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ABSTRACT 
 
 
Colistin has often become the last option to treat infections by carbapenemase 

producing Klebsiella pneumoniae (CPKP). The PhoPQ two-component system (TCS), 

insertional inactivation of mgrB gene, and crrAB TCS have recently gained attention 

as mediators of colistin resistance and lipid A remodeling. Through whole-genome 

sequencing and lipidomic approaches, genetic alterations and lipid A modifications 

responsible for colistin resistance can be detected with high precision. Three colistin 

resistant, seven heteroresistant and one susceptible isolate were studied to explore the 

underlying mechanisms of colistin resistance. Colistin broth microdilution 

antimicrobial susceptibility testing was performed, coupled with Etest phenotypic 

testing. The nucleotide sequence of genes encoding for two-component regulatory 

systems such as phoP, phoQ, pmrA, pmrB, crrA, and crrB were screened in silico. 

Plasmid encoded mcr-1 gene was screened through in silico PCR. The mgrB gene was 

screened through PCR and was manually sequenced through sanger sequencing. Core 

genome single nucleotide polymorphisms (cg-SNP) were analyzed to determine the 

phylogenetic evolution among the isolates. Lipid A extraction procedure was 

optimized for Lipopolysaccharide hydrolysis from both Escherichia coli and K. 

pneumoniae using acetic acid extraction procedure. For the purpose of lipid A 

detection and profiling, MALDI-TOF MS was operated in the negative reflectron 

mode and served as a golden standard for lipid A analysis. None of the plasmid 

encoded colistin resistance genes were detected. PCR amplification of mgrB revealed 

insertional inactivation ∆𝑚𝑔𝑟𝐵 in three of the studied isolates (designated as KP5, 

KP6, and KP16) showing MICs ≥ 64	mg/L. ISKpn14 was associated with KP5 and 

KP6, while IS903 was detected in KP16. Wild-type mgrB gene in the remaining seven 

isolates might suggest the involvement of other mechanisms underlying their 

heteroresistance to colistin. All 11 isolates were negative for the crrA and crrB genes. 

Lipid A major mass ion was observed at (m/z 1840) in all KP isolates. KP5 had an 
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altered lipid A moiety corresponding to 4-amino-4-deoxy-L-arabinose (L-Ara4N) 

modification (1892 m/z). This is the first study detecting lipid A modifications in 

colistin resistant K. penumoniae in Lebanon and the first reporting colistin 

heteroresistant subpopulations.  

 

 

Key Words: Klebsiella pneumoniae, Colistin, Heteroresistance, mgrB, lipid A, 
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Chapter One 
 

Introduction  
 

1.1. Klebsiella pneumoniae overview 

The first description of Klebsiella pneumoniae dates back to the 19th century when 

Carl Friedlander described it as a bacterium that was isolated from the lungs of a 

patient who died from pneumonia (Friedlaender, 1882). It is a Gram-negative, 

nonmotile, rod-shaped, encapsulated bacterium that inhabits the environment, where 

it can be found in soil, surface waters, plant surfaces and on medical devices 

(Bagley,1985; Rock et al., 2014). Prominently, K. pneumoniae colonizes human 

mucosal surfaces, including oropharynx and the gastrointestinal (GI) tract (Dao et al., 

2014; Bagley,1985). However, pathogenic strains can cause severe infections in 

humans through gaining entry from their site of colonization to various tissues 

(Paczosa and Mecsas, 2016).  

K. pneumoniae is an important causative agent of severe community-onset infections 

(Broberg et al., 2014; Siu et al., 2012) and widely known to cause several nosocomial 

and community-acquired diseases (Siu et al., 2012). In 2013, drug-resistant Neisseria 

gonorrhoeae, carbapenem-resistant Enterobacteriaceae (CRE), and Clostridium 

difficile were designated by the Centers for Disease Control and Prevention (CDC) as 

the top three microorganisms that impose a serious urgent threat to the public health 

(Zowawi et al., 2015). K. pneumoniae is part of the Enterobacteriaceae family, that 

additionally encompasses other pathogens such as Yersinia species, Salmonella 

species, Shigella species, and Escherichia coli (Magill et al, 2014).  
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1.2. K. pneumoniae a successful pathogen 

       The control of infections due to K. pneumoniae has been complicated by the 

emergence of antimicrobial resistance, such complications impose delays in proper 

empirical therapy with subsequent increased morbidity and mortality rates in patients 

(Tumbarello et al., 2015). Most K. penumoniae isolates demonstrate resistance to 

various antimicrobial agents, including first-line antibiotics such as fluoroquinolones, 

cephalosporins, and aminoglycosides, but the main concern is the emerging resistance 

to carbapenems (Molton et al., 2013; van Duijn et al., 2011). Carbapenems such as 

ertapenem, meropenem, imipenem, biapenem, and doripenem are antibiotics used to 

treat severe infections caused by multi-resistant Enterobacteriaceae (Nordmann et al., 

2009). 

Carbapenem-resistant K. pneumoniae (CRKP) became a major global problem 

(Munoz-Price et al 2013; Gupta et al., 2011), with carbapenems often being one of the 

last lines of effective drugs available for the treatment of infections caused by 

multidrug-resistant (MDR) K. pneumoniae (Tzouvelekis et al., 2012). 

Carbapenemase-producing organisms are regularly detected only after treatment 

failure in patients (Weisenberg et al., 2009; Hirsch et al., 2010). Arabaghian et al. 

(2019) provided an in-depth molecular characterization of two MDR K. 

quasipneumoniae, 24 MDR and eight extensively-drug resistant (XDR) K. 

pneumoniae clinical isolates recovered from Lebanon. This was the first study 

reporting on the presence and dissemination of CRKP and carbapenem resistant K. 

quasipneumoiae in the region.  

A definition of resistance such as MDR, XDR, and pandrug-resistant (PDR) was 

provided through joint efforts by the CDC and the European Centre for Disease 

Prevention and Control (ECDC) (Magiorakos et al., 2012). MDR could be 
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characterized in both Gram-positive and Gram-negative as the resistance to three or 

more antimicrobial classes (Cohen et al., 2008; Paterson David and Doi, 2007). XDR 

was initially described in Mycobacterium tuberculosis that was extensively drug-

resistant (CDC, 2006), subsequently a definition for non-mycobacterial bacteria was 

given as the resistance to most standard antimicrobial regimens. Additionally, XDR 

definition is based on how many antimicrobial classes or subclasses the bacteria is 

resistant to, and whether the resistance exist against one or more key antimicrobial 

agents (Hidron et al., 2008). The term ‘pan’ which is a Greek prefix that means ‘all’ 

refers to resistance to all commercially available antimicrobial agents (Falagas et al., 

2006).  

Today, K. pneumoniae has breached the antibiotic barriers, and was reported in many 

cases as a pan-drug resistant microorganism causing various types of infections 

(Avgoulea et al., 2018). Moreover, with the arsenal of effective antibiotics running 

out, there is a resurgence in the clinical administration of polymyxins (Landman et al., 

2008).  

1.3. Polymyxins 

Dating back to the 1947, polymyxin was discovered form the soil bacterium 

Paenibacillus polymyxa, previously identified as Bacillus polymyxa var. colistinus 

(Benedict and Langlykke, 1947; Koyama, 1950). Polymyxins consist of polymyxin A-

E, with the two types of polymyxin E (colistin), and B (PMB) currently being used for 

treatment (Li et al., 2005; Landman et al., 2008). In the 1960s colistin was made 

available for clinical use. However, in the 1970s it was replaced with alternative 

antibiotics due to its toxicity (Falagas and Kasiakou, 2005; Li et al., 2005; Evans and 

Feola, 1999) especially nephrotoxicity (Oliveira et al., 2009). Polymyxin began to gain 

much value following the emergence of multidrug-resistant (MDR) Gram-negative 
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bacteria along with the lack of new antibacterial treatment options (Falagas and 

Kasiakou, 2005; Giamarellou and Poulakou, 2009). The escalating prevalence of 

MDR Gram-negative bacteria (Magiorakos et al., 2012) especially K. pneumoniae, 

Pseudomonas aeruginosa and Acinetobacter baumannii, has prompted the 

reintroduction of systemic polymyxin as a valuable therapeutic choice (Falagas and 

Kasiakou, 2005; Biswas et al., 2012).  

The structure of polymyxins is similar to that of defensins that are present in mammals 

at sites of damaged mucosal surfaces (Hancock, 1997). Polymyxins consist of cyclic 

heptapeptide with a net positive charge, and their antimicrobial activity could be 

elucidated by the hydrophobic properties of the N-terminal fatty acyl segment (Falagas 

et al., 2010; Li et al., 2006). Colistin and PMB are considered as secondary metabolite 

nonaribosomal peptides with shared similarity in their primary sequence, differing 

only at position six of the peptide ring, which is occupied by D-Phe in PMB and D-

Leu in colistin (Biswas et al., 2012).  

To better understand the mechanism of antimicrobial activity of polymyxins, it is 

crucial to have knowledge of its detailed chemical structure. Polymyxin consists of a 

decapeptide sequence which harbors an intramolecular cyclic heptapeptide loop, 

starting at position 4 of the diaminobutyric acid (Dab) residue and cycling back to the 

carboxyl group of the C-terminal L-Thr (L-threonine) residue at position 10. Thus, the 

final structure is composed of, a heptapeptide loop, a tripeptide side chain, and a fatty 

acyl chain (Velkov et al., 2010; Velkov et al., 2013). On the other hand, a different 

form of colistin was assigned for clinical use (Li et al., 2006). A polyanionic inactive 

prodrug known as colistimethate was used instead of colistin sulfate due to its lower 

toxicity (Li et al., 2006; Bergen et al., 2006). A chemical reaction of colistin with 

formaldehyde and sodium bisulfite yields colistimethate, which in turn is transformed 
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in aqueous media and biological fluids to colistin and other inactive compounds (Li et 

al., 2003; Li et al., 2004). Colistin however, is more stable in human plasma than 

colistimethate (Li et al, 2003).  

1.4. Polymyxin’s Spectrum of Activity and Mechanism of Action 

One of the favored properties of polymyxins is their narrow spectrum against 

common Gram-negative bacteria. They are usually used to treat infections caused by 

most members of the family of Enterobacteriaceae, including Shigella spp., 

Salmonella spp., Escherichia coli, Enterobacter spp., Citrobacter spp., and Klebsiella 

spp. Additionally, polymyxins very effective against non-fermentative Gram-negative 

bacteria, such as Stenotrophomonas maltophilia, A. baumannii, and P. aeruginosa 

(Falagas and Kasiakou, 2005). Natural or intrinsic resistance to polymyxins can be 

observed in some species, such as, Moraxella catarrhalis, Helicobacter pylori, 

Proteus mirabilis, Neisseria spp., Serratia marcescens, Morganella morganii, 

Brucella spp., Chromobacterium, and Burkholderia cepacia (Landman et al., 2008; 

Doern and Morse, 1980; Glupczynski et al., 1988; García-Rodríguez et al., 1989; 

Sidorczyk et al., 1983).  

Gram-negative bacteria are characterized by double-membrane envelopes, where the 

outer membrane (OM) provides a robust permeable barrier (Nikaido, 2003). The 

knowledge about the OM architecture and composition provides a better 

understanding on how polymyxins serve as antimicrobial peptides. Through 

electrostatic interactions, polymyxin directly interacts with the lipid A portion of the 

Lipopolysaccharide (LPS) in the outer leaflet of the OM of Gram-negative bacteria 

(Velkov et al., 2013). This interaction occurs between the 𝛼, 𝛾-diaminobutyric acid 

(Dab) residue of the positively charged polymyxin and the negatively charged lipid A 

moiety (Dixon and Chopra, 1986). Van der Waals forces hold the saturated 
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hydrocarbon chains of lipid A firmly within the bacterial membrane, and both cations 

(Ca2+ and Mg2+) that are associated with lipid A phosphoresters serve as a bridge to 

connect adjacent LPS molecules (Dixon and Chopra, 1986). Polymyxins 

competitively replace divalent cations (Ca2+ and Mg2+) anchoring adjacent membrane 

LPS (Hancock and Chapple, 1999).  

Several models were suggested to illustrate the interaction between polymyxin and the 

OM of Gram-negative bacteria. The long-accepted model is termed the ‘self-prompted 

uptake’ pathway, which proposed that the amphipathic nature of polymyxins is critical 

to facilitate uptake of the polymyxin molecule across the OM (Hancock and Chapple, 

1999). Through the insertion of the hydrophobic motifs of the fatty acyl chain of 

polymyxin into the OM, the packing of adjacent lipid A is disturbed causing the 

expansion of the OM. Although the process is not completely understood, the 

subsequent events are believed to induce phospholipid exchange, causing osmotic 

imbalance across the membrane and cytoplasmic leakage that ends up in cell death 

(Hancock and Chapple, 1999).  

1.5. Colistin Antimicrobial Susceptibility testing (AST) 

The most fundamental component in antibacterial pharmacodynamics is the 

minimum inhibitory concentration (MIC), which serves as a guide in the clinical 

management of patients (Li et al., 2006). Various techniques have evolved to assess 

antimicrobial resistance, among these tests are phenotyping, genotyping and 

susceptibility testing. Though polymyxins were used for decades, there is no optimal 

method for susceptibility testing. The high patient mortality rate that is associated with 

infections caused by colistin-resistant Gram-negative bacteria, has urged the scientific 

community to develop reliable and rapid methods for polymyxin susceptibility testing 

(Poirel et al., 2017). However, a lot of complications exist in polymyxin susceptibility 
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testing methods: polymyxins diffuse poorly into agar media, they are cationic 

molecules, various species show the phenomenon of heteroresistance to polymyxins, 

and finally the lack of a reliable standard technique which will allow for the evaluation 

of commercially available tests (Landman et al., 2013; Hindler and Humphries, 2013). 

Different dilution methods have emerged to determine the minimum inhibitory 

concentration (MIC) of polymyxin. Broth microdilution (BMD) and broth 

macrodilution methods are techniques in which a bacterial suspension at a certain 

concentration is tested against different concentrations of an antimicrobial agent in a 

liquid broth (Poirel et al., 2017). The Clinical and Laboratory Standards Institute 

(CLSI) and the European Committee on Antimicrobial Susceptibility Testing 

(EUCAST) recommend BMD as a testing method (CLSI, 2014; EUCAST, 2014). 

One of the downsides of this method is that it is laborious, and requires manual 

intervention, increasing the chance of introducing errors throughout the process. 

Besides, nonreproducible MIC results were reported due to the presence of “skip 

wells”, a phenomenon that was observed in Enterobacter species (Landman et al., 

2013), A. baumannii (CLSI, 2012), and P. aeruginosa (CLSI, 2014). Skip wells are 

wells that exhibit no growth at lower antibiotic concentration, whereas growth is 

observed in wells with higher antibiotic concentrations. This phenomenon could be as 

a result of heteroresistant subpopulations (CLSI, 2012). According to the EUCAST 

guidelines, isolates with MICs of ≤2 µg/mL are categorized as susceptible to colistin, 

and those with MICs of  ≥2 µg/mL are categorized as resistant (EUCAST, 2017). 

Colistin Etest strips, are strips with an increasing concentration of antibiotics (ranging 

from 0.016 to 256 µg/mL). The MIC value can be determined by examining the 

intersection of the lower part of the ellipse-shaped growth inhibition area. In the cases 

of intersection around the MIC with two variable endpoints, the highest MIC 
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intersection is recorded (Behera et al., 2010). False susceptibility was reported for 

Gram-negative bacteria when tested using colistin Etest (up to 32%) (Moskowitz et 

al., 2010). It is thought that this test underestimates the level of colistin resistance in 

strains exhibiting an MIC of  ≥ 4	µg/mL and overestimates the values for susceptible 

strains of <4 µg/mL (Hindler and Humphries et al., 2013).  

1.6. Mechanisms of Colistin Resistance 

Currently, colistin is often being considered as the only effective antibiotic agent 

against MDR organisms, particularly carbapenemase producing isolates (Poirel et al., 

2017). However, extremely drug resistant (XDR) K. pneumoniae, P. aeroginosa, and 

A. baumannii are resistant to polymyxins (Valencia et al., 2009). Bacteria exploit 

several means to shield themselves from adverse environmental stimuli, among these 

is the exposure to cationic antimicrobial peptides including colistin and polymyxin B. 

These strategies include lipopolysaccharides (LPS) alteration serving as the initial 

target for polymyxins (Moffatt et al., 2010). Additional strategies include capsule 

formation and the utilization of efflux pumps (Padilla et al., 2010; Campose et al., 

2004).  

Complex molecular pathways were found to play a crucial role in the development of 

colistin resistance. The activation of two-component systems (TCSs) that are triggered 

by environmental signals or their constitutive activation by specific mutations can 

induce the overexpression of LPS modifying genes (Gunn and Miller, 1996; Trent et 

al., 2001b; Abraham and Kwon, 2009). Moreover, a plasmid-mediated mcr-1 gene was 

detected  in E. coli and K. pneumoniae isolates recovered from China; mcr-1 was 

responsible for the horizontal transfer of colistin resistance (Liu et al., 2016).  
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1.6.1. Lipopolysaccharide Structure and Modifications 

LPS is the main outer surface molecule of almost all Gram-negative bacteria 

and is composed of three molecular domains: a distal O-antigen polysaccharide, a core 

oligosaccharide, and membrane-associated lipid A domain present on the outer leaflet 

of the outer membrane bilayer. Lipid A itself consist of 3-deoxy-D-manno-oct-2-

ulosonic (Kdo) residues and a lipid A molecular species. Although in Gram-negative 

bacteria the enzymes that are required for the synthesis of lipid A are thought to be 

conserved, lipid A still reflects heterogeneity in its structure. This is mainly due to the 

differences in the length and type of fatty acids, chemical moieties or the removal of 

certain groups like phosphates or fatty acids from lipid A (Trent et al., 2006; Raetz and 

Whitfield, 2002).  

Detailed molecular structure of Lipid A could be described by a 𝛽-1,6-D-

glucosammine backbone that is bisphosphorylated at position C-1 and C-4’ and linked 

as esters at position C3 and C3’ with 𝛽-hydroxylated fatty acids, and at position C2 

and C2’ as amides. Additionally, non-hydroxylated or 𝛼-hydroxy fatty acids could be 

connected in ester linkage at position C3 of the primary fatty acids (Zähringer et al., 

1994; Zähringer et al., 1999) 

Several enzymes responsible for lipid A modification are directly triggered by 

environmental signals (divalent cations), or through their expression which is 

regulated by two component response-regulator systems (Raetz et al., 2007). Most 

widely studied modifications of LPS are the 4-amino-4-deoxy-L-arabinose (L-Ara4N) 

modification which decreases the net negative charge of lipid A down to zero. The 

second most common modification however, is the phosphoethanolamine (PEtN) 

addition which decreases the net charge from -1.5 to -1 (Nikaido, 2003). A 

chromosomally encoded gene called the lpxM gene encodes the enzyme responsible 
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for the addition of the myristoyl group to lipid A, this addition results in the formation 

of hexa-acylated lipid A in K. pneumoniae (Clements et al., 2007). 

1.6.2. Two component systems 

Several studies aimed at elucidating the mechanism of polymyxin resistance in 

K. pneumoniae. The alteration of outer membrane composition lowers the negative 

charge of the outer membrane of K. pneumoniae thus, a pronounced reduction in the 

interaction of the outer membrane with polymyxins. Chromosomally encoded TCSs 

such as PhoP/PhoQ and PmrA/PmrB were involved in the structural alterations of LPS 

in K. pneumoniae (Cheng et al., 2010). Moreover, the upregulation of these systems 

has been shown to be induced upon the exposure to polymyxin drugs (Kim et al., 

2014). A small transmembrane regulatory protein called MgrB is produced upon the 

activation of the TCS of PhoP/phoQ, and functions in exerting a negative feedback on 

this signaling system. MgrB directly interacts with PhoQ a sensor kinase located at the 

periplasmic level of the cell (Lippa and Goulian, 2009). In addition, PhoQ/PhoP and 

PmrA/PmrB signaling system were found to positively regulate an operon called the 

pmrHFIJKLM (pbgPE or arn) operon, which is conserved among Enterobacteriaceae 

and is responsible for the addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) to lipid 

A (Cheng et al., 2010). Missense mutations in pmrA or pmrB can lead to the 

constitutive activation of pmrA/pmrB system, which in return upregulates pmrC and 

the arnBCADTEF operon resulting in the addition of PEtN and L-Ara4N respectively 

to lipid A (Cannatelli et al., 2014; Jayol et al., 2014; Olaitan et al., 2014). Mutation on 

the crrB gene which belongs to a third TCS (Crr stands for: colistin resistance 

regulation) was also found to be involved in LPS linked to colistin resistance (Wright 

et al., 2015; Cheng et al., 2016). Mutations in crrB gene subsequently results in the 
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increased transcription of the crrC gene, which regulates the expression of the pmrC 

and pmrHFIJKLM operon through the PmrAB TCS (Cheng et al., 2016). 

1.6.3. Capsular polysaccharide over expression 

One of the most evident protective structures in K. pneumoniae is the capsule 

(March et al., 2013). It consists of a dense ∼160 nm thick layer of polysaccharide 

fibers that efficiently protects the bacterium from hostile environments (Amako et al., 

1988). The capsule protects against antimicrobial peptides, phagocytosis, and 

complement-mediated lysis (Doorduijn et al., 2016). The cps gene cluster is composed 

of a number of genes that are involved in capsule production, these include the wzi, 

wza, wzb, wzc, gnd, wca, cpsB, cpsG, and galF (Pan et al., 2013; Arakawa et al 1995). 

The wzi gene encodes a surface protein, which plays a role in capsule attachment to 

the outer membrane, with acapsular bacterial phenotypes being linked to the loss of 

this protein. (Bushell et al., 2013; Rahn et al., 2003). K. pneumoniae releases capsular 

polysaccharides (CPSs) reducing the amount of drug that can reach its surface, thus 

increasing its resistance to polymyxins (Llobet et al., 2008).  

1.7. The Phenomenon of Heteroresistance, Persistence, and Tolerance  

Heteroresistance phenomenon has been documented as early as the 1947 and 

occurs in both Gram-positive and Gram-negative bacteria (Alexander and Leidy, 

1947). Heteroresistance is characterized through the occurrence of various responses 

to antibiotics from bacterial cells within the same population. This phenomenon is 

poorly understood and it further complicates understanding and studying antibiotic 

resistance. The greatest concern is when resistance to colistin in clinical isolates goes 

undetected upon in vitro screening through the use of the traditional antibiotic 

susceptibility testing methods (El-Halfawy and Valvano et al., 2015). 
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Back in 1948 Harry Eagle was studying the bactericidal activity of penicillin, while 

performing a time-kill assay. He described a perplexing phenomenon that appeared for 

some strains of bacteria and was later known as the Eagle effect (Eagle, 1948; Eagle 

and Musselman, 1948). Eagle revealed that as the concentration of antibiotic increased 

above the optimal bactericidal concentration (the concentration of antibiotic needed to 

kill the maximum proportion of bacteria in a set time period) more bacterial cells 

survived (Prasetyoputri et al, 2018). 

The Eagle effect was described in both Gram-negative and Gram-positive bacteria 

exposed to diverse antibiotic categories such as agents that permeabilize the cell 

membrane (polymyxins), inhibitors of cell wall synthesis (glycopeptides and 𝛽-

lactams), RNA synthesis inhibitors (ansamycin polyketide), and DNA (quinolones) 

and protein synthesis inhibitors (aminoglycosides) (Prasetyoputri et al, 2018).  

Tolerance on the other hand, could be inherited and is characterized by the ability of 

microorganisms to survive high transient exposure to doses of an antibiotic that would 

otherwise be lethal (Brauner et al., 2016). While persistence is characterized by the 

ability of a subpopulation within the clonal population to survive high concentrations 

of antibiotics, this subpopulation persists even if the majority of the population is killed 

by the antibiotic over time (Gefen and Balaban, 2009). 

While taking into account the wide range of antibiotic classes in which eagle effect 

has been reported, it is crucial to pay greater attention to this phenomenon that cause 

the failure of antibiotic therapies in many cases. A better understanding of the 

molecular mechanisms deriving this bacterial response to antibiotics is yet to be 

addressed. 
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1.8. Treatment Options 

The hunt for new strategies to combat the issue of antibiotic resistance in Gram-

negative bacilli is ongoing. However, a major breach in our last effective line of 

defense (colistin) has been reported in many countries across the five continents 

(Wang et al., 2018). Novel strategies like: nanoparticles coupled with antibiotics 

(Tiwari et al., 2017) and immunotherapeutic approaches based on monoclonal 

antibodies that targets specific components of the outer polysaccharide capsule of the 

bacterial cell (Diago-Navarro et al., 2018) are being considered as promising 

alternatives to antibiotics.  

1.9. Lipid A Extraction Methods 

Since the discovery of LPS in 1941 (Shear, 1941), different methods were 

developed for its extraction and purification from bacteria. Among these methods are: 

pyridine extraction (Goebel et al., 1945), trichloroacetic acid extraction (Ribi et al., 

1961), phenol extraction (Westphal, 1965), ether extraction (Galanos et al., 1969), 

water extraction (Robert et al., 1967), butanol extraction (Morrison and Leive, 1975), 

and sodium dodecyl sulfate (SDS) extraction (Darveau and Hancock, 1983). The most 

used methods were the phenol–water extraction (Westphal and Jann, 1965) and the 

ether extraction (Galanos et al., 1969).  

In recent years several protocols were standardized to extract lipid A from various 

bacterial species using a microscale extraction technique. A methodology by El 

Hamidi et al. was published in 2005 and aimed at extracting endotoxins from different 

Gram-negative bacteria and was found to be appropriate for the analysis of small 

amounts of lyophilized cells. Lipid A isolation from lyophilized crude cells was 

performed through boiling at 100 ºC in a mixture of isobutyric acid: (1M and 2M)-

ammonium hydroxide (5:3). This method preserved LPS components without further 
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degradation and was cited in 126 articles since its release. On the other hand, harsh 

hydrolysis conditions such as  boiling at 100 ºC with 0.1 M hydrochloric acid and the 

milder hydrolysis treatment with acetic acid with a concentration of 1% were used to 

liberate lipid A moiety from the whole LPS molecule (Fensom and Meadow, 1970; 

Morrison and Leive, 1975; Oertelt et al, 2001; Osborn, 1963). Various methods were 

established to isolate lipid A from different species, but the choice of the hydrolyzing 

agent and the experimental settings depend mainly on the type of the bacterium, initial 

state of the cultured bacteria, and finally the detection method that would be 

subsequently used to analyze the extracted lipids. 

1.10. Lipid A detection using MALDI-TOF MS 

Matrix-assisted laser desorption and ionization time-of-flight (MALDI-TOF) 

mass spectrometry (MS) which is a fast and cost-effective technique, has transformed 

routine identification of microorganisms in many clinical, environmental, and food 

microbiology laboratories (Van Belkum et al., 2017). MALDI-TOF MS is also a 

simple and convenient method for lipidomic studies.  

MALDI-TOF MS might not be the best method for lipid analysis, but a lot of 

advancements were made in the last centuries to help in incorporating this device into 

lipid analysis. The theoretical fundamentals of MALDI MS are based on the use of a 

“matrix” with its basic role being to absorb the energy of the laser and facilitate the 

generation of ions, with small organic molecules often used as matrices (Fuchs et al., 

2010). Detailed survey of the methodological aspects of MALDI MS were published 

by Franz Hillenkamp and Jasna Peter-Katalinić (2007).  

However, due to the immense amount of data generated by the previously listed 

approaches, bioinformatics became a crucial counterpart that translates this data to 

"systems biology" (Cascante and Marin, 2008), thus helping to have a better insight 
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into the complicated metabolic networks of various biological systems. The term 

“lipidomics” was previously defined as “the full characterization of lipid molecular 

species and of their biological roles with respect to expression of proteins involved in 

lipid metabolism and function, including gene regulation” (Fuchs et al., 2010).  
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Objectives 

• Evaluate the level of colistin resistance in clinical CRKP samples. 

• Detect the presence of a colistin resistant subpopulation within a colistin 

sensitive clonal K. pneumoniae population. 

• Decipher the putative molecular mechanism mediating colistin resistance in K. 

pneumoniae. 

• Perform a comparative core genome analysis between colistin susceptible, 

colistin heteroresistant, and colistin resistant strains. 

• Investigate the impact of single nucleotide polymorphisms (SNPs) on key 

regulatory genes and their role in colistin resistance. 

• Standardize a fast and reliable approach to extract lipid A from Gram-negative 

organisms such as E. coli and K. pneumoniae. 

• Optimize a lipidomic approach using MALDI-TOF MS to profile lipid A 

extracts from highly colistin resistant K. pneumoniae strains and colistin 

heteroresistant and colistin sensitive K. pneumoniae strains. 
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Chapter Two 
 

Material and Methods 

 
2.1. Bacterial isolate collection 

In the period between 2012 and 2015, a total of 11 K. pneumoniae isolates were 

collected from hospitalized patients at the American University of Beirut Medical 

Center (AUBMC). The isolates were designated by KP with a corresponding number. 

Being a tertiary hospital, AUBMC provides services for over 300,000 patients 

annually. With a 350-bed capacity, AUBMC is occupied by an exile population from 

all over Lebanon as well as neighboring countries. The isolates were recovered from 

different body sites such as skin wounds, urine, C-section site, Deep tracheal aspirate 

(DTA), cyst, and other parts of the body. The mean patients’ age was 55 ± 19 years 

old, with a range of 20 to 82 years with a 8:3 male to female ratio. Preliminary species 

identification was performed using the API 20E system (bioMérieux, Marcyl’Etoile, 

France) based on the manufacturer’s instructions. 

 
2.2. Antimicrobial Susceptibility Testing 

Using the disk diffusion technique, all 11 K. pneumoniae isolates were tested for 

their phenotypic profile on Mueller-Hinton agar. A total of 25 antibiotic disks were 

tested, these belonged to 14 classes: monobactams (aztreonam), fluoroquinolones 

(ciprofloxacin, norfloxacin, levofloxacin, and ofloxacin), phosphonic acids 

(fosfomycin), glycylcyclines (tigecycline), penicillin (ampicillin), aminoglycosides 

(amikacin and gentamicin), cephamycin (cefoxitin), nitrofurans (nitrofurantoin), non-

extended and extendedspectrum cephalosporins (cefuroxime, ceftazidime, 

cefamandole, cefotaxime, cefixime, and cefepime), penicillin with a β-lactamase 
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inhibitor (augmentin and tazobactam), tetracycline, folate pathway inhibitors 

(trimethoprim) and carbapenems (ertapenem, imipenem, and meropenem). The 

obtained results were evaluated according to the Clinical & Laboratory Standards 

Institute (CLSI) guidelines (CLSI, 2017). 

 
2.3. Colistin Etest and Broth Microdilution (BMD) 

The Minimum inhibitory concentrations (MICs) were determined using Etest 

strips (AB bioMérieux, La Balme-les-Grottes, France) on Cation Adjusted Mueller-

Hinton (CAMH) agar plates (Bio-Rad, Marnes-la-Coquette, France) with a starting 

bacterial density corresponding to 0.5 Mc-Farland. The MICs of colistin were also 

determined by a broth microdilution (BMD) method as recommended by CLSI (CLSI, 

2017) and according the ISO standard method (20776-1). Briefly, colistin sulfate salt 

was purchased from Sigma-Aldrich (Merck KGaA, Germany) at a final powder weight 

(100 mg, 15,000 U/mg). the desired concentration for the stock solution of 2 mg/mL 

was prepared in sterile distilled water. Aliquots were stored at -80 ºC until required for 

testing purposes. CAMH broth was purchased as ready use Mueller-Hinton II medium 

Sigma-Aldrich (Merck KGaA, Germany). The non-treated polystyrene 96-well 

microplates were used. Colistin varying concentrations were prepared form the 

original stock solution (range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution) in separate 

tubes containing CAMH broth based on the dilution volume. 50 µL of each colistin 2-

fold dilution was dispensed in each microplate well in triplicates. A volume of 100 µL 

of positive control of each strain were loaded on the last column of each plate, preceded 

by a blank well containing only CAMH broth. A colistin sensitive strain K. 

pneumoniae ATCC700603 was used as a negative control. 

K. pneumoniae strains understudy were grown on LB agar for 24 h at 37 ºC and one 

isolated colony was transferred to 5 mL of CAMH broth. The broth was incubated 
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until reaching an Optical Density (OD595) of (0.08-0.1) corresponding to 0.5 Mc-

Farland. The culture was then diluted to obtain a final bacterial concentration of 5 X 

105 CFU/mL.  

Finally, 50 µL of the adjusted bacterial suspension was added into each microplate 

well containing different colistin dilutions. The microplates were incubated at static 

conditions at 37 ºC for 20-24 h. Using a microplate reader, the OD595 was measured 

after 1 and 24 h. The MIC was determined as the lowest concentration that completely 

inhibits bacterial growth. According to the EUCAST guidelines, isolates with MICs 

of ≤2 µg/mL are categorized as susceptible, and those with MICs of  ≥2 µg/mL are 

categorized as resistant (EUCAST, 2017). 

 
2.4. DNA extraction and whole-genome sequencing data 

Genomic DNA (gDNA) was previously extracted and sequenced as described  

by (Arabaghian et al., 2019). Whole-Genome Shotgun project has been deposited 

previously in DDBJ/ENA/GenBank (Arabaghian et al., 2019).  

 
2.5. Whole-Genome Analysis 

Genome annotation was performed on assembled genomes using the RAST online  

server (Aziz et al., 2008). SNAP (http://www.hiv.lanl.gov) was used to calculate 

synonymous and non-synonymous substitution rates of the mgrB, pmrA, pmrB, 

pmrD, phoP, and phoQ genes.  

in silico PCR (http://insilico.ehu.es/PCR/) was performed to detect mcr gene 

variants (mcr-1, and -2) while both mcr-1/2-Forward primer sequence (5’-TAT CGC 

TAT GTG CTA AAG CC-3’) and mcr-1/2-Reverse (5’-TCT TGG TAT TTG GCG 

GTA TC-3’) cover a 715-bp gene (Poirel et al., 2017). 
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The PROVEAN analysis tool (http://provean.jcvi.org/index.php) was used to reveal 

the effect of mutations in TCSs regulatory genes. These mutations were either 

deleterious or neutral (Choi and Chan, 2015). 

 
2.6. Core genome SNPs analysis 

       Core genome single nucleotide polymorphisms (cgSNPs) were called for each K. 

pneumoniae isolate using the Snippy pipeline (https://github.com/tseemann/snippy) 

with default settings applied as recommended by the developer (Seemann, 2015), 

while KP3 which is a colistin sensitive strain was used as a reference strain.  cgSNPs 

unique to each isolate were combined using Snippy-core. RAxML v8 (Stamatakis, 

2014) was run on the resulting core genome alignment with 1000 bootstraps following 

GTR-CAT approximation of rate heterogeneity. The cgSNP-based maximum 

likelihood phylogenetic tree was visualized, and annotated using ITOL (Letunic & 

Bork, 2006).  

 
2.7. Analysis of the mgrB locus in K. pneumoniae 

The amplification of the mgrB through PCR was accomplished using primers that 

cover both the mgrB coding and flanking regions. The primers were designated as 

mgrB_ext_F and mgrB_ext_R and were previously described by (Cannatelli et al., 

2013) (Table 1). Automated Sanger sequencing was performed on ABI 3500 DNA 

analyzer using the Big Dye system (Applied Biosystems Foster City, CA, USA).  The 

resulting gene sequence was compared with the mgrB sequence of K. pneumoniae  

MGH 78578 strain sequence deposited in NCBI database (accession number 

NC_009648) using T-coffee for multiple sequence alignment (Notredame et al., 2000). 
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 Table 1: The mgrB gene flanking primers. 

 

2.8. Bacterial Sample Preparation 

Prior to LPS hydrolysis and lipid A chemical extraction and identification, 11 K. 

pneumoniae isolates and one E. coli isolate were prepared through various approaches 

to evaluate the initial starting bacterial culture effect on lipid A extraction procedure. 

1. Enriched bacterial cultures: Bacterial enrichment in Luria-Bertani (LB) broth was 

done through incubation at 37 ºC, until cells reached an optical density (OD600) of 

1.2. Various volumes of cultured cells (800 µL, 1600 µL, and 2400 µL) were 

harvested at 10,000 xg for 15 min at 4º C. The resulting pellet was purified through 

washing with sterile phosphate-buffered saline (PBS) at a final concentration of 1x 

and a pH of 7.4 and recentrifuged at 10,000 xg for 10 min. Direct chemical 

hydrolysis was applied on the pellet (Figure 1). 

2. Direct bacterial colony isolation: Cells were grown on LB agar at 37 ºC for 24 h. 

The bacterial lawns were harvested from the agar plates into PBS for purification 

at a concentration of 1x and a pH of 7.4 and collected at a centrifugation speed of 

10,000 xg for 10 min. The resulting pellet was further subjected to chemical 

hydrolysis (Figure 1). 

3. Phenol killing and pellet lyophilization: Bacterial cells were enriched in a total 

volume of 600 mL of LB broth at 37 ºC, and the culture was brought to OD600 of 3 

through overnight incubation. Cells were then harvested in 50 mL conicals at 

Primer Sequence Gene Target PCR Conditions 

mgrB_ext_F TTAAGAAGGCCGTGCTATCC mgrB 
253 bp 

D (95/30), A (54/30), 

E (72/105) mgrB_ext_R AAGGCGTTCATTCTACCACC mgrB 
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10,000 xg for 10 min and washed twice with 40 mL HPLC grade water to remove 

any residual salts. Phenol killing was preformed to assure the complete inactivation 

and killing of bacterial cells prior to lyophilization. The pellet was further 

suspended in 40 mL of (1%, w/w) of aqueous phenol, and incubated in a shaking 

incubator at 37 ºC for 1 h. The inactivated, phenol killed bacterial cells were 

harvested at 10,000 xg for 10 min and residual phenol was removed by 

resuspending the pellet with 40 mL HPLC grade water and additional 

centrifugation at 10,000 xg for 10 min. Finally, the pellet was dispensed in 1.5 mL 

Eppendorf tubes for lyophilization. To ensure complete inactivation of the treated 

bacterial cultures, spread plate technique using 1 mL aliquot was performed on 

Tryptone Soy Agar (TSA) plates following incubation with 1% phenol. Plates were 

incubated overnight for 24 h and CFU/ml were determined. Following 

lyophilization, dried bacterial cells were obtained which facilitated the process of 

obtaining accurate weighing measurements throughout the optimization process 

(Figure 1). 

 
2.9. Lyophilization 

Lyophilization through freeze drying was performed twice throughout the lipid A 

extraction procedure. Phenol killed bacterial cells were lyophilized following phenol 

treatment and the supernatant that was retained following isobutyric acid-ammonium 

hydroxide extraction and acetic acid extraction was lyophilized. Freeze drying 

conditions were adjusted based on the physical properties of the formulation used. 
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2.10. Lipid A standard preparation 

A commercial preparation (1 mg) of monophosphoryl lipid A detoxified (MPLA) 

from Salmonella enterica serovar Minnesota (R595) was purchased from Avanti Polar 

Lipids (Alabaster, AL, USA) and used as lipid A standard. Final concentrations of 

1000 ppm and 100 ppm were prepared from the initial 1 mg powder stock by 

dissolving it in chloroform-methanol (1:1, v/v). Spotting on MALDI-TOF MS plate 

was done through both layering and mixing approaches. First, 0.4 µL of lipid A 

standard was spotted on MALDI plate in three layers and was allowed to air dry, then 

layered with 0.4 µL of 20 mg/ml norharmane matrix in chloroform-methanol (2:1, v/v) 

(Acros, New Jersey, USA). In a similar manner, signal detection was tested using 9-

aminoacridine (9-AA) (Acros, New Jersey, USA) prepared at a concentration of 20 

mg/ml in chloroform-methanol (2:1, v/v). Direct mixing of 1 µL  of sample and 0.4 µL 

of matrix was also performed using both matrices. Using Applied Biosystems SCIEX 

4800 MALDI TOF/TOF MS/MS (Applied Biosystems, Inc., MA) signal was detected 

while operating in the negative-ion mode with reflectron mode. Obtained lipid A 

molecular weight is 1735.416 according to the manufacture’s description. 
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Figure 1: Work flow representing various approaches for bacterial sample preparation 
prior to LPS hydrolysis and lipid A extraction. 
 
 
2.11. Small-scale Lipid A extraction and purification: 

Lipid A extraction was performed based on previously published protocols to 

assess the efficiency of each approach in extracting lipid A from both K. pneumoniae 

and E. coli. The initial bacterial culture, and standardization was required to reach 

conclusive results.  

The following are some of the tested approaches: 

1. Detergent-prompted hydrolysis: the hydrolysis procedure was performed on 

enriched K. pneumoniae bacterial cultures in LB broth as described previously. 1% 

sodium dodecyl sulfate (SDS) was prepared from saturated stock solution and the 

pH was adjusted to 4.5. Sample boiling was performed with 400 µL of 1% SDS at 

100 ºC at different time intervals (15 min, 30 min, 40 min) as described previously 

(Caroff et al., 1988) (Figure 2). Following SDS treatment, the whole sample 

Sample preparation
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mixture was lyophilized and subjected to further purification steps based on the 

protocol described by El Hamidi et al. (2005). Briefly, the lyophilized pellet was 

washed twice with 400 µL of HPLC grade methanol, and centrifuged at 2,000 xg 

for 15 min. The resulting pellet, insoluble lipid A, was solubilized through 

extraction with 100 uL of a mixture of HPLC grade solvents of chloroform-

methanol-water (3:1.5:0.25, v/v) (Figure 3). 

2. Acetic Acid hydrolysis: 1% and 10% acetic acid solution was prepared and 

adjusted to pH 3.4 (Caroff et al, 1988). Various mass measurements were used to 

determine the efficiency of this method. Lyophilized bacterial mass of (10 mg, 20 

mg, and 30 mg) of K. pneumoniae and (5 mg, 10 mg, and 20 mg) E. coli were 

tested. 400 µL of 1% acetic acid were added over the sample, followed by boiling 

at 100 ºC in a shaking thermomixer for different time intervals (1 h and 2 h). The 

sample was later cooled in an ice bath for 10-15 min and centrifuged at 2,000 xg 

for 15 min this was necessary to separate cell debris and retain the supernatant. 

Finally, the supernatant was transferred to a new Eppendorf and diluted with HPLC 

grade water in a ratio of (1:1, v/v). The sample was then subjected to lyophilization 

(Figure 2). The resulting pellet was later purified based on an optimized procedure. 

Briefly, the lyophilized pellet was washed twice with 400 µL of HPLC grade 

methanol to remove residual contaminants. Occasional vortexing and sonication 

for 5 min was necessary to disrupt the pellet, and pelleting was done at 8,000 xg 

for 5 min after each wash. Finally, the product was reconstituted in 75 µL 

chloroform-methanol (2:1, v/v), vortexed then sonicated for 5 min at 50 ºC. Dowex 

50W-X8 H+ ion exchange resin (Acros, New Jersey, USA) was added in small 

amounts to the mixture and vortexed. Incubation at -20 for at least 24 h was 

necessary to enhance the extraction of lipid A. Further incubation times at -20 ºC 
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were additionally tested for their effect on enhancing the solubilization of lipid A 

(Figure 3). 

3. Isobutyric acid-ammonium hydroxide hydrolysis: the procedure was performed on 

phenol killed and lyophilized bacterial cells at various mass measurements of (10 

mg, 20 mg and 30 mg). Two different solutions were used for this purpose, the 

first solution containing five parts of 100% isobutyric acid: three parts of 1 M 

ammonium hydroxide was prepared (5:3, v/v). The second solution contained five 

parts of 1 M isobutyric acid: three parts of 1 M ammonium hydroxide (5:3, v/v). 

A total volume of 400 µL was added over each sample, followed by boiling at 100 

ºC in a shaking thermomixer for different time intervals (1h and 2 h). The sample 

was later cooled in an ice bath for 10-15 min and centrifuged at 2,000 xg for 15 

min, which was necessary to separate cell debris and retain the supernatant. 

Finally, the supernatant was transferred to a new Eppendorf and diluted with water 

in a ratio of (1:1, v/v). The sample was then subjected to lyophilization (Figure 2). 

The resulting pellet was later purified based on an optimized procedure. Briefly, 

the lyophilized pellet was washed twice with 400 µL of HPLC grade methanol to 

remove residual contaminants. Occasional vortexing and sonication for 5 min was 

necessary to disrupt the pellet, and pelleting was done at 8,000 xg for 5 min after 

each wash. Finally, the product was reconstituted in 75uL chloroform-methanol 

(2:1, v/v), vortexed and sonicated for 5 min at 50 ºC. Dowex 50W-X8 H+ ion 

exchange resin (Acros, New Jersey, USA) was added in small amounts to the 

mixture and vortexed. Incubation at -20 ºC for at least 24 h was necessary to 

enhance the signal of lipid A (Figure 3). 

4. Water extraction: simple water extraction was performed as previously described 

(Larrouy-Maumus et al., 2016). The extraction was applied on bacterial cultures 
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that were enriched in LB broth for 24 h at 37 ºC, later heat inactivation was 

performed on cultures that were dispensed in 1.5 mL Eppendorf tubes for 1 h at 90 

ºC. The heat inactivated bacteria were washed tree times with 0.5 mL of sterile 

double distilled water and harvested at 9,000 xg for 5 min. An equal volume of 

sample to matrix was used to analyze the mixture by MALDI-TOF MS 

spectrometry (Figure 2). 

 
 

 

 

Figure 2: Work flow representing various approaches used to check for optimal 
hydrolysis procedure of bacterial samples. 
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Figure 3: Stepwise procedure for extracted sample purification and solubilization of 
lipid A.  
 
 
2.12. MALDI-TOF MS Sample Plating and Spectra Acquisition 

Negative ions were analyzed in the reflectron mode with delayed extraction. A 

few microliters of 0.4 uL of suspension of the lipid A solution in chloroform-methanol 

(2:1, v/v) which was desalted with a few grains of Dowex 50W-X8 H+ was applied in 

three layers on MALDI-TOF plate. Each later was allowed to air dry before aliquoting 

the remaining layers. Various volumes of matrix aliquots were used to cover the 

sample (Figure 4). The ion acceleration voltage was set to 20 kV. Extraction delay 

time was adjusted within 100 to 300 ns to obtain the optimal spectra. Only lipid A 
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temperature

Purification Extraction

Methanol 
Washes

Sonication and 
Vortexing

Sonication and 
Vortexing

Dowex 50W-
X8 H+

• Two methanol washes are needed 
to remove impurities

• Sonication for 5 min at 25 ºC and 
vortexing between every 
methanol wash was needed to 
properly disrupt the pellet

• A mixture of chloroform-methanol at a 
ratio of (2:1, v/v) was added to solubilize 
lipid A 

• The sample was sonicated at 50 ºC and 
incubated at room temperature for 1 
hour while vortexing

Samples were further stored at -20 ºC for optimal results

The supernatant was collected and the sample was dried 
under a stream of nitrogen. Further reconstitution in smaller 

volumes of chloroform-methanol enhanced lipid A signal 
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sample extracted using the detergent prompted hydrolysis were plated on MALDI-

TOF MS plate according to the following: 0.8 µL of sample was layered on MALDI-

TOF MS plate and allowed to air dry followed by 0.8 µL of 20 mg/mL norharmane 

matrix in chloroform-methanol (2:1, v/v) (Acros, New Jersey, USA) the layers were 

kept to air dry (Figure 4). 

 

 

Figure 4: Lipid A standardized plating on MALDI-TOF MS plate procedure. 
Different matrices were used and optimized for ultimate signal to noise ratio detection. 
Micro-glass syringe and micropipette were both used.  
 

Plating

• Matrix final concentration 
20 mg/mL

• Dissolved in chloroform-
methanol (2:1, v/v)

• Good signal with lipid A 
standard and lipid A 
samples

• Matrix final concentration 
20 mg/mL 

• Dissolved in chloroform-
methanol (2:1, v/v)

• Good signal with lipid A 
standard only

• Matrix final concentration 
10 mg/mL

• Dissolved in chloroform-
methanol (2:1, v/v)

Sample aliquots of 0.4 µL were deposited as three layers on MALDI-TOF plate and coated with one layer of 
0.4 µL of the corresponding matrix

Successful

Unsuccessful

• Samples were analyzed by operating at 20 kV in the 
negative ion mode using 

• An extraction delay time set at 100-300 ns, 
reflectron mode

• Laser intensity was set to 3200
• Mass spectrometry data were analyzed using Data 

Explorer version 4.9 (Applied Biosystems) and 
Mmass software.

• Plating with a 10 µL glass syringe yielded better 
results than using a micropipette.
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Figure 5: Standardized lipid A extraction procedure. The process of sample 
preparation, hydrolysis, purification, extraction, and plating were all optimized to 
obtain lipid A from both E. coli and K. pneumoniae. 
 

 

 

 

 

 

 

 

 

 

 

Sample preparation

Hydrolysis

Purification

Extraction

Plating

Phenol Killed cultures

Lyophilized pellets

Final mass 30 mg

Acetic acid 1% hydrolysis for 1h

Methanol washes

Sonication and Vortexing

Lipid A solubilization with 
chloroform-methanol 2:1

Incubation for 24 hours at -20 ºC

Plating three layers of 0.4 !" per 
sample and layering 0.4 !" of 
Norharmane matrix 20 mg/mL 
dissolved in chloroform-methanol 
(2:1, v/v)
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Chapter Three 
 

Results 

 

3.1. Resistance profile and core genome relatedness 

Among the tested K. pneumoniae isolates, 10/11 were fully resistant to at least one 

of the three tested carbapenems (imipenem, meropenem, and ertapenem), and one 

isolate (KP6) was found to have intermediate resistance to carbapenems. Additionally, 

the isolates showed intermediate resistance to colistin. However, Etest AST showed 

inconsistent results when compared to BMD AST. Based on Etest results, only 3/11 

(KP5, KP6, and KP16) isolates were resistant with MIC > 4 µg/mL.  However, BMD 

results showed higher MIC values than Etest. For example, KP5 showed MIC value 

> 64 µg/mL, KP6 showed MIC 	64 µg/mL and KP16 had MIC 64	µg/mL. On the 

other hand, (7/11) were found to be heteroresistant to colistin, while exhibiting what 

is called “skip well” phenomenon which could be attributed to the presence of a 

resistant subpopulation within the susceptible population. The test was repeated to rule 

out any possibility of contamination. K. pneumoniae ATCC700603, a colistin 

susceptible negative control strain showed MIC ≤ 0.25	µg/mL. The same results were 

obtained with each performed BMD assay. Additionally, following BMD AST 

overnight incubation a 1 µL aliquot was plated from each well with the corresponding 

colistin concentration on colistin-free media (results not shown). The results obtained 

helped in explaining the observed OD595, and provided an overview on the bactericidal 

effect of the antibiotic (Figures 6-17). KP16 and KP30 were found to be resistant to 

amikacin, while only KP15 was resistant to fosfomycin (Figure 18). 
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To inspect the evolutionary relatedness of the strains, a cgSNP-based maximum 

likelihood phylogenetic tree was used, and which revealed that KP5 and KP6 had 

100% identity when compared on the chromosomal core genome level. Clustering was 

mainly observed based on the sequence type (ST) similarity, rather than the resistance 

profile. Figure 18 shows the phylogenetic distribution of each isolate along with their 

resistance profiles against the used antimicrobial agents. 
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Figure 6: Antimicrobial susceptibility testing using Etest method. KP5, KP6 and 
KP16 were resistant to colistin, while KP15, KP17, KP18, KP24, KP27, KP28, KP29, 
and KP30 were susceptible. 
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Figure 7: Broth microdilution result for KP5. Antimicrobial susceptibility testing in 
Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations (range, 
0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h incubation. 
KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
 

 

Figure 8: Broth microdilution result for KP6. Antimicrobial susceptibility testing in 
Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations (range, 
0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h incubation. 
KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
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Figure 9: Broth microdilution result for KP16. Antimicrobial susceptibility testing in 
Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations (range, 
0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h incubation. 
KP ATCC (red) indicated the MIC for the quality control strain K. pneumoniae 
ATCC700603. 
 

 

Figure 10: Broth microdilution result for KP28. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
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Figure 11: Broth microdilution result for KP24. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control  K. pneumoniae 
ATCC700603 strain. 
 

 

Figure 12: Broth microdilution result for KP29. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
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Figure 13: Broth microdilution result for KP27. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
 

 

Figure 14: Broth microdilution result for KP18. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
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Figure 15: Broth microdilution result for KP30. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
 

 

Figure 16: Broth microdilution result for KP17. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
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Figure 17: Broth microdilution result for KP15. Antimicrobial susceptibility testing 
in Cation Adjusted Mueller-Hinton broth performed in 10 colistin concentrations 
(range, 0.128 µg/mL to 64 µg/mL in 2-fold dilution). OD565 measured after 24 h 
incubation. KP ATCC (red) indicated the MIC for the negative control K. pneumoniae 
ATCC700603 strain. 
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Figure 18: Snippy and RAxML core genome SNPs phylogenetic tree and 
antimicrobial resistance profile of K. pneumoniae isolates. ST: sequence type; 
specimen: site of isolation; sex: male or female; age: age distribution. Resistance 
profile to various antimicrobial agents. 
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3.2. Analysis of the mgrB locus in K. pneumoniae 

Analysis of the genetic environment of mgrB locus revealed that only three of the 

11 tested isolates showed structural alterations in the mgrB gene, which could 

ultimately lead to a dysfunctional gene product. PCR amplification and gel 

electrophoresis of mgrB clearly showed a distinct 1200 bp band in KP16 and 900 pb 

band in both KP5 and KP6. KP16 harbored IS903 of a 1059 bp in size disrupting the 

mgrB gene into two 70 and 74 bp fragments. Moreover, KP5 and KP5 harbored 

ISKpn14 inserted in mgrB coding region. The mgrB gene in the remaining eight 

isolates was identical to the reference sequence of colistin sensitive strain MGH 78578 

(accession number NC_009648) (Figure 19). 
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Figure 19: Schematic representation of the distinctive IS elements identified in 
the mgrB gene. (a) mgrB truncated by IS903 as seen in KP16, KP27 represents the 
wild-type mgrB locus, KP5 and KP6 mgrB truncated by ISKpn14 which is preceded 
left and right by inverted repeats represented as black rectangles; (b) PCR gel 
electrophoresis results showing intact mgrB gene as detected in wild-type isolates and 
insertion sequence detection in colistin resistant isolates. 
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3.3. Two-component regulatory genes 

SNAP was used to calculate synonymous and non-synonymous substitution 

rates based on the codon-aligned nucleotide sequences of phoP, phoQ, pmrA, pmrB, 

pmrD genes from the 11 K. pneumoniae isolates against the nucleotide sequence of 

a reference K. penumoniae MGH 78578 (accession number NC_009648). The results 

showed no positive selection for non-synonymous mutations in phoP, pmrA, and 

pmrB. However, phoQ showed a high rate of non-synonymous mutation 

accumulation when compared to the reference genome of K. penumoniae MGH 

78578 (accession number NC_009648). Similarly, the mgrB gene was aligned against 

MGH 78578 wild-type mgrB sequence. Indels had the highest cumulative dS/dN ratio, 

supporting our previously observed results by mgrB sequencing. Of interest is a 

detected amino acid deletion in PhoQ (ΔM1 − L4) in both KP5 and KP16. Complete 

results are shown in (Figures 20 and 21) and (Table 2). Both the crrA and crrB genes 

were not detected in silico in any of the K. pneumoniae isolates. 
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Figure 20: SNAP plots with potential synonymous and non-synonymous 
substitutions in two-component regulatory system genes phoP, phoQ, pmrD, and 
pmrA. Alignment was performed against the query sequence of K. pneumoniae 
MGH 78578 wild-type chromosomal genes. 
 
 

 

 

 

 

 

Figure 21: SNAP plot with potential indels detection in mgrB regulatory gene. As 
insertions were detected in (3/11) of K. penumoniae. Alignment was performed 
against the query sequence of K. pneumoniae MGH 78578 wild-type mgrB gene. 
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Table 2: Features of mgrB gene and amino acid substitutions in the TCSs .Colistin 
MIC: minimum inhibitory concentration determined through BMD; *: identical to 
MGH 78578 sequence; ∆: deletion; (R): resistant phenotype; (H): heteroresistant 
phenotype; (S): susceptible phenotype; ST: sequence type; K-type: capsular type; 
(Neutral): neutral effect of substitution on protein; (Deleterious): deleterious effect of 
substitution on protein. 
 
 

 

3.4. Lipid A standard detection 

To fine tune the process of lipid A detection through MALDI-TOF MS, lipid A 

standard was tested at various concentration 100 ppm and 1000 ppm. The effect of 

sample plating and crystallization with the matrix of choice was also tested. Samples 

at a concentration of 100 ppm showed no results. While samples at a final 

concentration of 1000 ppm produced detectable signal with both norharmane (NRM) 

and 9-aminoacridine (9-AA) matrices. However, the plating procedure had a great 

influence on the intensity of the signal. Samples that were plated using the layering 

approach produced a higher signal with both NRM and 9-AA matrices (Figure 22). 

Samples that were plated through direct mixing of sample and matrix on MALDI-TOF 

MS plate showed resolved spectra with NRM, but weak signal with 9-AA (Figure 23). 

Laser intensity was optimized throught the process of lipid A detection and was found 

to yield optimal results at 3200. 

 

KP28 * E57G (Neutral) T246A (Neutral) * * H 16 K51
KP18 * * T246A (Neutral), R256G (Deleterious) * * H 11 K105
KP16 IS903 , insertion * T246A (Neutral), R256G (Deleterious) * * ∆M1-L4 64 (R) 147 K64
KP29 * * * * * H 45 K24
KP15 * * T246A (Neutral) * * H 107 K103
KP17 * * T246A (Neutral) * * H 35 K16
KP6 ISKpn14 , insertion * T246A (Neutral) * * 64 (R) 1799 K16
KP5 ISKpn14 , insertion * T246A (Neutral) * * ∆M1-L4 >64 (R) 1799 K16

KP24 * * * T60M (Neutral) * H 500 K34
KP30 * * * * * <0.128 (S) 14 K2
KP27 * * * * * H 15 K112

PhoQ Colistin MIC (!"/#$) ST K-typeIsolate mgrB PmrA PmrB PmrD PhoP
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Figure 22: MPLA standard at a concentration of 1000 ppm was detected on MALDI-
TOF MS at a laser intensity of 3200. The sample was plated using the layering 
approach and was allowed to air dry. 
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Figure 23: MPLA standard at a concentration of 1000 ppm was detected on MALDI-
TOF MS at a laser intensity of 3200. The sample was plated through direct mixing of 
sample and matrix on MLDI-TOF and was allowed to air dry. Schematic 
representation of lipid A species at various m/z is presented for each labled peak. 
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3.5. Lipid A extraction using Detergent-prompted hydrolysis: 

1 % SDS-hydrolysis was shown to be inefficient when tested with different boiling 

times. The cultured K. pneumoniae was harvested at 800 µL and 1600 µL and 2400 

µL.  The gathered spectra showed minimal signal at mass range from 1500 m/z to 2200 

m/z where native lipid A lies at 1840 m/z. Lower molecular weight peaks 

corresponded to various lipid fragments were shown in (Figure 24).  
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Figure 24: Negative ion MALDI-TOF MS spectra for lipid A extraction performed 
on broth enriched bacterial cultures of various volumes of K. pneumoniae using 1% 
SDS. A: hydrolysis of bacterial pellet harvested from 800 µL cultured broth and boiled 
for 15 min at 100 ºC. B: hydrolysis of bacterial pellet harvested from 800 µL cultured 
broth and boiled for 30 min at 100 ºC. C: hydrolysis of bacterial pellet harvested from 
800 µL cultured broth and boiled for 40 min at 100 ºC. D: hydrolysis of bacterial pellet 
harvested from 1600 µL cultured broth and boiled for 30 min at 100 ºC. E: hydrolysis 
of bacterial pellet harvested from 2400 µL cultured broth and boiled for 30 min at 100 
ºC. 



50 
 

3.6. The effect of boiling time on LPS hydrolysis and lipid A extraction 

       Hot acid extraction using isobutyric acid-ammonium hydroxide at a concentration 

of five parts of 1 M isobutyric acid: three parts of 1 M ammonium hydroxide (5:3, v/v) 

showed no results. While, the mixture of five parts of 100% isobutyric acid: three parts 

of 1 M ammonium hydroxide was prepared (5:3, v/v) showed evident fragmentation 

of lipid A species in both K. pneumoniae and E. coli at conditions set for 2 h boiling 

(Figure 25).  

 

 

Figure 25: Negative-ion mode spectra for both E. coli and K. pneumoniae extracted 
using isobutyric acid-ammonium hydroxide mixtures and 1% acetic acid while boiling 
for 2 h at 100 ºC. (A): 10 mg of E. coli pellet hydrolyzed for 2 h in 1% acetic acid. (B): 
10 mg of E. coli pellet hydrolyzed for 2 h in 100% isobutyric acid and 1 M ammonium 
hydroxide mixture in a ratio of (5:3, v/v). (C): 10 mg of K. pneumoniae pellet 
hydrolyzed for 2 h in 100% isobutyric acid and 1M ammonium hydroxide mixture in 
a ratio of (5:3, v/v). 
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3.7. Effect of initial bacterial mass on Acetic Acid hydrolysis 

To better evaluate the effect of initial bacterial mass on the hydrolysis process, 

phenol killed dried bacterial pellets of 5 mg, 10 mg and 20 mg were extracted using 

the detailed 1% acetic acid procedure. The samples were plated as described in the 

optimized process with Norharman matrix. E. coli was used for this purpose. No 

fragmentation was observed, and MALDI-TOF MS spectra showed ions at m/z 1797 

corresponding to the native lipid A species in E. coli. It was clear from the results 

obtained that 20 mg of dried bacterial pellet yielded higher lipid A signal. Results of 

10 mg pellet were not shown as distinct discrimination in signal intensity could not be 

made (Figure 26). 
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Figure 26: MALDI-TOF MS spectra of E. coli lipid A extracted from two different 
starting dried bacterial pellets (5 mg and 20 mg). Exact lipid A structure corresponding 
to the ion mass 1797 is shown on the side of the corresponding peak. 
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3.8. K. penumoniae lipid A profiling through MALDI-TOF MS: 

       All K. pneumoniae isolates were subjected to the optimized acetic acid hydrolysis 

to extract and characterize their membrane lipids. The best results were obtained with 

1% acetic acid solvent, while boiling at 100 ºC for 1 h only. Isolates KP5, KP6, and 

KP16 were represented separately, as they were colistin resistant. These isolates 

showed ions at m/z 1840 and 1824 that represented a bisphosphorylated, hexaacylated 

lipid A with hydroxylation or without a hydroxylation, respectively, at position C’-2 

of the fatty acyl chain. Ions at m/z 2063 resulted from the palmitolation (-C-16) of the 

C-1 acyl-oxo-acyl chain of the structure at m/z1840. While m/z 2079 resulted from the 

palmitolation (-C-16) of the C-1 acyl-oxo-acyl chain of the structure at m/z1824. These 

results were consistent with previous studies (Helander et al., 1996). 

Isolate KP5 with colistin MIC value of >64 mg/L, had a modified lipid A structure 

identified through the detected ion m/z 1892. A mass shift was generated through lipid 

A modification corresponding to L-Ara4N addition to the hexa-acylated lipid A 

structure m/z 1840 at C’-1 phosphate group, while losing a phosphate group at C-1. 

The shift in mass could be also justified by the m/z 131 (equivalent to L-Ara4N) shift 

from m/z 1761 to m/z 1892. Additionally, ion at m/z 1956 represented a minor peak 

with a mass shift m/z 131 from m/z 1824 equivalent to glycosylation (L-Ara4N) of C’-

1 phosphate group (Figure 28). 

The remaining K. pneumoniae isolates that were thought to be colistin heteroresistant, 

were profiled through MALDI-TOF MS and had their spectrum intensity normalized 

against lipid A standard. The results were similar to ones obtained for m/z 1840,1824, 

2063 and 2079. However, isolates represented in Figures 28-29 did not show any 

structural modification in lipid A. 
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Figure 27: Lipid A ions detected in the negative reflectron mode from three colistin 
resistant K. pneumoniae. Each colored dot represents a sheared lipid A; *: represents 
a modified lipid A structure. 
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Figure 28: Lipid A ions detected in the negative reflectron mode from four colistin 
heteroresistant K. pneumoniae. 
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Figure 29: Lipid A ions detected in the negative reflectron mode from three colistin 
heteroresistant K. pneumoniae, and one colistin sensitive K. pneumoniae. 
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3.9. Core Genome SNPs 

Snippy pipeline detected 17055 missense variants, 19027 synonymous variants, 

and only 12 initiator variants. SNPs of interest were filtered based on each gene role 

in colistin resistance. These included genes encoding for: LPS biosynthesis and 

modification, LPS regulators, transferases, cation transporters, major facilitator 

superfamily (MFS) efflux systems, and other efflux pumps. These results suggested a 

possible role of certain genes in the decreased susceptibility to colistin seen in many 

heteroresistant isolates. Figures 30, and 31 represent the total number of core genome 

SNPs, along with the gene name, position and amino acid substitution, respectively. 

 

 

Figure 30: Bar chart representing the total number of SNPs detected by Snippy 
pipeline. 11 K. penumoniae understudy were alighned against the reference genome 
of KP3, a colistin sensitive strain. 

waaA Kdo transferase
waaF Heptosyltransferase II
waaC Heptosyltransferase I
waaQ Heptosyl III transferase
htrB Lipid A biosynthesis lauroyl acyltransferase
crcB Palmitoyl transferase for Lipid A, outer membrane integral protein
msbB Lipid A biosynthesis lauroyl acyltransferase
arnT 4-amino-4-deoxy-L-arabinose transferase (Lipid A Modification)
wecF TDP-Fuc4NAc:lipidIIFuc4NAc transferase
lpxA UDP-N-acetylglucosamine acyltransferase
lpxB Lipid-A-disaccharide synthase
lpxC UDP-3-O-acyl N-acetylglucosamine deacetylase
lpxD UDP-3-O-(3-hydroxymyristoyl)-glucosamine n-acyltransferase
fimD Putative export and assembly of type 1 fimbriae
ydgI Putative arginine/ornithine antiporter
ycaO Hypothetical protein
mntH Putative manganese transport protein MntH
nhaR Transcriptional activator of cation transport (LysR family)
yceE Fosfomycin/multidrug transport protein (MFS family)
yegB Multidrug transport protein (MFS family)
yciM Putative heat shock protein
arcA Negative response regulator of genes in aerobic pathways, (sensors, ArcB and CpxA)
arcB Aerobic respiration sensor-response protein; sensor for arcA
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Figure 31: Selected amino acid substitutions in genes belonging to transferases, lipid 
biosynthesis, efflux pumps, MFS family efflux pumps, cation transporter and LPS 
regulators. Synonymous (blue) and non-synonymous (red).  
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Chapter Four 
 

Discussion 

 

Previously we have characterized the genetic content and molecular evolution of 32 

carbapenem resistant K. pneumoniae and two K. quasipneumoniae clinical isolates 

from Lebanon (Arabaghian, 2019). Among the studied isolates 11 K. pneumoniae were 

thought to be colistin resistant through a phenotypic routine screening procedure by 

colistin Etest. In this study, we further integrated genomics and lipidomics to better 

characterize and understand colistin resistance. The main findings of this follow-up 

were the outcome of lipid A extraction, purification, and detection through MALDI-

TOF MS, which were coupled with whole-genome sequencing and molecular 

characterization. 

Alarming estimations predicted that by 2050 almost 10 million annual deaths 

worldwide will be attributed to the global dissemination of antimicrobial resistant 

bacteria (The Review on Antimicrobial Resistance, 2016). While these predictions 

might sound exaggerated, the existence of MDR Enterobacteriacea, and the lack of 

novel antibiotics coming to the market to battle these highly resistant microorganisms 

brings us to the notion of the end of the antibiotic era. K. pneumoniae is considered 

among the important nosocomial pathogens, highly resistant and a difficult to treat 

microorganism. Currently carbapenems and colistin are considered the last resort 

antibiotics to combat this pathogen (Albiger et al., 2015). The future effectiveness of 

colistin has recently been put in question, due to the emergence of plasmid borne 

colistin resistance gene called mcr-1 (Liu et al., 2016). A published report has noted 

that 4.4% of K. pneumoniae isolated worldwide did not harbor the mcr-1 gene but were 
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found to be colistin resistant, which highlighted the role of other underling molecular 

pathways leading to colistin resistance in this organism (Berglund et al., 2018). For 

many decades (1960-1990) colistin resistance was not detected, but several reports 

from Asia, the Americas, and Europe highlighted on the emergence and isolation of 

colistin-resistant K. pneumoniae (CRKP) in clinical settings (Arduino et al., 2012; 

Kontopoulou et al., 2010; Marchaim et al., 2011; Suh et al., 2010; Bogdanovich et al., 

2011; Mammina et al., 2011, Berglund et al., 2018). Resistance to colistin has been 

reported from various countries around the globe, with a lack of similar ones from 

Lebanon or the neighboring countries. 

In this study, the discrepancy between colistin Etest and BMD methods 

revealed that some of the tested isolates were heteroresistant to colistin, while only 

KP5, KP6, and KP16 exhibited homogenous response to the antibiotic. Although 

heteroresistant subpopulations should be observed in the Etest zone of inhibition 

(ellipse-shape), it was previously demonstrated that disk diffusion and gradient 

diffusion were unreliable techniques, this was mainly due to the cationic nature and 

large size of polymyxins (EUCAST, 2016). The phenomenon of heteroresistance was 

suspected to be the reason behind having an uninterpreted MIC value resulting from 

> 1 skip-well per tested concentration. This could be demonstrated through wells that 

exhibited no growth although growth still occurred at higher concentrations of the 

antibiotic (Landman et al., 2013). Performing population analysis profiling agar 

dilution method might not be practical, but would provide a better insight into the type 

of observed decreased susceptibility. A study by Silva et al. highlighted the correlation 

between biofilm formation and heteroresistance in K. penumoniae (Silva et al., 2016), 

and which emphasized on the importance of screening for biofilm formation before 

recommending any treatment approach.  
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 The inactivation of mgrB gene, a key player that leads to the emergence of 

colistin resistance in K. pneumoniae (Cannatelli et al., 2013), could be accomplished 

through gene truncation via different IS elements, missense mutations or nonsense 

mutations leading to a stop codon (Canatelli et al., 2014; Olaitan et al., 2014). mgrB 

encodes for a 47 amino acid transmembrane protein that acts as a negative regulator 

of the PhoP/PhoQ regulatory system. The process of negative feedback is 

accomplished by MgrB through the inhibition of the kinase activity of PhoQ and/or 

the stimulation of its phosphate activity which in return suppresses PhoP 

phosphorylation, thus repression of PhoP regulated genes (Lippa and Goulian, 2009).  

This whole mechanism leads to the upregulation of PhoQ/PhoP TCS and the activation 

of the PmrHFIJKLM system responsible for introducing into the lipid A moiety a L-

Ara4N linked modification, which causes the neutralization of the lipid structure, thus 

decreasing its binding to colistin (Cannatelli et al., 2013; Cheng et al., 2010; Chen and 

Groisman, 2013). Interestingly, insertional inactivation of mgrB gene was observed in 

(3/11) of colistin resistant K. pneumoniae isolates in this study. KP5 and KP6 both 

belonged to ST1799, shared the same capsular type K16, and both had ISKpn14 

mediated mgrB disruption. ISKpn14 belongs to IS1 family and is sporadically reported 

in colistin resistant K. pneumoniae isolated from countries such as Saudi Arabia 

(Zaman et al., 2018), Greece (Cannatelli et al., 2014), and Colombia (Poirel et al., 

2015). Moreover, KP16 belonging to ST147 and capsular type K64, had another IS 

element a member of IS5 family was associated with antibiotic resistance. The 

previously mentioned IS element is of great importance, due to its presence on 

plasmids carrying the blaKPC gene (Cannatelli et al., 2014), which increases the risk of 

developing pan-drug resistant strains.  
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 Various point mutations leading to amino acid substitutions in PmrA, PmrB, 

PhoP, PhoQ, and PmrD were also detected in this study. Most of the listed substitutions 

however, were previously described (Jaidane et al., 2017; Haeili et al., 2017). Only 

one R256G substitution in PmrB coding region in KP18 and KP16 was predicted to 

have deleterious effect on the protein function based on the PROVEAN tool. 

Surprisingly, this mutation was previously reported in a study from Iran by Haeili et 

al. (2017) where they identified a similar substitution in PmrB from one colistin 

resistant K. pneumoniae isolate with wild type mgrB gene. The authors showed that 

complementation with the wild type PmrB did not restore colistin susceptibility in this 

isolate and colistin MIC before and after complementation remained equal to 128 

mg/L (Haeili et al., 2017). This suggested as a result the presence of a different 

mechanism leading to the colistin heteroresistance phenomenon in of KP18. Another 

substitution however, T246A in PmrB was reported in colistin resistant K. pneumoniae 

strains recovered from a Tunisian Teaching Hospital (Jaidane et al., 2017) that was 

also observed in this study in KP28, KP18, KP16, KP15, KP17, KP6, and KP5, but 

was predicted by PROVEAN to have no effect on the PmrB biological function. On 

the other hand, PmrA substitution E57G in KP28 and PmrD substitution T60M in 

KP24 were found to have a neutral effect and were not previously detected. A PhoQ 

deletion ∆M1-L4 was observed in both of the highly resistant isolates KP5 and KP16. 

Identical deletion was not previously reported, but a ∆K2-L6 substitution was found 

in PhoQ from five colistin resistant K. pneumoniae belonging to ST101 isolated from 

Tunisia (Jaidane et al., 2017) (Table 2).  

 A third TCS named CrrA/CrrB that was previously described (Wright et al., 

2015; Cheng et al., 2016) and was associated with colistin resistance in K. penumoniae 

was absent from all our tested isolates. A recent hypothesis made by Cain et al. (2017) 
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suggests that crrB could be acquired by K. pneumoniae via lateral gene transfer, due 

to the relatively low GC content.  

 The process of LPS extraction and detection could vary from one type of 

microorganism to the other, and there is no universal method for LPS hydrolysis and 

lipid A extraction. An optimized work flow to obtain lipid A from the outer membrane 

of both E. coli and K. pneumoniae was established in this study. A schematic 

representation of the extraction procedure is presented in (Figure 5). 

 Lipid A modifications in some of the tested isolates were associated with the 

observed genetic changes. Interestingly, resistant strain KP5 displayed the L-Ara4N 

peak at m/z 1892, which to the best of our knowledge was not previously described. It 

corresponded to L-Ara4N addition to the hexa-acylated lipid A structure m/z 1840 at 

C’-1 phosphate group and to loss of C-1 phosphate group which could be due to the 

acidic conditions used in the extraction procedure (Karibian et al., 1995). Also, a low 

intensity peak at m/z 1955 displayed L-Ara4N modified lipid A was detected in KP5 

and was previously reported in colistin resistant K. penumoniae isolates (Leung et al., 

2017). In contrast, KP6 and KP16 which were expected to have a modified lipid A 

moiety due to their high resistance to colistin, their spectra showed a native lipid A 

peak distribution. This however, needs further investigation into the molecular 

structure of lipid A from these isolates to confirm the obtained results (Figure 27). The 

results obtained from the remaining colistin heteroresistant isolates and one colistin-

sensitive K. penumoniae were congruent with the previous published work done on 

colistin sensitive K. penumoniae strains (Leung et al., 2017) (Figures 28 and 29).  

Synonymous and non-synonymous mutations were screened in the genome of 

all K. penumoniae isolates in this study. Specific genes were selected, these were 

mainly predicted to play an important role in the outer membrane biosynthesis. 



64 
 

Because the outer membrane is the first target of colistin, mutations in the genes 

involved in outer membrane biosynthesis might be linked to colistin resistance. The 

arnT gene was thought to play a role in modifications mediating colistin resistance 

through L-Ara4N in Salmonella Typhimurium. Our results revealed a mutation in arnT  

in KP5 and KP6 in arnT leading to a L296V substitution characterized as a non-

symonymous mutation. On the other hand, cation transporter genes (mntH and nhaR), 

MFS family efflux pumps (yceE), efflux pump (acrA, acrB), and LPS biosynthesis 

gene (lpxD) were found to only harbor synonymos mutations. Very few studies 

stressed on the role of efflux pumps in polymyxin resistance.  acrA and acrB both code 

for acriflavine efflux pump, which acts as AcrAB-TolC efflux pump in K. pneumoniae 

and mediates resistance against cationic antimicrobial peptides and fluoroquinolones. 

Isolates having mutations in acrB however, were significantly more susceptible to 

polymyxin B than the wild-type strains (Padilla et al., 2010). We only detected 

synonymous mutations in AcrAB efflux genes in all of the tested isolates (Figure 31). 

 
 
 
With the power of WGS and lipidomic approaches, genetic alterations in pathways 

responsible for lipid A modification can be detected with high precision, enabling us 

to better understand the molecular mechanisms involved in resistance. In this study we 

presented the first insights into colistin resistant K. pneumoniae through mgrB 

insertional inactivation in clinical isolated recovered from Lebanon. Additionally, 

heteroresistance to colistin has never been reported in Lebanon nor in the neighboring 

countries. Clearly, colistin resistance and heteroresistance could go unrecognized 

using standard AST laboratory procedures. Hence, it is of great importance to 

implement various approaches to detect these phenotypes in the clinical setting. 

Finally, future perspectives such as population analysis profiling, RT-q-PCR, genome 
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recombination event, and complementation assay would provide a better 

understanding of the chromosomal molecular pathways that are driving K. 

pneumoniae one step towards full colistin resistance. 
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