase in short-chain glycerophospholipids. In contrast, there 

were few metabolic changes identified between the paired clinical isolates 03-149.1 (polymyxin-

susceptible) and the derivative strain 03-149.2 (122). In contrast to the LPS-deficient 19606R, 

strain 03-149.2 is polymyxin-resistant due to a mutation in pmrB that is required for the 

modification of lipid A with phosphoethanolamine and galactosamine (122). Interestingly, both 

polymyxin-resistant strains, 19606R and 03-149.2 were significantly depleted in metabolites 

associated with peptidoglycan biosynthesis, compared to the parent strains. 

 

A. baumannii can rapidly become resistant to many clinically available antibiotics, and the use 

of drug combinations can be effectively deployed to treat infections caused by this MDR 

superbug. In vitro studies using polymyxins and carbapenems in combination have shown that 

they have a synergistic action against a range of MDR Gram-negative bacteria including 

A. baumannii, P. aeruginosa and K. pneumoniae (222-226, 407). In Chapter 3, we undertook a 

study investigating the effect of combination treatment consisting of colistin (2 mg/L) plus 

doripenem (25 mg/L) against polymyxin-susceptible (ATCC 19606, 03-149.1) and polymyxin-

resistant (03-149.2) MDR A. baumannii strains. To do this, time-kill experiments (with samples 

taken at 15 min, 1 hr and 4 hr) were conducted and the mechanism of synergy was elucidated 
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using untargeted metabolomics analysis. This study was the first to report that the colistin plus 

doripenem combination treatment synergistically killed A. baumannii via the time-dependent 

inhibition of a number of key metabolic pathways (467). In colistin-susceptible A. baumannii, 

colistin predominantly induced early (15 min and 1 hr) disruption of the bacterial outer 

membrane and the cell wall, as demonstrated by the perturbation of glycerophospholipid and 

fatty acid production. Doripenem acts via the inhibition of peptidoglycan cell wall synthesis and 

there was a notable decrease in the amount of peptidoglycan biosynthesis metabolites following 

treatment with doripenem alone (particularly at 4 hr) and in combination (across 4 hr). The 

synergistic action of the combination treatment significantly down-regulated the bacterial cell 

wall biosynthesis (via D-sedoheptulose 7-phosphate and D-ribulose 5-phosphate) and nucleotide 

metabolism (via D-ribose 5-phosphate and PRPP) predominantly via metabolic changes within 

the PPP. On the contrary, A. baumannii polymyxin-resistant strain, 03-149.2, displayed changes 

(e.g. increase levels of nucleotides and amino acid metabolites) that were presumably associated 

with the general antibiotic stress response that is induced by the colistin treatment, alone and in 

combination. Overall, this study highlights the significant potential of systems pharmacology to 

elucidate the mechanism of antibiotic synergy and to optimise antibiotic PK/PD. 

 

The mode of action of polymyxins was further investigated using polymyxin B in combination 

with other antibiotics to treat MDR isolates from other bacterial species, particularly P. 

aeruginosa. The combination of polymyxin plus rifampicin has previously been demonstrated 

to be synergistic, both in vitro and in the clinical setting, against a number of MDR Gram-

negative bacteria including A. baumannii, P. aeruginosa and K. pneumoniae (231-236). To 

investigate the synergistic action of a polymyxin B (1 mg/L) and rifampicin (2 mg/L) 

combination against P. aeruginosa PAO1, a series of a time interval experiments were performed 

followed by global metabolomics (Chapter 4) and transcriptomics (Chapter 5) analyses. 
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Polymyxin B, alone and in combination with rifampicin, significantly altered the PAO1 lipid 

metabolism at the 15 min, 1 hr and 4 hr time points, correlating well with its known effect to 

cause general membrane disruption and as has been observed in A. baumannii (Chapter 2). There 

was an increase in abundance of many metabolites in key metabolic pathways (i.e. nucleotides, 

amino acids, central carbon metabolism [TCA cycle, glycolysis, PPP], peptidoglycan and LPS 

biosynthesis) in response to polymyxin B and rifampicin combination treatment signifying 

synergistic action. The results also indicated that PAO1 was metabolically inactive (due to a halt 

in metabolism), correlating with the known action of rifampicin as an inhibitor of RNA 

synthesis. Furthermore, there was a significant over-expression of genes that is particularly 

involved in the ParRS two-component regulatory system in response to polymyxin B 

monotherapy at 1 hr. This up-regulated system controls lipid A modification (via an addition of 

4-aminoarabinose [L-Ara4N]) and the expression of multidrug efflux proteins which resulted in 

the emergence of polymyxin resistance in PAO1. In addition, the up-regulation of phenazine 

biosynthesis suggesting the increase of PAO1 virulence by the polymyxin B monotherapy. The 

synergistic killing of polymyxin B and rifampicin combination treatment significantly down-

regulated the production of many cellular virulence factors regulated by quorum sensing (QS) 

system perhaps signifying reduced bacterial pathogenicity which would be clinically important 

in treating PAO1 infection. In addition, the combination treatment led to an up-regulation in the 

nitrate uptake system and the down-regulation of terminal cytochrome oxidase suggesting that 

P. aeruginosa PAO1 required nitrate as an alternative energy source to maintain its redox 

homeostasis during treatment. Notably, there was a significant down-regulation of expression 

from the rifampicin resistance gene (rpoB) at the 24 hr time point during rifampicin alone and 

the combination therapy, indicating an emergence of rifampicin resistance.  

 



Chapter Seven 
 

250 
 

In the final results chapter of this thesis (Chapter 6), the metabolomic and transcriptomic data 

were integrated and analysed using a genome-scale metabolic network (GSMN) constructed for 

the P. aeruginosa strain, PAO1. The results generated from the PAO1 metabolomic data proved 

to be complementary to the transcriptomic data as demonstrated by significant changes in key 

metabolic and regulatory pathways (i.e. perturbation of lipids, nucleotide, amino acid, central 

carbon metabolism [TCA cycle, glycolysis, PPP], peptidoglycan and LPS biosynthesis) 

particularly in response to the combination treatment of polymyxin B and rifampicin. The results 

of the integrated study showed that the synergistic action of the combination of polymyxin B 

and rifampicin fits well with the “simple uptake effect” model (250) as the observed response 

was driven predominantly by rifampicin and facilitated by the action of polymyxin B.  

 

The vast information gained from this PhD project significantly provides invaluable insights into 

the mechanisms of polymyxin actions and resistance. Importantly, the many significant 

hypotheses generated from the global metabolomic and transcriptomic studies need to be further 

explored and confirmed by a targeted approach. In-depth understanding of structural and 

functional importance of the significantly changed metabolites and genes, including the known 

and unknown compounds is highly required as this can potentially lead to the discovery of new 

class of compounds. Structural annotation and elucidation of unknown entities can be reached 

by an extended analytical method for example by NMR and MS/MS spectrum analysis. Whereas 

it’s functional significance can be potentially determined by the analysis of available mutant 

libraries. In addition, direct association between the significantly identified metabolites and 

genes of particular metabolic reactions potentially can be further detailed by subsequent 

recombinant protein study. To further investigate the mechanism of polymyxin action, other 

layers of omics approaches such as proteomics, peptidomics and lipidomics could be adopted. 

This integrative approach will provide information at different cellular levels that are 
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complementary to each other essential for developing and supporting new hypothesis. 

Furthermore, an advanced GSMN analysis of an integrated omics with a stoichiometric model 

of bacterial metabolism and flux simulation could be performed to analyse the metabolic 

potential and fates, particularly of P. aeruginosa (348, 479). 

 

In conclusion, extensive data presented in this PhD project is a significant contribution towards 

advancing our knowledge on the mode of polymyxin action and the development of resistance. 

The complement of metabolomics and transcriptomics data set will provide comprehensive 

understanding of the complex cellular polymyxin interactions which will be invaluable for the 

PK/PD optimisation of polymyxins. In addition, our data provide key information that will aid 

in the discovery of novel drug targets particularly of polymyxins. Last but not least, this study 

will allow for improved use of polymyxins in the clinical setting and the development of a new 

generation of polymyxin drugs.  
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Global metabolic analyses identify 
key differences in metabolite levels 
between polymyxin-susceptible 
and polymyxin-resistant 
Acinetobacter baumannii
Mohd Hafidz Mahamad Maifiah1, Soon-Ee Cheah1, Matthew D. Johnson1, Mei-Ling Han1, 
John D. Boyce2, Visanu Thamlikitkul3, Alan Forrest4, Keith S. Kaye5, Paul Hertzog6,7, 
Anthony W. Purcell8, Jiangning Song8, Tony Velkov1, Darren J. Creek1,* & Jian Li1,*

Multidrug-resistant Acinetobacter baumannii presents a global medical crisis and polymyxins are 
used as the last-line therapy. This study aimed to identify metabolic differences between polymyxin-
susceptible and polymyxin-resistant A. baumannii using untargeted metabolomics. The metabolome of 
each A. baumannii strain was measured using liquid chromatography-mass spectrometry. Multivariate 
and univariate statistics and pathway analyses were employed to elucidate metabolic differences 
between the polymyxin-susceptible and -resistant A. baumannii strains. Significant differences were 
identified between the metabolic profiles of the polymyxin-susceptible and -resistant A. baumannii 
strains. The lipopolysaccharide (LPS) deficient, polymyxin-resistant 19606R showed perturbation in 
specific amino acid and carbohydrate metabolites, particularly pentose phosphate pathway (PPP) 
and tricarboxylic acid (TCA) cycle intermediates. Levels of nucleotides were lower in the LPS-deficient 
19606R. Furthermore, 19606R exhibited a shift in its glycerophospholipid profile towards increased 
abundance of short-chain lipids compared to the parent polymyxin-susceptible ATCC 19606. In contrast, 
in a pair of clinical isolates 03–149.1 (polymyxin-susceptible) and 03–149.2 (polymyxin-resistant, 
due to modification of lipid A), minor metabolic differences were identified. Notably, peptidoglycan 
biosynthesis metabolites were significantly depleted in both of the aforementioned polymyxin-
resistant strains. This is the first comparative untargeted metabolomics study to show substantial 
differences in the metabolic profiles of the polymyxin-susceptible and -resistant A. baumannii.

Acinetobacter baumannii is a Gram-negative, aerobic bacterium and a major cause of nosocomial infections 
worldwide, particularly in critically-ill patients1. A. baumannii infections include hospital-acquired pneumo-
nia, bloodstream infection, urinary tract infection, skin and soft tissue infections2,3. A. baumannii has become a 
significant global threat and is one of the six ‘superbugs’ identified by the Infectious Diseases Society of America 
(IDSA) which required urgent attention for discovery of novel antibiotics4. Recently, the United States Centers for 
Disease Control and Prevention (CDC) classified multi-drug resistant (MDR) A. baumannii as a microorganism 
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with a threat level of “Serious”5. A. baumannii has been characterised as ‘naturally transformable’, since it can 
rapidly acquire diverse resistance mechanisms and undergo genetic modifications that confer resistance to all 
current clinically used antibiotics1,2,6.

The clinical use of polymyxins waned in the 1970s due to potential nephrotoxicity and neurotoxicity7,8. 
However, over the last decade colistin (polymyxin E) and polymyxin B have been widely used as the only effec-
tive therapeutic option for patients infected with MDR A. baumannii9–11. Polymyxins are amphipathic, cationic 
lipopeptides that contain five L-α , γ -diaminobutyric acid (Dab) residues7,8. The bactericidal activity of poly-
myxins is exerted via the ‘self-promoted uptake’ pathway, initiated by electrostatic interaction with the lipid A 
of lipopolysaccharide (LPS) on the outer leaflet of the bacterial outer membrane7,12. In addition, a recent study 
suggested that polymyxins exert bacterial killing through a specific mechanism via the formation of hydroxyl 
radicals13. Polymyxin resistance in A. baumannii can be acquired via the addition of phosphoethanolamine14,15 
or galactosamine16 to lipid A structure. Our group firstly reported that A. baumannii ATCC 19606 spontaneously 
acquired colistin resistance following exposure to high levels of colistin, via the loss of its initial target, LPS17. 
Further analyses revealed LPS loss was due to single random mutations in the lipid A biosynthesis genes, lpxA, 
lpxC and lpxD17. Moreover, transcriptomic analyses of the A. baumannii LPS-deficient strain 19606R revealed 
significant up-regulation of genes involved in the cell envelope and membrane biogenesis, in particular of the Lol 
lipoprotein transport system and the Mla-retrograde phospholipid transport system18. We therefore hypothesised 
that the LPS-deficient strain 19606R exhibits significant changes in its metabolic profile in response to LPS loss. 
For bacteria, metabolomics is a powerful systems biology tool for understanding cell physiology and can com-
plement and validate data from genomics, transcriptomics and proteomics19–21. In this study, we report the first 
comparative untargeted metabolomics analyses of paired polymyxin-susceptible and polymyxin-resistant (via 
LPS loss or lipid A modifications) A. baumannii strains.

Results
Comparative untargeted metabolomics was employed to identify differences in the metabolic profile between 
polymyxin-susceptible and polymyxin-resistant A. baumannii strains. Two pairs of A. baumannii strains 
were examined: a laboratory-derived polymyxin-resistant, LPS-deficient lpxA-mutant strain, 19606R and its 
polymyxin-susceptible parent strain, ATCC 19606; and two clinical isolates, polymyxin-susceptible 03–149.1 
and polymyxin-resistant 03–149.2 obtained from a patient before and after colistin treatment, respectively. The 
polymyxin-resistant strain 19606R displayed a slower growth rate compared to the parent strain ATCC 19606, 
as previously reported17. Whereas, there was no significant difference in the growth rate between the paired 
polymyxin-susceptible 03–149.1 and polymyxin-resistant 03–149.2 clinical isolates.

Genomics and lipid A structural analysis of A. baumannii clinical isolates 03–149.1 
and 03–149.2. The paired A. baumannii clinical isolates of polymyxin-susceptible 03–149.1 and 
polymyxin-resistant 03–149.2 strains were initially identified using 16S rDNA gene sequencing; and showed 
96.17% and 97.15% sequence similarity to the A. baumannii ATCC 19606, respectively (Supplementary 
Table S1). Furthermore, a comparison of the polymyxin-susceptible 03–149.1 and the polymyxin-resistant 
03–149.2 by high-throughput sequencing and variant calling revealed 3 variations unique to the 03–149.2 iso-
late (Supplementary Table S2). One variation found in 03–149.2 was a deletion of 3 bases in the pmrB gene, 
which conferred an in-frame deletion of alanine 28. We also investigated the mechanism(s) of polymyxin 
resistance in the clinical isolate 03–149.2 with lipid A structural analysis. Lipid A samples isolated from both 
polymyxin-susceptible 03–149.1 and polymyxin-resistant 03–149.2 were characterised with electrospray ioni-
zation (ESI) high-resolution mass spectrometry in the negative-ion mode (Fig. 1). The mass spectrum of lipid 
A from the polymyxin-susceptible 03–149.1 shows a predominant peak at m/z 1911.28, which represents a 
hepta-acylated lipid A with four primary fatty acyls (i.e. two 3-hydroxylaurate [C12 (3-OH)] acyl chains and two 
3-hydroxymyristate [C14 (3-OH)] acyl chains), and three secondary fatty acyls (i.e. one C12 (3-OH) acyl chain and 
two laurate (C12) acyl chains); while the peak at m/z 1933.26 represents the sodium adduct of the hepta-acylated 
lipid A mentioned above (Fig. 1A). The peak at m/z 1883.25 is for a hepta-acylated lipid A with four primary C14 
(3-OH) acyl chains and three secondary fatty acyls (i.e. one C12 acyl chain, one C12 (3-OH) acyl chain, and one 
myristate (C14) acyl chain). The peak at m/z 1729.12 corresponds to a hexa-acylated lipid A, indicating the loss 
of a laurate acyl chain from the hepta-acylated lipid A at m/z 1911.28 (Δm/z =  − 182). Additional peaks at m/z 
1649.15, 1803.29, 1831.32 differ from the peaks listed above by dephosphorylation at the 1 or 4′  position of lipid A 
(Δm/z =  − 80), while the peaks at m/z 1712.12, 1867.26, and 1895.29 were only different from the corresponding 
peaks at m/z 1729.12, 1883.25, and 1911.28 by the mass of one oxygen atom (Δm/z =  − 16), indicating the absence 
of 3-hydroxylation at the secondary laurate acyl chain.

Mass spectrometry analyses of lipid A from the polymyxin-resistant 03–149.2 isolate revealed several different 
types of modifications in the lipid A structure (Fig. 1B). The predominant peak at m/z 2034.29 represents the 
hepta-acylated lipid A at m/z 1911.28 modified with a phosphoethanolamine (pEtN) residue (Δm/z =  + 123), 
while the peak at m/z 1954.32 indicates its dephosphorylated form (Δm/z =  − 80). Minor peaks at m/z 1990.26, 
2006.26, and 2018.29 correspond to lipid A at m/z 1867.26, 1883.25, and 1895.29 which were modified with a 
pEtN group, respectively. The peak at m/z 2157.30 represents a modified lipid A with the addition of two pEtN 
moieties to the parent structure at m/z 1911.28. Interestingly, lipid A modified with galactosamine (GalN) was 
also detected in polymyxin-resistant 03–149.2. In detail, the peaks at m/z 2078.25 and 2094.33 represent lipid A 
at m/z 1895.29 and 1911.28 modified with a GalN residue (Δm/z =  + 161) along with a sodium adduct, respec-
tively, and the peak at m/z 2195.36 corresponds to a lipid A (m/z 1911.28) with both pEtN and GalN additions 
(Δm/z =  + 284) (Fig. 1B).
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Optimal metabolite recovery of MDR A. baumannii by washing with 0.9% NaCl and extraction 
using chloroform:methanol:water (1:3:1). Optimisation of the metabolite sampling method was per-
formed prior to the metabolomics analysis of paired polymyxin-susceptible and polymyxin-resistant strains. The 
potential for metabolite leakage during the washing step was examined by comparing washed and unwashed 
cell extracts, and analysing the washing waste supernatant. The hierarchical clustered heat map demonstrated 
that the washing step with 0.9% NaCl successfully removed the majority of culture media components (Fig. 2A). 
Recovery of intracellular metabolites (those not present in the broth) was not substantially impacted by washing. 
Analysis of the supernatant from the washing waste detected leakage of certain cell-derived metabolites, but at 
very low levels relative to the levels within the cell pellets. Furthermore, evaluation of four extraction solvents 
showed a total of 1099, 1104, 1070 and 1089 metabolites detected from the LC-MS analyses of metabolite sam-
ples extracted by the chloroform:methanol (CM; 1:2, v/v), chloroform:methanol:water (CMW; 1:3:1, v/v), 60% 
ethanol (60EtOH) and absolute methanol (MeOH) solvents, respectively. CMW was the most promising solvent, 
demonstrating efficient extraction of a wide range of metabolite classes (Fig. 2B). In addition, the median rela-
tive standard deviation (RSD) for all metabolites in the CMW samples was 22%, which is within an acceptable 
range and is comparable to the standard MeOH extraction solvent (Table 1). In comparison, CM and 60EtOH 
extraction solvents showed median RSD values of 25% and 24%, respectively. Peak intensities and RSD values for 
a number of common metabolites are provided in Table 1, showing that CMW was the most reproducible com-
pared to the other three extraction solvents.

Figure 1. The mass spectra of lipid A isolated from the A. baumannii clinical isolates. (A) Polymyxin-
susceptible 03–149.1 without lipid A modification. (B) Polymyxin-resistant 03–149.2 with lipid A modifications 
with phosphoethanolamine (pEtN) and galactosamine (GalN).



www.nature.com/scientificreports/

4Scientific RepoRts | 6:22287 | DOI: 10.1038/srep22287

Multivariate and univariate metabolomics analyses were able to identify key differences 
between the polymyxin-susceptible and polymyxin-resistant A. baumannii strains. The metab-
olomics data from the present LCMS-based comparative untargeted metabolomics study were highly reproduc-
ible. The pooled quality control samples clustered tightly in the PCA plot, indicating small analytical variations 
among the samples (Supplementary Figure S1). Furthermore, the median RSD value for all metabolites in this 
study was less than 10%. Global metabolome differences between four A. baumannii strains were visualised 
using PCA score plots (Fig. 3A) and heat map profiles (Fig. 4), and demonstrate that the polymyxin-resistant 
and polymyxin-susceptible strains differed significantly in their levels of a number of key cellular metabolites. 
PCA score plots also clearly show that there were global metabolic differences between the paired A. bauman-
nii strains (Fig. 3B,C). Interestingly, nearly 25% of metabolites in the LPS-deficient polymyxin-resistant strain 
19606R, were significantly more abundant than the corresponding polymyxin-susceptible parent strain ATCC 
19606 (Fig. 3D). Peptides were highly enriched in 19606R, and it appears that many of the more abundant metab-
olites in this polymyxin-resistant strain 19606R were derived from the growth medium (Fig. 4). The accumula-
tion of medium components within cells was unique to the LPS-deficient 19606R, and was not apparent in the 
polymyxin-resistant clinical isolate 03–149.2.

For univariate analyses, all the putatively identified cellular metabolites (i.e. those more abundant in cell 
pellets than in footprint samples) were further analysed to reveal those that showed at least 2-fold differences 
(*p <  0.05 and **p <  0.01) in relative abundance between the polymyxin-resistant and polymyxin-susceptible A. 
baumannii strains. Several cellular metabolites were differentially abundant in the polymyxin-susceptible ATCC 
19606 and polymyxin-resistant 19606R strains including carbohydrate, amino acid, nucleotide and lipid metabo-
lites. In comparison, there were very few metabolic differences observed in the polymyxin-resistant clinical isolate 
03–149.2 and polymyxin-susceptible clinical isolate 03–149.1 (Fig. 3D).

Perturbations in sugar and nucleotide metabolism. The polymyxin-resistant strain 19606R showed 
significant pertubations of several putative sugar phosphate metabolites, including metabolites associated with 
the pentose phosphate pathway (PPP). In particular, over 2-fold (p <  0.01) higher levels were observed for 
two PPP metabolites, D-erythrose 4-phosphate and D-sedoheptulose 7-phosphate, whereas the PPP-derived 
nucleotide precursor, 5-phospho-α -D-ribose 1-diphosphate (PRPP) was more than 3-fold (p <  0.01) lower 
than the polymyxin-susceptible parent strain ATCC 19606 (Fig. 5). On the contrary, the polymyxin-resistant 
clinical isolate 03–149.2 showed significantly lower abundance of the detected PPP metabolites, D-erythrose 
4-phosphate, D-sedoheptulose 7-phosphate, D-glyceraldehyde 3-phosphate, and D-ribose 5-phosphate 

Figure 2. Evaluation of washing step and extraction solvents in the sample pre-treatment method. 
(A) Clustered heat map distinguished the total metabolite recovery between cells subjected to washing 
with 0.9% NaCl and without washing. (B) Comparison of four different extraction solvents on the global 
metabolite recovery in A. baumannii: 60% ethanol, absolute methanol, chloroform:methanol (1:2, v/v), and 
chloroform:methanol:water (1:3:1, v/v).
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(p <  0.05) than the paired susceptible isolate 03–149.1. Besides, the levels of most nucleotides were significantly 
lower in the polymyxin-resistant 19606R than the parent polymyxin-susceptible ATCC 19606 strain (Fig. 6). 
However, there were no clear differences in nucleotide levels between the paired clinical isolates. Furthermore, 
two essential tricarboxylic acid (TCA) cycle intermediates, 2-oxoglutarate and cis-aconitate were identified at 
least 2-fold (p <  0.05) lower in relative abundance in the polymyxin-resistant 19606R cells (Fig. 7). Other TCA 
cycle metabolites, acetyl-CoA, citrate, and succinate, showed a consistent pattern of lower relative abundance in 
the polymyxin-resistant strain 19606R, albeit with less than two-fold difference. Interestingly, a similar pattern 
of metabolic changes were observed in the polymyxin-resistant clinical isolate 03–149.2; which showed lower 
abundance of citrate, cis-aconitate, 2-oxoglutarate and succinate than the polymyxin-susceptible clinical isolate 
03–149.1.

Variations of amino acid related metabolites in the polymyxin-resistant 19606R. The abun-
dance of several metabolites involved in phenylalanine, tyrosine, tryptophan and histidine metabolic pathways 
were significantly (p <  0.01) perturbed in the polymyxin-resistant 19606R strain (Table 2). Most notably, two 
putative metabolites associated with the shikimate pathway, shikimate-3-phosphate and 5-O-(1-Carboxyvinyl)-
3-phosphoshikimate were significantly higher in abundance (between 11- to 14-fold) in the polymyxin-resistant 
19606R compared to the polymyxin-susceptible parent strain ATCC 19606. Significant depletion was 
observed in three important peptidoglycan biosynthesis intermediates, N-succinyl-L,L-2,6-diaminopimelate, 
meso-diaminopimelate and UDP-N-acetylmuramoyl-L-alanyl-γ − D-glutamyl-meso-2,6-diaminopimelate which 
were 2- to 5-fold lower in the polymyxin-resistant 19606R (Fig. 8A). In addition, levels of these metabolites 
also decreased in the clinical polymyxin-resistant strain, 03–149.2. Interestingly, choline was undetectable in the 
polymyxin-resistant 19606R strain (Fig. 8B), suggesting differential uptake or utilisation of this metabolite from 
the growth medium. Footprint analysis revealed complete depletion of choline from the growth medium for the 
polymyxin-resitant 19606R, but not for the polymyxin-susceptible ATCC 19606 or both of the clinical isolates.

Perturbation of lipids levels in the LPS-deficient polymyxin-resistant 19606R. Analyses of 
cellular lipid metabolites in the polymyxin-resistant 19606R and polymyxin-susceptible ATCC 19606 revealed 
profound alteration (p <  0.05) of several putatively identified lipid metabolites. The observed accurate masses 

CM CMW 60EtOH MeOH

Median RSD value (%) 25 22 24 20

Identified compound

Amino acids 

 L-Lysine 4.1 ×  10 7 (20.7) 5.7 ×  107 (16.1) 4.1 ×  107 (20.4) 4.2 ×  107 (27.6)

 L-Serine 1.7 ×  107 (22.2) 1.7 ×  107 (13.7) 1.3 ×  107 (15.7) 1.8 ×  107 (7.3)

 L-Tyrosine 9.7 ×  107 (14.0) 9.5 ×  107 (12.8) 5.6 ×  107 (17.6) 1.1 ×  108 (11.2)

 L-Methionine 1.8 ×  108 (11.9) 1.7 ×  108 (13.9) 1.2 ×  108 (14.5) 1.9 ×  108 (10.4)

 L-Phenylalanine 3.0 ×  108 (13.4) 2.7 ×  108 (13.0) 1.8 ×  108 (10.8) 2.7 ×  108 (9.5)

 L-Valine 1.0 ×  107 (14.1) 9.6 ×  106 (10.2) 7.4 ×  106 (13.7) 1.0 ×  107 (5.6)

 L-Aspartate 2.8 ×  107 (11.8) 2.5 ×  107 (9.4) 2.2 ×  107 (10.5) 2.6 ×  107 (6.3)

Energy

 NADPH 5.4 ×  105 (45.0) 1.6 ×  106 (11.5) 3.8 ×  105 (48.3) 6.9 ×  105 (35.1)

 NAD+ 4.6 ×  107 (33.0) 7.6 ×  107 (9.8) 3.4 ×  107 (16.1) 5.5 ×  107 (23.4)

FMN 4.7 ×  105 (31.3) 6.2 ×  105 (7.6) NA* 4.0 ×  105 (61.7)

Nucleotides

 Adenine 6.7 ×  106 (46.7) 5.1 ×  106 (15.6) 2.3 ×  106 (41.8) 8.8 ×  106 (26.6)

 Cytidine 9.1 ×  106 (24.1) 8.7 ×  106 (11.9) 4.0 ×  106 (10.9) 8.1 ×  106 (10.1)

 Guanine 2.1 ×  105 (38.6) 2.1 ×  105 (12.6) 1.5 ×  105 (28.2) 2.5 ×  105 (12.9)

 Uridine 8.7 ×  106 (19.2) 8.2 ×  106 (14.0) 5.0 ×  106 (15.2) 1.0 ×  107 (17.3)

Carbohydrate

 Pyruvate 3.0 ×  105 (19.8) 3.0 ×  105 (17.0) 2.4 ×  105 (25.2) 2.8 ×  105 (10.7)

 Sucrose 2.0 ×  106 (39.2) 1.9 ×  106 (13.5) 1.1 ×  106 (13.7) 1.8 ×  106 (14.7)

 Citrate 1.7 ×  107 (38.7) 2.8 ×  107 (14.9) 2.7 ×  107 (20.4) 2.2 ×  107 (18.6)

 cis-Aconitate 2.3 ×  105 (29.3) 4.5 ×  105 (14.9) 2.6 ×  105 (17.8) 3.3 ×  105 (19.5)

 Oxalate 2.5 ×  105 (22.7) 2.7 ×  105 (19.3) 2.8 ×  105 (29.2) 2.3 ×  105 (22.9)

 (R,R)-Tartaric acid 3.2 ×  104 (19.4) 4.0 ×  104 (17.3) 3.4 ×  104 (23.3) 3.3 ×  104 (22.3)

Table 1.  Validation and reproducibility of metabolite extraction procedure for four different extraction 
solvents. CM, chloroform:methanol (1:2, v/v); CMW, chloroform:methanol:water (1:3:1, v/v); 60EtOH, 60% 
ethanol; MeOH, absolute methanol (3 biological samples with 3 technical replicates per condition). *NA, not 
available as the metabolite was not detected. Data are expressed as mean relative intensity (relative standard 
deviation, RSD, %).
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and retention times indicated that many of these lipids were unsaturated and oxidised fatty acids; precise iden-
tification of these fatty acids is beyond the scope of this study. High level identification of glycerophospholipids 
(GPs) based on molecular formula revealed signficant perturbations in the major phospholipid species, glycero-
phosphoethanolamine (PE), glycerophosphoserine (PS), and glycerophosphoglycerol (PG). In general, GPs with 
shorter-chain fatty acids (total ≤  32 carbons) were enriched in the polymyxin-resistant LPS-deficient 19606R, 
in addition to the shorter-chain lysophospholipids (≤ 18 carbons) (Fig. 9A). Notably, lipids with longer-chain 
fatty acids (> 32 carbons) were generally depleted in the LPS-deficient 19606R. However, these trends were not 
observed in A. baumannii of both clinical isolates, polymyxin-susceptible 03–149.1 and polymyxin-resistant 
03–149.2 (Fig. 9B). Furthermore, two key metabolites linked with glycerophospholipid metabolism, ethanol-
amine phosphate and glyceroethanolamine phosphate were significantly (p <  0.05) lower in abundance in the 

Figure 3. (A) PCA score plot of four A. baumannii strains. (B) PCA score plot of paired polymyxin-resistant 
19606R and the wild-type ATCC 19606. (C) PCA score plot of paired polymyxin-resistant 03–149.2 and 
polymyxin-susceptible 03–149.1 clinical isolates. Each data set for individual strains represents a total of 
12 sample replicates (3 biological replicates and each with 4 technical replicates). (D) Pathway-focused 
representation of the significant metabolites (black bars) and total number of putatively identified metabolites 
(open bars) for the polymyxin-resistant 19606R relative to the wild-type ATCC 19606 (left) and the polymyxin-
resistant clinical isolate 03–149.2 relative to the polymyxin-susceptible isolate 03–149.1 (right). Significant 
metabolites were selected by at least 2-fold difference (p <  0.05) in the metabolites levels of polymyxin-resistant 
strain relative to the polymyxin-susceptible strain.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:22287 | DOI: 10.1038/srep22287

polymyxin-resistant 19606R than the polymyxin-susceptible parent strain ATCC 19606, but not significantly 
changed in both A. baumannii clinical isolates (Fig. 9C).

Untargeted analysis reveals unknown metabolites that are common to both polymyxin- 
resistant strains. Four unidentified features were uniquely detected in both polymyxin-resistant strains 
and not in either of the polymyxin-susceptible strains. Whilst these features could not be identified based on 
existing bacterial metabolite databases, formula determination based on accurate mass, isotope abundance 
and retention time suggests that these unique metabolites may be complex amino-sugars: C12H24N2O8 (mass 
324.153; tR 14.7 min), C30H57N2O12P3 (mass 730.312; tR 17.2 min), C13H26N2O6 (mass 306.179; tR 19.8 min), and 
C16H28N2O11[Cl-] (mass 460.146; tR 13.7 min). Notably, three unidentified metabolites were detected in both 
polymyxin-susceptible strains, but were absent in both of the polymyxin-resistant strains. Accurate mass indi-
cates that these features likely represent metabolites with the formulas C9H14N2O5S (mass 262.063; tR 13.4 min), 

Figure 4. Heat map profiles of metabolite peak intensities in A. baumannii. Left: paired strains of ATCC 
19606 and polymyxin-resistant 19606R, Right: paired clinical isolates polymyxin-susceptible 03–149.1 and 
polymyxin-resistant 03–149.2. Metabolites are grouped into different classes: amino acids, carbohydrates, 
energy, lipids, nucleotides, peptides and undefined. Metabolites derived from the footprint (fp) also represented 
in the heat map. The colors indicate the relative abundance of metabolites based on the relative peak intensity 
(red =  high, yellow =  no change, blue =  undetectable).
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C7H11NO3S (mass 189.046; tR 7.5 min) and C11H19N3O7S2 (mass 369.066, tR 16.8 min). The latter formula cor-
responds to γ -glutamyl cystine, and the presence of sulfur in the other formulas suggest that they may also be 
cysteine conjugates.

Discussion
In recent times, untargeted metabolomics has been successfully applied towards the investigation of global met-
abolic profiles, particularly in microbiology and pharmacology22–24. Advantageously, the untargeted metabolo-
mics platform enables the detection of both known and unknown metabolites and has allowed the elucidation 
of complex interactions between cellular metabolites21. Significantly, this global metabolomics approach has 
been beneficial in enhancing our understanding of the biological nature of antimicrobial resistance mechanisms. 
Global metabolic profiling distinguished differential metabolic patterns between antibiotic-susceptible and 
antibiotic-resistant strains of A. baumannii, Pseudomonas aeruginosa, Nocardiopsis spp., as well as the protozoan 
parasites Trypanosoma brucei and Leishmania donovani25–29. In a previous study, both planktonic and biofilm 
forms of A. baumannii were compared to identify metabolic profiles associated with biofilm synthesis25. In the 
present study, we employed a global metabolic profiling strategy to identify key metabolic differences between 
two pairs of polymyxin-susceptible and polymyxin-resistant A. baumannii strains, specifically conferred by two 
different mechanisms of polymyxin resistance, LPS loss and lipid A modifications.

Gram-negative bacteria can develop resistance to most current antimicrobial agents because of their extraor-
dinary metabolic versatility and adaptability to a wide range of environmental conditions2. The main mecha-
nisms used for conferring polymyxin resistance in Gram-negative bacteria involved modifications of lipid A, 
the membrane embedded component of lipopolysaccharides (LPS)7. In a previous study, we discovered that A. 
baumannii can develop resistance to very high colistin concentrations through a complete loss of LPS, due to 
spontaneous mutations in any one of the three key lipid A biosynthetic genes17. Polymyxin resistance in 19606R 
was shown to be conferred by a spontaneous single mutation in lpxA gene, resulting in LPS loss17. RNA expression 
profiling of polymyxin-resistant 19606R by our group indicated that significant outer-membrane remodelling 

Figure 5. Pertubations of identified sugar phosphates in A. baumannii. Pentose phosphate pathway 
(PPP) of A. baumannii. PPP intermediates showed significant differences between polymyxin-resistant and 
polymyxin-susceptible A. baumannii strains. Metabolites in the red bold box indicate metabolites that were 
at least 2-fold more abundant in polymyxin-resistant 16906R strain than polymyxin-susceptible ATCC 19606 
strain. Metabolites in the red box indicate metabolites that were less than 2-fold more abundant in the 19606R 
strain. The blue bold box indicates the metabolite that was at least 2-fold less abundant in 16906R than ATCC 
19606. The blue box indicates the metabolite that was less than 2-fold less abundant in the 03–149.2 polymyxin-
resistant strain than polymyxin-susceptible 03–149.1 strain. The black boxes indicate metabolites that were not 
detected. *p <  0.05; **p <  0.01.
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occurs due to LPS loss18. This included increased expression of genes involved in cell envelope and membrane 
biogenesis, in particular the Lol lipoprotein transport system, the Mla-retrograde phospholipid transport system 
and poly-β -1,6-N-acetylglucosamine (PNAG) biosynthesis18. In addition, polymyxin-resistant 19606R displays 
a decreased expression of genes predicted to encode the fimbrial subunit FimA and components involved in the 
type VI secretion system (T6SS)18.

Our genome sequencing data for the polymyxin-resistant isolate 03–149.2 show that the deletion of 3 bases in 
the pmrB gene conferred an in-frame deletion of alanine 28. This particular mutation has not been characterized 
previously. However, mutations in pmrB have repeatedly been shown to cause polymyxin resistance in A. bauman-
nii by the upregulation of the phosphoethanolamine transferase, pmrC, and subsequent lipid A modification30. 
Furthermore, structural analyses of lipid A from both polymyxin-susceptible 03–149.1 and polymyxin-resistant 
03–149.2 clinical isolates revealed lipid A modifications with phosphoethanolamine (pEtN) and galactosamine 
(GalN) in the polymyxin-resistant 03–149.2 strain (Supplementary Figure S2). These lipid A modifications play 
a role in polymyxin resistance similar to that of aminoarabinose modification in other Gram-negative bacte-
ria31,32 which reduce the initial electrostatic interaction with polymyxins by reducing the negative charge on the 
bacterial outer membrane7,33,34. The results clearly indicate that the mechanism of polymyxin resistance in the 
polymyxin-resistant 03–149.2 isolate differs from the A. baumannii 19606R resistant strain, which was due to the 
complete loss of LPS17.

Careful assessment of sample preparation methods is an important pre-requisite step to generate physiological 
metabolome data based on the differences in cell composition and culture condition35. In our study, the effect of 
the washing step and the efficiency of four different extraction solvents were firstly examined. Since a very rich 
culture medium, cation-adjusted Mueller-Hinton broth (MHB) was used in this study, a washing process was 
essential to avoid medium effects and to ensure that detected metabolites solely derive from cells36. Desirably, 
the leakage of intracellular metabolites into its extracellular environment should be avoided during the washing 
step37. As washing with organic solvents at sub-zero temperature leads to the leakage of cellular metabolites38, 
we implemented a quenching step at 0 °C and washing in aqueous buffer 0.9% NaCl (4 °C). The washing process 
was effective in eliminating most of the extracellular contaminants from the rich growth media whilst avoid-
ing significant leakage of intracellular metabolites. Furthermore, the ideal extraction solvent should be able to 
extract a broad range of metabolites with different physicochemical properties in high and reproducible yield39. 
Several extraction solvents have been reported in the literature for bacterial metabolomics, and four promising 
solvent compositions were selected to determine the optimal extraction method specifically for A. baumannii in 
the present study. Unsurprisingly, our analyses showed that different extraction solvents preferentially extract 
certain metabolites depending on the polarity of the solvent. Overall, CMW (1:3:1, v/v) provided the greatest 

Figure 6. Heat map profiles of relative abundance of nucleotides. The polymyxin-resistant 19606R and its 
parent ATCC 19606 (left) and the clinical isolates polymyxin-resistant 03–149.2 and polymyxin-susceptible 
03–149.1 (right). The colors indicate the relative abundance of metabolites based on the relative peak intensity 
(red =  high, yellow =  no change, blue =  undetectable).
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recovery and reproducibility for the largest number of different classes of metabolites, and is suitable to be used 
as a one-step method for untargeted metabolomics studies of A. baumannii.

Metabolic fingerprinting of two pairs of polymyxin-susceptible and polymyxin-resistant A. baumannii strains 
demonstrated accumulation or depletion of specific metabolite pools, indicating differential regulation of particu-
lar metabolic pathways. Interestingly, PCA plots clearly distinguished the metabolic profile differences between 
the polymyxin-resistant strain 19606R and the three other A. baumannii strains, signifying that the metabolic 
differences were substantially driven by the complete loss of outer membrane LPS. Notably, there were clear 
metabolic differences between the polymyxin-susceptible ATCC 19606 and polymyxin-resistant 19606R. In 
contrast, relatively very few metabolite differences were identified between the A. baumannii clinical isolates, 
polymyxin-susceptible 03–149.1 and polymyxin-resistant 03–149.2, demonstrating that lipid A modifications 
had minimal impact on the global metabolic profile. In general, the results show that different mechanisms of 
polymyxin resistance lead to unique changes in global metabolic profiles.

Our results demonstrate that peptides derived from the medium component were substantially accumu-
lated in the polymyxin-resistant strain 19606R compared to other A. baumannii strains, and suggested that the 
uptake was facilitated significantly as a result of loss membrane integrity from the total LPS loss. The analy-
ses of carbohydrate associated metabolites displayed higher levels of pentose phosphate pathway (PPP) inter-
mediates in the polymyxin-resistant 19606R than in its susceptible parent strain ATCC 19606. In contrast, 
the polymyxin-resistant 03–149.2 showed significantly lower levels of detected PPP-associated metabolites 
than the polymyxin-susceptible 03–149.1. However, a major end-product of the PPP, 5-phospho-α -D-ribose 
1-diphosphate (PRPP), was 3.5-fold lower in abundance in the polymyxin-resistant 19606R, suggesting diver-
sion of flux through the non-oxidative branch of the PPP. PRPP is an essential precursor for both purine and 
pyrimidine nucleotide biosynthesis as well as for the biosynthesis of amino acids histidine and tryptophan40. 
Coincidently, decreased levels of nucleotides was observed in 19606R, as well as depletion of two histidine 
metabolites, N-formimino-L-glutamate (24-fold) and urocanate (3-fold), which may be secondary to the 

Figure 7. Pertubations of TCA cycle intermediates in A. baumannii. TCA cycle of A. baumannii. The blue 
bold box indicates metabolites that were at least 2-fold less abundant in the polymyxin-resistant 19606R strain 
than polymyxin-susceptible ATCC 19606. Metabolites in the blue box indicate metabolites that were less than 
2-fold less abundant in 19606R than ATCC 19606. The green boxes indicate metabolites that were detected but 
not significant. The black boxes indicate metabolites that were not detected. *p <  0.05; **p <  0.01.
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decreased concentration of PRPP. However, the significant depletion of nucleotide levels was not observed in the 
polymyxin-resistant 03–149.2 clinical isolate. The increased level of D-erythrose 4-phosphate (2-fold) generated 
in the PPP of the polymyxin-resistant 19606R strain appears to facilitate biosynthesis of the aromatic amino 
acids: phenylalanine, tyrosine, and tryptophan through the shikimate pathway, as shown by the significant accu-
mulation of two intermediates, shikimate-3-phosphate (14-fold) and 5-O-(1-Carboxyvinyl)-3-phosphoshikimate 
(11-fold)41. Apart from the importance of PPP to conserve stable carbon equilibrium, to generate nucleotide 
and amino acid biosynthesis precursors and to supply reducing molecules for anabolism, PPP also has been 
found to be essential in the biosynthesis of LPS in Gram-negative bacteria42. SHI, an enzyme that has been char-
acterised in Escherichia coli, P. aeruginosa43 and Helicobacter pylori44 converts sedoheptulose 7-phosphate into 
the LPS precursor, glycero-manno-heptose 7-phosphate43,45,46. Interestingly, we identified that the level of this 
particular metabolite, D-sedoheptulose 7-phosphate was about 2-fold higher (**p <  0.01) than the other three 
A. baumannii strains. We hypothesised that, as the polymyxin-resistant 19606R is characterised by the total LPS 
loss17, the metabolite, sedoheptulose 7-phosphate was significantly accumulated in the cells since it was not con-
verted into the LPS precursor. The TCA cycle is another essential central metabolic pathway in bacterial cells, 
providing substrates for energy and biosynthetic reactions, including precursors for lipids and amino acids47. 
Notably, both polymyxin-resistant strains, 19606R and clinical isolate 03–149.2 showed lower abundance of 
TCA cycle metabolites than their respective polymyxin-susceptible strains. This suggested that, in general, the 
polymyxin-resistant strains produced less energy through TCA cycle indicating lower cellular metabolism than 
the polymyxin-susceptible strains and this was significantly observed particularly in the polymyxin-resistant 
strains, 19606R.

Three intracellular metabolites engaged in the peptidoglycan biosynthesis pathway, meso-diaminopimelate, 
UDP-N-acetylmuramoyl-L-alanyl-γ -D-glutamyl-meso-2-6-diaminopimelate, and N-succinyl-L,L-
2,6-diaminopimelate were detected 2- to 5-fold less abundant in the polymyxin-resistant 19606R strain, com-
pared to the parent strain ATCC 19606. Interestingly, these metabolites were also significantly decreased (2- to 
3-fold) in the polymyxin-resistant clinical isolate 03–149.2. Meso-diaminopimelate is derived from lysine deg-
radation and is conjugated with UDP-N-acetylmuramoyl-L-alanyl-D-glutamate (catalysed by MurE ligase) in 
the cytoplasm to form UDP-N-acetylmuramoyl-L-alanyl-γ -D-glutamyl-meso-2-6-diaminopimelate48. This is fol-
lowed by the addition of dipeptide D-alanyl-D-alanine to form UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-
6-carboxy-L-lysyl-D-alanyl-D-alanine (catalysed by MurF ligase). In E. coli, the MurE and MurF ligases are 
encoded by the murE and murF genes, respectively, co-localised in the genome; these ligases are essential for 
bacterial viability and are targets for antibacterial chemotherapy49. The lower levels of the peptidoglycan biosyn-
thesis metabolites indicate that the polymyxin-resistant 19606R and clinical isolate 03–149.2 synthesised less pep-
tidoglycan compared to their polymyxin-susceptible parent strains. Interestingly, choline levels were significantly 
depleted in the 19606R strain and its culture medium. In our recent transcriptomics study, the expression of 
choline dehydrogenase, choline-glycine betaine transporter and choline transport protein BetT was significantly 
increased (3.0, 3.0 and 4.6 folds, respectively) in the polymyxin-resistant A. baumannii 19606R18. As choline 
uptake and metabolism have been associated with maintenance of osmotic balance in Gram-negative bacteria45,50, 
our transcriptomics and metabolomics data collectively indicate that choline was required by 19606R in response 

Formula Putative metabolitea Pathway/metabolism
Fold 

change P-value

Carbohydrate 

 C5H12O5 Xylitol Pentose and glucoronate 
interconversions 3.47 0.00017

 C12H23O14P Lactose 6-phosphate Galactose metabolism 2.14 0.0018

 C3H6O9P2 Cyclic 2,3-bisphospho-D-glycerate Carbohydrate metabolism – 3.01 0.0035

Amino acids 

 C7H11O8P Shikimate 3-phosphate Phenylalanine, tyrosine, tryptophan 
biosynthesis 14.41 0.0012

 C10H13O10P 5-O-(1-Carboxyvinyl)-3-phosphoshikimate Phenylalanine, tyrosine, tryptophan 
biosynthesis 11.30 0.0079

 C8H8O5 3,4-Dihydroxymandelate Tyrosine 3.03 0.00074

 C4H6O3 2-Methyl-3-oxopropanoate Valine, leucine and isoleucine 
degradation 2.19 0.00060

 C2H5O5P Acetyl phosphate Taurine and hypotaurine 2.15 9.2E-05

 C9H8O3 Phenylpyruvate Phenylalanine – 2.00 5.9E-05

 C9H10O4 3-(2,3-Dihydroxyphenyl)propanoate Phenylalanine – 2.03 0.0011

 C13H15NO6 4-Hydroxyphenylacetylglutamic acid Tyrosine – 2.08 0.0077

 C7H15NO3 L-Carnitine Lysine degradation – 2.57 0.00049

 C6H6N2O2 Urocanate Histidine – 3.75 0.0031

 C6H10N2O4 N-Formimino-L-glutamate Histidine – 24.86 0.00095

Table 2.  Fold changes (relative intensity) in the abundance of metabolites detected in the LPS-deficient 
polymyxin-resistant 19606R, relative to the parent strain ATCC 19606. aPutative metabolites, identified by 
exact mass, with at least 2-fold differences at p value <  0.01 between the polymyxin-resistant 19606R and the 
polymyxin-susceptible ATCC 19606.
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to the osmolarity pressure due to the less peptidoglycan caused by polymyxin resistance. However, there was no 
profound change in choline level in the polymyxin-resistant clinical isolate 03–149.2 proposing that choline was 
not utilised and the level was in equilibrium state between intracellular and extracellular.

The outer membrane (OM) of Gram-negative bacterial cells is composed of an asymmetrical bilayer con-
sisting of an outer leaflet with LPS as a major component, and the inner leaflet mainly containing glycerophos-
pholipids (GPs)51. The OM serves as an efficient permeability barrier and a first-line defence mechanism, and 
GPs are the most prevalent component of lipids in the bacteria OM52. Compared to GPs species in the samples 
obtained from ATCC 19606, the LPS-deficient, polymyxin-resistant 19606R produced relatively high levels of GP 
species PE, PS and PG with shorter fatty acyl chains (less than 32 carbons in both chains) and concomitantly less 
GP species with more than 34 carbons in their fatty acyl chains. This finding agrees with a previous report that 
showed a LPS-deficient Neisseria meningitides mutant preferentially incorporated saturated PE and PG species 
with shorter fatty acyl chains into its OM53. Furthermore, the higher abundance of lyso-GPs (those with a single 
fatty acid chain less than 18 carbons) in the polymyxin-resistant 19606R, compared to the parent strain ATCC 
19606, indicate significant GPs turnover; hence, our result supports the hypothesis that the OM structure of 
polymyxin-resistant bacterial cells is dramatically altered due to LPS loss. The observed increase in the produc-
tion of GPs, which we hypothesise are mainly exported to the outer leaflet of the OM of the LPS-deficient strain 
19606R, further supports the previously described the compensatory mechanism for the LPS loss which associ-
ated with increase in cell envelope and membrane biosynthesis18. Transcriptomics analyses of the LPS-deficient 
strain 19606R revealed that there was a significant increase in the expression of genes involved in phospholipid 

Figure 8. Levels of peptidoglycan biosynthesis metabolites and choline in A. baumannii. (A) Peptidoglycan 
synthesis pathway of A. baumannii. Metabolites in the red box indicate metabolites that were less than 2-fold 
higher in polymyxin-resistant strains than polymyxin-susceptible strains. The blue and bold boxes indicate 
metabolites that were at least 2-fold lower in polymyxin-resistant strains than polymyxin-susceptible strains. 
Metabolites in the blue box indicate less than 2-fold lower abundance in polymyxin-resistant strains than 
polymyxin-susceptible strains. The green box indicates metabolites that were detected but not significant. 
Metabolites in the black box were not detected. (B) Intracellular and footprint (extracellular) choline shows 
significantly lower abundance in the polymyxin-resistant 19606R than the parent wild-type ATCC 19606. 
*p <  0.05; **p <  0.01.
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transport (mlaBCD) in response to the LPS loss18. Remarkably, glyceroethanolamine phosphate and ethanol-
amine phosphate showed significantly lower levels in the polymyxin-resistant 19606R than its parent ATCC 
19606. Ethanolamine utilisation was suggested to associate with bacterial pathogenesis and virulence54,55. Our 
results support the claim and suggest that ethanolamine is crucial for bacterial metabolism, in particular in the 
polymyxin-resistant 19606R. The present study utilising HILIC chromatography does not represent the total 
phospholipid composition and does not reveal the relative distribution of each GP species in the inner and outer 
membranes of A. baumannii. Future membrane lipidomics analysis of LPS-deficient, polymyxin-resistant A. bau-
mannii is underway and will further define the total lipid abundance and distribution.

In addition to the perturbations to known metabolic pathways, our untargeted metabolomics analysis 
revealed four unidentified metabolite features which are consistent with amino-sugars that were unique to the 
polymyxin-resistant strains, and not in either of the polymyxin-susceptible strains. Metabolite identification is a 

Figure 9. Relative intensity of glycerophospholipids levels. (A) LPS-deficient polymyxin-resistant 19606R 
and its parent strain ATCC 19606; and (B) polymyxin-resistant 03–149.2 and polymyxin-susceptible 
03–149. (C) Glyceroethanolamine phosphate and ethanolamine phosphate showed significantly lower levels 
in the polymyxin-resistant 19606R than its parent ATCC 19606. PE, glycerophosphoethanolamine; PS, 
glycerophosphoserine; PG, glycerophosphoglycerols; PA, glycerophosphates. Fatty acyl carbon atom number 
and double bond number are shown in brackets. *p <  0.05.
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major bottleneck in untargeted metabolomics, and accurate identification of metabolites that are not present in 
existing databases requires large-scale fractionation and extensive structural analysis56–58. Precise structural iden-
tification of the unknown metabolites that are unique to polymyxin-resistant strains is beyond the scope of the 
present study. Nevertheless, with the high-resolution MS applied here, features can be annotated with the most 
likely molecular formulas. Whilst not conclusive, these unique unidentified metabolites suggest the involvement 
of glycan metabolism in the molecular mechanisms of polymyxin resistance in A. baumannii. Further studies are 
warranted to characterise these unknown metabolites and their biological functions. Together with our metab-
olomics and transcriptomics results18, it will provide additional information about the metabolic differences 
between polymyxin-susceptible and polymyxin-resistant A. baumannii (Figs 3 and 4).

To the best of our knowledge, this comparative untargeted metabolomics study is the first to demonstrate 
significant global metabolic changes in polymyxin-resistant A. baumannii strains. In particular, global metabolic 
differences are associated with different mechanisms of polymyxin resistance due to LPS loss and lipid A modi-
fications. Our study provides a valuable insight into the global metabolism of polymyxin-resistant A. baumannii 
and potentially offers new therapeutic targets.

Materials and Methods
Strains. The A. baumannii wild-type strain ATCC 19606 was obtained from the American Type Culture 
Collection. The lpxA mutant strain 19606R (MIC >  128 mg/L) is an LPS-deficient, polymyxin-resistant deriv-
ative of ATCC 1960617. The two clinical isolates used in this study were polymyxin-susceptible 03–149.1 (MIC 1 
mg/L) and polymyxin-resistant 03–149.2 (MIC >  32 mg/L); both were isolated from the same patient59. Bacterial 
strains were grown in cation-adjusted Mueller-Hinton broth (MHB; Oxoid, England; 20–25 mg/L Ca2+ and 
10–12.5 mg/L Mg2+).

Identification of 16S rDNA, genome sequencing and lipid A structural analysis of A. baumannii 
clinical isolates 03–149.1 and 03–149.2. The A. baumannii clinical isolates 03–149.1 and 03–149.2 16S 
were identified using rDNA gene sequencing (Supplementary Method). Their genome sequences were deter-
mined using 36-bp paired-end sequencing chemistry on an Illumina Genome Analyzer II apparatuse (Illumina) 
at the Micromon Sequencing Facility (Monash University) as previously described17. Furthermore, lipid A of the 
clinical isolates 03–149.1 and 03–149.2 was prepared by mild acid hydrolysis as previously described60. In detail, 
100 mL of broth cultures were harvested at OD600nm =  0.8 via centrifugation at 3,220 ×  g for 20 min and washed 
twice with phosphate-buffered saline (PBS). Initially, the cells were re-suspended in 4 mL PBS, methanol (10 mL) 
and chloroform (5 mL) were then added to the suspension, making a single-phase Bligh-Dyer (chloroform/meth-
anol/water, 1:2:0.8, v/v)61. The mixture was centrifuged at 3,220 ×  g for 15 min and supernatant was removed. The 
pellet was washed once with chloroform/methanol/water (1:2:0.8, v/v), re-suspended in the hydrolysis buffer 
(50 mM sodium acetate pH 4.5, 1% sodium dodecyl sulphate (SDS)), and incubated in a boiling water bath for 
45 min. To extract lipid A, the SDS solution was converted into a double-phase Bligh-Dyer mixture by adding 
6 mL of chloroform and 6 mL of methanol for a final mixture of chloroform/methanol/water (1:1:0.9, v/v)61. The 
lower phase containing lipid A was finally extracted and samples were dried and stored at – 20 °C. Structural anal-
ysis of lipid A was performed in negative mode on a Q-Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer 
(Thermo Fisher).

Bacterial culture preparation for metabolomics experiments. Bacterial strains, subcultured 
from – 80 °C frozen stocks, were inoculated onto nutrient agars and incubated for 16–18 h at 37 °C. For the 
polymyxin-resistant strains, lpxA mutant 19606R and clinical isolate 03–149.2, the Mueller-Hinton plates were 
supplemented with polymyxin B (10 mg/L) to maintain the selection pressure. For each culture, a single colony 
was used to inoculate 10 mL MHB for incubation overnight (16–18 h) at 37 °C with constant shaking (180 rpm). 
Three biological replicate reservoirs for different A. baumannii colonies, each consisting of 50 mL MHB, were 
prepared for each A. baumannii strain. Each reservoir was inoculated with 500 μL of overnight culture and grown 
at 37 °C with shaking (180 rpm) to an OD600nm ~0.5 (mid-exponential growth phase). The polymyxin-resistant 
strains 19606R and 03–149.2 were grown in MHB without colistin. For the blank controls, two MHB reservoirs 
without bacterial inoculation were included in the experiment.

Sample preparation for metabolomic study. Metabolomic sample was prepared as previously 
described with slight modifications36. The sample pre-treatment method, washing step and extraction solvents 
were optimised for improved recovery of cellular metabolites. The final method for cell pellet analyses employed 
four technical replicates, each consisting of 10 mL mid-exponential culture (OD600nm ~0.5) collected in 50 mL 
Falcon tubes (Thermo Fisher). The tubes were centrifuged at 3,220 ×  g at 4 °C for 5 min and the supernatant dis-
carded. For each sample, extracellular metabolites and medium components were removed by washing cell pellets 
twice with 0.5 mL of 0.9% NaCl (4 °C). Following each wash, cells were pelleted by centrifugation at 3,220 ×  g at 
4 °C for 3 min. To evaluate the washing effect on the metabolite leakage, washing waste supernatant samples were 
collected and analysed (below). Furthermore, the efficiency of four different extraction solvents were evaluated: 
(i) absolute methanol (MeOH), (ii) 60% ethanol (60EtOH), (iii) chloroform:methanol:water (CMW; 1:3:1, v/v), 
and (iv) chloroform:methanol (CM; 1:2, v/v). In our comparison study of different A. baumannii strains, washed 
cell pellets were resuspended in 0.5 mL metabolite extraction solvent consisting of CMW (1:3:1, v/v; − 80 °C); the 
solvent mixture contained the internal standards (CHAPS, CAPS, PIPES and TRIS; 1 μM of each). These com-
pounds were selected as the internal standards as they are physicochemically diverse small molecules that are not 
naturally occurring in any microorganism and can be spiked at known concentrations to determine the analytical 
performance of the method used. Samples were frozen in liquid nitrogen and thawed on ice, and freeze-thaw was 
repeated three times in order to permeabilise the cells and release intracellular metabolites. The mixtures were 
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centrifuged for 10 min at 3,220 ×  g at 4 °C and 300 μL of the supernatants containing the extracted metabolites 
were collected in 1.5-mL centrifuge tubes and stored at – 80 °C immediately. For analysis, the samples were thawed 
and further centrifuged at 14,000 ×  g for 10 min at 4 °C and 200 μL of particle-free supernatant was transferred 
into the injection vial for LC-MS analysis. For footprint samples, an aliquot of approximately 1.5 mL of the culture 
was rapidly filtered through a 0.22-μm filter and stored at – 80 °C. Prior to analysis, these samples were thawed and 
10 μL combined with 250 μL extraction solvent (chloroform:methanol:water, 1:3:1, v/v) and then centrifuged at 
14,000 ×  g for 10 min at 4 °C to collect 200 μL supernatant for LC-MS analysis (below). Equal volumes from each 
of the A. baumannii strains samples were mixed for a quality control sample (QC). This pooled quality control 
sample was used to estimate a composite sample profile representing all the analytes that will be encountered 
during the LC-MS analysis62.

LC-MS analysis. Hydrophilic interaction liquid chromatography (HILIC)—high-resolution mass spec-
trometry (HRMS) was employed in this study. Samples were analysed on a Dionex high-performance liquid 
chromatography (HPLC) system (RSLCU3000, Thermo Fisher) using a ZIC-pHILIC column (5 μm, polymeric, 
150 ×  4.6 mm; SeQuant, Merck) coupled to a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher) operated 
at 35000 resolution in both positive and negative electro-spray ionization (ESI) mode and a detection range of 85 
to 1,275 m/z. The LC solvent consisted of 20 mM ammonium carbonate (A) and acetonitrile (B) with a multi-step 
gradient system from 80% B to 50% B over 15 min, then to 5% B at 18 min, followed by wash with 5% B for 3 min, 
and 8 min re-equilibration with 80% B at a flow rate of 0.3 mL/min63. The run time was 32 min and the injection 
sample volume was 10 μL. All samples (3 biological replicates, each with 4 technical replicates) were randomized 
and analysed in a single LC-MS batch to reduce batch-to-batch variation. The chromatographic peaks, signal 
reproducibility and analyte stability were monitored by assessment of pooled quality control sample analysed 
periodically throughout the run, internal standards and total ion chromatograms for each sample. Mixtures of 
pure standards containing over 250 metabolites of different classes were analysed within the batch to aid in the 
identification of metabolites.

Data processing, bioinformatics and statistical analyses. Global metabolomics analyses were per-
formed using mzMatch64 and IDEOM (http:// mzmatch.sourceforge.net/ideom.php) free software65. Raw LC-MS 
data were converted to mzXML format and chromatogram peaks were detected using XCMS66 and saved in 
the peakML format. The program Mzmatch.R was used to align samples and filter peaks based on minimum 
detectable intensity (100000), reproducibility (relative standard deviation (RSD) for all replicates <  0.5) and peak 
shape (codadw >  0.8). Mzmatch.R was also used to retrieve LC-MS peak intensities for missing peaks and for 
the annotation of related peaks. Unwanted noise and artefact peaks were eliminated using IDEOM with default 
parameters. Metabolites were putatively identified by the exact mass within 2 ppm, after correction for loss or 
gain of a proton in negative and positive ESI mode, respectively. Retention time was employed to confirm the 
identification of each metabolite based on the available authentic standards. Putative identification of other 
metabolites was determined using exact mass and predicted retention time based on the Kyoto Encyclopedia of 
Genes and Genomes (KEGG), MetaCyc and LIPIDMAPS databases, with preference given to bacterial metab-
olites annotated in EcoCyc. Quantification of each metabolite was calculated using the raw peak height and is 
expressed relative to the average peak height for their paired susceptible strain. Univariate statistical analyses 
utilised a Welch’s T-test (α  =  0.01) and multivariate analyses utilised the metabolomics R package. Metabolic 
pathway analyses were performed using the free web-based metabolomics tool Pathos (http://motif.gla.ac.uk/
Pathos/)67, BioCyc (http://biocyc.org/)68, and Visualization and Analysis of Networks containing Experimental 
Data (Vanted) software69.
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Untargeted metabolomics analysis 
reveals key pathways responsible 
for the synergistic killing of colistin 
and doripenem combination 
against Acinetobacter baumannii
Mohd Hafidz Mahamad Maifiah1, Darren J. Creek1,*, Roger L. Nation1, Alan Forrest2, 
Brian T. Tsuji3, Tony Velkov1 & Jian Li4,*

Combination therapy is deployed for the treatment of multidrug-resistant Acinetobacter baumannii, 
as it can rapidly develop resistance to current antibiotics. This is the first study to investigate the 
synergistic effect of colistin/doripenem combination on the metabolome of A. baumannii. The 
metabolite levels were measured using LC-MS following treatment with colistin (2 mg/L) or doripenem 
(25 mg/L) alone, and their combination at 15 min, 1 hr and 4 hr (n = 4). Colistin caused early (15 min 
and 1 hr) disruption of the bacterial outer membrane and cell wall, as demonstrated by perturbation 
of glycerophospholipids and fatty acids. Concentrations of peptidoglycan biosynthesis metabolites 
decreased at 4 hr by doripenem alone, reflecting its mechanism of action. The combination induced 
significant changes to more key metabolic pathways relative to either monotherapy. Down-regulation 
of cell wall biosynthesis (via D-sedoheptulose 7-phosphate) and nucleotide metabolism (via D-ribose 
5-phosphate) was associated with perturbations in the pentose phosphate pathway induced initially 
by colistin (15 min and 1 hr) and later by doripenem (4 hr). We discovered that the combination 
synergistically killed A. baumannii via time-dependent inhibition of different key metabolic pathways. 
Our study highlights the significant potential of systems pharmacology in elucidating the mechanism of 
synergy and optimizing antibiotic pharmacokinetics/pharmacodynamics.

Multidrug-resistant (MDR) Acinetobacter baumannii has been classified by the Centers for Diseases Control and 
Prevention (CDC) as a ‘‘Serious Threat’’ which is responsible for a plethora of nosocomial infections including 
pneumonia, bacteraemia, wound infections, urinary tract infections and meningitis1–3. As one of the six signifi-
cant ESKAPE ‘superbugs’ identified by the Infectious Diseases Society of America (IDSA), A. baumannii repre-
sents a challenge as it can rapidly develop resistance to all clinically available antibiotics4–7. A. baumannii exhibits 
a wide array of antibiotic resistance strategies, including degradation and modification of enzymes, alteration of 
target binding sites, and activation of efflux pumps8.

Due to the dry antibiotic discovery pipeline, the re-utilization of the ‘old’ polymyxin class of antibiotics has 
become essential for the treatment of life-threatening infections caused by MDR A. baumannii9. Polymyxin B and 
colistin (i.e. polymyxin E) are non-ribosomal cyclic lipopeptides that contain six basic l-α -γ -diaminobutyric acid 
(Dab) residues, two hydrophobic amino acids, and an N-terminal fatty acyl group10. Polymyxins interact electro-
statically with the phosphate groups of the lipid A component of lipopolysaccharide (LPS) followed by non-polar 
interactions of hydrophobic domains on both molecules to initiate the rapid bactericidal effect10,11. Destabilization 
of the LPS leaflet of the outer membrane has generally been thought to cause local disturbance, osmotic 
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imbalance and finally cell death, although the ultimate mechanism of cell death is not completely understood12.  
Polymyxin monotherapy may lead to treatment failure as it is not always possible to generate reliably efficacious 
plasma exposure and bacterial resistance may emerge13–18. A. baumannii can become resistant to polymyxins by 
the addition of phosphoethanolamine (pEtN), galactosamine (GalN) or both19–24 to its lipid A structure, or by the 
loss of LPS25. These modifications significantly reduce the negative charge on the bacterial outer membrane, thus 
diminishing the binding of polymyxins10. A number of in vitro studies have shown that colistin and doripenem 
combination therapy is synergistic against MDR Pseudomonas aeruginosa, Klebsiella pneumoniae and A. bauman-
nii26–31. In addition, the colistin-carbapenem combination has been shown to significantly limit the emergence 
of colistin resistance in A. baumannii32. Therefore, polymyxin-carbapenem combinations are often employed to 
enhance therapeutic response and minimize potential polymyxin resistance.

The mechanisms that underlie the synergistic action of polymyxins and carbapenems have not been fully elu-
cidated. Metabolomics provides the opportunity to gain a system-wide snapshot of cellular biochemical networks 
under defined conditions33–35, and has been increasingly employed in bacterial physiology34 and drug discovery 
to elucidate the mechanism of drug action36. Furthermore, a detailed understanding of cellular metabolic per-
turbations in response to antibiotic treatment can potentially facilitate the discovery of novel alternative drug 
targets37. To elucidate the mechanism of synergistic killing of the colistin and doripenem combination against  
A. baumannii, we conducted an untargeted metabolomics study. Our study is the first to reveal that the metabolic 
perturbations induced by the combination were predominantly associated with the effect of colistin in the early 
time points, followed by doripenem at 4 hr. Notably, significant metabolic changes via disorganization of mem-
brane lipids and depletion of nucleotides, energy, and amino sugar metabolites were evident following treatment 
with colistin alone, and were enhanced by its combination with doripenem. Our data provide a novel insight into 
the mechanism of synergistic killing against A. baumannii by the colistin-doripenem combination.

Results
Untargeted metabolomics was applied to profile the metabolic changes in A. baumannii ATCC 19606 treated with 
monotherapy of colistin and doripenem and the combination at 15 min, 1 hr and 4 hr. Four biological replicates 
were independently prepared from different cultures on separate days, and all the samples were analyzed in a single 
LC-MS batch. The within-experiment technical (analytical) variations were monitored based on periodic analysis 
of pooled biological quality control (PBQC) samples in the batch. We showed that the median relative standard 
deviation (RSD) of the PBQC, an indicator for analytical reproducibility, was 14% (Supplementary Figure S1A) 
which is well within the acceptable limits for metabolomics38. In addition, the PCA plot showed the PBQC sam-
ples tightly clustered together, indicating minimal technical variation (Supplementary Figure S1B). The median 
RSD value for each sample group was between 19–30%, showing the dynamics of bacterial metabolism due to 
antibiotic treatments (Supplementary Figure S1A). Principal component analysis (PCA) (Fig. 1A) and heatmaps 
(Supplementary Figure S2) revealed global metabolic changes in A. baumannii after antibiotic treatment at each 
time point. A total of 1,577, 1,583 and 1,637 unique metabolites (carbohydrates, energy, amino acids, nucle-
otides, lipids, peptides, and others) were putatively identified at 15 min, 1 hr and 4 hr, respectively. Univariate 
analysis of these features revealed that 5–11% of metabolites were significantly altered (≥1.5-log2-fold; ANOVA, 
p ≤  0.05, FDR ≤  0.1) following treatment with monotherapy and the combination at each time point (Fig. 1B, and 
Supplementary Tables 1 and 2).

Colistin induced significant global metabolic changes as early as at 15 min. In contrast, the most substantial 
metabolic changes associated with doripenem monotherapy were observed at 4 hr, signifying the time-dependent 
effect of doripenem. Treatment with the colistin and doripenem combination affected 31 additional metabolites 
that were not altered by either colistin or doripenem treatment alone at 15 min and 1 hr, indicating a synergistic 
effect of this combination. Interestingly, the PCA plot (Fig. 1A) and heatmaps (Supplementary Figure S2) show 
relatively similar metabolic profiles between the treatment with colistin monotherapy and the combination of 
colistin and doripenem at 15 min. There was also considerable overlap at 1 hr as almost half of the perturbed 
metabolites from the combination treatment were also perturbed by colistin alone. However, at 4 hr the impact of 
colistin alone was minimal and the combination treatment shared many metabolic features with the doripenem 
monotherapy (Fig. 1B).

Colistin alone and in combination with doripenem predominantly induced disruption of bac-
terial lipids. Unique patterns of changes in the levels of lipids were observed in samples treated with either 
colistin monotherapy or combination with doripenem at 15 min, 1 hr and 4 hr. Treatment with colistin alone 
induced significant perturbation in the levels of membrane lipids at 15 min and 1 hr, predominantly the glycero-
phospholipids (GPLs) and fatty acids (FAs) (≥ 1.5-log2-fold; ANOVA, p ≤  0.05, FDR ≤  0.1) (Fig. 2A). Significant 
changes in levels of GPLs were observed after treatment with colistin and doripenem combination at all three 
time points, including the depletion of several lysophosphatidylethanolamines (lysoPE) while only very few FAs 
were affected. Interestingly, the metabolite arising from PE metabolism, sn-glycero-3-phosphoethanolamine, sig-
nificantly decreased (≥ 1.5-log2-fold; ANOVA, p ≤  0.0001, FDR ≤  0.1) after treatment with colistin monotherapy 
and combination across all the time points (Fig. 2B). In addition, the combination therapy significantly decreased 
the level of sn-glycero-3-phosphate (≥ 1.5-log2-fold; ANOVA, p ≤  0.001, FDR ≤  0.1), another metabolite associ-
ated with GPL metabolism (Fig. 2B). Doripenem alone showed no significant changes to lipid levels at 15 min 
and 1 hr. However, doripenem alone caused substantial perturbation in the levels of cellular lipids, predominantly 
accumulation of FAs at 4 hr.

Combination of colistin and doripenem induced global metabolic changes via Pentose 
Phosphate Pathway (PPP) metabolism.  The combination of colistin and doripenem caused significant 
decreases in the levels of metabolites of central carbon metabolism, primarily associated with bacterial anabolic 
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metabolism of the PPP at 15 min, 1 hr and 4 hr (≥ 1.5-log2-fold; ANOVA, p ≤  0.001, FDR ≤  0.1) (Fig. 3). In par-
ticular, the combination of colistin and doripenem induced significant decreases in the levels of three essential 
metabolites of PPP at all time-points, D-ribose 5-phosphate, D-sedoheptulose 7-phosphate, and D-erythrose 
4-phosphate, key precursors for biosynthesis of nucleotides, lipopolysaccharides (LPS) and aromatic amino acids, 
respectively. These metabolites were depleted by colistin monotherapy at early time-points, but not by doripenem 
(significant at 1 hr); whereas significant depletion at 4 hr was observed for doripenem monotherapy, but not colis-
tin. In addition to these PPP metabolites, a related metabolite, 2-deoxy-D-ribose-5-phosphate was consistently 
decreased as a result of the combination of colistin and doripenem at 1 hr and 4 hr.

Colistin and doripenem caused depletion of metabolite levels of energy and nucleotide metab-
olism. Significant depletion in the levels of intracellular metabolites of energy metabolism, namely ATP, 
NAD+ and NADP+, was observed following treatment with colistin and doripenem combination across all three 
time points (≥ 1.5-log2-fold; ANOVA, p ≤  0.01, FDR ≤  0.1) (Fig. 4A). Treatment with colistin alone decreased 
the levels of these energy metabolites at 15 min and 1 hr, while doripenem-associated depletion was only signif-
icant at 4 hr. Notably, significant perturbations of tricarboxylic acid (TCA) cycle intermediates, fumarate and 
cis-aconitate were identified in samples treated with colistin and doripenem alone and in combination in par-
ticular at 15 min and 4 hr (Supplementary Table 1). In addition, significant depletion in the levels of nucleotides, 
both purines and pyrimidines, were observed after colistin alone at 1 hr, doripenem alone at 4 hr and combination 
treatment at each time point (≥ 1.5-log2-fold; ANOVA, p ≤  0.01, FDR ≤  0.1) (Fig. 4B).

Colistin and doripenem induced depletion of amino sugar metabolites for cell wall biosyn-
thesis. Colistin alone significantly decreased the intracellular levels of several important metabolites 
associated with amino sugar and nucleotide sugar metabolism, in particular at 1 hr (≥ 1.5-log2-fold; ANOVA 
p ≤  0.05, FDR ≤  0.1) (Fig. 5A). The levels of two major precursor metabolites of cell wall biosynthesis signifi-
cantly decreased after treatment with colistin alone at 1 hr, namely UDP-N-acetylmuramate (UDP-MurNAc) 
and UDP-N-acetylglucosamine (UDP-GlcNAc) (≥ 1.5-log2-fold; ANOVA p ≤  0.01, FDR ≤  0.1). Significant 
decreases in the levels of both metabolites were also observed following treatment with the combination of 
colistin and doripenem at 1 hr and 4 hr. Doripenem alone significantly decreased the amino sugar associated 
metabolites only at 4 hr. In addition to these metabolites, another two metabolites of peptidoglycan biosynthesis 
were identified to significantly decrease at 4 hr after doripenem treatment, meso-2,6-Diaminoheptanedioate and 
UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-D-alanyl-D-alanine (≥ 1.5-log2-fold; ANOVA 

Figure 1. Multivariate and univariate analyses of global metabolic changes. (A) PCA score plots of the 
first two principal components for metabolite levels from samples treated with colistin, doripenem and the 
combination at (i) 15 min, (ii) 1 hr, and (iii) 4 hr. Each data set represents a total of 16 samples of 4 biological 
replicates of each condition. Red =  colistin alone (C); Dark blue =  doripenem alone (D); Green =  colistin and 
doripenem combination (CD); Light blue =  untreated control (X). (B) Venn diagrams represent the number of 
metabolites significantly affected by each treatment at (i) 15 min, (ii) 1 hr, and (iii) 4 hr. Significant metabolites 
were selected with ≥ 1.5-log2-fold, p ≤  0.05, FDR ≤  0.1 (one-way ANOVA for multiple comparison).
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p ≤  0.01, FDR ≤  0.1). Only UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-D-alanyl-D-alanine 
was found to significantly decrease after treatment with combined colistin/doripenem at 4 hr.

Colistin and doripenem induced alterations in peptide metabolism. Treatment with doripenem 
alone and the combination of colistin and doripenem showed unique changes in the levels of short peptides 
(Supplementary Figure S3 and Tables 1–3). The number of significantly perturbed peptides increased across the 
time points after treatment with doripenem alone and the combination of colistin and doripenem (≥1.5-log2-fold; 
ANOVA p ≤  0.05, FDR ≤  0.1). However, colistin alone showed significant changes in the levels of only a few cel-
lular peptides. Interestingly, a unique putative metabolite, tyramine (m/z =  137.08, tR =  9.03 min; MSI level 2), 
which is associated with tyrosine metabolism was found to significantly increase only after treatment with doripe-
nem alone and the combination of colistin and doripenem across all the time points (≥1.5-log2-fold; ANOVA 
p ≤  0.0001, FDR ≤  0.1).

Discussion
The global spread of MDR Gram-negative bacteria is alarming and it is crucial to understand the detailed mech-
anisms of antibiotic action and resistance. Bacterial metabolic responses to antibiotics have not been well exam-
ined with cutting-edge metabolomics, and deciphering the metabolome of bacterial cells can potentially lead 
to innovative strategies for effective antibacterial therapy. Polymyxins and carbapenems display their primary 
antibacterial activity via initial interactions with LPS and binding to penicillin-binding proteins (PBPs), respec-
tively10,39. Notwithstanding, increasing evidence indicates that the rarely explored effects on bacterial metabo-
lism are crucial for the antibacterial activity of antibiotics40. The combination of polymyxins with carbapenems 
has been shown to be synergistic against MDR Gram-negative bacteria; albeit, the detailed mechanism of their 
synergistic action(s) has not been examined26–30. Previously, our transcriptomics data revealed that the combi-
nation of colistin and doripenem altered the gene expression profiles in A. baumannii at 1 hr in a similar man-
ner to that of colistin treatment alone. These genes were primarily associated with outer membrane biogenesis, 
fatty acid metabolism and phospholipid trafficking41. Interestingly, similar transcriptional changes were also 

Figure 2. Perturbations of bacterial lipids. (A) Significantly perturbed lipids in A. baumannii ATCC 19606 
following treatment with colistin (Col, white), doripenem (Dor, grey) and the combination (Col-Dor, black) 
for (i) 15 min, (ii) 1 hr, and (iii) 4 hr. Lipid names are putatively assigned based on accurate mass. (B) Depletion 
of (i) sn-glycero-3-phosphoethanolamine, and (ii) sn-glycero-3-phosphate after treatment with colistin, 
doripenem, and the combination across all three time points. Box plots indicate upper and lower quartiles 
(top and bottom of box); median (line within box); and the spread of data that are not outliers (whiskers). 
*≥1.5-log2-fold, p ≤ 0.05, FDR ≤  0.1 (one-way ANOVA).
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observed in the A. baumannii LPS-deficient strain without colistin treatment42. Our present study is the first to 
elucidate the synergistic killing mechanism of the combination of colistin and doripenem against A. baumannii. 
The most significant findings on the synergistic combination in this metabolomics study include: (1) differential 
time-dependent inhibition of key metabolic pathways; (2) perturbation of the PPP and the downstream metabo-
lism of LPS and nucleotides; and (3) inhibition of cell wall synthesis via different targets.

In the present study, global metabolic changes of MDR A. baumannii were investigated following exposure 
to colistin and doripenem individually and in combination over 4 hr. Our results show, for the first time, that 
colistin, doripenem and the combination induced common global metabolic perturbations in A. baumannii, 
and metabolisms of cellular lipids, nucleotides, amino sugars and energy are common pathways involved in the 
synergistic action of colistin and doripenem (Figs 2–5). The initial cellular metabolic perturbations following 
treatment with colistin monotherapy at 15 min and 1 hr impacted several essential metabolic pathways, namely 
lipid metabolism, nucleotide metabolism, amino sugar metabolism and energy metabolism (Figs 2, 4, and 5). 
Similar metabolic alterations were observed following treatment with doripenem alone at 4 hr (Figs 2, 4, and 5), 
indicating the effects of each antibiotic occur in a differential time-dependent manner. With the combination 
treatment, the perturbations were observed across all of the time points. This mechanistic finding has important 
implications for the pharmacokinetics/pharmacodynamics (PK/PD) of the colistin and doripenem combination, 
supporting its use in the clinic for maintaining persistent antibacterial effect and minimizing the potential bacte-
rial regrowth due to colistin monotherapy43,44.

Two key models have been proposed to explain mechanisms of drug synergism, the parallel pathway inhibi-
tion model and the bioavailability model45–48. The parallel pathway inhibition model suggests that two drugs are 
synergistic if they inhibit two different targets in parallel pathways that are essential for an observed phenotype47. 
The bioavailability model suggests that two drugs are synergistic if one drug’s action enhances another drug’s 
availability in the target cell, either by increasing the second drug’s entry into the cell or by decreasing the second 
drug’s degradation or efflux48. As doripenem itself can access its target in the periplasmic space in A. baumannii,  
the bioavailability model is unlikely to explain the synergistic activity of colistin and doripenem, and is not 
supported by our metabolomics data. Our metabolomics analysis indicates that the parallel pathway inhibition 
model explains well the synergistic killing by colistin and doripenem against A. baumannii. Notably, treatment 

Figure 3. Central metabolic changes in the pentose phosphate pathway (PPP). Antibiotic treatment of 
A. baumannii ATCC 19606 significantly decreased the levels of three PPP metabolites (D-sedoheptulose 
7-phosphate, D-erythrose 4-phosphate, and D-ribose 5-phosphate) that are essential anabolic precursors of 
related pathways. The combined colistin/doripenem significantly decreased the levels of the three precursor 
metabolites at all the time points. Additionally, 2-deoxy-D-ribose 5-phosphate significantly decreased followed 
by the combination at 1 hr and 4 hr. In the pathway flow chart (adapted from biocyc.org with reference to  
E. coli K-12), blue boxes indicate the metabolites that were significantly decreased and red boxes indicate the 
metabolites that were not significantly changed. Box plots indicate upper and lower quartiles (top and bottom of 
box); median (line within box); and the spread of data that are not outliers (whiskers). *≥1.5-log2-fold, p ≤  0.05, 
FDR ≤  0.1 (one-way ANOVA).
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with colistin or doripenem alone or in combination at different time points significantly decreased the cellular 
levels of PPP intermediates (e.g. D-sedoheptulose 7-phosphate), UDP-GlcNAc and UDP-MurNAc, which are 
key precursor metabolites for the biosynthesis of peptidoglycan and LPS (Figs 3 and 5). Our metabolomics data 
also demonstrate that colistin and doripenem perturb various key pathways related to cell envelope biosynthesis, 
namely GPLs, FAs, LPS and peptidoglycan biosynthesis (Figs 2 and 5). Importantly, our study is the first to reveal 
that colistin itself also caused inhibition of cell wall synthesis by decreasing the essential precursor metabolites 
(i.e. UDP-GlcNAc and UDP-MurNAc), a different mechanism from doripenem which acts via binding to PBPs.

The Gram-negative bacterial cell envelope is composed of an asymmetrical outer membrane (OM), a thin cell 
wall, and a symmetrical inner membrane49. The outer leaflet of the OM is predominantly constituted of LPS and 
the inner leaflet is mainly comprised of phospholipids49,50. In line with the primary mode of action of colistin, our 
metabolomics data revealed that colistin treatment at 15 min and 1 hr caused significant perturbations in the lev-
els of OM lipids, specifically GPLs and FAs (Fig. 2A). In keeping with this finding, our previous transcriptomics 
results showed that colistin treatment up-regulated the expression of the Mla system (Maintenance of OM lipid 
asymmetry) in A. baumannii ATCC 19606, which is responsible for transporting excess phospholipids in the 
outer leaflet back to the inner membrane to maintain the OM asymmetry41,51,52. Significant changes to the OM 
lipids, as observed at both the transcriptomics and metabolomics levels, are highly consistent with the proposed 
bactericidal mechanism of colistin via lipid exchange between the inner and outer membrane11. Furthermore, 
our previous transcriptomics data showed that colistin treatment induced the up-regulation of genes involved 
in fatty acid β -oxidation/degradation and down-regulation of genes involved in fatty acid biosynthesis41, which 
well explains the colistin-induced fatty acid perturbations observed here (Fig. 2A). Notably, doripenem treat-
ment at 15 min and 1 hr did not produce any appreciable changes in the levels of GPLs and FAs relative to the 
untreated control (Fig. 2A), and the expression of lipid metabolism genes was not affected at 15 min, although 

Figure 4. Depletion of energy and nucleotide metabolite levels. (A) Decreased levels of key energy-
associated metabolites, ATP, NAD+ and NADP+ induced by colistin, doripenem, and the combination in  
A. baumannii ATCC 19606. Box plots indicate upper and lower quartiles (top and bottom of box); median (line 
within box); and the spread of data that are not outliers (whiskers). *≥1.5-log2-fold, p ≤  0.05, FDR ≤  0.1 (one-
way ANOVA). (B) Heatmap profile of relative abundance of significantly perturbed nucleotides at (i) 15 min, (ii) 
1 hr, and (iii) 4 hr after treatment with colistin (Col), doripenem (Dor) and the combination (Col-Dor) (n =  4). 
Antibiotics decreased the levels of nucleotides, both purines and pyrimidines, in A. baumannii ATCC 19606.
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significant transcriptomic changes were reported for doripenem treatment at 1 hr (i.e. retrograde phospholipid 
transport and lipoprotein transport)41. However, doripenem treatment at 4 hr produced a similar pattern of lipid 
changes (both GPLs and FAs) as per the aforementioned colistin treatment at 15 min and 1 hr. Interestingly, the 
entire time-course of the combination treatment displayed a distinct pattern of lipid changes, wherein only the 
GPLs were significantly perturbed while the FA levels remained largely unaffected. One metabolite involved in 
glycerophospholipid metabolism, sn-glycero-3-phosphoethanolamine, was specifically associated with colistin 
treatment, both alone and in combination, but sn-glycero-3-phosphoethanolamine was also significantly depleted 
in the LPS-deficient polymyxin-resistant strain A. baumannii 19606 R relative to the wild-type ATCC 19606 strain 
in the absence of polymyxin treatment53.

In terms of the impact on energy metabolism, treatment with the colistin/doripenem combination signifi-
cantly decreased intracellular ATP, NADP+ and NAD+ levels and the levels of three major metabolites of PPP, 
namely D-sedoheptulose-7-phosphate, D-ribose 5-phosphate and D-erythrose 4-phosphate. ADP-heptose, a 
key downstream metabolite of the heptose biosynthesis pathway, is an important component of the LPS inner 
core54,55. Mutations in the gene (GmhA) associated with ADP-glyceromannoheptose synthesis in Haemophilus 
influenza, which cause deficiencies in heptose biosynthesis, result in an avirulent phenotype, increased membrane 
permeability and increased susceptibility to antibiotics55–57. Excitingly, our data revealed significant depletion 
in the levels of D-sedoheptulose-7-phosphate under all treatment conditions (Fig. 3). As D-sedoheptulose-
7-phosphate is also a key early precursor metabolite in the heptose biosynthesis pathway, our data suggest that 
colistin, doripenem, and their combination perturb the biosynthesis of ADP-heptose in A. baumannii via inhibi-
tion of the PPP. Another metabolite in the PPP, D-ribose 5-phosphate, was depleted after treatment with colistin, 
doripenem and the combination (Fig. 3). D-Ribose 5-phosphate is a key initial precursor metabolite in purine 
and pyrimidine metabolism, and hence all treatment conditions caused significant decreases in the levels of 
nucleotides, both purine and pyrimidine (Fig. 4B). Previous metabolomics studies have shown total depletion of 

Figure 5. Depletion of amino sugar metabolites for peptidoglycan and lipopolysaccharide biosynthesis. 
(A) Significant decrease in the levels of two amino sugar metabolites at 1 hr and 4 hr by colistin, doripenem and 
the combination, and perturbation of the cell envelope biosynthesis (peptidoglycan and lipopolysaccharide 
biosynthesis) in A. baumannii ATCC 19606. UDP-N-acetyl-D-glucosamine (UDP-GlcNAc) is a key precursor 
metabolite for LPS and peptidoglycan biosynthesis. (B) Levels of two key metabolites of peptidoglycan 
biosynthesis significantly decreased after treatment with doripenem alone at 4 hr. The combination of colistin 
and doripenem also significantly decreased UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-meso-2,6-
diaminopimeloyl-D-alanyl-D-alanine (> 2.0-log2-fold) at 4 hr. The blue boxes in the flow charts indicate the 
metabolites that were significantly decreased. The red boxes indicate the metabolites that were not significantly 
changed. Box plots indicate upper and lower quartiles (top and bottom of box); median (line within box); and 
the spread of data that are not outliers (whiskers). *≥1.5-log2-fold, p ≤  0.05, FDR ≤  0.1 (one-way ANOVA).
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the nucleotide pool following antibiotic treatment (ampicillin, kanamycin, norfloxacin, and vancomycin) in both 
Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria40,58. The significant changes 
in nucleotide levels in antibiotic-treated samples were suggestive of nucleotide degradation40. Interestingly, signif-
icant depletion in the levels of nucleotides in the polymyxin-resistant LPS-deficient strain A. baumannii 19606 R 
was observed even without polymyxin treatment53. Significant depletion in the levels of ATP, NADP+ and NAD+ 
is likely secondary to the nucleotide pool depletion, but may also be indicative of altered oxidative phosphoryla-
tion. It has been reported that polymyxins induce inhibition of respiration which reduces the level of the intracel-
lular ATP pool59, and altered levels of TCA metabolites (fumarate and cis-aconitate) were observed in the present 
study. It is likely that the depletion of energy related metabolites by colistin, doripenem and the combination is a 
secondary effect of their antibacterial activity against A. baumannii.

The broad-spectrum antibacterial effect of doripenem against Gram-positive and Gram-negative bacte-
ria is by virtue of its ability to inhibit biosynthesis of the key building block of the bacterial cell wall, pepti-
doglycan39,60,61. Fundamentally, doripenem is a substrate analogue that binds to the C-terminal transpeptidase 
active site of PBPs in a non-reversible manner, thus inhibiting the peptidoglycan polymerization process62. 
Notably, following treatment with doripenem alone or in combination at 4 hr, we observed a significant 
decrease in the levels of the peptidoglycan biosynthesis metabolites, meso-2,6-diaminoheptanedioate and 
UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-D-alanyl-D-alanine (Fig. 5B). As mentioned 
above, colistin monotherapy also significantly decreased the levels of the essential peptidoglycan precursor metab-
olites UDP-GlcNAc and UDP-MurNAc (Fig. 5A). Interestingly, our previous transcriptomics results showed that 
peptidoglycan-associated lipoproteins were significantly up-regulated in A. baumannii in response to treatment 
with colistin and doripenem alone or in combination41. The up-regulation of peptidoglycan-associated lipopro-
teins may be a protective action by A. baumannii to cope with the inhibition of peptidoglycan synthesis by doripe-
nem and/or colistin. Taken together, our current metabolomic study reveals that, in addition to disorganizing  
the OM, colistin also inteferes cell wall synthesis via inhbition of peptidoglycan metabolism; this mechanism also 
explains the synergistic killing effect of its combination with a carbapenem.

Studies have shown that the mechanism of polymyxin activity was partly associated with oxidative stress 
via the formation of hydroxyl radicals, with reactive oxygen species mainly targeting DNA, RNA, proteins and 
lipids63, or by inhibition of respiratory chain enzymes (e.g. NADH-quinone oxidoreductase)64,65. However, the 
association of free radicals in the mechanism of antibiotic bacterial killing is disputable66–70. In our analysis the 
reduced form of glutathione (GSH), an important indicator of oxidative stress, was not detected, as it was likely 
oxidized to glutathione disulfide (GSSG) during sample preparation and/or storage71. Nevertheless, the total glu-
tathione content, measured as GSSG, was significantly depleted following exposure to colistin and doripenem 
alone and in combination (Supplementary Table 1); this result is in line with the utilization of glutathione pools 
to compensate for antibiotic-induced oxidative damage, albeit not consistent with the increased levels of reduced 
glutathione previously reported40. Even though we were unable to detect specific markers of oxidative stress from 
the TCA cycle intermediate (i.e. α -ketoglutarate) and product (i.e. NADH), the changes to other TCA metab-
olites (i.e. fumarate and cis-aconitate) clearly indicate the perturbation of the TCA cycle in response to single 
and combination treatments of colistin and doripenem. Our group previously demonstrated that A. baumannii 
ATCC 19606 treated with colistin significantly increased the expression of superoxide dismutase (SOD) enzyme, 
HMPREF0010_02336 (sodB encoding a predicted FeSOD) and HMPREF0010_02564 (encoding a predicted 
Cu-ZnSOD), suggesting the association of hydroxyl radicals in colistin antibacterial activity41.

To the best of our knowledge, this is the first metabolomics study to investigate the mechanism of action of 
colistin either as monotherapy, or in combination with doripenem, against A. baumannii. Our study discovered 
significant perturbations to cell envelope biosynthesis, nucleotide metabolism, and energy metabolism by colistin 
and its synergistic combination with doripenem. The convergence of antibiotic-induced metabolic profiles on the 
depletion of PPP and amino-sugar metabolites indicates that these pathways play key roles in the antibacterial 
activity of colistin alone and its combination with doripenem. Importantly, we are the first to demonstrate that 
the combination of colistin with doripenem synergistically kills A. baumannii via inhibiting different key meta-
bolic pathways in a time-dependent manner, which highlights the essentiality of mechanism-based optimization 
of this combination using pharmacokinetics/pharmacodynamics. Overall, this study highlights the importance 
of elucidating the complex and dynamic interaction of multiple cellular metabolic pathways due to antibiotic 
treatment, and the significant potential of systems pharmacology in paradigm-shifting optimization of antibiotic 
use in patients.

Materials and Methods
Strain, antibiotics and reagents. A. baumannii ATCC 19606 (American Type Culture Collection 
[ATCC], Manassas, USA) was susceptible to both colistin and doripenem with MICs of 1 mg/L for both antibi-
otics. The strain was grown in cation-adjusted Mueller-Hinton broth (MHB; Oxoid, Australia; 20–25 mg/L Ca2+ 
and 10–12.5 mg/L Mg2+). Colistin (Sigma-Aldrich, Saint Louis, USA) and doripenem (Doribax, Shinogi Inc, 
Osaka, Japan) were prepared using Milli-Q water (Millipore Australia, North Ryde, New South Wales, Australia) 
prior to each experiment and sterilized by filtration with a 0.22-μ m pore size Millex GP filter (Millipore, Bedford, 
MA).

Bacterial culture preparation. Culture of A. baumannii ATCC 19606 was prepared on a nutrient agar plate 
from the frozen stock (− 80 °C) and incubated for 16–18 hr at 37 °C. For the overnight culture, a colony of ATCC 
19606 was inoculated into 15 mL MHB and incubated for 16–18 hr at 37 °C with shaking at 150 rpm. For the main 
culture, 1:100 dilution of the overnight culture was sub-cultured into four different reservoirs containing 200 mL 
fresh MHB and grown to an optical density at 600 nm (OD600) of ~0.5 to achieve the starting inoculum ~108 cfu/mL  
(in order to obtain enough cells) of an early exponential growth phase. Bacterial culture was treated with colistin 
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(2 mg/L), doripenem (25 mg/L), and combination of colistin and doripenem (2 mg/L +  25 mg/L, respectively); 
concentrations of colistin and doripenem were chosen based on their pharmacokinetics in patients26. Bacterial 
culture without any antibiotic treatment served as a control. Four biological replicates were prepared inde-
pendently from different colonies of ATCC 19606 on different days.

Preparation of cellular metabolite extracts. The untargeted metabolomics study was performed to 
investigate global metabolic alterations in A. baumannii ATCC 19606 due to colistin, doripenem and the combi-
nation treatments in an in vitro static time-kill study. Cellular metabolites of A. baumannii were extracted by the 
previously optimized method with slight modifications53. Samples were collected before treatment with colistin, 
doripenem and the combination (i.e. time =  0), and at 15 min, 1 hr, and 4 hr for metabolite extraction and viable 
counting. For the fingerprint samples (i.e. intracellular metabolites), 15 mL of the bacterial culture was collected 
and immediately transferred on ice. All the samples were rapidly quenched in a dry ice/ethanol bath and pre-
served on ice for all following steps. Samples were normalized by optical density (OD600 nm) and centrifuged for 
10 min at 3,220 g at 4 °C. The supernatant was collected for extracellular metabolites (i.e. footprint). The cell pellets 
were washed three times with sterile saline (4 °C) and centrifuged for 3 min at 3,220 g at 4 °C. Cellular metabo-
lites were extracted with chloroform:methanol:water (1:3:1, v/v; − 80 °C) (total volume of 300 μ L) containing 
generic internal standards (CHAPS, CAPS, PIPES and TRIS) at 1 μ M. Samples were immediately frozen in liquid 
nitrogen and allowed to thaw on ice, and the freeze-thaw process was repeated three times to lyse the cells and 
release cellular metabolites. The extracted samples were centrifuged for 10 min at 3,220 g at 4 °C and the superna-
tant was collected and further centrifuged at 14,000 g for 10 min at 4 °C. The final supernatant samples (200 μ L) 
were collected into injector vials for LC-MS analysis. For footprint samples, aliquots of the culture supernatant 
were rapidly filtered through a 0.22-μ m membrane filter, and 10 μ L of the supernatant was mixed with 250 μ L 
of chloroform:methanol:water (1:3:1, v/v) and centrifuged at 14,000 g for 10 min at 4 °C to collect particle-free 
supernatant for LC-MS analysis.

LC-MS analysis of metabolites. Samples were analyzed on a Q-Exactive Orbitrap mass spectrometer 
(Thermo Fisher), coupled to a Dionex high-performance liquid chromatograph (U3000 RSLC HPLC, Thermo 
Fisher) with a ZIC-pHILIC column (5 μ m, polymeric, 150 ×  4.6 mm; SeQuant, Merck). The MS system was oper-
ated at 35,000 resolution in both positive and negative electro-spray ionization (ESI) mode (rapid switching) and 
a detection range of 85 to 1,275 m/z. The LC solvent consisted of 20 mM ammonium carbonate (A) and acetoni-
trile (B) with a multi-step gradient system from 80% B to 50% B over 15 min, then to 5% B at 18 min, followed 
by a wash with 5% B for 3 min, and re-equilibration for 8 min with 80% B at a flow rate of 0.3 mL/min53. The 
injection sample volume was 10 μ L and the run time was 32 min. All samples were analyzed in the same run and 
the chromatographic peaks, signal reproducibility and analyte stability were monitored by assessment of pooled 
biological quality control (PBQC) samples (aliquot of 10 μ L of each sample, including both footprints and fin-
gerprints) analyzed periodically throughout the batch, internal standards and total ion chromatograms for each 
sample. Mixtures of pure standards containing over 200 metabolites were analyzed within the batch to aid in the 
identification of metabolites.

Data processing, bioinformatics and statistical analyses. Metabolomics data analyses were per-
formed as previously described53 using mzMatch72 and IDEOM (http://mzmatch.sourceforge.net/ideom.php)73. 
Quantification of each metabolite was conducted using the raw peak height. Univariate and multivariate analyses 
utilized MetaboAnalyst 3.074. Prior to analysis, relative peak intensity data were normalized by the median, log 
transformed and scaled (by auto scale function) to reduce variance between the samples. The global metabolic 
profiles of samples with antibiotic treatments at each time point were analyzed using multivariate statistical anal-
ysis by unsupervised principal component analysis (PCA). One-way Analysis of Variance (ANOVA) (p <  0.05, 
FDR ≤  0.1) for multiple comparison and post hoc analysis using Tukey’s Honestly Significant Difference (Tukey’s 
HSD) were applied to identify significant metabolite changes between treated and untreated control samples at 
each time point. Metabolites that were detected as isomeric peaks with opposite abundance changes (increased 
and decreased levels) were excluded. To further increase the reliability of the data, significant metabolites were 
filtered by selection of only those that showed a ≥  1.5-log2-fold change relative to the untreated control samples 
and an identification confidence score of 6 or more in IDEOM (i.e. removing likely LC-MS artefacts). Metabolic 
pathway analysis was performed based on the statistically significant identified metabolites (≥1.5-log2-fold; 
p ≤  0.05, FDR ≤  0.1, one-way ANOVA for multiple comparison). Visualization and Analysis of Networks con-
taining Experimental Data (Vanted) software was utilized to visualize the associated metabolic pathways75.
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Innate cellular immune responses are a critical first-line defense
against invading bacterial pathogens. Leukocyte migration from
the bloodstream to a site of infection is mediated by chemotactic
factors that are often host-derived. More recently, there has been
a greater appreciation of the importance of bacterial factors
driving neutrophil movement during infection. Here, we describe
the development of a zebrafish infection model to study Acineto-
bacter baumannii pathogenesis. By using isogenic A. baumannii
mutants lacking expression of virulence effector proteins, we dem-
onstrated that bacterial drivers of disease severity are conserved
between zebrafish and mammals. By using transgenic zebrafish
with fluorescent phagocytes, we showed that a mutation of an
established A. baumannii global virulence regulator led to marked
changes in neutrophil behavior involving rapid neutrophil influx to
a localized site of infection, followed by prolonged neutrophil
dwelling. This neutrophilic response augmented bacterial clear-
ance and was secondary to an impaired A. baumannii phenylacetic
acid catabolism pathway, which led to accumulation of phenyla-
cetate. Purified phenylacetate was confirmed to be a neutrophil
chemoattractant. These data identify a previously unknown mech-
anism of bacterial-guided neutrophil chemotaxis in vivo, providing
insight into the role of bacterial metabolism in host innate immune
evasion. Furthermore, the work provides a potentially new thera-
peutic paradigm of targeting a bacterial metabolic pathway to
augment host innate immune responses and attenuate disease.

Acinetobacter baumannii | zebrafish | neutrophils | chemotaxis |
phenylacetate

The opportunistic Gram-negative bacterium, Acinetobacter
baumannii, is now threatening our current antimicrobial ar-

mamentarium. This bacterium has a particular predilection for
infecting patients with compromised innate immune defenses
such as those in intensive care units, where it is responsible for a
diverse range of infections including ventilator-associated pneu-
monia, bacteremia, and urinary tract, skin, and wound infection (1).
Despite an increase in A. baumannii infections and outbreaks in
health care facilities (1), relatively little is known about its
pathogenesis. As with other Gram-negative bacteria, A. baumannii
lipopolysaccharide plays a critical role in immune stimulation,
particularly through Toll-like receptor 4 (TLR4) and CD14, leading
to the production of the neutrophil chemotactic factor IL-8 (2)
and the proinflammatory cytokine TNF-α (3). Mice lacking
TLR4 and CD14 are more susceptible to A. baumannii pulmo-
nary infection (3). Neutrophil recruitment is also critical, with
neutrophil depletion being associated with more severe disease
and greater bacterial burdens and dissemination (4, 5). The
specific drivers of neutrophil trafficking during A. baumannii
infection have not yet been defined.

Fundamental advances in the understanding of host–pathogen
interactions have recently emerged through the use of the ver-
tebrate model system Danio rerio (zebrafish) (6). The zebrafish is
a tropical freshwater fish that has a remarkably similar immune
system to humans, with elaborate innate and adaptive immune
response pathways (7). As embryos, zebrafish rely solely on in-
nate immune defenses, including soluble components such as
opsonins, cytokines, chemokines, and complement, as well as the
innate cellular repertoire of antigen presenting and phagocytic
cells (7, 8). The establishment of a functional adaptive immune
system is delayed to approximately 3 wk postfertilization (7).
This distinction in immune development makes zebrafish em-
bryos ideally suited to study host innate immune responses to
bacterial pathogens (9, 10). High-resolution, real-time imaging
enables the mechanistic dissection of how host innate immune
cells migrate and respond to a bacterial pathogen in vivo (6). For
example, work in zebrafish has led to a paradigm change in the
understanding of the importance of macrophages harboring and
disseminating mycobacterial infection (11, 12), and the con-
served role for nerve growth factor β and its receptor tyrosine
kinase TrkA signaling in pathogen-specific host immunity against
Staphylococcus aureus (13).

In the present study, we exploited the advantages of zebrafish
to better understand A. baumannii pathogenesis and interrogated

Significance

Acinetobacter baumannii is one of the most significant hospi-
tal-acquired bacterial pathogens, able to cause life-threatening
infections and develop resistance to all currently available an-
tibiotic agents. Here, we established zebrafish as a model to
study real-time interactions between innate immune cells and
A. baumannii during infection. We identified a bacterial met-
abolic pathway that, when inhibited, leads to enhanced im-
mune responses toward the bacteria, improving bacterial
clearance and reducing severity of disease. The enhanced im-
mune response was secondary to accumulation of a metabolic
by-product, which acted as a direct, bacterial-mediated attrac-
tant of neutrophils, the key immune cell important in response
to bacterial infections. These results pave the way for novel
therapeutic targeting of bacterial metabolism to stimulate im-
mune responses to fight off infection.
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bacterial factors that determine neutrophil behavior in vivo. We
showed that A. baumannii causes a lethal systemic infection in
zebrafish, and that bacterial drivers of disease are conserved
between zebrafish and mammals. Neutrophils were the dominant
phagocyte responders to A. baumannii infection, and we identi-
fied that the A. baumannii phenylacetic acid catabolism pathway
is an important mechanism used by the bacteria to assist in im-
mune evasion. Loss of function of this metabolic pathway led to
by-product accumulation dominated by phenylacetate (PA),
which acted as a potent bacterial chemoattractant. These data
identify a previously unknown mechanism of bacterial-guided
neutrophil behavior in vivo and provide an example of the in-
teraction between bacterial metabolism and host immunology.

Results
Systemic Infection with Live A. baumannii Causes Lethal Disease in
Zebrafish.One of the most life-threatening forms of A. baumannii
disease is bloodstream infection (1). As A. baumannii is not
known to be a natural zebrafish pathogen, we assessed its ca-
pacity to cause disease in zebrafish embryos. A reference hos-
pital-acquired A. baumannii strain [American Type Culture
Collection (ATCC) 17978] was inoculated into the circulation of
embryos 48 h postfertilization (hpf). As few as 300 cfu of bacteria
caused lethal disease, with mortality dependent on the infecting
inoculum (Fig. 1A). Similar findings were observed for other
clinical A. baumannii strains (AB307, A9844, AB0059, ATCC
19606) (Fig. S1 A–D). Neither injection of washed, heat-killed
bacteria (Fig. 1A) nor culture filtrates from exponential or sta-
tionary-phase growth caused disease. These data show that live
bacterial cells are required for A. baumannii pathogenesis in
zebrafish.
To determine the ability of zebrafish to mount an effective

response to A. baumannii bloodstream infection, we performed
in vivo bacterial growth kinetic studies after infection with 1 ×
103 cfu of A. baumannii per embryo (Fig. S1E). The bacterial
burden increased to 20 h postinfection (hpi) but then subsided by
44 h to undetectable levels (Fig. S1E), suggesting that zebrafish
can mount an innate immune response that clears an initially
expanding bacterial population. Conversely, after inoculation of
A. baumannii into the zebrafish yolk sac, a site devoid of innate
immune cells (14), zebrafish were hypersusceptible to lethal
disease (Fig. S1F), further supporting a role of innate immune
responses in the defense against A. baumannii.

Protective Phagocyte Responses to A. baumannii Infection in Zebrafish.
In mammals, neutrophils play an important role in response and
clearance of A. baumannii infection (4, 5). To examine phagocyte–
A. baumannii interactions in zebrafish, we used transgenic embryos

with fluorescently labeled leukocytes. Localized infection with
GFP-expressing bacteria (A. baumannii) was established within
somatic muscle. Within minutes of inoculation, neutrophils mi-
grated to the site of A. baumannii infection, where they accu-
mulated, phagocytosed bacteria, and then migrated away,
clearing the bulk of infection by 4 h (Fig. 1B and Movie S1).
Histopathology of the infection site confirmed neutrophilic
phagocytosis of bacteria (Fig. S1G). Macrophages, which have
also been shown to be important first responders to A. baumannii
infection in mammals (15), were also recruited to the infection site
but appeared to have less phagocytic activity (Movie S2), and
similar numbers were seen with a tissue trauma control (PBS so-
lution injection) (Fig. 1C). These data highlight the specificity of
neutrophils in responding to pathogen-associated factors and mac-
rophages in responding to tissue damage.
Within neutrophils, pathogen degradation typically occurs by

hydrolytic enzymes within acidic phagolysosomes, whereas the
remainder of the cytoplasm remains at neutral pH (16). To
characterize the intracellular handling of A. baumannii following
phagocytosis by neutrophils in vivo, we labeled A. baumannii
with pHrodo-dextran, which emits red fluorescence only under
low pH conditions. In Tg(mpx:GFP) zebrafish with green fluo-
rescent neutrophils, red pHrodo-dependent fluorescence emerged
within cytoplasmic vacuoles at 50 min postinfection (Fig. 2A, Fig.
S2A, and Movie S3), confirming that intracellular handling and
degradation of A. baumannii following neutrophil phagocytosis is
within acidic phagolysosomes.
To further characterize the functional role of leukocytes in

A. baumannii infection, we depleted zebrafish of neutrophils by
knocking down the gene encoding the zebrafish ortholog of the
granulocyte colony stimulating factor receptor [colony stimulat-
ing factor 3 receptor (csf3r)] (17). This led to greater suscepti-
bility of zebrafish embryos to lethal A. baumannii infection (Fig.
2B). In contrast, irf8 knockdown, which depletes macrophages
but expands the neutrophil population (18), did not impact on
A. baumannii infection survival (Fig. 2C and Fig. S2 B and C).
These data suggest a greater functional requirement for neu-
trophils than macrophages in controlling A. baumannii infection.

Bacterial Determinants of Virulence in Mammals Are Conserved in
Zebrafish. Although a number of bacterial virulence mecha-
nisms are host-specific (19), some are likely conserved across a
range of higher-order species, including insects, fish, and mam-
mals (20). To assess the predictive potential of zebrafish for
A. baumannii virulence, we first assessed A. baumannii mutants
with deletions in genes that encode a sensor histidine kinase
(ΔgacS) and a response regulator (ΔgacA), both of which have
displayed marked attenuation for virulence in a murine septice-
mia model (21). A. baumannii ΔgacS and ΔgacA were signifi-
cantly attenuated for virulence compared with wild-type
A. baumannii in a zebrafish bloodstream infection model (Fig. 3A).
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Complementation by expressing the full-length copies of the deleted
genes restored virulence to wild-type A. baumannii levels (Fig. 3A).
Moreover, neutrophil depletion using the csf3r morpholino re-
stored the virulence capabilities of A. baumannii ΔgacS (Fig.
3B), suggesting that the virulence attenuation of this mutant
was neutrophil-dependent.
Quorum-sensing is an evolutionary conserved signaling mecha-

nism between cells within a population that facilitates the control of
growth, nutrient acquisition, virulence, and other biological pro-
cesses in bacteria (22, 23). Quorum sensing is yet to be established
as a virulence factor in Acinetobacter. We tested an Acinetobacter
M2mutant with a deletion of the autoinducer synthase gene (abaI),
which is necessary for 3-hydroxy-C12-homoserine lactone pro-
duction (24). Compared with wild-type Acinetobacter M2 infection,
zebrafish infected with Acinetobacter ΔabaI had significantly
greater survival (Fig. S2D). Virulence was partly restored with
complementation. These findings were then corroborated in a
mammalian septicemia model (Fig. S2E). Together, these data
show that diverse intrinsic Acinetobacter virulence determinants are
shared for infections in zebrafish and mammals, and support the
use of zebrafish to study established, as well as new, mechanisms of
Acinetobacter disease.

An A. baumannii Global Virulence Regulator Drives Extravascular
Neutrophil Migration Patterns During Infection. We have shown
that neutrophils orchestrate a coordinated response to a local-
ized A. baumannii infection including rapid migration to the site
of infection, phagocytosis, and bacterial processing within
phagolysosomes, followed by migration away. Thus far, infection
model studies have concentrated on host-derived factors that
determine neutrophil chemotaxis such as IL-8, leukotriene B4,
C5a, and hydrogen peroxide (2, 10, 25, 26). Less is known about
bacterial factors that directly drive neutrophil migratory patterns
and trafficking. During localized tissue infections into the
zebrafish somatic muscle, we observed a difference in neutrophil
behavior with the A. baumannii ΔgacS mutant. Although the
neutrophils migrated to the infection site and phagocytosed
bacteria, they failed to migrate away as occurred in wild-type
A. baumannii infection (Fig. 4A and Movie S4). This resulted in
persisting clusters of neutrophils at the infection site until 48 hpi
(Fig. 4B and Fig. S3A). Importantly, complementation of ΔgacS
restored neutrophil migratory patterns to those of wild-type (Fig.
4B). As a control, other virulence-attenuating A. baumannii de-
letion mutants (ΔabaI and ΔargH) were tested but showed wild-
type neutrophil migratory patterns (Fig. 4B), highlighting the
specificity of this response to A. baumannii ΔgacS. To control for
site of infection, we also infected zebrafish in the otic vesicle,
which, under normal conditions, is devoid of neutrophils, but is
another established site for studying a localized infection. Similar
findings were observed (Fig. 4C and Fig. S3B).
To characterize neutrophil dynamics in more detail, we used

time-lapse confocal microscopy and 3D cell tracking software to

quantify neutrophil migratory parameters (Fig. 4D and Fig.
S3C). Following infection with wild-type A. baumannii, neutro-
phils migrated to and from the site of infection consistently
during the 5-h observation period (Fig. 4D). However, following
infection with A. baumannii ΔgacS, there was intense neutrophil
migration to the site of infection during the first 75 min, followed
by minimal further neutrophil ingress or egress for the remainder
of the observation period (Fig. 4D). To determine if this neu-
trophil response coincided with increased host-derived chemo-
tactic stimuli, we quantified at 1 h and 12 h after tail muscle
infection the expression of mRNA encoding the chemokine IL-8,
which is an established host-derived chemotaxin in tissue in-
fection (2), and leukotriene A4 (LTA4) hydrolase that converts
LTA4 to LTB4 (27). The expression of both mRNAs increased
with infection, but no difference was seen between wild-type and
A. baumannii ΔgacS (Fig. S4A). Collectively, these data indicate
the presence of a strong and persistent chemoattractant in
A. baumannii ΔgacS infection driving vigorous neutrophil influx
followed by migratory arrest, and opens the possibility that this is
bacterially derived.

Neutrophil Dwelling in A. baumannii Infected Tissue Is Mediated by
an Impaired Phenylacetic Acid Catabolic Pathway. A. baumannii
GacS is a global virulence regulator, controlling 674 genes across
diverse functions (21). Interestingly, after deletion of A. bau-
mannii gacS, the genes with greatest repression (as much as
200-fold) belonged to a single operon made up of 15 coding
sequences known as the paa operon (21). The function of this
operon is to degrade aromatic compounds such as PA, which is
derived from phenylalanine, to form acetyl- and succinyl-CoA
used in the TCA cycle (28). We therefore hypothesized that
A. baumannii ΔgacS is altering neutrophil responses through
repression of the paa operon, leading to accumulation of aromatic
compounds and subsequent bacterial-driven chemoattraction.
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To test whether the ΔgacS-mediated neutrophil response is
caused by loss of the PA catabolic pathway, we induced a lo-
calized infection in the zebrafish otic vesicle with an early PA
pathway A. baumannii mutant (ΔpaaA). As shown in Fig. 5A,
neutrophil responses were the same as that seen for A. bau-
mannii ΔgacS (Fig. 4C), with prolonged neutrophil dwelling at
the site of infection compared with wild-type A. baumannii. The
phenotype was restored to wild-type levels with complementa-
tion (ppaaA) (Fig. 5A). Consistent with there being neutrophil
relocation and clustering in the otic vesicle and not local neu-
trophil proliferation, we documented that neutrophil aggregation
in the otic vesicle during A. baumannii ΔpaaA infection was
concurrent with reduction of neutrophils normally resident in the
caudal hematopoietic tissue (Fig. 5B). Highlighting the speci-
ficity of this neutrophilic response to A. baumannii ΔpaaA, we
infected zebrafish with another isogenic A. baumannii mutant
with a deletion in a GacS-regulated gene csuD (21). No differ-
ence in neutrophil trafficking compared with wild-type was seen
(Fig. S4B).
To determine the functional impact of this neutrophil dwelling

response on bacterial survival, we assessed bacterial densities at
6 hpi for wild-type A. baumannii, ΔpaaA, and complement
strains (all grow similarly in vitro). Significantly fewer bacteria
were found for ΔpaaA (Fig. 5C), and this was associated with
attenuated virulence for the ΔpaaA mutant compared with wild-

type and complement strains (Fig. 5D). Together, these data
indicate that the A. baumannii PA catabolic pathway is impor-
tant in mediating neutrophil chemotaxis and tissue responses to
acute infection, and may be a mechanism by which A. baumannii
uses for immune evasion and disease progression.

PA Mediates Neutrophil Chemotaxis. To confirm whether a meta-
bolic by-product was accumulating in the tissues after infection
with A. baumannii ΔpaaA, we first injected the otic vesicle of
zebrafish with A. baumannii culture filtrate taken from station-
ary-phase in vitro growth (Fig. 5E). Neutrophil chemotaxis and
dwelling occurred with supernatant taken from A. baumannii
ΔpaaA, whereas neutrophil chemotaxis was less with supernatant
from wild-type and complemented A. baumannii strains (Fig.
5E). Interestingly, injection of washed, heat-killed A. baumannii
ΔpaaA caused neutrophil chemotaxis, but neutrophil dwelling
was not observed (Fig. S4C), indicating that metabolism from live
bacteria is required for the production of the causative factor.
To identify the molecule responsible for the observed neu-

trophil responses, we performed untargeted global metabolomics
by MS on culture filtrate taken from wild-type A. baumannii,
ΔpaaA and the complemented strain. In total, more than 1,600
metabolite features were detected, and the only metabolite that
showed a significant accumulation (more than twofold; P < 0.05)
in A. baumannii ΔpaaA compared with the wild-type and com-
plemented strains was putatively identified as PA (Fig. S5 and
Dataset S1). Subsequent identification and accurate quantifica-
tion of PA by using targeted liquid chromatography (LC)/MS
confirmed fourfold accumulation of PA in ΔpaaA supernatant
compared with wild-type (Fig. 5F). PA is an intermediate
product of the bacterial phenylalanine metabolic pathway, and a
direct substrate of paaA. To confirm that PA was the causative
driver of the observed neutrophil tissue responses, we injected
purified PA (Sigma) into the otic vesicle of zebrafish at varying
concentrations. This showed a bell-curve dose–response rela-
tionship characteristic of chemoattractants (29), with a concen-
tration as low as 3.4 ng per embryo having an effect, and peaking
at 37 ng per embryo (Fig. S6A). Neutrophil migration was seen
within 2 hpi (Fig. 5G). When purified PA was added to wild-type
culture filtrate and injected into the otic vesicle of zebrafish, we
observed the same neutrophil trafficking characteristics as ob-
served for infection with A. baumannii ΔpaaA (Fig. S6B). Fur-
thermore, the addition of purified PA to wild-type A. baumannii
cells before infection led to greater embryo survival compared
with infection with wild-type A. baumannii alone (Fig. S6C).
Finally, to determine if PA was acting directly on neutrophils
rather than through stimulation of endogenous cytokines, and to
assess whether this effect was observed with mammalian neu-
trophils, we performed ex vivo neutrophil migration assays by
using murine bone marrow-derived neutrophils. Purified PA
caused significantly greater neutrophil transmigration compared
with the control (Fig. 5H). Together, these data confirm that, in
the absence of a functional PA catabolic pathway, PA accumu-
lates with live bacterial cells and then acts as a bacterial-driven
neutrophil chemoattractant.

Discussion
A. baumannii continues to be a problematic Gram-negative
bacterial pathogen within health care institutions, with reports of
pandrug resistance threatening our modern-day antibiotic ar-
mamentarium. As a consequence, we urgently require an im-
proved understanding of the interactions between A. baumannii
and the host during acute infection to provide the foundations
for future therapeutic strategies. We developed a zebrafish
model to study the molecular mechanisms of A. baumannii–host
interactions. Through use of real-time fluorescent microscopy
and cell tracking, we demonstrated an interaction between bac-
terial metabolism and host innate immune response. Inhibition
of the A. baumannii phenylacetic acid catabolism pathway led to
the accumulation of PA as a metabolic by-product, which was
shown to be a direct bacterial-driven chemoattractant, causing
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neutrophils to avidly migrate to the site of infection and dwell.
The functional impact of this pronounced neutrophilic response
was a reduction in bacterial burden and attenuated disease.
Targeting a metabolic pathway with the intention of augmenting
host innate immune response provides a potentially new paradigm
for the treatment of challenging superbugs such as A. baumannii.
Zebrafish have now been used as a model to study the path-

ogenesis of diverse infectious diseases (9, 30–33). Bacteria such
as Mycobacterium marinum, Salmonella enterica serovar Typhi-
murium, S. aureus, and Shigella flexneri have all displayed in-
oculum-dependent acute lethality in zebrafish, with survival
correlating with bacterial growth in the host. By testing defined
A. baumannii mutants, we were able to show that, for some
virulence factors, virulence in zebrafish correlated with that
observed in a mammalian model. A. baumannii GacS is a two-
component signal transduction system that is essential for dis-
ease in a mouse septicemia model (21); likewise, mutants in this
system were highly attenuated for disease in zebrafish. We also
showed that quorum sensing is required for A. baumannii viru-
lence in zebrafish and a mammalian host. These data support the
utility of zebrafish as a facile, in vivo model for the study of new,
as well as established, bacterial virulence mechanisms, and
strengthen the idea that conservation of bacterial virulence may
exist across a range of multicellular eukaryotic species.
Zebrafish and humans share very similar immune systems in

terms of cellular anatomy and genetic regulation (6). Young
zebrafish embryos (< 3 wk post fertilization) rely solely on innate
immunity, which makes them ideal for the study of initial host
responses to bacterial pathogens. By using several lines of evi-
dence, we showed that innate immune cells, particularly neutro-
phils, were indispensible for zebrafish survival from A. baumannii
infection. A lower inoculum of A. baumannii administered i.v. was
cleared by zebrafish after ∼44 h, whereas administration of the
same dose into the yolk sac (devoid of phagocytic cells) was le-
thal. In a localized somatic muscle infection, neutrophils pre-
dominated as infection-specific first responders and showed
greater phagocytic function than macrophages. Finally, selective
depletion of zebrafish neutrophils increased susceptibility to
acute lethal infection, whereas depletion of macrophages had no
significant effect. Neutrophil depletion also restored the viru-
lence of bacterial mutants that were attenuated for disease.
These data support findings observed in mammalian hosts
whereby depletion of neutrophils exacerbated A. baumannii in-
fection (5, 34), whereas macrophage depletion had a limited
impact on disease (15).
An impressive feature of zebrafish is the ability to visualize

real-time infection dynamics at the cellular level, made possible
by their optical transparency and the availability of well-char-
acterized transgenic reporter fish lines that selectively fluoresce
host innate immune cells. By using fluorophore-marked bacteria,
we used high-resolution, time-course imaging experiments to
delineate individual leukocyte responses to A. baumannii in-
vasion in vivo, and, more specifically, study the drivers of neu-
trophil migration during an acute infection. For one of our
bacterial mutants (ΔgacS), we observed that neutrophils avidly
migrated to the site of infection and then failed to migrate away
as seen with wild-type bacterial infection. By using a series of
isogenic A. baumannii mutants, we showed that a mutant in the
phenylacetic acid catabolism pathway mirrored the phenotype
observed with ΔgacS. ΔpaaA culture filtrate alone was sufficient
to replicate the phenotype, but this was abolished with infection
of washed, heat-killed ΔpaaA cells, both suggesting that a bac-
terial-driven metabolic by-product was responsible for the al-
tered neutrophil behavior.
Bacterial-guided leukocyte chemotaxis has thus far been well

described for molecules such as LPS, lipopeptides, peptidoglycan,
flagellin, and nucleic acids (35). However, these microorganism-
associated molecular patterns lead to leukocyte recruitment in-
directly via Toll-like receptors and activation of chemokines (e.g.,
IL-8). Very little is known about directly acting bacterial factors
that drive neutrophil recruitment and behavior. By using global

metabolomic analyses of culture supernatants, we showed that PA
was significantly and specifically increased for the ΔpaaA mutant
compared with supernatants taken from wild-type and com-
plemented bacteria. To confirm the independent effect of this
metabolite on neutrophil migration, purified PA was injected into
the otic vesicle of zebrafish. Neutrophil chemotaxis and dwelling
was observed. Purified PA was also sufficient to recreate the
phenotype when added to culture supernatant from wild-type
bacteria. These observations were then extended using ex vivo
mammalian neutrophils, which showed that purified PA was in-
dependently capable of inducing neutrophil recruitment. Together,
these data confirmed the role of PA as a direct bacterial-driven
chemoattractant for zebrafish and mammalian neutrophils.
The role of PA in bacterial metabolism has not been fully

elucidated. In Burkholderia cenocepacia, a Gram-negative path-
ogen related to A. baumannii, deletion of genes in the phenyl-
alanine degradation pathway (paaABCDE) led to accumulation
of phenylacetic acid and inhibited bacterial quorum sensing (36).
Virulence attenuation has also been shown with disruption of the
paa catabolic pathway; however, the mechanism of this remains
unclear (37). Here we propose a mechanism that is driven by
augmentation of host innate immune response. By deleting the
A. baumannii phenylacetic acid catabolism pathway, an accu-
mulation of PA ensues that enhances neutrophil migration and
clustering at the site of infection, leading to greater bacterial
killing and improved host survival. The significance of these data
are that inhibition of this bacterial metabolic pathway could form
a novel adjunctive therapy. The global emergence of antimicro-
bial resistance has led to a desperate need in identifying anti-
microbials with new mechanisms of action. Augmentation of host
immune responses to a bacterial pathogen could provide an al-
ternative treatment strategy in the face of extreme drug-resistant and
pandrug-resistant Gram-negative bacteria such as A. baumannii.

Methods and Materials
Bacterial Strains and Growth Conditions. A. baumannii strains (Table S1) were
grown in LB liquid or solid media at 37 °C supplemented with carbenicillin
(150 μg/mL) or kanamycin (50 μg/mL) as appropriate. GFP expression and
complementation of Acinetobacter M2 ΔabaI and ATCC 17978ΔpaaA were
performed by using pWH1266 as described elsewhere (38). Primers used for
this study are shown in Table S2.

Zebrafish Strains and Maintenance.Wild-type Tübingen, Tg(lyz:DsRed)nz50 (39),
Tg(mpeg1:mCherry)gl23 (40), Tg(mpx:GFP)il14 (41), and Tg(mpeg1:Gal4FF)gl25 ×
Tg(UAS-E1b:Eco.NsfB-mCherry)c264 zebrafish embryos were maintained in the
Monash University FishCore facility according to standard protocols (SI Ma-
terials and Methods).

Microinjection of A. baumannii into Zebrafish Embryos. Overnight bacterial
cultures were adjusted to OD600 of 1, washed, and resuspended in 2% (wt/vol)
polyvinylpyrrolidone in PBS solution. Microinjections were performed at
48 hpf, and all inocula were confirmed by colony counts (42, 43). Embryos
were monitored daily for survival to 96 hpi, and survival analyses were
performed by using the Kaplan–Meier method. The Mantel–Cox test was
used for statistical significance (P < 0.05). A range of 500–800 cfu of bacteria
were injected into the muscle or otic vesicle for neutrophil and macrophage
migration assays. Methods for in vivo A. baumannii growth kinetics and
quantitative real-time PCR are shown in SI Materials and Methods.

Morpholino Depletion of cfs3r and irf8.Antisense morpholino oligomers (MOs)
directed at csf3r (30) and irf8 (18) were purchased from Gene Tools. Volumes
of 1 nL were microinjected into the yolk of one-cell embryos, delivering MOs
at the following final concentration in distilled water: 25 μM of csf3rATG

MO and 25 μM of irf8ATG MO. A standard control MO was used as a nega-
tive control.

Leukocyte Enumeration. Leukocyte units (LUs), a surrogate parameter pro-
portional to leukocyte numbers determined by analysis of digital images,
were computed as previously described and validated (43). When appropriate,
LUs are referred to as “neutrophil units” or “macrophage units.” Leukocyte
numbers were referred to when the total number of neutrophils was counted. A
Mann–Whitney test was used for statistical significance (P < 0.05).
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Microscopy and Image Processing. For microscopy, zebrafish were immobi-
lized in 1% low melting temperature agar. Routine bright-field and fluo-
rescence imaging was performed by using a Zeiss Lumar V12 stereo dissecting
microscope with an AxioCam MRm camera running AxioVision 4.8 software.
Confocal microscopy was performed with a Zeiss LSM 710 device with a Plan-
Apochromat 20×, 0.8 N.A. objective, and Zen software (v4.0) (SI Materials and
Methods). Images were processed in Imaris (Bitplane) for cell-tracking mode, and
data were analyzed in the R program using ggplot2 (26). Vibratome sectioning,
histopathology, and pHrodo staining are described in SI Materials and Methods.

Murine Disseminated Infection Model. The model was performed as described
previously (21) using female BALB/c mice aged 6–8 wk (n = 15 per group)
infected via intraperitoneal injection (SI Materials and Methods). Animal
protocols were approved by the Monash University Animal Ethics Committee.

Metabolomics. Metabolite samples were prepared from cell culture super-
natants by solvent extraction and analyzed by LC/MS with hydrophilic in-
teraction liquid chromotography (HILIC) and high-resolution accurateMS (44)
(SI Materials and Methods). Metabolomics data were analyzed with the

IDEOM software (45), and PA abundance confirmed with Tracefinder (Thermo).
Quantification of PA was confirmed by using a complementary analytical
method, reversed-phase chromatography coupled to high-resolution MS
(Q-Exactive; Thermo; SI Materials and Methods).

Ex Vivo Neutrophil Chemotaxis Assay. Neutrophils were isolated from the
bonemarrow of C57BL/6mice by Histopaque density gradient centrifugation,
and chemotaxis was performed as described previously (46) (SI Materials
and Methods).
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