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ABSTRACT 

Panel strain bank construction and 
characterization of gene network of β-lactam 
resistance in Escherichia coli clinical isolates, 
focusing on carbapenems and siderophore-

cephalosporin resistance 
 

Le Phuong Nguyen 
 

Department of Medical Science 
The Graduate School, Yonsei University 

 
(Directed by Professor Dongeun Yong) 

 
Since the first antimicrobial substance was discovered by Alexander 

Fleming in 1928 from a fortuitously contaminated staphylococci culture, 

hundreds of antimicrobial compounds have been discovered to treat 

patients with infectious diseases. On the other hand, pathogens itself have 

evolved in order to resist the new drugs that have been applied to combat 

them. Antibiotic resistance is one of the causes of global health crisis. E. 

coli present in the normal flora in humans and animals. However, E. coli 

is also the bacteria, most frequently isolated in community and hospital-

acquired urinary tract infections (UTIs) as well as in bloodstream infection 

at all ages. According to European Antimicrobial Resistance Surveillance 

System, 3rd generation-cephalosporin-resistant E. coli (G3CRE) increased 

17-folds to approximately 85,000 G3CRE isolates from 2013 to 2015. 

Consequently, this increase in G3CRE has led the reliance on carbapenem 
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treatment, which is the last line in clinical treatment in many parts of the 

world. As a result, carbapenem-resistant E. coli has significantly emerged 

in the last five years. The aim of my dissertation is to establish the well-

characterised E. coli panel strains which expressed different resistance 

mechanisms to facilitate drug screening process. Based on this, we tested 

the activity of novel siderophore cephalosporin GT-1 (also known as 

LCB10-0200) in the panel strains. In addition, the novel resistance 

mechanisms in related carbapenem resistance in E. coli were also 

elucidated.  

Chapter I provides an overview of the current status of the global 

antimicrobial resistance and the growing burden of multi-drug resistance 

(MDR) Enterobacteriaceae with the focus on E. coli.  

Chapter II describes a well-characterised panel of diverse β-lactam-

resistant E. coli strains, which was constructed for fastening the primary 

evaluation of novel antimicrobials and their mechanisms’ investigation. 

Importantly, the current emergence strains co-producing KPC-2/NDM-9 

and MCR-1 were also included in the recent study. To the best of our 

knowledge, this is the first report of resistome profiles, plasmid typing, and 

whole-genome phylogenetic tree analyses of a blaNDM-9 and mcr-1 co-

harbouring E. coli ST617 isolated from an asymptomatic carrier.  

Chapter III elucidates the in vitro activity of a novel siderophore-

Cephalosporin, GT-1, and serine-type β-lactamase inhibitor, GT-055, 

against Escherichia coli, Klebsiella pneumoniae, and Acinetobacter spp. 

panel strains. GT-1 exhibited MICs ≤2 μg/mL against many MDR isolates, 

including ESBL-, AmpC- and carbapenemase-producing E. coli, K. 

pneumoniae, and OXA-producing Acinetobacter spp. In addition, GT-055 
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enhanced the in vitro activity of GT-1 against GT-1–resistant E. coli, K. 

pneumoniae, and some isolates of Acinetobacter spp. Finally, DHA-1 and 

PER-1 increased GT-1 MICs against K. pneumoniae and Acinetobacter 

spp. strains, respectively. 

Chapter IV illustrates the characterization of the phenotypic, genotypic, 

and transcriptomic of the two clinical E. coli strains which turned from 

meropenem-susceptibility to resistance under carbapenem treatment. 

Multiple factors affecting to the carbapenem resistance were identified. 

Firstly, the early termination of porin ompC. Secondly, the triplication of 

blaCTX-M-55 caused the mobile elements with three-fold increase in 

log2foldchange as compared to the susceptible strain. Thirdly, the loss of 

phage fragment carrying appY, ompT, ompD_2 genes also influence the 

carbapenem susceptibility. In addition, the whole-transcriptomic analyses 

identified the increase in sulfur metabolism and ABC transporters in 

carbapenem-resistant strains. Also, the down-regulation of flagellar 

assembly pathways, tricarboxylic acid cycles, as well as the up-regulation 

of the autoaggregation-inducing flu gene was presented in the carbapenem-

resistant E. coli. 

 
 

 
 
 
 
 
 

 

Key words: Multidrug resistant E. coli, carbapenem-resistant E. coli, 
siderophore cephalosporin, GT-1, GT-055, gene network, panel strains. 
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I. Antimicrobial resistance, a Global Health Crisis 

Since the first antimicrobial substance was discovered by Alexander Fleming 

in 1928 from a fortuitously contaminated staphylococci culture, hundreds of 

antimicrobial compounds have been discovered to treat patients with infectious 

diseases. On the other hand, pathogens itself have evolved in order to resist the 

new drugs that have been applied to combat them. Antibiotic resistance is one of 

the causes of global health crisis. In 2013, in the United States, there were 

approximately over 2 million people sickened by antibiotic-resistant bacteria and 

around 23,000 deaths.1 In 2015, a review published by Lord Jim O’Neill et al. 

predicted that more than 10 million deaths per year throughout the world in 2050, 

which will be over a number of deaths caused by cancer (8.2 million a year).2  A 

year later, another study also provided the same prediction with finer analysis.3 

In recent years, the extensive use of antibiotics in agricultural field has speeded 

up the antibiotic resistance rate.4,5 It is reported that 80% of antibiotic 

consumption in the United States were administered to live stocks.6,7 Hence, 

global responses to antimicrobial resistance have been taken to control the 

increasing rate of antimicrobial resistance.  

II. The growing burden of MDR Enterobacteriaceae, a focus on E. coli 

E. coli present in the normal flora in humans and animals. However, E. coli 

is also the bacteria, most frequently isolated in community- and hospital-acquired 

urinary tract infections (UTIs) as well as in bloodstream infection at all ages.8 

From 2003-2015, according to European Antimicrobial Resistance Surveillance 

System (EARSS), while the MRSA gradually decreased in bloodstream 

infections (BSIs), 3rd generation-cephalosporin-resistant E. coli (G3CRE) 

increased dramatically from around 5,000 resistant isolates in 2003 to 

approximately 85,000 G3CRE isolates in 2015.9,10 The increase in G3CRE 

worldwide has led the reliance on carbapenems’ treatment in clinical fields. 

Therefore, it has facilitated the evolution of carbapenem resistance with faster 
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and stronger selection pressure. 

Resistance to carbapenem is a growing issue nowadays, carbapenems are the 

important antibiotics as the last line drugs, which are not used in veterinary 

medicine but can be used to treat companion animals. According to CDC, 

carbapenem-resistant Enterobacteriaceae (CRE) which is also known as 

nightmare bacteria, was chosen as an urgent threat,  especially in E. coli and K. 

pneumonia with the increase of plasmid-mediated carbapenem resistance in 

clinical isolates around the world. Additionally, the emergence of plasmid-

mediated carbapenem and colistin resistance in a clinical isolate of E. coli has 

become a big concern, where all of the current commercialized antibiotics have 

failed to defeat them. Moreover, the transfer of carbapenemase genes to 

companion animals as well as wildlife animals has challenged the one health 

policy where it would be harder to control the spread of carbapenem resistance 

around the world.  

III. Molecular resistance mechanisms to carbapenem in Enterobacteriaceae, 

a focus on E. coli  

Thienamycin purified from Streptomyces cattleya in the 1970s was the first 

carbapenem.11,12 Despite its strong antimicrobial activity, its weak stability in 

aqueous solutions rendered its development for clinical use. Later, imipenem was 

invented with higher stability in solution.13 The common feature of carbapenem 

is the 4-membered β-lactam ring fused with a thiazolidinic 5-membered ring. 

Additionally, the hydroxyethyl group at C6 of all carbapenems confers stability 

to serine-β-lactamases.14–16 In E. coli, all carbapenems have a high affinity to 

penicillin-binding protein 2 (PBP2) and have variable affinities to penicillin-

binding protein 3 (PBP3) and other PBPs. Imipenem and meropenem bind to 

PBP2 stronger than PBP3, whereas ertapenem obtains similar affinity to PBP2 

and PBP3.17–22 Taking the advantages of their zwitterionic properties, 

carbapenems can pass through water-filled channels in the outer membrane to the 
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periplasm and interact with PBPs.23 The molecular resistance mechanisms are 

currently divided into two groups including carbapenemase-producing 

carbapenem-resistant E. coli and carbapenemase-non-producing carbapenem-

resistant E. coli. 

Carbapenemase-producing carbapenem-resistant E. coli: Hydrolysis of 

carbapenem is considered as one of the major carbapenem resistance mechanisms. 

The basic definition of carbapenemase is the ability to hydrolyze most of β-

lactams and carbapenems.24–26 The genes encoding for carbapenemases can 

originate from chromosomes, be acquired to chromosomes or plasmids. There are 

two main classes of carbapenemases including serine-carbapenemases which 

require serine residue at their active site, and metallo-β-lactamases, which employ 

zinc ions as their co-factors. The representatives of serine-carbapenemases are 

KPC-derivatives and OXA- carbapenemases. VIM- (Verona integron-encoded 

metallo-β-lactamase), IMP- (imipenem as the specific substrate), NDM- (New 

Delhi metallo β-lactamase) are the representatives of metallo β-lactamases,27–29 

Carbapenemase-producing strains caused some sporadic outbreaks or even 

endemic and worldwide disseminated, especially the enzyme KPC, NDM, OXA 

family.30 Since its first report in 2009, NDM-1 has spread to all parts of the globe 

and most frequently detected in E. coli and K. pneumoniae.31  

Carbapenemase-non-producing carbapenem-resistant E. coli: There are 

several studies about carbapenem resistance even in non-carbapenemase-

producing Enterobacteriaceae. Given the insight that non-specific porins are the 

common entrance for β-lactams,32 Enterobacteriaceae harbouring extended-

spectrum or hyperproduction of AmpC β-lactamases can become insensitive to 

carbapenems under the low expression level of porins or porin loss.33–36 In E. coli, 

the main outer membrane proteins are OmpC and OmpF. Therefore, mutations in 

each of these genes can lead to carbapenem resistance as a result of reduction in 

drug-uptake. Additionally, the expression of OmpC and OmpF can also be 

influenced by alterations of their upstream regulatory system including EnvZ and 
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OmpR.37–39 

In addition to the role of finding a new carbapenem resistance mechanism, 

the discovery of novel antibiotic drugs also plays a vital role to combat against 

MDR Enterobacteriaceae. Herein, the necessity to test the efficiency of novel 

drugs is important. The relationship between antibiotic susceptibility testing 

(AST) and genomic profile is also important to evaluate the activity of new 

antibiotics at phenotypic and genomic levels. The potency of new antibiotics was 

compared with the current commercialized antibiotics. Based on the screening, 

the potential resistance mechanisms were elucidated. 
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I. INTRODUCTION 

Infectious diseases have contributed to one-fifth of mortality in the entire 

world.40  From the last two decades of the 21st century, human has witnessed 

drastic changes in treatment of infectious diseases, especially in Gram-negative 

bacteria. In accordance with the increase in globalization and economic growth, 

there has been a surge in the spread of antibiotic-resistant bacteria. As a result, 

the dramatic growth of antimicrobial resistance bacteria has limited the options 

of antibiotics in clinical fields. Cephalosporin-resistant and carbapenem-resistant 

Enterobacteriaceae, A. baumannii, and P. pseudomonas were classified as the 

top priority for pharmaceutical research and development of novel active 

agents.41 Different drug development programs have been established including 

new drugs for bad bugs (ND4BB), European Gram-negative antibacterial engine 

(ENABLE), combating bacterial resistance in Europe (COMBACTE), US 

biomedical advanced research and development authority’s broad spectrum 

antimicrobial and combating antibiotic-resistant bacteria biopharmaceutical 

accelerator programs (BARD).42,43 In accordance with that, many groups have 

established diverse compound libraries for small and large scale of antibacterial 

drug screening. Recently, Hind et al. evaluated the activity of 1,280 compounds 

from the FDA-approved drug library against six MDR Gram-negative isolates 

including NDM-1 producing E. coli ATCC BAA-2469, KPC-2 producing K. 

pneumoniae KPC-119, VIM-1 producing K. pneumoniae NCTC 13439, A. 

baumannii WP-487, OXA-23 and OXA-51-like- co-producing A. baumannii 

NCTC 13301, VEB-1 and VIM-10 producing P. aeruginosa NCTC-13437.44 

Their aims are to repurposing the currently available drugs on the market. Wither 

larger scale, Zoffmann et al. used the Roche pharm library of 1.5 million 

compounds to find active compounds against top-fourth clinically important 

Gram-negative species involving E. coli BW25113, K. pneumoniae NCTC 13438, 

A. baumannii ATCC 17978, and P. aeruginosa NCTC 11451.45 Both studies did 

not apply the drug screening on the panel of different levels of antibiotic 
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resistance, especially β-lactams, the most efficient class used in the clinical field, 

followed by macrolides, fluoroquinolones, tetracyclines, and aminoglycosides.46 

The results of drug libraries usually resulted in dozens to hundreds of potential 

hits, and it is necessary to validate their potentials and desirable qualities before 

landing on the most potential hit for additional expansion and development as a 

lead compound.47 In this stage, the well-characterised bacterial strains can serve 

as a platform for verification. 

Finding the hits among the active compounds against a specific bacteria is 

challenging. However, finding the mechanism of the hits is even harder. The 

requirements to test the novel candidate against a well-characterised set of 

bacterial strains are obviously essential. In addition, the well-characterised 

antibiotic-resistant bacteria with different levels of resistance can also aid to 

identify the spectrum of the novel drugs.  

Even with tremendous effects, conventional drug screening has resulted on 

the traditional drug targets or redundant drug structures. Along with that, the 

alternative methods have been extensively studied such as bacteriophages, 

probiotics, immune stimulation, vaccines, antimicrobial peptides, and 

antibiofilm.48 These emerging single treatment or combinatorial treatment with 

antibiotics also requires the well-characterised bacterial strains for validating 

their effectiveness both in vitro and in vivo.  

Moreover, novel tests have been developed recently and required to be 

evaluated on the diversity of dozens of bacteria strains before moving to a larger 

scale of evaluation. For example, Stokes et al. developed the solid media portable 

cell killing (SPOCK) assay for screening antibiotic lethality against drug-tolerant 

bacteria.49 This method was evaluated using E. coli Keio collection and requires 

a further approach with well-established clinical isolates. Hence, a panel strain of 

antibiotic-resistant isolates, which express different β-lactam resistance 

mechanisms and levels, is necessary not only for evaluating novel microbial 

compounds but also novel tests. Furthermore, the genetic information can give 
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more understanding about the underneath mechanisms. In addition, D’Souza et 

al. established K. pneumoniae and A. baumannii panel strains for β -lactam 

antibiotic evaluation.50,51 However, well-characterised E. coli panel strains, the 

most common bacteria in environments as well as in human guts,  have not been 

constructed. Therefore, a set of clinical isolates were selected and characterised 

both in their phenotypic and genetic characteristics.   
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II. MATERIALS AND METHODS 

1. Bacterial selection and identification 

The study samples were collected from clinical isolates between 2016 and 

2019. The isolates were selected based on the resistance levels to carbapenem 

from the hospital database, and recovered from skim milk stock. The species 

identification was performed again using matrix-assisted laser desorption 

ionization-time of flight mass spectrometry (MALDI-TOF M/S) (ASTA 

MicroIDSys system, Daejeon, South Korea). 

2. Antibiotic susceptibility determination 

The minimum inhibitory concentrations (MICs) were determined by agar 

dilution method (CLSI M07-A10 10th edition (2015) and interpreted according to 

CLSI M100 guidelines 28th edition (2018).52,53 For colistin, the European 

Committee on Antimicrobial Susceptibility Testing v9.0 was applied 

(http://www.eucast.org/clinical_breakpoints/) 

3. Whole genome sequencing  

Whole genome DNA extraction was performed using Wizard genomic DNA 

purification kit (Promega, WI, USA). The quantity and quality of DNA samples 

were checked using NanoDrop spectrophotometer ND-2000 (Thermo scientific, 

Waltham, MA, USA) QuantusTM fluorometer (Promega, Madison, WI, USA), 

and agarose gel electrophoresis. Whole genome library was performed using 

TruSeq Nano DNA library preparation kit and sequenced on Illumnia Miseq 

platform (Illumina, San Diego, CA, USA) using Miseq reagent kit v3 (600 cycles 

– 2x300).  

4. Whole genome assembly, genome annotation, multilocus sequence 

typing (MLST) 

Trimmomatic v0.39 was performed for trimming adaptors and low-quality 

reads of Illumina short-reads. The short-reads were assembled using SPAdes 
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v.3.12.54 Subsequently, Rapid Annotation using Subsystem Technology (RAST) 

pipeline was applied for whole genome annotation.55 The resistome profiles 

were investigated using Resfinder v.3.1,56 and the detected resistance genes 

were re-mapped on the NCBI BLAST (http://blast.ncbi.nlm.nih.gov) for further 

verification,57 Geneious pro 8.1.9 (https://www.geneious.com) was performed 

for genomic analyses. Bacterial sequence typing was conducted using MLST 

tool 1.8.58  
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III. RESULTS 

1. Patient demographic, isolate sources, and antibiotic susceptibility 

Totally, 20 isolates were collected from 12 males and 8 females with ages 

ranging from 2 to 95. 75% of isolates were isolated from patients with the age of 

over 60-year-old. The isolates were collected from diverse sources including 

stool (n=8), blood (n=5), pus (n=2), respiratory tract (n=1), spinal fluid (n=1), 

and urine (n=3) (Table 2.1). All the isolates were resistant to penicillin 

(piperacillin). 90% and 70% of isolates were resistant to amoxicillin-clavulanate 

and piperacillin-tazobactam, respectively. 95% of isolates were resistant to 

cefotaxime, the resistance ratio was lower in cefepime (75%) and cefoxitin (50%). 

For monobactams, aztreonam MICs ranged from 4 to ≥256 μg/ml and 75% of 

isolates were resistant to aztreonam. For carbapenems, meropenem MICs ranged 

from ≤0.12 to ≥256 μg/ml and 65% of isolates were classified as resistance. 

Whereas imipenem MICs ranged between 0.5 and 64 μg/ml with 60% of isolates 

showing resistance to imipenem. Importantly, there are two isolates 

(YMC2017/02/MS631, YMC2019/01/N149) were resistant to colistin with MIC 

= 4 μg/ml (Table 2.2) 
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Table 2.1. Patient demographic, isolate sources 
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Table 2.2. Antibiotic susceptibility of Escherichia coli panel strains  
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Abbreviation: AMC: amoxicillin-clavuclanate, PIP: Piperacillin, TZP: piperacillin-tazobactam, CTX: cefotaxime, FEP: 

cefepime, FOX: cefoxitin, ATM: aztreonam, MEM: meropenem, IPM: Imipenem, CZA: ceftazidime-avibactam, CST: colistin. 

MLST: multilocus sequence type, ESBL: Extended-spectrum β-lactamase
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2. Genome characterization of Escherichia coli panel strains 

The strains were classified into four main different categories involving one 

non-ESBL-producing strain, five ESBL-producing strains, 11 complicated 

ESBL-producing strains, and three non-carbapenemase carbapenem-resistant 

strains. Additionally, the complicated ESBL-producing strains were classified 

into five different subgroups involving ESBL-AmpC-, ESBL-serine- 

carbapenemase, ESBL-AmpC-serine- carbapenemase, ESBL-AmpC-metallo- 

carbapenemase, ESBL-metallo-carbapenemase-colistin resistance, and ESBL-

serine-carbapenemase-colistin resistance strains. The β-lactamase producers 

were found to be present in these diverse backgrounds including non-ESBLs 

(TEM-1B, OXA-1, OXA-10, SHV-11), ESBLs (CTX-M-14, CTX-M-15, CTX-

M-27, CTX-M-55, CTX-M-65, CTX-M-82, SHV-182), AmpC producer (CMY-

2), carbapenemases (OXA-181, KPC-2, NDM-5, NDM-9), and MCR- producer 

(MCR-1). Various MLSTs were observed in the panel with 15 sequence types. 

Among them, ST131 (4/20) was the most common sequence type, followed by 

ST410 (3/20). Three CMY-2-producing strains belonged to ST410, of which, two 

strains co-produced CMY-2, OXA-181, and NDM-5. This suggested the 

resistance evolution from a single CMY-2 producing strain to the triple co-

producing strains in ST410 via horizontal gene transfer. Meanwhile, the CTX-M-

55, NDM-9, and MCR-1 co-producing strain belonged to ST617, and the KPC-2 

and MCR-1 co-producing strain belonged to ST156 (Table 2.3). 

In total, six different serotypes were observed in the panel. Among those, 

serotype O25:H4 (3/20), O1:H6 (2/20), and H9 (2/20) were prevalent. 15 plasmid 

replicon types were identified, of those, IncFII and IncFIB were detected in 15/20, 

and 13/20, respectively (Table 2.4). Virulence factors including gad, ipfA,  and 

iss were found in 20/20, 11/20, and 10/20, respectively (Table 2.5). The details 

of phenotypic and resistant characteristics of strains in each category were 

described as below: 
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 A. Non ESBL-producing E. coli YMC2016/07/N348 

 E. coli YMC2016/07/N348 belonged to sequence type 744. The strain was 

resistant against PIP (≥256 μg/ml), AMC (64 μg/ml), TZP (128 μg/ml), ATM (16 

μg/ml). This strain was intermediate to CTX (2 μg/ml) and susceptible to FEP (1 

μg/ml), FOX (8 μg/ml), MEM (0.5 μg/ml), IPM (0.5 μg/ml), CZA (0.5 μg/ml), 

and colistin (≤0.12 μg/ml). The strain co-produced two non-ESBLs involving 

TEM-1B and OXA-10 with the deletion of porin ompF. Three different plasmid 

types were identified including IncFII, IncI1, IncQ1. This strain harboured only 

one virulence factor, gad – glutamate decarboxylase, which is the least virulent 

strain in the panel.  

 B. Simple ESBL-producing E. coli strains 

 This category contained five different strains including YMC2017/07/B4767, 

YMC2016/07/B9046, YMC2016/11/B10612, YMC2017/03/B4747, 

YMC2018/11/B3392. The strains belonged to different sequence types including 

ST131, ST1193, ST2580, and ST448 (Table 2.2). All strains in this category were 

resistant to PIP (≥128 μg/ml) and CTX (≥8 μg/ml). The strains were intermediate 

or susceptible to AMC (≤16 μg/ml), TZP (≤16 μg/ml), FOX (≤16 μg/ml). All 

strains were intermediate or resistant to FEP with MICs ≥8 μg/ml. The strains, 

YMC2017/07/B4767, YMC2016/11/B10612, and YMC2017/03/B4747, were 

resistant to ATM with MICs =16, 32, 32 μg/ml, respectively. The strains, 

YMC2016/07/B9046 and YMC2018/11/B3392, were susceptible to ATM with 

MICs =4 μg/ml. All of the strains were susceptible to MEM (≤0.12 μg/ml), IPM 

(≤0.12 μg/ml), CZA (≤0.12 μg/ml), and CST (≤0.12 μg/ml) (Table 2.2). The 

strains, YMC2017/07/B4767 and YMC2017/03/B4747, produced only one 

ESBL including CTX-M-27 and CTX-M-65, respectively. The remaining strains 

co-produced one non-ESBL (either TEM-1B or OXA-1) and one ESBL (either 

CTX-M-15 or CTX-M-27) (Table 2.3). Interestingly, even the strain 

YMC2018/11/B3392 harboured CTX-M-15 with the loss of ompF, this strain was 
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susceptible to MEM and IMP. Therefore, the strain YMC2018/11/B3392 was 

classified in the simple ESBLs- producers instead of non-carbapenemase 

carbapenem-resistant category. 

 C. Complicated ESBL-producing strains 

 (1) ESBL-AmpC-producing E. coli YMC2018/03/U4515 

 This strain belonged to sequence type 457 and was resistant to AMC (128 

μg/ml), PIP (≥256 μg/ml), TZP (≥256 μg/ml), CTX (≥256 μg/ml), FEP (64 

μg/ml), FOX (≥256 μg/ml), and ATM (128 μg/ml). The strain was susceptible to 

MEM (0.5 μg/ml), CZA (1 μg/ml), and CST (≤0.12 μg/ml). This strain was 

resistant to both FEP and FOX due to the co-production of CTX-M-55 and CMY-

2 with the intact OmpC and OmpF. 

 (2) ESBL-Serine carbapenemase-producing E. coli 

 This sub-category included five different strains involving 

YMC2016/04/R3267, YMC2016/06/N255, YMC2017/06/P238, 

YMC2016/10/P14, and YMC2016/09/N502. All of the strains were intermediate 

or  resistant to AMC (≥64 μg/ml), PIP (≥256 μg/ml), TZP (≥64 μg/ml), CTX (≥32 

μg/ml), FEP (≥16 μg/ml), FOX (≥16 μg/ml), ATM (≥128 μg/ml), MEM (≥4 

μg/ml), and IPM (≥8 μg/ml). The strain was susceptible to MEM (0.5 μg/ml), 

CZA (1 μg/ml), and CST (≤0.12 μg/ml). All strains produced serine 

carbapenemase KPC-2 with various combinations of the production of Non-

ESBLs (TEM-1B, OXA-1, SHV-11) and ESBLs (CTX-M-14, CTX-M-15, SHV-

182). Furthermore, the deletion of ompF was observed in YMC2016/10/P14 and 

YMC2016/09/N502. Significantly, in this sub-category, the strain 

YMC2017/06/P238 co-produced up to five different β-lactamases including 

TEM-1B, OXA-1, SHV-11, CTX-M-15, and KPC-2, followed by the strain 

YMC2016/09/N502 with the co-production of four different β-lactamases 

including TEM-1B, CTX-M-14, SHV-182, and KPC-2.  
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 (3) ESBL-AmpC-Serine carbapenemase-producing E. coli 

YMC2017/06/N207 

 This strain belonged to ST 3177 and was resistant to AMC (64 μg/ml), PIP 

(256 μg/ml), TZP (128 μg/ml), CTX (64 μg/ml), FEP (16 μg/ml), FOX (128 

μg/ml), ATM (16 μg/ml), MEM (4 μg/ml), and IPM (4 μg/ml). Similar to ESBL-

serine carbapenemase-producing strains, this strain was susceptible to CZA (1 

μg/ml), and CST (≤0.12 μg/ml). Resistome profile of this strain displayed six 

different β-lactamase producers involving TEM-1B, OXA-2, CTX-M-15, SHV-

182, CMY-2, and KPC-2.  

 (4) ESBL-AmpC-Serine carbapenemase-producing E. coli  

 This sub-class involved YMC2017/11/U3786 and YMC2018/03/C121. Both 

strains belonged to ST410 and serotype H9. However, the strain 

YMC2017/11/U3786 was isolated from urine in 2017 and the strain 

YMC2018/03/C121 was isolated from spinal fluid in 2018. Both strains were 

resistant against AMC (≥256 μg/ml), PIP (≥256 μg/ml), TZP (≥256 μg/ml), CTX 

(≥256 μg/ml), FEP (≥128 μg/ml), FOX (≥256 μg/ml), ATM (≥16 μg/ml), MEM 

(≥8 μg/ml), IPM (≥32 μg/ml), and CZA (≥256 μg/ml). Both strains harboured 

similar β-lactamase genes including blaTEM-1B, blaOXA-1, blaCMY-2, blaOXA-181, and 

blaNDM-5 with the exception of ESBL genes, where the strain 

YMC2017/11/U3786 harboured blaCTX-M-82 and the strain YMC2018/03/C1211 

harboured blaCTX-M-15.  

 (5) ESBL-Metallo-carbapenemase-colistin-resistant E. coli 

YMC2017/02/MS631 

 This is a really rare strain, which co-harboured blaCTX-M-55, blaNDM-9, and mcr-

1. The strain was accidentally identified from a retrospective study and was 

presented in detail in the below part. 

 (6) ESBL-Serine-carbapenemase-colistin-resistant E. coli 
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YMC2019/01/N149 

 The strain belonged to ST 156 and was resistant against AMC (≥256 μg/ml), 

PIP (≥256 μg/ml), TZP (≥256 μg/ml), CTX (64 μg/ml), FEP (32 μg/ml), FOX 

(32 μg/ml), ATM (128 μg/ml), MEM (8 μg/ml), IPM (16 μg/ml), and colistin (4 

μg/ml). This strain was susceptible against CZA (≤0.12 μg/ml). The strain co-

harboured blaTEM-1B, blaCTX-M-55, blaKPC-2, and mcr-1 with the deletion of ompF. 

 D. Non-carbapenemase carbapenam resistant strains 

 (1) ESBLs and porin loss 

 The strain YMC2016/01/N335 belonged to ST 38 and was classified into this 

group based on the susceptibility testing, resistome profile, and porin analyses. 

Even though the resistome profile of this strain was similar to the strain 

YMC2016/07/B9046, it showed higher resistance against the tested antibiotics 

including AMC (≥256 μg/ml), PIP (≥256 μg/ml), TZP (≥256 μg/ml), CTX (128 

μg/ml), and FEP (64 μg/ml). Additionally, this strain was also resistant against 

MEM (4 μg/ml) and IPM (4 μg/ml). Porin analyses showed a double deletion of 

both ompC and ompF, which was the cause of the increase in MEM and IPM 

MICs. The strain was intermediate or susceptible against FOX (8 μg/ml), ATM 

(8 μg/ml), CZA (0.5 μg/ml), and CST (≤0.12 μg/ml).  

 (2) Overproduction of AmpC and porin loss  

 This sub-class involved YMC2013/01/U1489 and YMC2016/06/N177, 

which belonged to ST 410 and 405, respectively. Both strains showed high 

resistance against AMC (128 μg/ml), PIP (≥256 μg/ml), TZP (128 μg/ml), and 

CTX (≥256 μg/ml). The strain YMC2013/01/U1489 was intermediate to FEP (8 

μg/ml) but was resistant against FOX (≥256 μg/ml). In reverse, the strain 

YMC2016/06/N177 was resistant against FEP (≥256 μg/ml) but was intermediate 

against FOX (8 μg/ml). The resistome analyses showed that the strain 

YMC2013/01/U1489 harboured blaTEM-1B and blaCMY-2 with the deletion of 
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ompF, and the strain YMC2016/06/N177 harboured blaOXA-1, blaCTX-M-15, and 

blaCMY-2 with the deletion of ompC and ompF. Both strains were resistant against 

MEM (≥4 μg/ml) and IPM (8 μg/ml).   
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Table 2.3. Resistome and porins of the Escherichia coli panel strains 
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Table 2.4. Plasmid replicon genes in the Escherichia coli panel strains 



28 
 

Table 2.5. Virulence factors of the Escherichia coli panel strains 
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3. In-depth characterization of blaNDM-9 and mcr-1 co-harbouring E. coli 

ST617 

Since the first New Delhi metallo-𝛽𝛽-lactamase 1 (blaNDM-1) was identified 

from a carbapenem-resistant Klebsiella pneumoniae strain,59 several variations of 

this metallo-β-lactamase have been discovered all over the world. One variant, 

blaNDM-9, was identified from a K. pneumoniae clinical isolate in China.60 

Accompanying the rise of carbapenem-resistant bacteria, colistin has become 

used more commonly, despite its serious side effects. Under the selective pressure 

of colistin, the first blaNDM-9 and mcr-1 co-harbouring E. coli ST167 strain was 

identified from a retail chicken in 2016.61 Subsequent thereto, E. coli strains co-

harbouring blaNDM-9 and mcr-1 were reported from a chicken farm in China.62 

Since then, there have been concerns over the spread of this strain to humans. A 

blaNDM-9 and mcr-1 co-harbouring E. coli 5CRE51 strain from a urine sample was 

first reported in Taiwan in 2017.63 This strain carried two different plasmids that 

harboured blaNDM-9 and mcr-1 and belonged to the ST617 strain.64 Recently, a 

blaNDM-9 and mcr-1 co-harbouring E. coli isolate was identified from an 

asymptomatic carrier in Korea in a retrospective study. Subsequent thereto, 

phenotypic and phylogenomic analyses were conducted to trace the strain’s 

origin. 

An 81-year-old female was admitted to a university hospital in February 2017 

for aortic cardiac valve repair surgery. The patient had chest pain and dyspnea on 

exertion that had been aggravated six months before a diagnosis of severe aortic 

regurgitation. The patient had no history of abroad travel, visiting a farm, or any 

signs of infections. She received preoperative antibiotic prophylaxis with 

amoxicillin-clavulanate. Following surgery, she was admitted to the intensive 

care unit (ICU) for three days, and carbapenem-resistant E. coli 

YMC/2017/02/MS631 was isolated from a rectal swab surveillance culture, 

which was routinely performed to stop the spreading of Klebsiella pneumoniae 
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carbapenemase-producing Enterobacteriaceae in the ICU. Antimicrobial 

susceptibility testing (AST) for colistin was not performed at that time. Upon 

retrospective study, colistin resistance was detected. In vitro AST was performed 

using both broth microdilution and agar dilution methods. The results were 

interpreted according to the Clinical and Laboratory Standards Institute 

guidelines as described above, with the exception of tigecycline and colistin, for 

which the European Committee on Antimicrobial Susceptibility Testing v9.0 was 

applied (http://www.eucast.org/clinical_breakpoints/). The isolate was resistant 

to all tested antibiotics (amoxicillin-clavulanic acid, piperacillin, piperacillin-

tazobactam, cefotaxime, ceftazidime, cefepime, cefoxitin, aztreonam, ertapenem, 

meropenem, imipenem, ceftazidime-avibactam, amikacin, gentamicin, 

ciprofloxacin, trimethoprim-sulfamethoxazole, and colistin), except for 

tigecycline (Table 2.6).  
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Table 2.6. Characterization of mcr-1, blaNDM-9, and blaCTX-M-55-positive E. 

coli YMC/2017/02/MS631 and its transconjugants 
    

Parameters 
E. coli 

YMC/2017/ 
02/MS631 

Transconjugants  
Selected 

by 
Colistin 

Selected by 
Imipenem E. coli 

J53 E. coli 
EJ533 

E. coli 
EJ5331 

Source Asymptomatic carrier - - - 
Isolation site Rectal swab - - - 

Resistance genes 

blaNDM-9, 
blaCTX-M-55, blaTEM-1B, 

aph(3’)IIa, aph(3’)Ib, rmtB, 
aph(6)-Id, aadA2, oqxA, 

oqxB, fosA3, mph(A), 
mdf(A),floR, sul2, tet(A), 

dfrA12, mcr-1 

mcr-1 

blaNDM-9, 
aadA2, 
fosA3, 

mph(A), 
dfrA12 

- 

MLST 617 - - - 
Serotype O89/162:H10 - - - 

Plasmid replicon type(s) IncB, IncFII, IncI2, IncN, 
IncY, IncR, IncX1 IncI2 IncB - 

Virulence factors gad, iss    
ompC, ompF Intact    

MIC (μg/ml, interpretation)     
Amoxicillin-clavulanic acid 128, R † 4, S ‡ 8, R ‡ 4, S ‡ 

Piperacillin  ≥256, R † N/D N/D N/D 
Piperacillin-tazobactam  ≥256, R † ≤4, S ‡ ≥128, R‡ ≤4, S ‡ 

Cefotaxime  ≥256, R † ≤1, S ‡ ≥64, R ‡ ≤1, S ‡ 
Ceftazidime  ≥256, R † ≤1, S ‡ ≥64, R ‡ ≤1, S ‡ 
Cefepime  ≥256, R † ≤1, S ‡ ≥64, R ‡ ≤1, S ‡ 
Cefoxitin  ≥256, R † 8, S ‡ 32, R § ≤1, S ‡ 

Aztreonam  ≥128, R † ≤1, S ‡ ≤1, S ‡ ≤1, S ‡ 
Ertapenem  64, R † ≤0.5, S ‡ 4, R ‡ ≤0.5, S ‡ 
Meropenem  16, R † N/D N/D N/D 

Imipenem  32, R † ≤0.25, S ‡ 8, R ‡ ≤0.25, S 

‡ 
Ceftazidime-avibactam  ≥256, R † N/D N/D N/D 

Colistin 4, R ‡ 4, R ‡ ≤0.125, S ‡ <0.125, 
S ‡ 

Amikacin ≥16, R ‡ ≤2, S ‡ ≤2, S ‡ ≤2, S ‡ 
Gentamicin  ≥16, R ‡ ≤1, S ‡ ≤1, S ‡ ≤1, S ‡ 

Ciprofloxacin  ≥4, R ‡ ≤0.25, S ‡ ≤0.25, S ‡ ≤0.25, S 

‡ 
Tigecycline  0.5, S ‡ ≤0.5, S ‡ ≤0.5, S ‡ ≤0.5, S ‡ 

Trimethoprim-
sulfamethoxazole 320, R ‡ ≤20, S ‡ ≤20, S ‡ ≤20, S ‡ 

Abbreviations: MIC, minimal inhibitory concentration; MLSTMultilocus 

sequence type; N/D, not determined. In vitro antimicrobial susceptibility testing 
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was performed using an agar dilution method † and a broth microdilution method 
‡ following the Clinical and Laboratory Standards Institute (CLSI) guidelines 

M100 28th ed. MIC interpretations followed CLSI M100 28th ed, with the 

exception of tigecycline and colistin, for which the European Committee on 

Antimicrobial Susceptibility Testing guidelines v9.0 were applied. 
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Whole genomic DNA extraction and sequencing analysis were performed as 

described above. The genome was deposited in the NCBI GenBank with the 

accession number SBHK00000000. Despite sharing the same sequence type 

(ST617) and serotype (O89/162: H10) with E. coli 5CRE51,64 this strain carried 

additional resistance genes, namely, blaTEM-1B, blaCTX-M-55, aph(3’)IIa, aph(3’)Ib, 

rmtB, aph(6)-Id, oqxA, oqxB, mph(A), mdf(A), and sul2, accounting for 

cephalosporin, aminoglycoside, fluoroquinolone, macrolide, and 

sulfamethoxazole resistance (Table 2.6). Additionally, the mcr-1 sequence from 

E. coli YMC/2017/02/MS631 had one silent mutation at position 1074 (C→A), 

compared with a previously reported mcr-1. Seven plasmid replicon types (IncB, 

IncFII, IncI2, IncN, IncY, IncR, IncX1), and two virulence factors (gad, iss) were 

identified. Transferability of the blaNDM-9 and mcr-1 genes was achieved by 

conjugation experiments with E. coli J53 as the recipient strain.65,66 

Transconjugants were selected on Mueller–Hinton agar plates containing 100 

μg/ml of sodium azide with 4 μg/ml of imipenem or 2 μg/ml of colistin. 

Resistance genes and plasmid replicon types in the transconjugants were 

identified by PCR and Sanger sequencing using designed primers (Table 2.7). 

The transconjugant E. coli EJ533 was susceptible to all tested antibiotics but 

colistin and harboured mcr-1 on the IncI2 type plasmid. Meanwhile, the 

transconjugant E. coli EJ5331 was resistant against all β-lactams but aztreonam 

and carried blaNDM-9 and other resistance genes (aadA2, fosA3, mph(A), sul2, and 

dfrA12) on the IncB type plasmid (Table 2.6).  

The relatedness of E. coli 5CRE51 and YMC/2017/02/MS631 in the context 

of worldwide E. coli ST617 distribution was investigated using EnteroBase 

database (http://enterobase.warnick.ac.uk/) (Figure 2.1). Altogether, 200 E. coli 

ST617 strains among 82,737 E. coli genomes (0.24%) have been reported in 

EnteroBase with the keywords “E. coli” and “ST617” (File S1: 

https://www.mdpi.com/2076-0817/8/4/212). E. coli ST617 strains have been 

detected in at least 31 countries and from different sources, including human, 
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animal, and environmental samples (Figure 2.2, 2.3A). Among them, 170 E. coli 

genomes were accessible for analysis (File S1). Thirteen different serotypes were 

identified from the collected genomes. Considering 170 genomes, 82 (48.2%) 

belonged to serotype O89/162: H10 (Figure 2.3B) and were included in the 

phylogenomic tree constructed using CSI phylogeny 1.4.67 The phylogenetic tree 

was visualized using iTOL (https://itol.embl.de/) and indicated that E. coli 

YMC/2017/02/MS631 was distant from E. coli 5CRE51 and other strains. The 

closest strains were detected in Poland (ESC_IA1353AA) and Germany 

(ESC_IA2276AA) (Figure 2.1). Meanwhile, E. coli 5CRE51 belonged to a clade 

with strains collected from Oman (ESC_EA6169AA) and The Netherlands 

(ESC_EA9479AA). This suggested that the two strains emerged independently.  
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Figure 2.1. Phylogenomic comparison of the 82 E. coli ST617 strains collected 

from EnteroBase (http://enterobase.warnick.ac.uk/). The phylogenetic tree 
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was constructed using CSI phylogeny 1.4 (https://cge.cbs.dtu.dk/services) with 

the standard parameters. iTOL (https://itol.embl.de/) was used to visualize the 

phylogenetic tree. The strain ESC_BA5832AA was selected as the reference 

strain. Origin, source, and collection year of the isolates also were illustrated. The 

red box indicates the E. coli YMC/2017/02/MS631, which is closely related to 

the strain ESC_IA1353AA isolated from Poland in 2014. 
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Figure 2.2. Global distribution of E. coli ST617. The countries where E. coli ST617 has been detected are colored in 

blue. Human, animals, and environmental-related sources are indicated in dark blue, violet, and light green circle, 

respectively.
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Figure 2.3. Distribution of E. coli ST 617 among countries and serotypes among E .coli ST617. (A) Distribution of E. coli 

ST 617 among countries. (B) Distribution of serotypes among E. coli ST 617. All the data were collected and analyzed from 

EnteroBase (http://enterobase.warnick.ac.uk/) 



40 
 

Table 2.7. Primer sequences used for confirming the resistance genes and 
plasmid replicon types 
 

   

Primers Sequences (5’ → 3’) Target 
length (bp) 

blaNDM-9_Fwd AGGCGTTAGATTGGCTTAC 1207 
blaNDM-9_Rev CATCGAGATCATCCAACCG  
blaCTX-M-55_Fwd CGGAAGGAGAACCAGGAAC 945 
blaCTX-M-55_Rev CTGTTGTTAGGAAGTGTGCC  
blaTEM-1B_Fwd AGTGGGTTACATCGAACTGG 645 
blaTEM-1B _Rev ACGATACGGGAGGGCTTAC  
mcr-1_Fwd GACGGCAAGATTCTTGAGGC 2165 
mcr-1_Rev CTCATCTCAGCAAGTAGGCG  
aph(3')-Iia_Fwd GAACAAGATGGATTGCACGC 781 
aph(3')-Iia_Rev AGAACTCGTCAAGAAGGCG  
aph(3’)Ib_Fwd ATCGCATTCTGACTGGTTGC 750 
aph(3’)Ib_Rev TCGCAGATAGAAGGCAAGGC  
aph(6)-Id_Fwd AACCTGTTCTCATTGCGGAC 793 
aph(6)-Id_Rev TAGTATGACGTCTGTCGCAC  
aadA2_Fwd CTTGATGATCTsCGCCTTTCAC 763 
aadA2_Rev ACCATCGAAATTTCGAACCAAC  
oqxA_Fwd ATCAGTTAAGGGTGGCGC 1177 
oqxA_Rev ATGAGCCTGCAAAAAACCTG  
oqxB_Fwd CCAAACAGGCGATCGATCAG 1360 
oqxB_Rev GCTGGAGGAAGCGATCAAC  
fosA3_Fwd GCTGAACTAACCCGTCAATC 379 
fosA3_Rev CCTGGCATTTTATCAGCAGT  
mph(A)_Fwd ATGACCGTAGTCACGACCG 865 
mph(A)_Rev CTTCGTTACCCGAGTCGAG  
mdf(A)_Fwd GGCCGTGGTGGAACAATATC 825 
mdf(A)_Rev CATCCATAAATACGCGTGCG  
floR_Fwd TGATGGCTCCTTTCGACATC 1164 
floR_Rev GTTAGACGACTGGCGACTTC  
sul2_Fwd ACCGCAAACAGGTTACTCGC 1168 
sul2_Rev GAGAAATATCCCGAATGTGCAG  
tet(A)_Fwd TGTGCAACGGGAATTTGAAG 1259 
tet(A)_Rev AGAATCCGCGCGTTCAATC  
dfrA12_Fwd GACGCGCATAAACGGAGTG 488 
dfrA12_Rev ATGAACTCGGAATCAGTACGC  
rmtB_Fwd GCCATGGCACTTTTACAATC 730 
rmtB_Rev TATAAGTTCTGTTCCGATGGTC  
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IncB_Fwd TGAAAAACAGGGGGAGCAAG 1312 
IncB_Rev TGCAGTGGCTTTTGGGATC  
IncFII_Fwd ATGTCGCAGACAGAAAATGC 1397 
IncFII_Rev CTGTAATTGCGGTTACGTGAC  
IncI2_Fwd GTGTGAGTGGGTGTATGCAG 1467 
IncI2_Rev CTGTCAGGGCCAGTTCAAG  
IncN_Fwd AGCAGGATCAAGGAAAGATCG 560 
IncN_Rev GCTGCTTACTACCTCTCGC  
IncY_Fwd GTTTCCTTCCAACCGGCTTTG 1189 
IncY_Rev CCTCCAGCACACACTTATTCG  
IncR_Fwd ACCGACTATTTGCAACAGTG 561 
IncR_Rev ATGGGAAAGAGGTCAAGTTC  
IncX1_Fwd TCATTGCTGGCTTATCTCGC 477 
IncX1_Rev GTCCGTTTTGAGATCGAAATGAG  
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IV. DISCUSSION 

 This study selectively collected representative strains from different β-lactam 

resistant profiles. Previously, there were algorithms that developed to classify the 

resistant strains into different β-lactam resistance mechanisms solely based on 

phenotypic profiles.68,69 However, the transmission of plasmids carrying different 

resistant genes as well as the mobilisation of those using insertion sequences or 

transposons between bacteria have made the classification become more difficult. 

For those reasons, this study combined both phenotypic and genomic data to 

classify the β-lactam resistant strains. The strains were classified into four 

categories and eight sub-categories. In addition, the panel strains were 

constructed with a more focus on carbapenem-resistant strains, with 13/20 strains 

showing carbapenem resistance. The strain YMC2016/07/N348 was classified 

into non-ESBL producers due to its resistome profile including TEM-1B and 

OXA-10. However, this strain was resistant to AMC, TZP, and ATM, this can be 

explained by the low activity of OXA-10 against aztreonam70 and the deletion of 

ompF. For simple ESBLs- producers, 4/5 strains produced CTX-M-15 and CTX-

M-27. A previous study reported that CTX-M-15  were the dominant types of 

ESBLs followed by the increasing ratio of CTX-M-27.71 For complicated ESBLs- 

producers, the strain YMC2018/03/U4515 was classified into the ESBL-AmpC- 

producers because of the production of both CTX-M-65 and CMY-2 without any 

mutations in ompC and ompF. This strain resisted against FOX due to the activity 

of CTX-M-65 and against ATM due to the activity of CMY-2. In the sub-category 

of ESBL-serine carbapenemase producers, 5/5 strains produced KPC-2. The 

study conducted by Yoon et al. from 2013 to 2015 reported that the prevalence 

of KPC-2 producers in E. coli was highest among non-K. pneumoniae KPC-2 

producing Enterobacteriaceae, followed by Enterobacter spp. and other 

Enterobacteriaceae members.72 Similar to the above discussion in the category 

of simple ESBLs- producers, 4/5 strains in this sub-category produced CTX-M-

14 or CTX-M-15. In the category of ESBL-AmpC-serine carbapenemase 
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producers, the strain YMC2017/06/N207 co-produced CTX-M-15, SHV-182, 

CMY-2, and KPC-2. Until now, there has been no report of a similar resistome 

profile.  

 Among β-lactamases, metallo-β-lactamases have very strong activity against 

carbapenem and do not be inhibited by avibactam, diazabicyclooctane β-

lactamase inhibitors. Currently, no β-lactamase inhibitors on the market have the 

effect on those enzymes. Therefore, the strains harbouring metallo-β-lactamases 

are important for testing the effect of novel drugs. In the category of ESBL-

AmpC-Metallo carbapenemase producers, both strains co-produced CMY-2, 

OXA-181, and NDM-5. A recent epidemiological study in Southwest China 

identified that over 37% of carbapenem-resistant E. coli was caused by NDM-5 

producers.73 Another study also identified the CTX-M-15, CMY-2 and NDM-5 

co-producing E. coli strains from cat and dog in South Korea74, but OXA-181 

have not been detected in these strains.   

 With the increasing rate of carbapenem-resistant E.coli, colistin was 

recovered for treatment. As a result, the emergence of co-resistance of 

carbapenem and colistin has threatened patients’ life in some parts of the world.63 

Hence, it is important to evaluate the efficiency of novel antibiotics on these 

resistant strains. Accordingly, the NDM-9 and MCR-1 co-producing 

YMC2017/02/MS631 as well as KPC-2 and MCR-1 co-producing 

YMC2019/01/N149 were included. The deeper discussion on the strain 

YMC2017/02/MS631 was described in the lower part.  

 Non-carbapenemase carbapenem resistance is also an important category of 

carbapenem resistance mechanism. The strain YMC2016/01/N335 co-produced 

TEM-1B and CTX-M-14 with the deletion of both ompC and ompF. This strain 

resisted against MEM and IPM and was classified into the sub-category of ESBLs 

and porin loss. On the other hand, the strain YMC2013/01/U1489 and 

YMC2016/06/N177 produced CMY-2 with the deletion of ompC and/or ompF. 
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These two strains were resistant against carbapenem and classified into the sub-

category of overproduction of AmpC and porin loss. 

 As noticed above, the strain NDM-9 and MCR-1 co-producing 

YMC2017/02/MS631 showed high resistance to carbapenem and colistin. In fact, 

the first blaNDM-9 and mcr-1 co-harbouring E. coli isolate belonged to a ST167 

strain, followed by ST10 complexes, ST101, ST156, and ST297.61,62 The primary 

source was chicken meat. This strain has been rarely reported in clinical settings. 

Our report is important because it was detected coincidentally in a retrospective 

cohort study, and the strain displayed high antibiotic resistance with complicated 

plasmid types. Additionally, this strain displayed a broader resistance spectrum 

than the E. coli 5CRE51 isolate from Taiwan. Furthermore, the strain had two- 

and eight-folds higher MICs for meropenem and imipenem and an eight-fold 

higher MIC for amikacin in comparison with E. coli 5CRE51. However, the 

colistin MIC was the same: 4 μg/ml.63 Resistome profiles, plasmid typing, and 

whole-genome phylogenetic tree analyses suggested that the two strains were not 

closely related. Interestingly, E. coli ST617 has mainly been detected in European 

countries, the United States, and China, and only two isolates of E. coli ST617 

have been reported for Taiwan and Korea, according to EnteroBase (Figure 2.3). 

The dominance of E. coli ST617 serotype O89/162:H10 among 13 serotypes may 

suggest that E. coli ST617 serotype O89/162: H10 can be a potential reservoir for 

blaNDM-9 and mcr-1 co-harbouring E. coli in clinical settings. 

 According to the EUCIC medical guidelines on decolonization,75 there is a 

lack of evidence regarding the efficiency of decolonization for multidrug-

resistant Gram-negative organisms in hospitalized patients. Hence, the patient 

can be discharged without any treatment or intervention for decolonization. This 

may, in turn, lead to a silent continuous spread of this strain in the population at 

large. Additionally, travel by asymptomatic blaNDM-9 and mcr-1 carriers could 

facilitate strain transmission. A recent study emphasized the contribution of fecal 

pollution to an abundance of resistance genes in effluent-receiving 
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environments.76 Routine rectal swab screening to identify asymptomatic colistin 

and/or carbapenem-resistance carriers might be warranted to control the spread 

of multi-drug resistant organisms in hospital settings.   
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V. CONCLUSION 

In this study, a well-characterised panel of diverse β-lactam-resistant E. coli 

strains was constructed for fastening the primary evaluation of novel 

antimicrobials and their mechanisms’ investigation. Importantly, the current 

emergence strains co-producing KPC-2/NDM-9 and MCR-1 were also included 

in the current study. To the best of our knowledge, this is the first report of 

resistome profiles, plasmid typing, and whole-genome phylogenetic tree analyses 

of a blaNDM-9 and mcr-1 co-harbouring E. coli ST617 isolated from an 

asymptomatic carrier.  
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CHAPTER III. In vitro Activity of a Novel Siderophore-Cephalosporin, 

GT-1 and Serine-Type β-Lactamase Inhibitor, GT-055, against Escherichia 

coli, Klebsiella pneumoniae, and Acinetobacter spp. Panel Strains 
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I. INTRODUCTION 

The World Health Organisation has prioritised third-generation 

cephalosporin and carbapenem-resistant Enterobacteriaceae and Acinetobacter 

baumannii as critical pathogens for research and development of new antibiotic 

drugs.41 More importantly, the emergence of strains co-harbouring 

carbapenemases, such as blaKPC-2 or blaNDM-9, and colistin resistance gene, such 

as mcr-1, have made treatment more challenging.77,78 This has highlighted the 

importance of developing new antibiotics to address the problem of antibiotic 

resistance. However, in contrast to the rapid and continuous escalation in the 

emergence of multidrug-resistant (MDR) Gram-negative bacteria and the 

diminishing efficacy of the current antibiotic arsenal, there has been a lag in 

investment in new research and drug development.41 A bottleneck in current 

approaches for designing novel antibiotics is the limited number of drug targets, 

such as components of nucleic acid synthesis and cell wall assembly, or bacterial 

ribosomes.79 

Since the first antibiotics were discovered, Gram-negative bacteria have 

developed various resistance mechanisms, such as hydrolysis or modification of 

antibiotics, reducing antibiotic uptake via loss of porins, reducing the affinity of 

antibiotic-target binding, and increasing the expression of efflux pumps.80,81 

Moreover, the outer membrane barrier is a crucial resistance determinant in Gram-

negative bacteria, as reduced permeability of the cell wall potentiates other 

antibiotic resistance mechanisms. 

The novel siderophore-cephalosporin GT-1 (previously known as LCB10-

0200) is in development by LegoChem Biosciences (Daejeon, Korea) and Geom 

Therapeutics (San Francisco, CA, USA). This compound is a conjugate of a novel 

siderophore-dihydroxypyridone and a modified aminothiazolylglycyl 

cephalosporin and exploits bacterial iron-uptake systems to enhance entry into 

Gram-negative pathogens using a “Trojan-horse” strategy (Figure 3.1A).82 First, 

this approach opens a more efficient route for the antibiotic to enter the bacterial 
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periplasm via siderophore-uptake systems. Second, the conjugated structure resists 

the hydrolytic activity of many current extended-spectrum β-lactamases and 

carbapenemases. As a result, GT-1 exhibits activity against many MDR pathogens. 

One well-described strategy to enhance the activity of β-lactam 

antimicrobials in the presence of β-lactamases is to combine them with β-lactam 

inhibitors (BLIs).83 In the last five years, new generations of BLIs have been 

approved for clinical use, including vaborbactam (cyclic boronic acid BLI) and 

avibactam (diazabicyclooctane BLI).84,85 GT-055 (also referred to as LCB18-

055), in development by LegoChem Biosciences and Geom Therapeutics, is a 

novel non-β-lactam BLI of the diazabicyclooctane class (Figure 3.1B). 86 

 
 

(A) (B) 

Figure 3.1. Structures of GT-1 and GT-055. (A) Chemical structure 

of GT-1 (previously known as LCB10-0200). (B) Chemical structure of 

GT-055 (previously known as LCB18-055). 

In a previous study, Oh et al. characterised the in vitro activity of GT-1, 

focusing primarily on Pseudomonas aeruginosa.82 Only 17 P. aeruginosa strains 

with identified β-lactamases (OXA-2, OXA-10, OXA-17, VIM, and IMP) were 

investigated. Even though the in vitro activity of GT-1 was also determined in 

other species, such as E. coli, K. pneumoniae, and A. baumannii, the resistome 

profile of the tested strains has not been described. In this study, the in vitro 

activity of GT-1 and other antibiotics was investigated against panels of 

characterised isolates of E. coli, K. pneumoniae, and Acinetobacter spp., which 
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exhibit a variety of β-lactam resistance mechanisms. Additionally, this is the first 

study to examine the synergistic combination of GT-1 and GT-055 and compare its 

potency to other combinations, such as aztreonam/avibactam and 

ceftazidime/avibactam. Until now, there has been no systematic investigation of 

the correlation between GT-1 potency and the different iron uptake systems of E. 

coli, K. pneumoniae, and Acinetobacter spp. clinical isolates. Moreover, there has 

been no report describing other mechanisms that can contribute to resistance to GT-

1, such as GT-1 hydrolysis or porin loss. Thus, this study was undertaken to 

elucidate the genomic characteristics of the panel strains and associated GT-1 

MICs. 
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II. MATERIALS AND METHODS 

1. Selection of bacterial isolates 

The clinical isolates examined in this study were obtained from a university-

affiliated hospital in South Korea and collected from 2013 to 2017. For E. coli, 

approximately 2000 isolates were screened to select for specific antimicrobial-

resistant phenotypes. Acinetobacter spp. and K. pneumoniae isolates were 

selected from our previously characterised panel strains.50,51 Three K. 

pneumoniae strains (YMC2016/01/R859, YMC2016/02/N207, and 

YMC2016/04/N62) exhibiting carbapenem resistance were also added. Finally, 

13 E. coli strains, 14 K. pneumoniae strains, and 11 Acinetobacter spp. strains 

expressing different β-lactamases (narrow-spectrum and ESBL, KPC- and OXA-

carbapenemases, metallo- and AmpC) were selected. MDR strains were defined 

as exhibiting resistance to at least three different antibiotic classes.87 

2. Test compounds 

Antibiotic agents included aztreonam (Dong-A Biotech Co., Seoul, Korea), 

ceftazidime (CJ Health Care, Seoul, Korea), meropenem (Yuhan Co., Seoul, 

Korea), imipenem (Choongwae Co., Seoul, Korea), and colistin (Sigma Aldrich, 

St. Louis, MO, USA). Avibactam was kindly provided by LegoChem Biosciences 

(Daejeon, South Korea). GT-1 (or LCB10-0200) and GT-055 (or LCB18-055) 

were manufactured by LegoChem Biosciences. 

3. Antimicrobial susceptibility tests 

MICs for bacterial strains were determined using the Mueller–Hinton agar 

dilution technique, according to CLSI M07-A10 10th edition and M100 28th 

edition guidelines (2018).52,53 For colistin, interpretations were based on the 

European Committee on Antimicrobial Susceptibility Testing guidelines version 

9.0 (2019). Antibiotic agents used as comparators included aztreonam, 

ceftazidime, meropenem, imipenem, and colistin. The β-lactamase inhibitor 

avibactam was tested in combination with aztreonam and ceftazidime. GT-055 
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was included to assess the synergistic effect with GT-1. Antibiotic concentrations 

ranged from 0.12 to 256 μg/mL. GT-055 was tested at 4 μg/mL, similar to the 

avibactam concentration recommended by the CLSI guidelines. A previous study 

reported no change in GT-1 activity against cells grown on iron-depleted Muller–

Hinton medium.88 Therefore, the in vitro activity of GT-1 and GT-1/GT-055 

under iron-depleted conditions was not assessed in this study. 

4. DNA extraction and whole-genome sequencing 

Bacteria were cultured overnight in Luria-Bertani broth at 37°C. One 

millilitre of the overnight bacterial culture was used, and genomic DNA was 

extracted using a Wizard genomic DNA purification kit (Promega, WI, USA) 

according to the manufacturer’s instructions. Whole-genome library DNA was 

prepared using a Miseq reagent kit v3 and sequenced using Miseq v3.2 × 300-bp 

paired-end read cartridges (Illumina, CA, USA). 

5. Sequence assembly, genome annotation, MLST determination and 

resistome analysis 

Trimmomatic v0.39 was applied for trimming adaptors and low quality reads 

with default settings following by the assembling process with SPAdes pipeline 

v3.13 with careful option.54,89 Annotations genome analyses were performed as 

described above. 

6. Cloning 

Following PCR amplification with the primers listed in Table 3.1, blaDHA-1 

with HindIII and EcoRI restriction site ends and blaPER-1 with BamHI and EcoRI 

restriction site ends were cloned into ZpUC19. The ZpUC19 constructs were then 

transformed into E. coli DH5α, and GT-1 MICs were determined. Zeocin (50 

μg/mL) was used for colony selection. 
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Table 3.1. List of primers for cloning experiments 
 

  

Primer name Sequences (5’ → 3’) 
DHA-1_Cloning_Fdw CGAGAAGCTTGACCATAATCCACCTGTAAG 
DHA-1_Cloning_Rev CGCGAGAATTCTTATTCCAGTGCACTCAAAATAG 
PER-1_Cloning_Fdw CTATGGATCCTCGTTTTAGCCCTCTGGGCGTTC 
PER-1_Cloning_Rev CGCGAGAATTCTTAATTTGGGCTTAGGGCAG 

 

7. Analysis of siderophore uptake system and porin loss 

Well-characterised siderophore transporters and porins from previous studies 

were included in the analysis (Table 3.2). The GenBank accession numbers of 

reference sequences are listed in Table 3.3. The selected target genes were 

mapped against the whole genome sequences of the panel strains using Bowtie 

alignment.90 The mapped DNA sequences were translated into protein sequences 

to identify mutation-associated alterations affecting protein coding. 
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Table 3.2. Siderophore uptake transporters in E. coli, K. pneumoniae, and A. baumannii 
     

No. Gene Code Gene Name Membrane Position Reference 
1 tonB Ton complex subunit B Inner membrane 91 
2 exbB Biopolymer transport subunit B Inner membrane 91 
3 exbD Biopolymer transport subunit D Inner membrane 91 
4 tonB3 Ton complex subunit B N/D 92 

5 exbB3 Biopolymer transport subunit B3 N/D 92 
6 exbD3 Biopolymer transport subunit D3 N/D 92 
7 fepA Ferric enterobactin outer membrane transporter Outer membrane 93 
8 fepB Ferric enterobactin-binding periplasmic protein Periplasm 94 

9 fepC Ferric enterobactin transport ATP-binding protein Inner membrane 95 

10 fepD Ferric enterobactin transport system permease protein Inner membrane 96 

11 fecA Ferric citrate outer membrane transporter Inner membrane 93 
12 fiu Catecholate siderophore receptor Outer membrane 97 
13 cirA Ferric dihyroxybenzoylserine outer membrane transporter Outer membrane 91 
14 iutA Ferric aerobactin receptor Outer membrane 98 
15 fhuA Ferrichrome outer membrane transporter receptor Outer membrane 93 
16 bauA Ferric acinetobactin receptor Outer membrane 99 
17 bauB Ferric acinetobactin transport system periplasmic binding protein Inner membrane 100 
18 bauC ABC-type enterochelin transport system, permease component Inner membrane 101 
19 bauD Ferric acinetobactin transport system permease Inner membrane 101 
20 bauE ABC-type enterochelin transport system ATPase component N/D 102 
21 pirA Ferric enterobactin receptor Outer membrane 103 
22 piuA Hydroxamate-type ferrisiderophore receptor Outer membrane 103 
23 iroN Salmochelin uptake receptor IroN Outer membrane 104 

24 fyuA Yersiniabactin uptake receptor Outer membrane 105 

25 bfnH Baumannoferrin uptake receptor Outer membrane 106 

N/D: Not determined  
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Table 3.3. GenBank accession numbers and reference gene loci used for alignment to siderophore uptake systems 

   

No Gene GenBank accession number; locus tag 
E. coli K. pneumoniae A. baumannii 

1 tonB U00096.3; b1252 CP009208.1; VK055_0270 CP000521.1; A1S_3708 
2 exbB U00096.3; b3006 CP009208.1; VK055_4048 CP000521.1; A1S_1605 
3 exbD U00096.3; b3005 CP009208.1; VK055_4049 CP000521.1; A1S_1604 
4 tonB3 N/A N/A CP000521.1; A1S_0452 
5 exbB3 N/A N/A CP000521.1; A1S_0453 
6 exbD3 N/A N/A CP000521.1; A1S_0454 
7 fepA U00096.3; b0584 CP009208.1; VK055_1934 N/A 
8 fepB U00096.3; b0592 CP009208.1; VK055_1926 N/A 
 9 fepC U00096.3; b0588 CP009208.1; VK055_1930 N/A 
10 fepD U00096.3; b0590 CP009208.1; VK055_1928 N/A 
11 fecA U00096.3; b4291 LR134202.1; NCTC9180_04189 N/A 
12 fiu U00096.3; b0805 CP009208.1; VK055_1207 N/A 
13 cirA U00096.3; b2155 CP009208.1; VK055_4930 N/A 
14 iutA CP032204.1; M340_11420 CP040175.1; FDZ08_15545 N/A 
15 fhuA U00096.3; b0150 CP009208.1;VK055_2400 N/A 
16 fyuA CU928163.2 ECUMN_2278 CP009208.1; VK055_5116 N/A 
17 iroN AF135597.1 CP009208.1; VK055_RS25840 N/A 
18 bauA N/A N/A CP000521.1; A1S_2385 
19 bauB N/A N/A CP000521.1; A1S_2386 
20 bauC N/A N/A CP000521.1; A1S_2388 
21 bauD N/A N/A CP000521.1; A1S_2389 
22 bauE N/A N/A CP000521.1; A1S_2387 
23 pirA N/A N/A CP000521.1; A1S_0980 
24  piuA N/A N/A CP000521.1; A1S_0474 
25 bfnH N/A N/A CP000521.1; A1S_1655 

N/A: Not applicable 
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8. Accession numbers 

The draft whole-genome sequences of strains YMC2016/06/N138, 

YMC2016/07/N348, YMC2017/02/N55, YMC2017/01/N19, 

YMC2017/07/B11634, YMC2016/02/N176, YMC2016/06/N255, 

YMC2017/04/N120, YMC2017/06/P238, YMC2016/01/N95, 

YMC2016/01/C905, YMC2016/04/R3267, YMC2016/10/N189, 

YMC2016/01/R859, YMC2016/02/N207 and YMC2016/04/N62 were deposited 

in the NCBI database under the accession numbers SSKC00000000, 

SSKE00000000, SSJX00000000, VKOH00000000, SSKB00000000, 

SSJY00000000, SSKD00000000, VKOI00000000, SSKA00000000, 

SSJV00000000, SSJW00000000, SSJZ00000000, SSKF00000000, 

SSKG00000000, SSKH00000000 and SSKI00000000, respectively. 
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III. RESULTS 

1. In vitro activity of GT-1 and GT-1/GT-055 against E. coli panel strains 

GT-1 activity was tested against isolates producing a wide range of β-

lactamases. The strains were isolated from different specimen types, including stool 

(9 isolates), blood (1 isolate), pus (1 isolate), respiratory tract (1 isolate) and 

peritoneal fluid (1 isolate). The β-lactamase producers present in these diverse 

specimens included strains producing non-extended-spectrum β-lactamase 

(ESBLs) (TEM-1B, TEM-1C, SHV-11, OXA-1, OXA-10), ESBLs (CTX-M-14, 

CTX-M-15, CTX-M-27, CTX-M-55, CTX-M-65), AmpC (ACT-2, CMY-2) and 

carbapenemases (KPC-2, OXA-48) (Table 3.4). The strains were classified into six 

categories: non-ESBL-producing (YMC2016/07/N348), ESBL-producing 

(YMC2016/06/N138, YMC2017/02/N55), ESBL- and AmpC β-lactamase-

producing (YMC2017/02/N19), AmpC β-lactamase- and carbapenemase-

producing (YMC2017/07/B11634), ESBL- and carbapenemase-producing 

(YMC2016/02/N176, YMC2016/06/N255, YMC2017/04/N120, 

YMC2017/06/P238) and carbapenemase-producing (YMC2016/01/N95, 

YMC2016/01/C905, YMC2016/04/R3267, YMC2016/10/N189) (Table 3.4).  

The GT-1 MICs ranged from ≤0.12 to 1 μg/mL against E. coli MDR isolates 

producing KPC- or OXA-carbapenemases, ESBLs CTX-M-14 or CTX-M-55, 

and CMY-2 AmpC β-lactamase. These MICs were lower in comparison to those 

for carbapenem, which ranged from 0.25 to 16 μg/mL, or in comparison to MICs 

for ceftazidime, which ranged from 1 to 64 μg/mL. Against CTX-M-negative but 

carbapenemase-producing E. coli, GT-1 MICs were ≤0.25 μg/mL, whereas 

carbapenem MICs ranged from 0.5 to 16 μg/mL. ESBL-producing E. coli strains 

(CTX-M-15, CTX-M-27, CTX-M-65) and strains overexpressing ACT-2 

exhibited GT-1 MICs of 4–32 μg/mL. 

In combination with the β-lactamase inhibitor GT-055 (at 4 μg/mL), GT-1/GT-

055 MICs for all strains decreased to ≤0.12 μg/mL, similar to or lower than the 
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MICs for the combination of CAZ-AVI (Table 3.4). GT-055 alone exhibited 

activity against the E. coli isolates with MICs ranging from 2 to 8 μg/mL. 

The siderophore uptake system and ompC and ompF integrity were 

investigated to evaluate the contribution of the siderophore transporters and porin 

loss to the MIC of GT-1 (Table 3.5). There were no deletions or early 

terminations in the tonB, exbB, exbD, fiu, or fepA genes in any of the isolates. The 

GT-1 MIC was ≤0.5 μg/mL with the triple deletion of fecA, fhuA and iroN in 

strain YMC2016/06/N138 or the deletion of fecA, iutA, fyuA, and iroN in strains 

YMC2017/07/B11634, YMC2016/01/N95, YMC2016/10/N189, as well as the 

deletion of iutA, fhuA, and iroN in strain YMC2016/06/N255. Furthermore, the 

deletion of both ompC and ompF in strain YMC2016/06/N138 and deletion of 

ompF in strain YMC2016/10/N189 did not appear to be associated with increases 

in GT-1 MIC. Although strain YMC2016/02/N176 exhibited a high GT-1 MIC 

of 8 μg/mL, there was one observed deletion of fyuA without porin loss. In this 

case, the β-lactamases present were likely responsible for the high MIC, as the 

combination with GT-055 reduced the MIC to ≤0.12 μg/mL. 
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Table 3.4. Antibiotic susceptibility and resistome of the E. coli, K. pneumoniae, and Acinetobacter spp. panel strains 
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Abbreviations: AZT, aztreonam; AZT-AVI: aztreonam/avibactam; CAZ, ceftazidime; CAZ-AVI, ceftazidime/avibactam; 

MEM, meropenem; IPM, imipenem; CL: colistin, ESBL, extended-spectrum β-lactamase; Pnase, penicillinase; NS-OXAse, 

narrow-spectrum oxacillinase; MLST, multilocus sequence type; MIC, minimum inhibitory concentration. Antibiotic 

susceptibility testing was performed using the agar dilution method. Interpretation followed the Clinical and Laboratory 

Standards Institute guidelines M100, 28th ed., with the exception of colistin, in which the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST) guidelines v9.0 were applied. 
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Table 3.5. Porins and siderophore uptake systems of E. coli, K. pneumoniae, 

and Acinetobacter spp. panel strains 
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2. In vitro activity of GT-1 and GT-1/GT-055 against K. pneumoniae panel 

strains 

The activity of GT-1 was tested against K. pneumoniae isolates that produce 

a broad range of β-lactamases, including four ESBL-producing strains, four 

ESBL- and AmpC β-lactamase– co-producing strains, three ESBL- and 

carbapenemase-co-producing strains, and one carbapenemase-producing strain, 

with a variety of multilocus sequence types (MLSTs) (Table 3.4). The β-

lactamase producers present in the diverse panel of strains included producers of 

non-ESBLs (OXA-1, OXA-2, OXA-4, OXA-9, LEN-7, LEN-12, TEM-1A, 

TEM-1B, SHV-11), ESBLs (SHV-12, SHV-83, CTX-M-15), AmpC (DHA-1), 

and carbapenemases (KPC-2, IMP-1). The isolates were collected from a variety 

of sources, including stool (2 isolates), blood (8 isolates), pus (1 isolate), 

respiratory tract (1 isolate), and peritoneal fluid (1 isolate). 

GT-1 MICs ranged from 0.5 to 1 μg/mL against KPC-2- and IMP-1-

producing K. pneumoniae. These MICs were ≥16-fold lower compared with 

carbapenems, for which the MICs ranged from 16 to 64 μg/mL. GT-1 MICs 

against the ESBL-producing strains SHV-12, SHV-83, and CTX-M-15 ranged 

from 0.25 to 4 μg/mL, 8- to 64-fold lower than the ceftazidime MICs and 2- to 8-

fold lower than the carbapenem MICs. Among five isolates expressing the DHA-

1 β-lactamase, four isolates exhibited high GT-1 MICs (4–64 μg/mL). Although 

strain YMC2016/04/N62 was resistant to colistin (MIC = 32 μg/mL), it exhibited 

a GT-1 MIC of 0.5 μg/mL. To directly assess the activity of GT-1 in the presence 

of DHA-1 β-lactamase, blaDHA-1 was cloned into ZpUC19 and transformed into 

E. coli DH5α, which resulted in a 16-fold increase in the GT-1 MIC compared to 

the control carrying the empty ZpUC19 vector (Table 3.6). However, in 

combination with the β-lactamase inhibitor GT-055, the GT-1/GT-055 MICs 

decreased to ≤0.12 μg/mL, except for strains YMC2010/10/P347 and 

YMC2012/08/C631. In YMC2010/10/P347, the GT-1 MIC decreased 4-fold to 

16 μg/mL when combined with GT-055, which was similar to the MIC for GT-
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055 alone. No change in GT-1 MIC (0.5 μg/mL) was observed against strain 

YMC2012/08/C631 (IMP-1) in combination with GT-055. 

Table 3.6. Minimum inhibitory concentrations (MICs) of transformed E. 

coli DH5α strains 

 

 ↑: the arrow indicated the increase in fold change 

The siderophore uptake systems and integrity of ompK35 and ompK36 were 

also investigated to elucidate the role of the siderophore transporters and porin 

loss on GT-1 MICs against K. pneumoniae (Table 3.5). No deletion or early 

termination of tonB or exbD was observed, but iroN was absent in all of the 

isolates. The deletion of exbB was observed in strain YMC2011/8/B10311, but 

the GT-1 MIC was low at 0.5 μg/mL. The GT-1 MIC was ≤1 μg/mL in strain 

YMC2011/07/B7207, in which fecA, fiu, and fyuA were deleted; in strain 

YMC2013/7/B3993 in the absence of fepD, fiu, cirA, and fyuA, in strain 

YMC2011/7/B774 with the deletion of fecA, fiu, fhuA, and fyuA, and in strain 

YMC2012/8/C631 with the deletion of fecA, fiu, cirA, fhuA, and fyuA. 

Additionally, the single deletion of ompK35 in strain YMC2013/7/B3993 and 

double deletion of ompK35 and ompK36 in strain YMC2010/10/R2142 did not 

result in high GT-1 MICs. This suggested that mutations in the siderophore 

transporter genes fecA, fiu, cirA, fhuA, or fyuA and the porin genes ompK35 or 

ompK36 do not markedly affect GT-1 MICs. Early termination of fiu in strain 

YMC2011/7/B36 and deletion of fecA in strain YMC2011/11/B7578 were 

associated with GT-1 MICs of 16 and 64 μg/mL, respectively. However, similar 

mutations were also observed in strains exhibiting low GT-1 MICs, so the 

importance, if any, of these mutations in determining GT-1 MICs in strains 
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YMC2011/7/B36 and YMC2011/11/B7578 remains unclear. Although there was 

only one deletion of iroN in the siderophore uptake system in strain 

YMC2010/10/P347, this strain exhibited a high GT-1 MIC of 64 μg/mL. The low 

MIC for the combination of GT-1/GT-055 with this isolate (relative to GT-1 

alone or GT-055 alone) was consistent with the high GT-1 MICs reflecting the 

activity of β-lactamases inhibited by GT-055. 

3. In vitro activity of GT-1 and GT-1/GT-055 against A. baumannii panel 

strains 

The antimicrobial activity of GT-1 and GT-055 was examined against 

Acinetobacter spp. isolates exhibiting various β-lactam resistance mechanisms, 

including one narrow-spectrum oxacillinase–producing strain, three ESBL- and 

AmpC-co-producing strains, two AmpC- and carbapenemase-co-producing 

strains, and five ESBL-, AmpC- and carbapenemase-co-producing strains. The 

broad range of β-lactamase producers represented among the panel strains 

included non-ESBL (CARB-8, TEM-1D), ESBL (PER-1, OXA-66), AmpC 

(ADC-22, ADC-25, ADC-30, ADC-31, ADC-77), and carbapenemase (OXA-23, 

OXA-82, OXA-120, OXA-213, OXA-421, OXA-499, OXA-506, SIM-1) 

producers (Table 3.4). The samples were isolated from different sources, 

including stool (6 isolates), blood (2 isolates), peritoneal fluid (2 isolates), and 

catheter tip (1 isolate). 

GT-1 MICs ranged from 0.5 to 2 μg/mL among isolates producing OXA-

ESBL (OXA-66), OXA-carbapenemases (OXA-23, OXA-82, OXA-120, OXA-

213, OXA-421, OXA-499), and ADC-type (ADC-25, ADC-30, ADC-77) AmpC 

β-lactamases. A reduction of >64- to 256-fold in GT-1 MICs was observed when 

compared to ceftazidime (MICs 4 to >256 μg/mL), and a 16- to 64-fold reduction 

was observed when compared to carbapenem (MICs 0.5 to 32 μg/mL). 

Nonetheless, strains producing PER-1 exhibited high GT-1 MICs, ranging from 

16 to 256 μg/mL, and E. coli DH5α encoding ZpUC19:: blaPER-1 exhibited a 1024-
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fold increase in GT-1 MIC in comparison with E. coli DH5α harbouring the 

empty vector (Table 3.6). The increase in GT-1 MIC supports the hypothesis that 

GT-1 is susceptible to PER-1 β-lactamase. 

GT-1, in combination with GT-055, decreased the MICs for several ESBL-

AmpC- and ESBL-AmpC carbapenemase-producing isolates. In particular, the 

GT-1 MIC decreased by 32-fold in strain YMC2003/01/R306, which produces 

PER-1 and ADC-25. In addition, a 32-fold reduction in GT-1 MIC from 256 to 8 

μg/mL was observed in strain YMC2003/05/C86, which produces PER-1, ADC-

31, and OXA-82. However, the combination of GT-055 and GT-1 was not as 

significant as it was against E. coli and K. pneumoniae, with only 2 of 11 strains 

exhibiting a more than 4-fold reduction in MIC (Table 3.4). GT-1/GT-055 MICs 

were equal to or lower than CAZ-AVI or AZT-AVI for all isolates. Specifically, 

CAZ-AVI MICs ranged from 4 to >256 μg/mL, and AZT-AVI MICs ranged from 

8 to 128 μg/mL, whereas GT-1/GT-055 MICs ranged from 1 to 128 μg/mL. In 

addition, GT-055 exhibited no detectable intrinsic activity against any of the 

Acinetobacter spp. isolates (MIC > 256 μg/mL). 

The porin and siderophore uptake systems and their correlation with GT-1 

MICs were also investigated (Table 3.5). Only one tonB system is present in E. 

coli and K. pneumoniae. Whereas in Acinetobacter spp., there are three different 

tonB systems, including tonB, tonB2, and tonB3. However, the tonB3 system was 

recognised as the main siderophore uptake system 92, and it was well conserved 

among the strains we tested. Only 4/11 strains (YMC2012/07/R3167, 

YMC2011/02/C582, YMC2003/05/C86, YMC2013/03/R2081) harboured intact 

tonB, exbB, and exbD genes. Only 2/11 strains (YMC2013/03/R2081 and 

YMC2009/02/B2968) had early termination of exbD3, with GT-1 MICs of 16 

and 1 μg/mL, respectively. The low GT-1 MIC against the exbD3 mutant strain 

YMC2009/02/B2968 demonstrated that the deletion of exbD3 has no effect on 

GT-1 MIC. In addition, 10/11 and 9/11 strains had a deletion or early termination 

in bauA and piuA, respectively. The absence or presence of pirA, fhuA, and bfnH 
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did not correlate with high GT-1 MICs against Acinetobacter spp. Moreover, no 

deletions of oprD, carD, or 33_36 kDa were observed in the strains exhibiting a 

high GT-1 MIC (YMC2003/01/R306, YMC2011/02/C582, and 

YMC2003/05/C86). This suggested that the high GT-1 MICs against Acinetobacter 

spp. were not caused by the loss of porins. 

  



 

67 
 

IV. DISCUSSION 

Resistance among Gram-negative species to existing classes of 

antimicrobials, including carbapenems, has limited treatment options for 

clinicians. In some cases, the only effective option is colistin, a drug once 

abandoned due to its serious side effect profile. However, the effectiveness of 

colistin has decreased as a result of the rapid spread of mcr-like genes.107 The 

next generation of antibiotics should include new agents that would impede the 

development of antibiotic resistance in MDR bacteria. Siderophore-antibiotic 

conjugants may partially fulfill this requirement. Because ferric ion is 

indispensable for bacterial growth and virulence,108,109 any mutations in 

siderophore uptake systems during antibiotic treatment could lead to the loss of 

bacterial virulence, thus ultimately reducing pathogenicity in host cells. In 

addition, siderophore uptake may involve more than one siderophore transporter 

system;110 hence, a single mutation in or deletion of one transporter may not 

completely prevent siderophore-mediated influx. Consequently, in most cases, 

multiple mutations in different bacterial siderophore uptake transporters are 

required to effectively limit the entry of a siderophore-antibiotic conjugate.110 

More importantly, loss of function of tonB or tonB3 (in Acinetobacter spp.), 

which encodes the primary proton motive force provider for active transport in 

Gram-negative bacteria, can completely retard bacterial growth in iron-depleted 

environments, such as occurs during infection.92,111 

In this study, the novel siderophore cephalosporin, GT-1, exhibited potent 

activity against many E. coli, K. pneumoniae and Acinetobacter spp. MDR 

strains. However, high GT-1 MICs were observed for some strains. Non-

susceptibility to GT-1 exhibited by some K. pneumoniae strains was often 

associated with the presence of AmpC β-lactamase DHA-1, for which the GT-1 

MICs ranged from 4 to 64 μg/mL, with the exception of strain 

YMC2011/11/B1440. As we found no sequence differences over nearly 1000 bp 

upstream of the blaDHA-1 gene (data not shown), reduced blaDHA-1 expression 
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seems an unlikely explanation; thus, the reason for the lower GT-1 MIC for this 

isolate remains to be determined. As expected, an increase in GT-1 MIC was 

observed in strain DH5α, which was transformed with ZpUC19::blaDHA-1, 

confirming the sensitivity of GT-1 to β-lactamase DHA-1. 

In Acinetobacter spp. panel strains, very high GT-1 MICs were observed in 

strains harbouring blaPER-1, including YMC2003/01/R306, YMC2011/2/C582, 

YMC2003/5/C86, and YMC2013/3/R2081. The significant increase in GT-1 

MIC (≥1024-fold, to 32 μg/mL) in E. coli DH5α transformed with 

ZpUC19::blaPER-1 supports the hypothesis that blaPER-1 contributes to higher GT-

1 MICs in Acinetobacter spp. strains. 

Another important aspect of our study was the systemic evaluation of 

siderophore uptake systems and porin loss in E. coli and K. pneumoniae panel 

strains and the resulting effect on GT-1 MICs. Previous reports demonstrated that 

single and double knock-out mutations of cir and fiu in E. coli decrease inhibition 

zones of catecholate siderophore-conjugated antibiotics.110 However, our data 

suggest that GT-1 is efficiently transported into E. coli and K. pneumoniae cells 

with multiple defects in siderophore transporters. This could be explained by the 

structure of the GT-1 siderophore, which is a fusion of hydroxamate and 

catecholate that can be transported via hydroxamate or catecholate receptors. In 

addition, GT-1 did not exhibit a decrease in potency against isolates with single 

or double deletions of the porin genes ompC and/or ompF in E. coli or of ompK35 

and/or ompK36 in K. pneumoniae. These results were in accordance with 

previous findings regarding siderophore-conjugated antibiotics110 and suggest 

that the novel siderophore dihydroxypyridone is a suitable conjugant for the 

development of novel antibiotics. We observed similar findings for GT-1 with 

Acinetobacter spp. strains. In our analyses, GT-1 MICs were not high in double 

or triple bauABCDE mutants in strains YMC2012/09/R2209, YMC2012/01/R79, 

YMC2011/07/R812, and YMC2003/01/R306. This supports the hypothesis that 

GT-1 can be taken up via a transport system other than that involved in 
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acinetobactin uptake and underscores the need for additional studies of GT-1 in 

this species. 

Our study also demonstrated that GT-1 is active against Acinetobacter spp. 

AmpC-producing strains (CMY-2-, ADC-22, ADC-25, ADC-30, ADC-31, 

ADC-77), OXA-carbapenemase-producing strains (OXA-23, OXA-48, OXA-82, 

OXA-120, OXA-213, OXA-412, OXA-499), a serine carbapenemase-producing 

strain (KPC-2) and a metallo-carbapenemase-producing strain (IMP-1), with 

MICs ≤2 μg/mL. The significant potency of GT-1 against Acinetobacter spp. is 

one of its major strengths in comparison with CAZ-AVI, as CAZ-AVI is not 

approved for and exhibits minimal activity against Acinetobacter spp. Another 

important advantage is that GT-1 exhibits activity against IMP-1 metallo-β-

lactamase–producing isolates, whereas avibactam is inactive against metallo-β-

lactamase producers.112 In view of the finding that CAZ-AVI resistance has 

emerged in KPC-producing K. pneumoniae with the L169P mutation in the Ω 

loop of KPC-2 and KPC-3,113,114 GT-1 represents a potential alternative choice in 

the antimicrobial arsenal. An additional advantage we found is the high potency 

of the synergistic combination of GT-055 and GT-1, in which GT-055 enhanced 

GT-1 activity in the presence of β-lactamases in CTX-M‐ (CTX-M-14, CTX-M-

15, CTX-M-27, CTX-M-55, CTX-M-65), SHV- (SHV-12, SHV-83), DHA-1- 

and SIM-1-producing strains. GT-055 exhibits intrinsic activity against many 

Enterobacteriaceae isolates, which likely contributes to its activity in 

combination with GT-1 against isolates of E. coli and K. pneumoniae. Recent 

studies have shown that GT-055 binds tightly to PBP2 in these species; thus, the 

synergistic activity of the combination likely reflects both the ability of GT-055 

to inhibit β-lactamases as well as a direct bactericidal effect via PBP2-associated 

inhibition of cell wall biosynthesis.86 The combination of GT-1/GT-055 exhibited 

better in vitro activity than AZT-AVI and CAZ-AVI, especially against 

Acinetobacter spp. panel strains. 
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V. CONCLUSION 

GT-1 exhibited MICs ≤2 μg/mL against many MDR isolates, including 

ESBL-, AmpC- and carbapenemase-producing E. coli and K. pneumoniae and 

OXA-producing Acinetobacter spp. In addition, GT-055 enhanced the in vitro 

activity of GT-1 against GT-1–resistant E. coli, K. pneumoniae, and some isolates 

of Acinetobacter spp. Finally, DHA-1 and PER-1 increased GT-1 MICs against 

K. pneumoniae and Acinetobacter spp. strains, respectively. 
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CHAPTER IV. Novel Gene Network of β-lactam Resistance in Escherichia 

coli Clinical Isolates 

 
 
 
 
  



 

72 
 

I. INTRODUCTION 

CTX-M-type extended-spectrum β-lactamases (ESBLs) were identified more 

than two decades ago and have been widely spread over the world.115,116 CTX-M- 

ESBLs are also the largest group of ESBLs.117 These β-lactamases can hydrolyze 

third- and fourth-generation cephalosporins, as well as monobactam at different 

levels depending on the subtypes of CTX-M ESBLs. Conventionally, almost 

CTX-M ESBLs display no activity against cephamycin or carbapenem.118  Most 

of CTX-M ESBLs do not hydrolyze carbapenem, however, Poirel et al. has 

recently reported that CTX-M-33, a CTX-M-15 derivative, has low activity 

against carbapenem.119   

Among CTX-M-types, CTX-M-15 and CTX-M-14 have been dominated in 

many regions around the globe. The factors including horizontal gene transfer, 

formation of E. coli clones, high rates of ESBLs in animals have facilitated the 

spread of these CTX-M-types,117 which are mainly found in Enterobacteriaceae, 

especially E. coli.120,121 Due to its high prevalence in environmental and 

veterinary sources, CTX-M-producing Enterobacteriaceae has become a source 

of community-acquired and hospital-related infections.118,122,123 Consequently, a 

high prevalence of urinary tract and bloodstream infections was reported among 

these strains.124–127 This context has created the shift to carbapenem treatment and 

accelerated the evolution of the carbapenem resistance among strains harbouring 

ESBLs. 

Besides the accumulation of additional carbapenemases such as serine 

carbapenemases (KPC-, OXA-, etc) or metallo-carbapenemases (NDM-, IMP-, 

VIM-, etc), carbapenem resistance in ESBL-producing strains also occur with the 

mutations in outer membrane porins such as OmpC and/or OmpF.32 Even though, 

those are the main mechanisms of carbapenem resistance in ESBL-producing E. 

coli, some reports showed those mechanisms were not enough to explain the 

carbapenem-resistant mechanisms in CTX-M- producing E. coli.128 Nuramrum et  
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al. collected the CTX-M- producing E. coli strains from a Thai University 

hospital and characterised the correlation between carbapenem susceptibility 

versus the combination between CTX-M-15 and porin losses. In this study, the 

strain Ec-3, which co-harboured blaCTX-M-15 and blaCMY-2 with the deletion of 

ompC, displayed high ETP MICs (8 μg/ml), IPM (1 μg/ml), MEM (1 μg/ml). 

However, the strain Ec-8, which harboured blaCTX-M-15 with the intact of both 

ompC and ompF, displayed similar ETP MICs and MEM MICs. Similarly, the 

strain Ec-1, which harboured CTX-M-15 with no deletion of either ompC or 

ompF, showed high ertapenem MICs (16 μg/ml), imipenem (1 μg/ml), and 

meropenem (2 μg/ml). More importantly, even though the strain Ec-7 harboured 

only blaCTX-M-15 with the deletion of ompC, the MICs of ertapenem, imipenem, 

meropenem, were 4-fold, 8-fold, and 4-fold higher than those in the strain Ec-3, 

respectively. This suggested that there are additional mechanisms involved in 

higher level carbapenem MICs besides the combination between ESBLs and 

porin losses. In the panel strains which were described in the Chapter II, the strain 

YMC2018/11/B3392 harboured blaCTX-M-15 and loss of porin OmpF (Table 2.3), 

but it was susceptible to meropenem with MIC ≤0.12 μg/ml. For that reason, it is 

worthy to investigate the additional mechanisms relating to the high level of 

carbapenem resistance in the non-carbapenemase carbapenem-resistant E. coli 

strains. To investigate the additional elements causing high carbapenem MICs, 

we collected the strains which turned from susceptibility to resistance under the 

carbapenem treatment from our hospital bacterial bank. After that, the clonality 

between strains was checked, followed by phenotypic, genomic, and 

transcriptomic characterization to elucidate the additional factors which can 

cause the carbapenem resistance. 
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II. MATERIALS AND METHODS 

1. Selection of bacterial isolates and species identification 

Bacterial strains isolated from the same patients before and after carbapenem 

treatment were selected for identifying transformation from carbapenem 

susceptibility to carbapenem resistance. The bacterial species was re-confirmed 

by MALDI-TOF M/S (ASTA MicroIDSys system, Daejeon, South Korea) as 

described above. Bacterial clonality was determined by enterobacterial repetitive 

intergenic consensus PCR, and pulsed-field gel electrophoresis as described in 

the below section. 

2. Antimicrobial susceptibility tests 

Antimicrobial susceptibility was assessed by the broth microdilution method 

using Sensititre® panel DKMGN (TREK Diagnostic Systems, UK) according to 

the manufacturer's instructions. Broth microdilution was performed for ETP, IPM, 

MEM, ETP-clavulanate (2:1), and MEM-clavulanate (2:1) according to CLSI 

guidelines.52 The results were interpreted using the CLSI guidelines (2018).53 

3. Bacterial growth measurement 

A single E. coli colony was inoculated in ten ml of Luria-Bertani (LB) broth. 

Subsequently, the inoculated broth was cultured overnight at 37oC with constant 

agitation at 200 rpm. 500 μl of overnight broth was transferred into 50 ml of LB 

broth and incubated at 37oC with constant shaking. Bacterial growth was 

measured at OD 600 nm using UV-2401PC spectrophotometer (Shimadzu, Kyoto, 

Japan) at different time points. 

4. Enterobacterial repetitive intergenic consensus PCR (ERIC-PCR) 

ERIC-PCR was performed as described previously.129 Briefly, amplification 

reaction was performed for 30 cycles at 52oC annealing temperature on a T100TM 

Biorad thermocycler with the ERIC1R (5’- 



 

75 
 

ATGTAAGCTCCTGGGGATTCAC-3’) and ERIC2 (5’- 

AAGTAAGTGACTGGGGTGAGCG-3’) primers. 

5. Pulsed-field gel electrophoresis (PFGE)  

Overnight bacterial culture was suspended in 1 ml of cell suspension buffer 

(100 mM Tris, 100 mM EDTA) to obtain OD600 of 0.8-1. 200 μl of the suspended 

solution was treated with 10 μl of protein kinase (20 mg/ml). The solution was 

then mixed with 220 μl of 2% InCertTM agarose (Lonza, Rockland, ME, USA) 

and poured into PFGE mold for casting plugs. Plugs were then treated with 

protein kinase, and restriction enzymes including XbaI and SpeI (Takara, Shiga, 

Japan) according to the manufacturer’s instructions (BioRad, Hercules, CA, 

USA). The DNA fragments were separated by the use of a CHEF-DR III 

apparatus (Bio-Rad, Hercules, CA, USA) for 18 hours at 6 V/cm and 14°C with 

initial and final pulse times of 0.5 and 54 seconds, respectively.  

6. DNA extraction and whole-genome sequencing 

 Whole genome DNA extraction was performed using Wizard genomic DNA 

purification kit (Promega, Madison, WI, USA). The quantity and quality of DNA 

samples were checked using NanoDrop spectrophotometer ND-2000 (Thermo 

scientific, Waltham, MA, USA), QuantusTM fluorometer (Promega, Madison, WI, 

USA), and agarose gel electrophoresis. For short-read sequencing, whole genome 

library was performed using TruSeq Nano DNA library preparation kit and 

sequenced on Miseq platform (Illumina, San Diego, CA, USA) using Miseq 

reagent kit v3 (600 cycles – 2x300). For long-read genome sequencing, whole 

genome DNA isolation was performed as described above with minimal pipetting 

to prevent DNA fragmentation. Nanopore sequencing library was prepared using 

SQK-LSK109 ligation kit and EXP-NBD104 native barcoding kit. All genomes 

were sequenced on MinION device using SpotON R9.4 flow cells (Oxford 

Nanopore Technologies, Oxford, United Kingdom).  
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7. Sequence assembly, genome annotation, MLST determination, and 

resistome analysis  

 Hybrid genomic assembly was performed following the previous study.130 

Briefly, trimmomatic v0.39 was performed for trimming adaptors and low quality 

reads of Illumina short-reads. Long-raw reads were trimmed by porechop v0.2.4 

(https://github.com/rrwick/porechop), quality-filtered with filtlong v0.2.0 

(https://github.com/rrwick/Filtlong), and assembled using canu v2.0.131 The 

genome was closed by circlator v1.5.5,132 polished using minimap2 v2.17,133 

nanopolish v0.13,134 and pilon v1.23.135 The chromosome and plasmid contigs 

were differentiated using mlPlasmids.136 The complete genomes were uploaded 

to NCBI with the BioProject accession number PRJNA683199. Rapid 

Annotation using Subsystem Technology (RAST) pipeline was applied for whole 

genome annotation.55 The resistome profiles were investigated using Resfinder 

v.3.1,56 and the detected resistance genes were re-mapped on the NCBI BLAST 

(http://blast.ncbi.nlm.nih.gov) for further verification.57 Geneious pro 8.1.9 

(https://www.geneious.com) was performed for genomic analysis. Bacterial 

sequence typing was conducted using MLST tool 1.8.58 

8. Comparative genomic analysis between E. coli strains 

The pan-genome analysis was performed to identify gene presence or 

absence, as well as soft gene, using Roary pipeline.137 The differences between 

intergenic regions were investigated using Piggy.138 The genetic contexts 

between fragments were drawn using Easyfig v2.2.5.139 Clustal Omega v1.2.4 

was used for nucleotide and protein alignment.140 

9. Cloning 

ompC, ompT, appY, ompD_2 were cloned into ZpUC19 plasmid as described 

above. Primers used for cloning were presented in Table 4.1.  
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Table 4.1. Primer sequences for cloning experiments 

 
  

Primers Sequences (5’ → 3’) 
ompC_clonining_Fwd GCGAGAAGCTTATGAAAGTTAAAGTACTGTCCCTC 
ompC_cloning_Rev GCGATCTAGAGCCCGCAGGCCCTTTGTTCG 
appY_cloning_Fwd ATACAAGCTTGTGGGTGAAAAAAGGTGAG 
appY_cloning_Rev ATATGAATTCTTTCCCCGAGGTGAAAATCG 
ompT_cloning_Fwd ATACAAGCTTGCAAAGCGGAAACAGATAAG 
ompT_cloning_Rev ACGTGAATTCTGCTGTCGCCTATTTTATAC 
ompD_2_cloning_Fwd ATATAAGCTTAACCCCACCTCGCAGACAAAG 
ompD_2_cloning_Rev GCGATCTAGATTAGAACTGGTAAACCAGAC 

The underlined letters indicate the restriction sites. 
 

10. In vitro laboratory evolution of carbapenem resistance  

The carbapenem-susceptible strain was cultured on antibiotic-free 

MacConkey agar at 37oC. One colony was picked up and suspended in distilled 

water to obtain solution with MacFarland 0.5. 50 μl of the solution was mixed 

with 50 μl of meropenem stock and 900 μl of Mueller-Hinton broth containing 

meropenem concentration ranging from 0.00012 to 256 μg/ml. The bacterial 

broth was grown for 24 hours at 37oC with 200 rpm agitation. On the next day, 

50 μl of bacterial growth was inoculated in 100% increment of meropenem 

concentration. The details of the solution preparation are presented in Table 4.2. 

Cell density was measured at 600 nm by WPA biowave CO8000 (Biochrom, 

Cambridge, United Kingdom). The subculture was stopped when there was no 

increase in cell density. 
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Table 4.2. Solution preparation for in vitro evolutionary resistance experiment 
            

Day Step Concentration 
(μg/ml) Source Volume 

(mL) 
 Diluent 

(mL) 
 

Total 
volume 
(mL) 

Intermediate 
concentration 

(μg/mL) 
 Final concentration 

with 1:20 dilution 
  5120 stock -  -   5120  256 

21 1 5120 stock 2  2  4 2560  128 
20 2 5120 stock 1  3  4 1280  64 
19 3 5120 stock 1  7  8 640  32 
18 4 640 step 3 2  2  4 320  16 
17 5 640 step 3 1  3  4 160  8 
16 6 640 step 3 1  7  8 80  4 
15 7 80 step 6 2  2  4 40  2 
14 8 80 step 6 1  3  4 20  1 
13 9 80 step 6 1  7  8 10  0.5 
12 10 10 step 9 2  2  4 5  0.25 
11 11 10 step 9 1  3  4 2.5  0.125 
10 12 10 step 9 1  7  8 1.25  0.0625 
9 13 1.25 step 12 2  2  4 0.625  0.03125 
8 14 1.25 step 12 1  3  4 0.3125  0.015625 
7 15 1.25 step 12 1  7  8 0.156  0.0078 
6 16 0.15625 step 15 2  2  4 0.078  0.0039 
5 17 0.15625 step 15 1  3  4 0.039  0.00195 
4 18 0.15625 step 15 1  7  8 0.0195  0.000976 
3 19 0.01953125 step 18 2  2  4 0.00976  0.000488 
2 20 0.01953125 step 18 1  3  4 0.00488  0.000244 
1 21 0.01953125 step 18 1  7  8 0.00244  0.000122 

(Mixture formular: 50 μl bacteria solution + 50 μl meropenem stock + 900 μl Muller-Hinton broth) 
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11. Quantification of gene expression using reverse transcriptase-PCR 

A single bacterial colony was inoculated in five ml of LB medium and 

incubated with 200 rpm agitation at 37oC. Total RNA extraction was conducted 

in reference to the QIAGEN RNeasy protocol using RNeasy mini kit (Qiagen, 

Hilden, Germany). In brief, 500 µl of bacterial culture was collected at 

exponential phase (OD600, 0.5-0.7), mixed with one ml RNA protect bacterial 

reagent (Qiagen, Hilden, Germany), and processed according to the 

manufacturer’s instructions. DNA was eliminated by RNase-free DNase 

(Invitrogen, Carlsbad, CA, USA). The concentration of RNA was measured using 

Nanodrop (Thermo Fisher Scientific, Wilmington, DE, USA). RNA degradation 

and contamination were evaluated on 1% agarose gels. The extracted RNA was 

stored at -80oC for further experiments.  

cDNA synthesis and real-time RT-PCR: one microgram of purified total 

mRNA of each isolate was converted to cDNA by the Moloney Murine Leukemia 

Virus Reverse Transcriptase (M-MLV RT) cDNA synthesis kit (Enzynomics, 

Daejeon, South Korea) in reference to the manufacturer’s instructions. 100 ng of 

synthesized cDNA was applied for qPCR reaction using iQ SYBR Green 

Supermix (Biorad, Hercules, CA, USA). Forward and reverse primer pairs were 

mentioned in Table 4.3. cysG was selected as the reference gene according to 

previous studies.141,142 E. coli ATCC 25922 was used as the reference strain.  
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Table 4.3. List of primers used for investigating the expression of up-

regulated sulfur metabolism pathway and blaCTX-M-55 using qRT-PCR 
   

Primers Sequences (5’ → 3’) Target length (bp) 
cysT_Fwd CATCGGCACCAGCAGGATGAAC 75 
cysT_Rev TCGGTGATCCTCGCGGCATC  
cysA_Fwd GCGCTTTGTGCGAGAGCAAG 75 
cysA_Rev GCAACATGCGCGGCTGTATAAC  
cysN_Fwd CCAGTCCGGCTTCAACCATC 106 
cysN_Rev GTTCGCCACGGATTATGCAG  
cysI_Fwd CAGCCTGTTACACGCATCAC 87 
cysI_Rev CCTGCCGTCTTTTATCGACAAC  
cysG_Fwd TTGTCGGCGGTGGTGATGTC 105 
cysG_Rev ATGCGGTGAACTGTGGAATAAACG  
ssuDA_Fwd AGATCTGCCGTTTGCTGCTG 121 
ssuDA_Rev TGGCAAAAACGATGGGCTTAC  
tauACB_Fwd TACTTCTCCATGCCAGGGCGT 87 
tauACB_Rev ATCGCGGTGATTGCGATTATCG  
cysE_Fwd GTGAAGAACTGGAAATTGTCTGGAAC 90 
cysE_Rev CGTGGTAAAAACTGGCCAGCA  
cysK_Fwd TGTTGCAGCAGCAGGTATTTCTC 119 
cysK_Rev TGAAAGCGTTAGGTGCAAACCTG  
blaCTX-M-55_Fwd GCTATGGCACCACCAACGATATC 88 
blaCTX-M-55_Rev GGTTGAGGCTGGGTGAAGTAAG  
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12. Transcriptome sequencing  

The total RNA was extracted as described above with additional quality 

confirmation steps. In detail, RNA integrity and quantification were checked 

using the RNA Nano 6000 assay kit with the Bioanalyzer 21000 system (Agilent 

Technologies, CA, USA). Sequencing libraries were generated using NEBNext 

UltraTM RNA Library Prep Kit for Illumina (New England Biolabs, MA, USA) 

following the manufacturer’s recommendations. The transcriptome raw data were 

deposited to NCBI databank with the BioProject accession number 

PRJNA683805. 

13. Whole transcriptome data analysis 

All RNA-seq reads were trimmed using trimmomatic v0.39 89. Bowtie2 was used 

for building index of the reference genome and aligning clean reads to 

reference genome.90 FeatureCounts were used to count the reads numbers mapped 

to each gene. Then, fragment per kilobase per million reads mapped (FPKM) of 

each gene was calculated based on the length of the gene and reads count mapped 

to that gene.143 Differential expression analyses of two groups (three biological 

replicates per condition) were performed using the DESeq2 R package.144 The 

resulting p-values were adjusted using the Benjamini and Hochberg’s approach 

for controlling the false discovery rate.145 Genes with an adjusted p-value <0.05 

found by DESeq were assigned as differentially expressed. 

 GO and KEGG enrichment analyses of differentially expressed genes: Gene 

Ontology (GO) enrichment analyses of differentially expressed genes were 

implemented by the clusterProfiler R package,146 in which gene length bias was 

corrected. GO terms with corrected P value less than 0.05 were considered 

significantly enriched by differential expressed genes. Kyoto Encyclopedia of 

genes and genomes (KEGG) database resource were used to identify the related 

biological pathways (http://www.genome.jp/kegg/). ClusterProfiler R package 

was also used to test the statistical enrichment of differential expression genes in 
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KEGG pathways.146 

Gene network of up and down-regulated genes were constructed using 

EcoliNet webtool (https://www.inetbio.org/ecolinet/), which was developed by 

Kim et al.147 In brief, the up- and down-regulated genes with |log2foldchange| ≥1 

were mapped to the genome of E. coli MG1655-K12 (GenBank accession number: 

U00096.3). The mapped genes with corresponding locus tags were used as the 

inputs for identifying the gene interactions. Thereafter, the gene network was 

visualized using Cytoscape v3.8.148  

14. Galleria mellonella experiment 

Galleria mellonella was used as an insect model to study virulence. The 

method of infection was performed as previously described.149 Bacterial isolates 

were grown on LB media and harvested at exponential phase. Phosphate buffer 

was used to dilute bacterial solution to McFarland of 0.5. Ten μl of the sample 

was injected into the last left proleg of the larva using Hamilton syringe. The 

infected larvae were placed in Petri dishes following 37°C incubation. The 

survival rate of larvae was measured after 24 hours for four days. 

  

https://www.inetbio.org/ecolinet/
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III. RESULTS 

1. Phenotypic and genomic characterization of E. coli pairs from 

susceptibility to resistance  

We screened the E. coli pairs isolated from 2015 to 2018, which transformed 

from susceptibility to resistance. 18 E. coli pairs were selected for investigating 

the clonality using ERIC PCR and PFGE. Finally, E. coli pair including 

YMC2016/01/B4326 (renamed as ECO_01_S) and YMC2016/02/U1671 

(renamed as ECO_02_R) was selected for further investigation.  

Phenotypic and genomic characteristics of the E. coli pair were described in 

Table 4.4-4.5, respectively. Both strains belonged to sequence type 69. However, 

the susceptible strain ECO_01_S was isolated from blood while the resistant 

strain was isolated from urine. Antibiotic susceptibility with MIC showed that 

both strains displayed high resistance to amoxicillin-clavulanate (≥128/64 μg/ml), 

cefotaxime (≥16 μg/ml), gentamicin (≥16 μg/ml), tobramycin (≥16 μg/ml), and 

trimethoprim-sulfamethoxazole (8/152 μg/ml). In addition, two strains were 

susceptible to amikacin (4 μg/ml), colistin (1 μg/ml), tigecycline (0.5 μg/ml) at 

the same level. While ECO_01_S was susceptible to piperacillin-tazobactam 

(MIC of 1/4 μg/ml), ceftolozane-tazobactam (≤0.5/4 μg/ml), aztreonam (≤0.5 

μg/ml), ceftazidime-avibactam (≤0.5/4 μg/ml), ciprofloxacin (0.25, μg/ml), MICs 

of ECO_02_R increased to at least 64-fold in piperacillin-tazobactam, at least 

128-fold in ceftolozane-tazobactam and aztreonam, 4-fold in ceftazidime-

avibactam, and 2-fold in ciprofloxacin (Table 4.4). The MICs of ertapenem, 

imipenem, and meropenem were at 0.03, 0.12, and 0.015 μg/ml in ECO_01_S, 

respectively. In ECO_02_R, the MICs of ertapenem and meropenem were at 8 

μg/ml, which was 256-fold and 512-fold higher than those in ECO_01_S. 

However, the MIC of imipenem was at 1 μg/ml, which displayed 8-fold higher 

than the one in ECO_01_S. 

Both strains showed the same plasmid replicon types including Col156,  
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Col8282, ColpVC, IncFIB, IncFII, and IncI1 as well as the same virulence factors 

including air, eilA, gad, iha, iss, ipfA, sat, and senB. Resistome analyses 

displayed the same profile between two strains including mdf(A), mph(A), tet(A), 

dfrA17, aac(3)-IIa, aadA5, sul1, blaTEM-1B, blaCTX-M55. Porin analyses identified 

the deletion of nucleotide position 387 in ompC in the resistant strain ECO_02_R, 

which resulted in early termination (Table 4.5). However, the complementation 

of ompC did not fully reverse the resistant phenotype, though there was 16-fold 

reductions in meropenem and ertapenem MIC to 0.5 μg/ml, and 2-fold reduction 

in imipenem MIC to 0.5 μg/ml (Table 4.4). This suggested the additional 

mechanisms involving in the carbapenem resistance, especially in ertapenem and 

meropenem.  

Genomic comparison using roary and piggy identified the deletion of 46,618 

bp fragment in carbapenem-resistant ECO_02_R as compared to carbapenem-

susceptible ECO_01_S (Figure 4.1). This fragment contained 62 coding 

sequences (Table 4.6). Among those, 59 were identified as phage related genes. 

Three genes involving appY (HTH-type transcriptional regulator), ompT (outer 

membrane protease VII), ompD_2 (outer membrane porin OmpD_2) were related 

to bacterial genome. The vectors including ZpUC19::appY and ZpUC19::ompT 

were constructed and complemented to carbapenem-resistant ECO_02_R. 

Meropenem MICs decreased 2-fold and 8-fold in the ZpUC19::appY and 

ZpUC19::ompT complemented ECO_02_R as compared to the blank ZpUC19 

complemented ECO_02_R, respectively (Table 4.4). Same reduction level (4-

fold) in ertapenem MIC was observed in both ZpUC19::appY and 

ZpUC19::ompT complemented ECO_02_R. However, there was only 2-fold 

reduction in imipenem MIC in both ZpUC19::appY and ZpUC19::ompT 

complemented ECO_02_R. This suggested that ompT and appY contributed to 

the low levels of meropenem and ertapenem MIC in carbapenem-susceptible 

ECO_01_S.  

Two copies of outer membrane porin ompD (ompD_1, ompD_2) were 
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identified in carbapenem-susceptible ECO_01_S. The first copy of ompD also 

existed in carbapenem-resistant ECO_02_R (Figure 4.2), the other copy of ompD 

was on the phage fragment and existed only in carbapenem-susceptible 

ECO_01_S (Figure 4.1). Nucleotide alignment using Clustal Omega v1.2.4 

identified 69.4% similarity and 30 gaps between two copies (Figure 4.3). Protein 

alignment identified 68.91% similarity and 10 gaps (Figure 4.4). This suggested 

that the protein structure and function of OmpD_2 are different from OmpD_1. 

To test the involvement of OmpD_2 in the carbapenem resistance, 

ZpUC19::ompD_2 was transformed into carbapenem-resistant ECO_02_R. 

When ompD_2 was complemented, there was 8-fold reduction of both ertapenem 

and meropenem MIC. Similar to appY and ompT, there is only 2-fold reduction 

in IPM MIC (Table 4.4).  

In addition, while there is only one copy of blaCTX-M-55 in ECO_01_S located 

on the IncI1 plasmid (pB4326_1), three copies of blaCTX-M-55 were identified in 

carbapenem-resistant ECO_02_R (Figure 4.5). One copy (blaCTX-M-55_1) locates 

on an IncI1 plasmid (pU1671_1), the other two copies locate on a chromosome 

(blaCTX-M-55_2 and blaCTX-M-55_3). Plasmid comparison showed high similarity 

between pB4326_1 and pU1671_1, and the fragments harbouring blaCTX-M-55_1 

also showed high similarity (Figure 4.5A). The fragment [MEs- blaCTX-M-55_2-trpS] 

(2677bp) was inserted between phosphate starvation inducible gene (psiF) and 

diguanylate cyclase gene (dgcC) in carbapenem-resistant ECO_02_R, whereas 

no insertion in carbapenem-susceptible ECO_01_S (Figure 4.5B). The third copy 

of blaCTX-M-55 locates on the consensus fragment [hp1, hp2, umuD, umuC, parC, 

hp3, hp4, trpS, blaCTX-M-55_3, MEs] (9197bp). This consensus fragment was 

disrupted in the middle of the multi-drug resistant regulator (ermR) at nucleotide 

position 138 and split this gene into two fragments (Figure 4.5C). We also 

confirmed the copy number of blaCTX-M-55 in blank ZpUC19, ZpUC19::ompC, 

ZpUC19::appY, and ZpUC19::ompD_2 complemented ECO_02_R strains using 

PCR with the primers presented in Table 4.7. Three copies of blaCTX-M-55 were 
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presented in all complemented strains as shown in Figure 4.6. Furthermore, the 

expression level of blaCTX-M-55 was also evaluated using qRT-PCR (Figure 4.7). 

The expression of blaCTX-M-55 in ECO_01_S was 8-fold higher than in ECO_02_R. 

There is no significant difference between ECO_02_R and blank ZpUC19 

complemented ECO_02_R. When ZpUC19::ompC, ZpUC19::appY, and 

ZpUC19::ompD_2 were complemented in ECO_02_R, there was approximately 

2-fold reduction in the expression of blaCTX-M-55. This suggested that one of the 

mechanisms causing the reduction in carbapenem MICs is due to all the 

interactions between ompC, appY, ompD_2, and blaCTX-M-55. In addition, the 

expression levels of blaCTX-M-55 in these complemented strains were still 

approximately 4-fold higher than ECO_01_S. This can explain the higher MICs 

of ertapenem and meropenem in the complemented strains as compared to 

ECO_01_S.  

Because the expression of blaCTX-M-55 is inhibited by clavulanate, we 

evaluated the effect of clavulanate on carbapenem susceptibility by combining 

either ertapenem or meropenem and clavulanate with the ratio 2:1. As shown in 

Table 4.8, in ECO_02_R, there was 4-fold reduction in the ertapenem-clavulanate 

MIC in comparison with ertapenem alone. Whereas there was only 2-fold 

reduction of meropenem MIC when combined with clavulanate. This suggested 

that the high ertapenem MIC was caused by the high level of blaCTX-M-55 

expression and the activity of blaCTX-M-55 against ertapenem was stronger than 

meropenem. Furthermore, there was 2-fold reduction of either ertapenem or 

meropenem MIC when combined with clavulanate in ZpUC19::ompC, 

ZpUC19::appY, and ZpUC19::ompD_2 complemented ECO_02_R. This further 

confirmed the contribution of high expression level of blaCTX-M-55 in ertapenem 

and meropenem resistance. 

 To confirm whether the carbapenem-susceptible ECO_01_S can turn to be 

resistant under carbapenem treatment, we performed in vitro evolution 

experiment with 100% increment of meropenem concentrations after every 24 
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hours. However, no growth was observed at day 12 with 0.25 μg/ml meropenem 

broth at least three times of the experiments (Table 4.9). The failure to produce 

carbapenem-resistant strain in meropenem-selection media suggested the 

carbapenem resistance of this strain required a more complicated environment to 

evolve the resistance. This also suggested that the deletion of ompC alone cannot 

promote the carbapenem resistance in this strain.  

Further analyses showed that there are three copies of antigen 43 – flu gene 

in both ECO_01_S and ECO_02_R. We here presented the three copies of flu 

according to its order in the chromosome as flu_1, flu_2, flu_3. Gene contexts 

surrounding three copies were shown in Figure 4.8. yeeP constantly presents in 

the upstream of three copies of flu, whereas different gene fragments present in 

the downstream of those. In ECO_02_R, flu_2 was mutated at position 1257 

(delA). In ECO_01_S, all three copies of flu have deletion mutations: flu_1, 

1457_1458 delTC; flu_2, 1808 delA; flu_3, 1334 delG. Deletion mutations in flu 

genes resulted in the early termination at different positions in Flu proteins 

(Figure 4.9). It was observed that the first 420 amino acids are mostly conserved 

among Flu proteins in both strains. The earliest termination occurred at position 

425 in ECO_02_R Flu_2. In ECO_01_S, the termination happened at position 

454, 488, 604 in Flu_3, Flu_1, Flu_2, respectively. 

Moreover, the pglF gene which encodes for UDP-N-acetylglucosamine 4,6-

dehydratase, was disrupted by mobile elements at the position 390 in 

carbapenem-resistant ECO_02_R (Figure 4.10). The genetic changes between 

two strains were summarized in Table 4.10. 
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Table 4.4. Antibiotic susceptibility of carbapenem-susceptible ECO_01_S and carbapenem-resistant ECO_02_R, and 

complemented strains 
    

 
ECO_01_S ECO_02_R 

ECO_02_R complemented strains 

 Antibiotics Blank ZpUC19 ZpUC19::ompC ZpUC19::appY  ZpUC19::ompT ZpUC19::ompD_2 

AMC    ≥128, R    ≥128, R     ≥128, R     ≥128, R     ≥128, R     ≥128, R      ≥128, R 
TZP    1, S    ≥64, R     ≥64, R     ≥64, R     ≥64, R     ≥64, R      ≥64, R 
C/T    ≤0.5, S    ≥64, R     ≥64, R     ≥64, R     ≥64, R     ≥64, R      ≥64, R 
CTX    ≥16, R    ≥16, R     ≥16, R     ≥16, R     ≥16, R     ≥16, R      ≥16, R 
CAZ    8, I    ≥32, R     ≥32, R     ≥32, R     ≥32, R     ≥32, R      ≥32, R 
ATM    ≤0.5, S    ≥64, R     ≥64, R     ≥64, R     ≥64, R     ≥64, R      ≥64, R 
CZA    ≤0.5, S    2, S     2, S     1, S     2, S     1, S      2, S 
ETP*    0.03, S    8, R     8, R     0.5, S     2, R     2, R      1, S 
IPM*    0.12, S    1, S     1, S     0.5, S     0.5, S     0.5, S      0.5, S 

MEM*    0.015, S    8, R     8, R     0.5, S     4, R     1, S      1, S 
CST    1, S    1, S     0.5, S     0.5, S     0.5, S     0.5, S      0.5, S 

AMK    ≤4, S    ≤4, S     ≤4, S     8, S     ≤4, S     8, S      ≤4, S 
GEN    ≥16, R    ≥16, R    ≥16, R    ≥16, R     ≥16, R     ≥16, R      ≥16, R 
TOB    ≥16, R    ≥16, R    ≥16, R    ≥16, R     ≥16, R     ≥16, R      ≥16, R 
CIP    0.25, S    0.5, S     0.5, S     0.5, S     0.5, S     0.5, S      0.5, S 
SXT    8, R    8, R     8, R     8, R     8, R     8, R      8, R 
TGC    0.5, S    0.5, S     0.5, S     0.5, S     0.5, S     0.5, S      0.5, S 

Abbreviation: AMC, amoxicillin/clavulanic; TZP, piperacillin/tazobactam; C/T, ceftolozane/tazobactam; CTX, cefotaxime; CAZ, 

ceftazidime; ATM, aztreonam; CZA, ceftazidime/avibactam; ETP, ertapenem; IPM, imipenem; MEM, meropenem; CST, Colistin; 

AMK, amikacin; GEN, gentamicin; TOB, tobramycin; CIP, ciprofloxacin; SXT, trimethoprim/sulfamethoxazole; TGC, tigecycline. 

Antimicrobial susceptibility was assessed by the broth microdilution method using Sensititre® panel DKMGN (TREK Diagnostic 

Systems, UK) according to the manufacturer's instructions. The results were interpreted using the CLSI guidelines (2018).53
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Table 4.5. MLST, plasmid replicon types, virulence factors, resistance genes 

of E. coli pair 

 
   

Parameters ECO_01_S ECO_02_R 
MLST 69 69 
Isolation site Blood Urine 
Plasmid replicon type(s) Col156, Col8282, 

ColpVC 
IncFIB, IncFII, IncI1 

Col156, Col8282, 
ColpVC 
IncFIB, IncFII, IncI1 

Virulence factors air, eilA, gad, iha, iss, 
ipfA, sat, senB 

 air, eilA, gad, iha, iss, 
ipfA, sat, senB 

Resistance genes 

mdf(A), mph(A) 
tet(A) 
dfrA17 
aac(3)-IIa, aadA5 
sul1 
blaTEM-1B 
blaCTX-M55 

mdf(A), mph(A) 
tet(A) 
dfrA17 
aac(3)-IIa, aadA5 
sul1 
blaTEM-1B 
blaCTX-M55 

ompC, ompF +/+ Early termination/+ 

appY + - 

ompT + - 
ompD_2 + - 
Phage related genes + - 
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Figure 4.1. Genomic comparison of the integrated phage genes’ fragment in ECO_01_S and ECO_02_R. (A) Schematic 

representation of the phage related genes presence in ECO_01_S, but not in ECO_02_R. The schematic view was drawn using 

Easyfig software. The gray blocks between sequences indicate regions of shared similarity shaded according to BLASTn. The 

degree of sequence similarity is indicated by the intensity of gray. (B) Schematic view of the classified phage genes including 

integrase, phage-like proteins, phage protease, tail shaft, coat protein, fiber protein, and hypothetical proteins.  
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Table 4.6. Protein and gene names locating in the phage fragment of 

ECO_01_S 

 
      

No. Protein name Gene 
name Start End Length 

1 tRNA-Arg-TCT N/A 58 134 77 

2 Phage integrase   N/A 150 1,313 1,164 

3 FIG00639352: hypothetical protein   N/A 1,512 1,790 279 

4 Phage TraR/YbiI family protein   N/A 1,838 2,056 219 

5 Phage protein orf61   N/A 2,149 2,370 222 

6 Phage protein orf63   N/A 2,447 2,638 192 

7 Phage protein orf60a   N/A 2,611 2,793 183 

8 Phage exonuclease (EC 3.1.11.3)   N/A 2,790 3,470 681 

9 Phage recombination protein Bet   bet 3,467 4,252 786 

10 Phage host-nuclease inhibitor protein Gam   gam 4,258 4,554 297 

11 COG0744: Membrane carboxypeptidase  N/A 4,630 4,836 207 

12 FIG00641557: hypothetical protein   N/A 5,319 6,251 933 

13 Hypothetical protein   N/A 6,248 6,721 474 

14 Phage repressor protein cI   N/A 6,803 7,558 756 

15 Phage transcriptional regulator cro   cro 7,597 7,827 231 

16 Phage activator protein cII   cII 7,897 8,436 540 

17 Phage DNA replication protein O   N/A 8,448 9,452 1,005 

18 Phage DNA replication protein P   N/A 9,449 10,150 702 

19 Phage exclusion protein ren   ren 10,147 10,449 303 

20 Chromosome segregation ATPase   N/A 10,698 12,200 1,503 

21 Phage Rha protein   rha 13,013 13,621 609 

22 Hypothetical protein   N/A 13,860 14,366 507 

23 Uncharacterised protein YbcN   ybcN 14,561 15,016 456 

24 Phage protein NinE   ninE 15,016 15,186 171 

25 Uncharacterised protein YbcO   ybcO 15,179 15,469 291 

26 Holliday junction resolvase / Crossover 
junction endodeoxyribonuclease rusA  rusA 15,466 15,828 363 

27 Uncharacterised protein YlcG   ylcG 15,828 15,965 138 

28 Phage antitermination protein Q   N/A 16,051 16,434 384 

29 Outer membrane porin OmpD_2   ompD_2 16,624 17,706 1,083 

30 Phage holin/antiholin component S   N/A 18,280 18,495 216 
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31 Phage lysozyme R (EC 3.2.1.17)   N/A 18,495 18,992 498 

32 Phage endopeptidase Rz   N/A 18,989 19,456 468 

33 Phage protein   N/A 19,444 19,596 153 

34 Hypothetical protein   N/A 19,738 19,902 165 

35 Phage protein YbcV   ybcV 19,948 20,358 411 

36 hypothetical protein   N/A 20,416 20,589 174 

37 Phage head, terminase subunit Nu1   Nu1 21,038 21,583 546 

38 Phage head, terminase DNA packaging 
protein A   N/A 21,558 23,483 1,926 

39 Phage head, head-tail joining protein W   N/A 23,480 23,686 207 

40 Phage head, portal protein B   N/A 23,683 25,284 1,602 

41 Phage head, head-tail preconnector protease C 
/ Phage head, scaffolding domain Nu3   Nu3 25,265 26,584 1,320 

42 Phage head, head-DNA stabilization protein 
D   N/A 26,594 26,926 333 

43 Phage head, major capsid protein E   N/A 26,982 28,007 1,026 

44 Phage head, DNA packaging protein FI   N/A 28,049 28,444 396 

45 Phage head, head-tail joining protein FII   N/A 28,456 28,809 354 

46 Phage tail, component Z   N/A 28,821 29,399 579 

47 Phage tail, component U   N/A 29,396 29,791 396 

48 Phage tail, major tail protein V   N/A 29,799 30,539 741 

49 Phage tail, component G   N/A 30,555 30,977 423 

50 Phage tail, component T   N/A 30,959 31,393 435 

51 Phage tail, tail length tape-measure protein H   N/A 31,386 33,965 2,580 

52 Phage tail tip, assembly protein M N/A 33,962 34,291 330 

53 Phage tail tip, assembly protein L N/A 34,291 34,989 699 

54 Phage tail tip, assembly protein K N/A 34,995 35,737 743 

55 Phage tail tip, assembly protein I N/A 35,734 36,306 573 

56 Phage tail tip, host specificity protein J N/A 36,367 39,864 3,498 

57 Phage tail fiber, side tail fiber protein Stf stf 39,925 42,294 2,370 

58 hypothetical protein N/A 42,291 42,572 282 

59 Phage tail fiber protein N/A 42,582 43,286 705 

60 Hypothetical protein  N/A 43,297 43,590 294 

61 Acid phosphatase transcriptional regulator 
AppY appY 44,266 45,015 750 

62 Protease VII (Omptin) precursor  ompT 45,265 46,218 954 
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ECO_01_S  

 

 

ECO_02_R 

 

 
 

Figure 4.2. Comparison of genetic contexts surrounding ompD_1 in carbapenem-susceptible ECO_01_S and 

carbapenem-resistant ECO_02_R. The yellow and organge arrows indicate hypothetical genes and known genes, respectively.  

The blue arrows indicate ompD_1. 
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Figure 4.3. Nucleotide alignment of two copies of ompD in ECO_01_S using 

Clustal Omega (v1.2.4). The star signs indicate identical nucleotides. 
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Figure 4.4. Protein alignment of two copies of OmpD in ECO_01_S using 

Clustal Omega (v1.2.4). The asterisks (*) indicate fully conserved residues. The 

colons (:) indicate highly conserved residues. The periods (.) indicate weakly 

similar residues. 
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C. 

ECO_01_S  

 

 

ECO_02_R 

 
  

Figure 4.5. Comparison of genetic contexts surrounding three copies of blaCTX-M-55 in carbapenem-resistant ECO_02_R 

and carbapenem-susceptible ECO_01_S. (A) The genetic contexts of blaCTX-M-55 in pB4326_1 and pU1671. (B) & (C) The 

genetic contexts around the second and third copies of blaCTX-M-55 in carbapenem-resistant ECO_02_R and their comparison 

with carbapenem-susceptible 2016/02/B4326. The red, yellow, and orange arrows indicate mobile elements, hypothetical genes, 

and known genes, respectively. The blue arrows indicate blaCTX-M-55.  
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Table 4.7. List of primers used for confirmation of the copy numbers of blaCTX-M-55 using PCR 

   

Primers Sequences (5’ → 3’) Target 
length (bp) 

blaCTX-M-55-1_Fwd CTAATTCGGCAAGTTTTTGCTG 2320 
blaCTX-M-55-1_Rev TGATTCTGCTGCCTGTTCAG  
blaCTX-M-55-2_Fwd CCAAACAGCAGAGGATAAATG 1477 
blaCTX-M-55-2_Rev GAAAAGCACGTCAATGGGAC  
blaCTX-M-55-3_Fwd CTAATTCGGCAAGTTTTTGCTG 1931 
blaCTX-M-55-3_Rev ATGATCCAAGAGCACAACTC  
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Figure 4.6. Confirmation of the existence of three copies of blaCTX-M-55 in carbapenem-susceptible ECO_01_S, 

carbapenem-resistant ECO_02_R, complemented strains using PCR.  Number 1, 2, and 3 represent blaCTX-M-55_1, blaCTX-M-

55_2, and blaCTX-M-55_3 , respectively. In carbapenem-susceptible ECO_01_S, only blaCTX-M-55_1 was presented, while in the 

remaining strains, 3 copies of blaCTX-M-55 were detected. 
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Figure 4.7.  Expression of blaCTX-M-55 in carbapenem-susceptible ECO_01_S, 

carbapenem-resistant ECO_02_R, and complemented strains using qRT-

PCR. The experiments were done in triplicates. The data were presented as 

mean ± standard errors. “ns” indicates non-significant. **: p <0.01, ***: p 

<0.001. 
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Table 4.8. Effects of clavulanate to the ertapenem and meropenem susceptibility in carbapenem-susceptible ECO_01_S, 

carbapenem-resistant ECO_02_R, and complemented strains 

 
         

  ETP ETP + Clavulanate 
(2:1) 

Fold 
change 

 
MEM 

MEM + 
Clavulanate 

(2:1) 

Fold 
change 

 

ECO_01_S 0.03, S 0.03, S   0.015, S    
ECO_02_R 8, R 2, R ↓ 4  8, R 4, R ↓ 2  
ECO_02_R  

(Blank ZpUC19) 8, R 2, R ↓ 4  8, R 4, R ↓ 2  

ECO_02_R 
(ZpUC19::ompC) 0.5, S 0.25, S ↓ 2  0.5, S 0.25, S ↓ 2  

ECO_02_R 
(ZpUC19::appY) 2, R 1, S ↓ 2  4, R 2, S ↓ 2  

ECO_02_R 
(ZpUC19::ompT) 2, R 1, S ↓ 2  1, S 0.5, S ↓ 2  

ECO_02_R 
(ZpUC19::ompD_2) 1, S 0.5, S ↓ 2  1, S 0.5, S ↓ 2  

 
Abbreviation: ETP, ertapenem; MEM, meropenem.  
Note: ↓ indicates the reduction in the MIC of ETP-clavulanate or MEM-clavulanate as compared to ETP or MEM alone. 
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Table 4.9. In vitro evolution of carbapenem resistance in ECO_01_S 
   

Strain 

 OD600 
Day 1 2 3 4 5 6 7 8 9 10 11 12 

MEM 
(μg/ml) 0.00012 0.000244 0.000488 0.000976 0.00195 0.0039 0.007813 0.0156 0.0312 0.0625 0.125 0.25 

ECO_01_S 

1st time 1.41 1.5 1.49 1.55 1.47 1.51 1.61 1.55 1.55 1.07 0.23 x 

2nd time 1.49 1.34 1.41 1.58 1.21 1.44 1.61 1.54 1.53 0.94 0.23 x 

3rd time 1.38 1.32 1.54 1.47 1.52 1.46 1.61 1.52 1.55 0.98 0.05 x 

4th time 1.39 1.38 1.51 1.41 1.04 1.19 1.36 1.42 1.14 1.04 0.06 x 

Abbreviation: OD600: optical density at 600 nm; MEM: meropenem 
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A. 

 
 

B. 

 

C. 

 
 
Figure 4.8. Genetic context of three copies of antigen 43 (flu). Figure 4.3A, B, C represent the genetic contexts of the first, 

second, and third antigen 43 copies, respectively. The red and green triangles indicate the early termination points in 

carbapenem-susceptible ECO_01_S and carbapenem-resistant ECO_02_R, respectively. The red, yellow, and orange arrows 

indicate mobile elements, hypothetical proteins, and known proteins, respectively.  The blue arrows indicate the antigen 43 

gene (flu). 
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Figure 4.9. Protein alignment of different copies of Flu in ECO_02_R and 

ECO_01_S from amino acid 420th to 623th using Clustal Omega (v1.2.4). The 

dark round points (•) indicate early termination. The dark triangles ( ) indicate 

the positions of termination. The asterisks (*) indicate fully conserved residues. 

The colons (:) indicate highly conserved residues. The periods (.) indicate weakly 

similar residues. 
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ECO_01_S 

 

ECO_02_R 

Figure 4.10. Comparison of genetic contexts surrounding pglF in carbapenem-resistant ECO_02_R and carbapenem-

susceptible ECO_01_S. The red, yellow, and orange arrows indicate mobile elements, hypothetical genes, and known genes, 

respectively.  The blue arrows indicate pglF. 
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Table 4.10. Summary of genetic changes between carbapenem-susceptible 

ECO_01_S and carbapenem-resistant ECO_02_R with the exemption of 

integration of phage fragment in ECO_01_S 

 
     

No. Gene 
name Protein name ECO_01_S ECO_02_R 

1 flu_1 Antigen 43 Flu_1 Early termination Intact 

2 flu_2 Antigen 43 Flu_2 Early termination Early termination 

3 flu_3 Antigen 43 Flu_3 Early termination Intact 

4 dgcC Diguanylate 
cyclase Intact 

Discrupted by the 
fragment [MEs- 
blaCTX-M-55_2-trpS] 

5 emrR Mutidrug resitance 
regulator Intact 

Discrupted by the 
fragment [hp1, hp2, 
umuD, umuC, parC, 
hp3, hp4, trpS, 
blaCTX-M-55_3, MEs] 

6 ompC Outer membrane 
protein OmpC Intact Early termination 

7 pglF 
UDP-N-
acetylglucosamine 
4,6-dehydratase 

Intact Disrupted by MEs 
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2. Comparative transcriptomic analysis between carbapenem-

susceptible ECO_01_S and carbapenem-resistant ECO_02_R 

Differential expression analyses were performed using DESeq2 R package. 

There were a total of 770 up-regulated genes and 710 down-regulated genes. With 

the threshold of |log2foldchange| ≥1 and p-value ≤ 0.05, there were 228 up-

regulated genes and 280 down-regulated genes. Volcano plot of the 

log2foldchange and the adjusted p-value was presented in Figure 4.11. ompD_2 

and ompT were the most down-regulated genes with log2foldchange of -17.34 

and -14.13, respectively. ompC was down-regulated with log2foldchange of -0.55.  

flu was the most up-regulated gene with log2foldchange of 6.46. blaCTX-M-55 was 

up-regulated with log2foldchange of 3.01.  

Functional enrichment analyses of differential expression analyses identified 

different GO terms differentially expressed between two strains. The top 60 up 

and down-regulated GO-terms were presented in Figure 4.12 and 4.13, 

respectively. For up-regulated processes, 31/43 significant up-regulated 

processes belonged to the molecular function (MF) category, and the remaining 

significant processes belonged to the biological process (BP) category. On the 

other hand, 32/33 of significant down-regulated processes belonged to the BP 

category. Only one significant process was classified into the MF category. 

To identify the linkage between GO processes, the significant GO-terms of 

up-regulated processes (MF: 26; BP: 12) were pooled in GO view for creating 

the directed acyclic graph (DAG) (Figure 4.14 and 4.15). For MF, the main hub 

was related to nucleoside/nucleotide and ribonucleoside/ribonucleotide binding.  

For BP, the main hub was related to glucogenesis and tRNA aminoacylation. For 

down-regulated processes, DAG demonstrated the main hub of flagellum-

dependent mobility and cellular metabolic process, macromolecule biosynthetic 

process, regulation of RNA biosynthetic process, and nucleic acid-templated 

transcription (Figure 4.16). 
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KEGG enrichment analyses identified up and down-regulated KEGG 

pathways. The top 20 of up and down-regulated KEGG pathways were shown in 

Figure 4.17. Seven significant up-regulated pathways belonged to purine 

metabolism, ABC transporters, biosynthesis of siderophore group -nonribosomal 

peptides, sulfur metabolism, pyrimidine metabolism, aminoacyl-tRNA 

biosynthesis, and nitrogen metabolism (Figure 4.17A). Eight significant down-

regulated pathways were tricarboxylic acid (TCA) cycle, flagellar assembly, 

bacterial chemotaxis, amino sugar, and nucleotide sugar metabolism, two-

component system, carbon metabolism, glyoxylate, and dicarboxylate 

metabolism, cationic antimicrobial peptide (CAMP) resistance. 

  



 

110 
 

 

 

 
Figure 4.11. Volcano plot of log2foldchange and –log10p-adjust between 

carbapenem-susceptible ECO_01_S and carbapenem-resistant 

ECO_02_R. Green and red dots indicate down- and up-regulated genes, 

respectively. Dashed-blue lines present the log2 fold change, ± 1. The 

important gene names with genetic changes in Table 4.5 and 4.8 are also 

indicated. 
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Figure 4.12. Top 60 up-regulated GO-term enrichment. The blue bars indicate 

the GO-terms relating to molecular function and the orange bars indicate the GO-

terms relating to biological processes. The star signs indicate significant up-

regulated GO-terms. n indicates the number of genes relating to the GO-terms. 
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Figure 4.13. Top 60 down-regulated GO-term enrichment. The blue bars 

indicate the GO-terms relating to molecular function, the orange bars indicate the 

GO-terms relating to biological processes, and the green bars indicate the GO-

terms relating to cellular components. The star signs indicate significant down-

regulated GO-terms. n indicates the number of genes relating to the GO-terms. 
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Figure 4.14. Directed acyclic graph (DAG) of significant up-regulated GO enrichment in molecular function category. 

The red boxes represent the up-regulated GO processes. The orange boxes represent the closest processes. The orange lines 

indicate the connections between GO processes. 
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Figure 4.15. Directed acyclic graph (DAG) of significant up-regulated GO enrichment in biological process category. 

The red boxes represent the up-regulated GO processes. The orange boxes represent the closest processes. The orange lines 

indicate the connections between GO processes. 
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Figure 4.16. Directed acyclic graph (DAG) of significant down-regulated GO enrichment in biological process category. 

The red boxes represent the up-regulated GO processes. The orange boxes represent the closest processes. The orange lines 

indicate the connections between GO processes. 
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A. 

 
B. 

 
Figure 4.17. Top 20 down- and up-regulated KEGG pathway enrichment. 

The star signs indicate significant down- and up-regulated KEGG pathways. The 

star signs indicate significant KEGG pathways. n indicates the number of genes 

relating to the pathways. 
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3. Comparison of bacterial growth and virulence in Galleria mellonella 

between carbapenem-susceptible ECO_01_S and carbapenem-resistant 

ECO_02_R 

Bacterial growth between carbapenem-susceptible ECO_01_S and 

carbapenem-resistant ECO_02_R were performed in antibiotic-free LB media. 

The growth curves identified the slower growth of carbapenem-resistant 

ECO_02_R as compared to the susceptible strain in the exponential and 

stationary phase (Figure 4.18). Whereas there was no difference in growth curve 

between blank ZpUC19 ECO_02_R, ZpUC19::ompC, ZpUC19::appY, and 

ZpUC19::ompD_2 complemented ECO_02_R. This suggested that ompC, appY, 

and ompD_2 do not affect the growth of ECO_02_R. 

The virulence between two strains was studied in Galleria mellonella model. 

After 96 hours, the larval survival rate was similar between two strains (Figure 

4.19). This suggested that there was no difference in virulence between two 

strains. 
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Figure 4.18. Growth comparison of carbapenem-susceptible ECO_01_S, 

carbapenem-resistant ECO_02_R, and complemented strains. Overnight 

broth culture (1%) of each strain was inoculated in 50 ml LB media and incubated 

at 37oC with 200 rpm agitation. The growth curve was drawn by monitoring 

OD600 at each hour.  
 

 
Figure 4.19. Virulence comparison in Galleria mellonella between 

carbapenem-susceptible ECO_01_S and carbapenem-resistant ECO_02_R. 

Approximately 1 x 106 CFU of each strain was used to infect each larva. Ten 

larvae (200-250 mg) were used for each group. After infection, the larvae were 

incubated at 37oC for 96 hours. The Kaplan-Meier survival graph was drawn 

using Graphpad prism v7.05.  
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4.  Gene network of  up- and down-regulated pathways 

 To make further understanding of the gene interactions in the up- and down-

regulated pathways, gene networks were constructed as mentioned above. 

Among 228 up-regulated genes between carbapenem-susceptible ECO_01_S and 

carbapenem-resistant ECO_02_R, 176 genes mapped to E. coli MG1655-K12 

and used as the inputs for constructing the gene network of up-regulated pathways 

(Figure 4.20). As shown in Figure 4.20, the two main hubs belonged to sulfur 

metabolisms and cation transporters. flu interacts with anaerobic glycerol-3-

phosphate dehydrogenase subunit A – glpA. Similarly, 185/280 down-regulated 

genes were used as the inputs. The three main down-regulated hubs belonged to 

TCA cycle, flagellar assembly, and acid stress response (Figure 4.21). In addition, 

appY interacts with three genes relating to acid stress response pathway (hdeA, 

hdeB, and evgA), one gene relating to TCA cycle (sdhD), and two HTH-type 

transcriptional regulators (gadW, gadX) (Figure 4.22A). Furthermore, ompT 

interacts with five genes belonging to TCA cycle (sucA, sucB, sucC, sucD, sdhA, 

and sdhB) and two genes relating to flagellar assembly (flgE and fliD). 

Interestingly, ompF also interacts to ompT and TCA cycle-related genes (Figure 

4.22B).  
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Figure 4.20. Gene network of up-regulated genes between carbapenem-susceptible ECO_01_S and carbapenem-

resistant ECO_02_R. The yellow nodes indicate the up-regulated genes, the orange nodes indicate the genes relating to sulfur 

metabolism pathways. The blue nodes highlight the tonB system including tonB and exbD. The red and green nodes indicate 

flu and glpA, respectively. The single black lines indicate the interaction between genes. The double black line highlights the 

interaction between flu and glpA. 
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Figure 4.21. Gene network of down-regulated genes between carbapenem-susceptible ECO_01_S and carbapenem-

resistant ECO_02_R. The yellow nodes indicate the down-regulated genes, the dark blue nodes indicate the genes relating to 

TCA cycles. The light blue nodes represent the flagellar assembly pathways. The coral nodes indicate genes relating to acid 

stress responses. The single black lines indicate the interaction between genes. 
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A. 

 
B.  

 
 
Figure 4.22. Extracted genes interacting with appY, ompT, and ompF. (A): 

Interactions between appY and genes relating to acid stress response, TCA cycle, 

and HTH-type transcriptional regulators. (B): Interactions between ompT, ompF, 

and genes relating to TCA cycle and flagellar assembly pathways. The yellow 

nodes indicate the down-regulated genes, the dark blue nodes indicate the genes 

relating to TCA cycles. The light blue nodes represent genes relating to the 

flagellar assembly pathways. The single black lines indicate the interaction 

between genes.  
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5. Investigation of sulfur metabolism pathway in E. coli pair and E. coli 

panel strains 

In order to identify the significant metabolic changes between carbapenem-

susceptible ECO_01_S and carbapenem-resistant ECO_02_R, down- and up-

regulated KEGG pathways were combined together, and Benjamini and 

Hochberg’s approach was applied to adjust the p-values. The top 20 combined 

pathways were demonstrated in Figure 4.23. The sulfur metabolism was the most 

significant pathway. Therefore, sulfur metabolism pathways were selected for 

further investigation to examine whether the up-regulation of genes in sulfur 

metabolism is common in carbapenem-resistant strains. Firstly, the up- and 

down-regulated genes between carbapenem-susceptible ECO_01_S and 

carbapenem-resistant ECO_02_R were mapped to the sulfur metabolism pathway 

with corresponding log2foldchange (Figure 4.24). The genes in the sulfur 

metabolism pathways were selected for RT-qPCR investigation (Table 4.11). The 

expression level of the selected genes in 20 E. coli panel strains (as mentioned in 

chapter II) was presented in Figure 4.25. The heatmap of gene expression was 

shown in Figure 4.26. cysI, cysK, and cysN were the most expressed genes among 

E. coli panel strains.  
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Figure 4.23. Top 20 KEGG pathway enrichment of the combination between 

down- and up-regulated genes. The star signs indicate significant KEGG 

pathways. n indicates the total number of up and down-regulated genes relating 

to the KEGG pathways, respectively.  
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Figure 4.24. Sulfur metabolism pathway obtaining from KEGG database. 

The up and down regulated genes were mapped to the pathway with 

corresponding log2foldchange.  
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Table 4.11. List of genes selected for investigation of sulfur metabolism pathways in E. coli panel strains 
 

    

Gene name Protein name Related operon Selected presentative gene 

sbp Sulfate-binding protein Sbp N/A N/A 
cysA Sulfate and thiosulfate import ATP-binding protein CysA 

cyFUWA cysA cysW Sulfate transport system permease protein CysW CDS 
cysT Sulfate transport system permease protein CysT CDS 
cysN Sulfate adenylyltransferase subunit 1 CysN 

cysNDC cysN cysD Sulfate adenylyltransferase subunit 2 CysD  
cysC Adenylylsulfate kinase CysC 

cysH Phosphoadenylyl-sulfate reductase [thioredoxin] cysH N/A N/A 
ssuA Alkanesulfonate ABC transporter substrate-binding protein 

ssuACBD ssuA ssuD FMNH2-dependent alkanesulfonate monooxygenase SsuD 
ssuE NADPH-dependent FMN reductase SsuE 
cysI Sulfite reductase [NADPH] hemoprotein beta-component CysI 

cysIJ cysI 
cysJ Sulfite reductase [NADPH] flavoprotein alpha-component CysJ 
tauA Taurine ABC transporter periplasmic binding protein TauA 

tauACB tauA tauB Taurine ABC transporter periplasmic binding protein subunit TauB 
tauC Taurine ABC transporter periplasmic binding protein subunit TauC 
cysE Serine acetyltransferase CysE N/A cysE 
cysK Cysteine synthase A CysK N/A cysK 
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G. 

 
  

Figure 4.25. Investigation of gene expression in sulfur mentalism pathways in E. coli panel strains using RT-qPCR.   cysG 
was used as the house-keeping gene. The wild-type E. coli ATCC 25922 was used as the reference strain. The data were presented 
as mean ± standard errors.

cysK
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Figure 4.26. Heatmap of gene expression in sulfur mentalism pathways in E. coli panel strains using RT-qPCR. The 

expression level was colored in reference to the relative changes of gene expression. The red boxes indicate the strains with 

high expression of cysI, cysK, and cysN.  
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IV. DISCUSSION 
This study displayed multiple changes in the genomes between the 

carbapenem-susceptible ECO_01_S and carbapenem-resistant ECO_02_R. For 

susceptible strain, the addition of phage fragment carrying ompT, appY, and 

ompD_2 decreased meropenem and imipenem MICs. Previously, ompT was 

suggested to involve in the increased resistance of streptomycin and 

chlortetracycline, in which ompT was up-regulated in streptomycin-resistant E. 

coli.150,151 More importantly, ompT also has a role in the persistence of the 

urinary tract infection under the treatment urinary cationic peptides.152 Previous 

study reported the association between urinary tract infection and ompT.153 This 

also suggested that ompT may be one of the causes for the invasion of 

ECO_01_S into the bloodstream.  

A previous study showed that ompD was mainly found in Salmonella spp., 

but absent in E. coli.154,155 This gene shared 70% homology to ompC in E. 

coli.156 Another study showed that ompD can influence the ceftriaxone 

susceptibility in Salmonella enterica serovar Typhimurium, in which 

ceftriaxone MIC in the ompD-complemented Salmonella enterica serovar 

Typhimurium increase 4-fold.157 Until now, studies on the contribution of 

ompD on carbapenem-resistant E. coli have not been conducted yet. It may be 

due to the assumption that this gene has not been detected in E. coli. Our 

recognition of the addition of ompD_2 by using phage as a transmission vehicle 

from Salmonella to E. coli is an important finding. This suggested another 

natural mechanism of phage to tackle resistant bacteria. Additionally, the 

complementation of ompD_2 in carbapenem-resistant ECO_02_R decreased 

ertapenem and meropenem MICs confirmed that ompD_2 involves in the 

carbapenem resistance. Because ompD_2 is an outer membrane protein, the 

mechanism of the increase in carbapenem susceptibility can be the high uptake 

of carbapenem inside the bacterial cells.  

Another important mechanism of carbapenem resistance in ECO_02_R is 
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the triplication of blaCTX-M-55. It is well-known that mobilisation of blaCTX-M 

genes was associated with the ISEcp1 element. In fact, the mobilisation of 

blaCTX-M genes was described in Kluyvera spp. such as Kluyvera cryocrescens 

and Kluyvera ascorbata.158–160 Subsequently, blaCTX-M genes have mobilized 

from chromosome to plasmids and formed the blaCTX-M carrying plasmids. In 

this study, the blaCTX-M-55 from the ECO_02_R plasmid triplicated and 

mobilized to the ECO_02_R chromosome. Consequently, the triplication of 

blaCTX-M-55 increased the blaCTX-M-55 expression and contributed to the increase 

in ERT and MEM MICs. Among the four candidates (ompC, ompT, ompD_2, 

appY), the outer membrane porin OmpC has the highest contribution of changes 

of ERT MICs and MEM MICs, followed by outer membrane porin OmpD_2, 

outer membrane protease VII OmpT, and acid phosphatase transcriptional 

regulator AppY.  

Transcriptome analyses identified the metabolic changes between 

carbapenem-susceptible ECO_01_S and carbapenem-resistant ECO_02_R 

including the upregulation of purine metabolism, ABC transporters, 

biosynthesis of siderophore group -nonribosomal peptides, sulfur metabolism, 

pyrimidine metabolism, aminoacyl-tRNA biosynthesis, and nitrogen 

metabolism as well as the downregulation of TCA cycle, flagellar assembly, 

bacterial chemotaxis, amino sugar/ nucleotide sugar metabolism, two-

component system, carbon metabolism, glyoxylate/dicarboxylate metabolism, 

and cationic antimicrobial peptide (CAMP) resistance. Moreover, gene network 

construction identified the interaction between ompT and TCA cycle as well as 

flagellar assembly genes. Furthermore, the gene network between appY and 

TCA cycle was also identified. Therefore, the down-regulation of TCA cycle 

and flagellar assembly can be explained by the escape of phage fragment 

carrying ompT and appY from the carbapenem-susceptible ECO_01_S. Another 

finding is the partial reduction of blaCTX-M-55 expression when ompC, ompT, 

appY, and ompD_2 were complemented into carbapenem-resistant ECO_02_R. 
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This suggested the correlation between ompC, ompT, appY, ompD_2, and 

blaCTX-M-55. 

Sulfur metabolism is essential for survival and virulence of many 

bacteria.161 In addition, various studies targeted cysteine biosynthesis, a sub-

pathway of sulfur metabolism, as drug candidates in Haemophilus influenzae 

and Salmonella typhimurium.162–165 A recent study identified the up-regulation 

of sulfite reductase subunit α and cystathionine β-synthase, which belong to the 

sulfur metabolism, in multi-drug resistant Serratia marcescens.166 Our findings 

were similar to the previous study, but with more upregulated genes in the sulfur 

metabolism pathways as mentioned above. cysI (cysIJ operon), cysK, and cysN 

(cysNDC operon) were the most up-regulated genes in the E. coli panel strains.  

The observation of the down-regulation of TCA cycle during β-lactam 

treatment was previously reported in Staphylococcus epidermis, in which the 

dysfunctional TCA cycle improves the survival of bacteria under oxacillin 

treatment.167 In fact, under the β-lactam treatment, reactive oxygen species are 

generated and activate the electron transport system in TCA cycle, followed by 

the release of hydroxyl radicals from Fenton reactions and cell death.79,168 In 

this study, a similar effect was observed in the antibiotic-free media, this 

emphasized the permanent adaptation of bacteria at gene level in addition to the 

transient response to antibiotic treatment. In addition, Sharma et al. applied 

Sequential Window Acquisition of all Theoretical Fragment Ion Spectra 

(SWATH) analyses for investigating the whole proteome of NDM-4 producing 

K. pneumoniae before and after carbapenem treatment. In this study, the authors 

reported the down-regulation of flagellar, fimbriae, and pili formation of NDM-

4 producing K. pneumoniae under sublethal meropenem treatment (32 μg/ml). 

The reduction in flagellar assembly was suggested to make the bacteria become 

sessile and facilitate the formation of biofilm, which eventually increases the 

survival under carbapenem treatment.169 Similarly, we observed the down-

regulation of flagellar assembly genes in carbapenem-resistant ECO_02_R. 
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Again, this phenomenon occurred under antibiotic-free media. This suggested 

the permanent adaption of this strain at gene level and confirmed the adaptive 

tendency of bacteria under carbapenem treatment. Further study should be 

conducted to investigate the key players in the down-regulation of TCA cycle 

and flagellar assembly of carbapenem-adapted strains.  

Another finding in this study is the up-regulation of autoaggregation 

antigen 43, flu, with two intact copies in carbapenem-resistant ECO_02_R in 

comparison with the mutated copies in carbapenem-susceptible ECO_01_S. In 

fact, aggregation was proved as one of the critical factors involving in bacterial 

resistance to antibiotic exposure.170 Antigen 43 has been one of the best-studied 

autoaggregation proteins, especially in E. coli. This protein facilitates self-

association, bacterial clumping, and biofilm formation.171–173 In addition, the 

protein also has a role in prolonged persistence in urinary tract infection, 

especially in uropathogenic E. coli CFT073.174 This fact is in accordance with 

the fact that carbapenem-resistant ECO_02_R was also isolated from urine, in 

which the high expression of flu is required for its pathogenic ability. 
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V. CONCLUSIONS 

 In this study, we characterised the phenotypic, genotypic, and 

transcriptomic of the two clinical E. coli strains which turned from 

meropenem-susceptibility to resistance under carbapenem treatment. 

Multiple factors affecting to the carbapenem resistance were identified. 

Firstly, the early termination of porin ompC. Secondly, the triplication of 

blaCTX-M-55 caused by the mobile elements with three-fold increase in log2 

fold change as compared to the susceptible strain. Thirdly, the loss of 

phage fragment carrying appY, ompT, ompD_2 also influence the 

carbapenem susceptibility. In addition, the whole-transcriptomic 

analyses identified the increase in sulfur metabolism and ABC 

transporters in carbapenem-resistant strains. Also, the down-regulation 

of TCA cycle and flagellar assembly pathways as well as the up-

regulation of the autoaggregation-inducing flu gene also correlated to the 

carbapenem resistance. 
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ABSTRACT (IN KOREAN) 

임상검체에서 분리된 대장균의 항균제감수성 양상에 따른  

panel strain 은행 구축, 그리고 carbapenem과 siderophore-

cephalosporin 내성 윤전자의 상호작용망 분석 

 

레풩우옌 

 

연세대학교 대학원 의과학과  

(지도교수 용동은) 

 
1928 년 Alexander Fleming이 최초의 항균 물질을 우연히 발견한 이

래 수백 가지의 항균 화합물이 개발되어 감염병 환자를 치료하여 왔

습니다. 그러나, 병원균은 그들을 퇴치하기 위해 사용되고 있는 항

균제에 저항하기 위해 내성을 진화하여 왔습니다. 항균제 내성은 세

계 보건 위기의 원인 중 하나입니다. 대장균(Escherichia coli)는 인간

과 동물에서 정상적으로 상재하지만, 모든 연령대에서의 혈류 감염

뿐 아니라 지역 사회 및 의료관련 요로 감염 (UTI)에서 가장 자주 분

리되는 세균입니다. European antimicrobial resistance surveillance 

system에 따르면, 제 3 세대 cephalosporin 내성 대장균의 분리는 2013 
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년부터 2015 년까지 17 배나 증가했습니다. Carbapenem은 세계적으

로도 임상 감염질환 치료에서의 마지막 보루입니다. 그러나, 지난 5

년 동안 carbapenem 내성 대장균이 크게 증가하여 왔습니다. 본 논

문의 목적은 신약 선별과정을 촉진하기 위해 서로 다른 항균제내성

표현형에 따른 내성기전을 규명한 대장균 균주은행을 구축하는 것

입니다. 이를 바탕으로 새로운 siderophore cephalosporin GT-1 

(LCB10-0200)의 시험관내 항균력을 시험하였습니다. 또한, 대장균

내의 새로운 carbapenem 내성기전을 밝혔습니다.  

제 1장에서는 대장균에서 세계적인 항균제 내성의 현황과 부담에 

대하여 요약하였습니다.  

제 2장에서는 새로운 항균제의 시험관내 항균력 평가와 내성기전 

조사를 위해 구성한 다양한 β-lactam제 내성 대장균 균주 은행에 대

하여 기술하였습니다. 이 과정에서 KPC-2/NDM-9 및 MCR-1을 공

동 생산하는 균주를 발견하여 보고하였습니다. 이것은 무증상 보균

자에서 분리되었고 대장균 ST617의 항균제 내성 유전자 프로파일, 

플라스미드 유형 및 전체 게놈 계통 발생 분석의 첫 번째 보고입니

다.  

제 3장은 대장균, Klebsiella pneumoniae 및 Acinetobacter spp.에 대한 



 

162 
 

새로운 siderophore-cephalosporin, GT-1 및 serine-type β-lactamase 억

제제 GT-055의 시험관내 항균력을 시험하였습니다. 대장균 균주은

행의 extended spectrum β-lactamase, AmpC 및 carbapenemase 생성대

장균, K. pneumoniae 및 OXA 생성 Acinetobacter spp.를 포함한 많은 

다제내성균주에 대해 GT-1은 ≤2 μg/mL의 항균제 최소억제농도

(MIC)를 보였습니다. 또한, GT-055는 GT-1 내성 대장균, K. 

pneumoniae 및 일부 Acinetobacter spp. 균주에 대한 GT-1의 시험관 

내 항균력을 증강시켰습니다. 특이한 것은, AmpC beta-lactamase인 

DHA-1과 extended spectrum β-lactamase인 PER-1은 각각 K. 

pneumoniae와 Acinetobacter spp.에 대한 GT-1 MIC를 증가시켰습니

다. 

제 4 장은 환자 체내에서 meropenem 치료에 따라서 meropenem에 

감수성에서 내성으로 변한 두 임상 대장균 균주의 표현형, 유전형 

및 전체 유전체의 변화와 특성을 규명하였습니다. 이를 통하여 

carbapenem 내성에 영향을 미치는 여러 요인을 새롭게 

확인하였습니다. 첫째, porin 단백인 ompC 의 조기 종료(early 

termination)입니다. 둘째, blaCTX-M-55 의 copy 수 증가입니다. 셋째, 

appY, ompT, ompD_2 유전자를 운반하는 파지 단편의 손실도 
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carbapenem 감수성 감소에 영향을 미칩니다. 전사체 

분석(transcriptome analysis)에서는 carbapenem 내성 균주에서 황 

대사 및 ABC 수송체의 증가, 편모 조립 경로의 하향 발현, 트리 

카르복실 산 순환 및 자가 응집 유도 flu 유전자의 상향 조절이 

관찰되었습니다. 
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