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Abbreviations 

µF     microfarad 

µg     microgram 

µL     microliter 

µm     micrometer 

µM     micromolar 

Ω      ohm 

 

A 

AcCys     acetylcysteine 

AcCys-GlcN-Ins    acetylcysteine-glucosamine-inositol 

ADS     albumin-dextrose-saline 

AI     artificial intelligence 

ATS     American Thoracic Society 

Anti-TB    anti-tuberculosis 

ATc     anhydrotetracycline 

ATP     adenosine triphosphate 

 

B 

bp     base pairs 

BleoR     bleomycin-resistant cassette 
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BLI     bioluminescent imaging 

BTS     British Thoracic Society 

 

C 

CF     cystic fibrosis 

CFU     colony-forming unit 

CO2     carbon dioxide 

COVID-19    coronavirus disease 

CRISPR-Cas Clustered Regularly Interspaced Short 

Palindromic Repeats–CRISPR associated 

proteins 

CRISPRi Clustered Regular Short Palindromic 

Repeat or CRISPR interference 

Cys-GlcN-Ins cysteine-glucosamine-inositol 

 

D 

dCas9     nuclease-deficient Cas9 protein 

dCas9Spy    Streptococcus pyogenes dCas9 

dCas9Sth1    Streptococcus thermophilus dCas9 

DCO     double cross-over 

DEPC     diethylpyrocarbonate 

DMEM     Dulbecco’s modified Eagle’s 
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DMSO     dimethyl sulfoxide 

DNA     deoxyribonucleic acid  

DNase     deoxyribonuclease 

DPBS     Dulbecco’s Phosphate Buffered Saline 

dpi     days post-infection 

dsDNA     double-stranded DNA 

 

E 

E. coli     Escherichia coli 

erm41     erythromycin ribosomal methylase gene 

ERS     European Respiratory Society 

ESCMID European Society of Clinical Microbiology  

and Infectious Diseases 

ESH     ergothioneine 

 

F 

FAD     flavin adenine dinucleotide 

For     forward 

 

G 

G     gauge 

G. mellonella    Galleria mellonella 
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GlcN     N-glucosamine 

GlcNAc     N-acetylglucosamine 

GlcNAc-Ins-P  N-acetyl glucosamine myo-isonitol-1-

phosphate 

GlcN-Ins     glucosamine inositol 

GPL     glycopeptidolipid 

GSH     glutathione 

 

H 

h     hours 

H2O2     hydrogen peroxide 

Hifi     high fidelity 

His     histidine 

hpi     hours post-infection 

hsp60     heat-shock protein 60 

hsp65     heat-shock protein 65  

HTS     high-throughput screen 

HygR     hygromycin-resistant cassette 

hygro     hygromycin 

 

I 

IC50     inhibitory concentration 50% 



Abbreviations 

5 
 

IC90     inhibitory concentration 90% 

IDSA     Infectious Diseases Society of America 

iFCS     heat-inactivated Fetal Calf Serum  

Ins     inositol 

Ins-P     inositol-phosphate 

Int     integrase 

ITS     internal transcribed spacer 

IVIS     in vivo imaging system 

 

K 

kana    kanamycin 

KanR    kanamycin-resistant cassette 

katA    catalase gene 

KD    knockdown 

KO    knockout 

kV    kilovolt  

 

L 

LB    Luria-Bertani 

LMPH Laboratory of Microbiology, Parasitology and 

Hygiene 

LMW    low molecular weight 
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M 

m    meter 

Mab    Mycobacterium abscessus 

MABC    Mycobacterium abscessus complex 

MABC-PD   MABC pulmonary disease 

MDR-TB   multidrug-resistant tuberculosis 

mIHF    host-expressed integration host factor 

min    minutes 

mL    milliliter 

mm    millimeter 

mM    millimolar 

mm2    square millimeter 

mmpl3    mycobacterial membrane protein Large 3 gene 

MOI    multiplication of infection 

mRNA    messenger ribonucleic acid 

MSH    mycothiol 

MshA    glycosyltransferase 

mshA    glycosyltransferase gene 

MshA2    phosphatase 

MshB    deacetylase 

mshB    deacetylase gene 

MshC    cysteine ligase 
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mshC    cysteine ligase gene 

MshD    MSH synthase 

mshD    MSH synthase gene 

Msm    Mycobacterium smegmatis 

MSSM    mycothione 

Mtb    Mycobacterium tuberculosis 

Mtr    mycothione reductase 

mtr    mycothione reductase gene 

MurNAc    N-acetylmuramic acid  

 

N 

NADP    nicotinamide adenine dinucleotide phosphate 

NADPH reduced nicotinamide adenine dinucleotide 

phosphate 

NC    negative control 

NCBI    National Center for Biotechnology Information 

NEB    New England Biolabs 

ng    nanogram 

NPET    nascent peptide exit tunnel 

nm    nanometer 

nM    nanomolar 

ns    non-significant 
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NTM    nontuberculous mycobacteria 

 

O 

OADC    oleic acid-albumin-catalase-dextrose 

OD600    optical density at 600 nm 

OE    overexpressor 

Ohr    organic hydroperoxide resistance protein 

oligo    oligonucleotide 

ORBIT oligonucleotide-mediated recombineering 

followed by Bxb1 integrase targeting 

ori    origin of replication 

 

P 

P/S    Penicillin-Streptomycin  

PAM    protospacer adjacent motif 

PCR    Polymerase chain reaction  

PBP    penicillin-binding proteins 

 

Q 

qPCR    quantitative PCR 
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R 

R    rough 

R2    coefficient of determination 

RecT    RecT annealase 

Rev    reverse 

RGM    rapidly-growing mycobacteria 

RLU    relative luminescence units 

RNA    ribonucleic acid 

RNAP    RNA polymerase 

RNS    reactive nitrogen species 

ROS    reactive oxygen species 

rpm    rotation per minute 

rpoB    β-subunit of RNA polymerase gene 

rRNA    ribosomal RNA gene 

RT    room temperature  

RT-qPCR   real-time quantitative PCR 

 

S 

s    second 

S    smooth 

SCO    single cross-over 
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SEM    standard error of the mean 

sgRNA    small guide RNA 

SNPs    single nucleotide polymorphisms 

sodA    superoxide dismutase 

Spy    Streptococcus pyogenes 

ssDNA    single-stranded DNA 

ssRNA    single-stranded RNA 

Sth    Streptococcus thermophilus 

Sth CRISPRi   Streptococcus thermophilus CRISPR interference 

 

T 

Tc    tetracycline 

TetR    tetracycline repressor 

TNF    tumor necrosis factor 

tRNA    transfer RNA 

 

U 

U    units 

UDP-GlcNAc    uridine diphosphate N-acetylglucosamine  
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VPC    viable plate count 
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w/v    weight per volume 

WGS    whole genome sequencing 
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I. Introduction 

 

I.1 The everlasting fight against infectious diseases  

At least once every year, the majority of the population becomes sick with an 

infectious disease. Fortunately, most of the infectious diseases we encounter 

nowadays are easily treatable and curable after a short visit to a pharmacist or 

medical doctor that provides drugs that quickly alleviate the symptoms and/or kill 

the disease-causing pathogen. However, this has not always been the case. In the 

19th century, people lived surrounded by many infectious diseases that were still 

untreatable. Getting sick with one would lead to the development of serious illness 

and often death. Infectious diseases were responsible for a high percentage of 

morbidity and mortality worldwide with an average life expectancy of 47 years 

(1). This all changed in the early 20th century with the discovery of antibiotics, 

significantly decreasing the deaths caused by bacterial infections (2, 3). The 

outcome of infections was even further improved with the discovery and approval 

of the first antiviral drug in 1963, targeting viral infectious diseases (4). 

Antimicrobial drugs have become part of our daily lives and are used to treat and 

cure a variety of infectious diseases globally. 

When the coronavirus disease (COVID-19) pandemic started in the beginning of 

2020, very limited resources were available to treat the disease, leading not only 

to severe illness and death, but also a mandatory lockdown, economic crisis, and 

worldwide panic. According to the World Health Organization (WHO), the COVID-

19 pandemic resulted in the death of nearly 7 million people while causing 

immense suffering to an even higher amount of people worldwide (5). This global 

ordeal gave us a bitter taste of how life was before the development of 

antimicrobial drugs while further establishing the importance of medical advances 

and the emergence of novel drugs to fight infectious diseases (3).   

Beside COVID-19, many other infectious diseases need our attention as they are 

still incurable, untreatable, or suffer suboptimal treatment. An example of such a 
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disease is caused by Mycobacterium abscessus (Mab), an emerging human 

pathogen often referred to as the “antibiotic nightmare” (6). 

 

I.2 Mycobacterium abscessus, an emerging pathogen 

Mycobacterium abscessus complex (MABC) is a group of aerobic, rod-shaped, 

rapidly-growing mycobacteria (RGM) and is the most common rapidly-growing 

nontuberculous mycobacteria (NTM) causing disease and respiratory infections 

worldwide (7–11). NTMs are mainly originating from the environment where they 

are ubiquitous and unlike the infamous M. tuberculosis (Mtb), person-to-person 

transmission is uncommon (12). Among the NTM species, MABC is considered the 

most difficult to treat as it is highly resistant and the most alarming nosocomial 

pathogen due to its opportunistic nature, predominantly infecting 

immunocompromised patients or patients with a preexisting lung condition (7–9). 

Although it is often considered a mere opportunistic pathogen, MABC is believed 

to possess various disconcerting features driving its evolution into a true human 

pathogen (13).   

The incidence of NTM infections have been rapidly increasing over the last two 

decades in all types of populations, especially among cystic fibrosis (CF) patients 

for which the global incidence raised from 3.3% to 22.6% together with increasing 

morbidity and mortality. MABC infections are most frequent in the European CF 

population, particularly in younger CF patients (9, 13, 14). Hereby, the prevalence 

of MABC infections in pediatric CF patients in European centers is fluctuating 

between 3.4 and 5.8% (15). In the general population, an overall increasing trend 

in NTM incidence was observed worldwide based on 48 studies originating from 

more than 18 countries (Figure I.1a). Out of the 48 studies, 23 studies reported 

MABC incidence trend data of which two-thirds indicated an increase in incidence 

over time (Figure I.1b). An increase in incidence is likely the result of a longer life 

expectancy of the worldwide population, an intensification of immunosuppressive 

therapy, an improvement of mycobacterial diagnostics, and an increasing 
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awareness of NTMs (16). Furthermore, the prevalence of NTM infections vary 

widely according to the geographic region, with the annual prevalence going as 

high as 65 cases per 100,000 individuals in certain regions (17). However, the 

incidence and prevalence of NTM and MABC infections is underestimated due to 

the regular misdiagnosis, in which NTM infections are repeatedly mistaken as 

multidrug-resistant tuberculosis (MDR-TB), together with the missing data from 

various countries, intensifying the urgent need of a standardized format to provide 

data on NTM incidence and prevalence (9, 16, 18). From all NTM isolations 

worldwide, MABC accounted for 16% in Asia, 12% in Oceania, 5.7% in South 

America, 3.2% in North America and 2.9% in Europe while no precise percentage 

is known for Africa. With a total isolation frequency and clinical relevance of 61%, 

it is one of the most clinically relevant species among NTMs (18).  
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Figure I.1. Trend data of the incidence of NTM (a) and MABC (b) worldwide. Overall, increasing 

trends were detected for the incidence of both NTM and MABC infection. Gray colors represent the 

countries for which no trend data is available, red colors represent increasing trends, a red-white 

checkered area represents contradicting trends (i.e., both increasing, stable and/or decreasing), and 

yellow represents stable trends. Figure adapted from Dahl et al. (16). 
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MABC is a species belonging to the phylum Actinobacteria and comprises three 

subspecies: M. abscessus bollettii, M. abscessus massiliense, and M. abscessus 

abscessus, with the latter being the most common among the subspecies (45-65%) 

(19–21). Members of this species are Gram-positive, acid-fast bacteria containing 

high G+C content in their DNA (7, 21). Their cell wall is very thick and is composed 

of an inner single-lipid cell membrane, a peptidoglycan layer, an arabinogalactan 

layer, mycolic acids, and an outer capsule-like membrane containing glycolipids 

(Figure I.2). Peptidoglycan is made of linked N-acetylglucosamine (GlcNAc) and 

N-acetylmuramic acid (MurNAc) residues and functions as a layer to provide 

rigidity and osmotic stability to the bacteria (22, 23). The arabinogalactan layer 

consists of polysaccharides whereas mycolic acids are long chains of fatty acids, 

both contributing to the impermeability of the cell wall (10, 23–25). Other 

components such as porins, proteins transporting hydrophilic molecules into the 

bacteria, and lipoarabinomannan, glycoconjugates modulating host immune 

response during infection, are also present in the mycobacterial cell wall (23, 26). 

 

Figure I.2. Schematic representation of the acid-fast cell wall of MABC. The thick, impermeable, 

acid-fast cell wall consists of an inner cell membrane, a peptidoglycan layer, an arabinogalactan layer, 

mycolic acids and a capsule-like membrane containing glycolipids. Porins, lipoproteins and 

lipoarabinomannan are also present in the cell wall. Adapted from Brown et al (27). 
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Colonies formed by MABC can be found as two distinct phenotypes: a smooth (S) 

and rough (R) phenotype. While S colonies are round, uniform and glossy, R 

colonies are irregular, corded and dry (Figure I.3). These phenotypes are 

dependent on the presence or absence of glycopeptidolipids (GPLs), a vast array 

of complex glycolipids on the outer layer of the cell envelope, in which presence of 

GPLs results in a S phenotype whereas lack of GPLs lead to a R phenotype (28, 29). 

Absence of GPLs in MABC is a result of irreversible mutations in the mycobacterial 

genes responsible for GPL synthesis, i.e. nonribosomal peptide synthetases genes, 

and genes responsible for GPL transport, i.e. mmpl4 genes (30, 31). 

 

Figure I.3. Illustration of the distinct colony phenotypes of MABC on 7H10 agar. Rough (a) 

colonies have an irregular and dry look while smooth (b) colonies are round and glossy. Figure from 

López-Roa et al. (13). 

 

I.2.1 Pathogenesis and risk factors 

Members of MABC are widely spread throughout the environment and can be 

found in both natural, or human-made environments or any healthcare setting. 

Such environments include water, soil, dust, air, water distribution systems, 

household plumbing, cigarettes and contaminated healthcare materials (28, 32). It 

is believed that MABC can even persist in the environment by surviving and 

replicating within free-living amoeba, hereby being protected while preparing to 

infect another host (13). Infection of a host mainly occurs through penetration of 
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the skin via a wound or inhalation of aerosols with contaminated soil or water (11, 

33). Moreover, recent studies demonstrated the occurrence of person-to-person 

transmission between CF patients in a healthcare setting, raising concerns 

regarding the ability of the pathogen to spread and the impact it will have on public 

health (13, 18).  

After penetration of the host, the intruding pathogen encounters the host’s first-

line of defense, the innate immune system (Figure I.4) (34). Here, phagocytic cells 

of the skin and lungs, such as macrophages and neutrophils, will take up the 

bacteria as a bactericidal response (13). To evade the immune system and survive 

within the cells, the S and R morphologies of MABC will interact differently with 

the immune cells, leading to distinct disease outcomes (26). The S variants are 

phagocytized by macrophages individually and kept in “loner phagosomes” (13, 

28). Within the phagosomes, they can resist phagosomal degradation and survive 

for an extended period by limiting phagosomal acidification and disrupting the 

phagosomal membrane integrity. Eventually, the production of inflammatory 

cytokines, such as tumor necrosis factor (TNF), is induced and B- and T-

lymphocytes are recruited to form a granuloma (26, 28, 35). On the other hand, the 

R variants are phagocytized in small clusters, creating phagosomes containing a 

large number of bacteria or “social phagosomes”. These variants are resistant to 

phagolysosomal degradation after the fusion of the phagosome with the lysosome, 

causing activation of autophagy followed by apoptosis. Subsequently, the R variant 

is released into the extracellular environment to freely replicate and form 

extensive serpentine cords which can resist recurrent phagocytosis, provoking 

inflammation and abscess formation. Furthermore, MABC can switch from a S to a 

R morphology, hereby transitioning from a colonizing phenotype to an invasive 

phenotype. In immunocompromised patients, MABC can also spread to other 

organs causing a disseminated infection (26, 28).  

Another crucial strategy of MABC pathogenesis is the formation of biofilms, 

making the pathogen more resistant to antibiotics and disinfectants, and 

contributing to its transmission (13, 28, 36). In patients with pre-existing lung 
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disease, MABC biofilms can colonize a host before progressing to an invasive 

disease (13). The R variants form pellicular biofilms characterized by a high 

mechanical resistance while the S variants generate non-invasive biofilms that are 

more pliant under physical forces (13, 37). 

Although the mechanism of pathogenesis is not yet fully understood, the risk and 

predisposing host factors for MABC infection are well known (13). Here, a 

distinction can be made between acquired, genetic and additional predisposing 

risk factors. Acquired risk factors can be classified as anatomic lung or immune 

abnormalities acquired during the lifetime of a host without underlying genetic 

cause and include the use of steroids, smoking and organ transplantation. Genetic 

risk factors are a result of genetic disorders that can cause a host to be more 

susceptible to disease, such as CF. Other predisposing risk factors are malnutrition, 

age, and recurrent NTM infections leading to a reduced immunity (28, 35). 
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Figure I.4. MABC infection cycle. MABC is widely spread in the environment and can be transmitted 

through water sources (environment water, plumbing systems), fomites (dust, healthcare materials), 

biofilms and infected persons. Infection of a host can occur after inhalation of the pathogen or 

through entry via open wounds. Once infected, the innate immune system will be activated and 

phagocytize the pathogen. The smooth (S) MABC form will resist phagosomal degradation and lead 

to the production of a granuloma. Rough (R) MABC will activate apoptosis of the phagocytized cells, 

form cords to resist recurrent phagocytosis and provoke inflammation. Designed using iArtBook. 
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I.2.2 Clinical presentation 

The clinical presentation of MABC infections is mainly dependent on the course of 

the infection and can be categorized as pulmonary, skin and tissue, or 

disseminated disease (Figure I.5).  

MABC pulmonary disease (MABC-PD) is most common amongst CF patients or 

patients with preexisting conditions and can range from asymptomatic to chronic 

progressive lung disease (7, 28). Symptoms of MABC-PD are often labeled as non-

specific as they include chronic cough, sputum, hemoptysis and fatigue (19). 

Radiographically, MABC-PD can be present as two distinguished forms: a nodular 

bronchiectasis form or fibrocavitary form (18, 19). Nodular bronchiectasis occurs 

in the middle lobe of the right lung or the lingual of the left lung of mostly non-

smoking postmenopausal women and is characterized by multiple small nodules. 

It is a progressive disease that is accompanied by a decline in pulmonary function, 

decreased quality of life and ultimately death in some patients (18, 38). The 

fibrocavitary form is a fast progressive disease present as cavitary lesions invading 

the upper lobe of predominantly older men with underlying lung disease, leading 

to the rapid destruction of the lung. While both forms are common in MABC-PD, 

the nodular bronchiectasis form is predominant (18, 39).  

Skin and soft tissue disease include the infection of the skin, cartilage, tendons and 

fat layers, and is generally a localized disease with symptoms such as redness and 

swelling (33, 39). Unlike MABC-PD, skin and soft tissue disease can be found in 

healthy individuals without preexisting conditions, mostly in a healthcare settings 

(28, 40). 

MABC can also cause infections in the muscles, bones, joints, lymph nodes and 

internal organs, causing a disseminated disease (35). Disseminated disease 

predominantly occurs in patients with preexisting conditions including HIV or 

other immunosuppressive conditions (41). 
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Figure I.5. Overview of the different clinical presentations of MABC disease. a) Chest high-

resolution computed tomography of the nodular bronchiectasis form of MABC pulmonary disease 

(MABC-PD). b) Chest high-resolution computed tomography of the fibrocavitary form of MABC-PD. 

c) Skin disease characterized by small nodules on the forearm. d) Nodular lesion of a post-kidney 

transplant surgical wound. Adapted from Sepulcri et al, Koh et al, and Kwon et al (19, 33, 42). 

 

I.2.3 Diagnosis 

Because NTM-PD is regularly mistaken for MDR-TB and due to the close relation 

of some RGM species, correct differentiation between mycobacterial species is of 

utmost importance (33, 43). Therefore, diagnosis of MABC disease relies on clinical 

(symptoms), microbiologic (cultures), and radiologic (imaging) criteria (38). 

Mycobacterial cultures are recognized as the golden standard in which a sputum 

sample or skin biopsy can be used to grow the pathogen, combined with 

fluorescent or Ziehl-Neelsen staining methods to confirm the presence of 

mycobacteria (18, 33, 44). For a more precise identification, molecular methods 

can be employed after culture growth. This is established by amplifying targets 
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that are distinct in the different mycobacterial species, including β-subunit of RNA 

Polymerase (rpoB), gyrB, heat-shock protein 65 (hsp65), internal transcribed 

spacer (ITS), superoxide dismutase (sodA), and 16S – 23S rRNA gene spacer. 

Furthermore, mass spectrometry can be implemented to differentiate between 

MABC and other RGM, however, cannot distinguish between the subspecies of 

MABC (18). Finally, genotyping methods and whole-genome sequencing (WGS) 

allow the identification of specific strains and facilitate phylogenetic studies (18, 

33). Nevertheless, identification of mycobacterial species remains difficult and 

slow, requiring the development of novel laboratory methods to tackle these 

infections (33, 44). 

 

I.2.4 Treatment 

Treatment of MABC infections is challenging as to date there is no standard 

treatment available (45). However, in recent years, the American Thoracic Society 

(ATS)/European Respiratory Society (ERS)/European Society of Clinical 

Microbiology and Infectious Diseases (ESCMID)/Infectious Diseases Society of 

America (IDSA) and British Thoracic Society (BTS) published guidelines that 

recommend a multidrug therapy, including a macrolide together with one or more 

parenteral drugs (amikacin, cefoxitin or imipenem), characterized by two phases 

(46, 47). The first phase comprises an initial treatment phase of at least 4 weeks 

that includes the administration of 2 to 3 intravenous antibiotics (amikacin, 

tigecycline and if tolerated imipenem) in combination with an oral macrolide 

(clarithromycin or azithromycin) for macrolide-sensitive isolates. The second 

phase involves a continuation phase with nebulized amikacin, an oral macrolide 

and 1 to 3 oral antibiotics (linezolid, clofazimine, minocycline, cotrimoxazole, or 

moxifloxacin) depending on the patients tolerance and drug susceptibility (47, 48). 

The guidelines also suggest in vitro susceptibility testing of various antibiotics 

prior to treatment for selection of the appropriate antibiotics while combining the 

multidrug therapy with surgical lung resection for localized lung disease (35, 49). 
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The duration of the treatment is 18 to 24 months and requires a minimum of 12 

months of negative sputum culture (47, 50). 

Although the complete list of recommended antibiotics against MABC infections 

originate from different antibiotic groups while exhibiting different mode-of-

actions, the most important ones, being macrolides and the parental drugs, can be 

classified into three classes of antibiotics: macrolide (clarithromycin and 

azithromycin), aminoglycoside (amikacin) and beta-lactam (cefoxitin and 

imipenem) antibiotics. 

Macrolides 

Macrolides are a group of antibiotics that are widely used to treat respiratory tract 

infections. The structure of macrolides consists of a large macrocyclic lactone ring 

with one or multiple amino-sugar side groups attached via glycosidic bonds 

(Figure I.6a). They can be characterized by the size of the lactone ring with 

clinically used macrolides presenting a 14-, 15- or 16-membered lactone ring (51, 

52). Macrolides disrupt bacterial growth through inhibition of protein synthesis. 

They will bind to the 50S ribosomal subunit next to the nascent peptide exit tunnel 

(NPET), a tunnel where the newly synthesized polypeptides pass through before 

being released from the ribosome, hereby blocking the tunnel (52, 53). Binding of 

the macrolides to the 50S subunit will ultimately result in inhibiting elongation of 

the peptide chain, inhibiting the formation of a large 50S subunit, inhibiting 

peptide bond formation and promoting dissociation of peptidyl tRNA from the 

ribosome (54). Beside their antimicrobial effect, macrolides are also believed to 

have an immunomodulatory effect in respiratory diseases (52). 

Aminoglycosides 

Aminoglycosides are broad-spectrum antibiotics that are active against a wide 

range of Gram-positive and Gram-negative bacteria. This class of antibiotics is only 

active against aerobic bacteria as they need an active electron transport to be 

taken up into cells (55). The general structure of aminoglycosides contains a core 

amino-sugar structure linked by glycosidic bonds to an inositol derivative, totally 
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consisting of multiple free hydroxyl and at least two amino groups (Figure 

I.6b)(55, 56). Their mode of action is characterized by binding the A-site of the 16S 

ribosomal RNA of the 30S ribosome, consequently causing genetic code misread, 

inhibition of the protein synthesis, and a disruption of the integrity of the cell 

membrane (55, 57). 

Beta-lactams 

Beta-lactams are one of the largest and oldest classes of antibiotics that are 

successfully being used for the treatment of many bacterial species (57, 58). Their 

structure consists of a beta-lactam ring which is needed for activity (Figure 

I.6c)(57, 59). This class of antibiotics acts as an irreversible inhibitor by mimicking 

the substrate of the transpeptidase peptide, an enzyme belonging to the penicillin-

binding proteins (PBP) cross-linking the peptidoglycan components of the 

bacterial cell wall. After binding to the transpeptidase peptide, beta-lactams will 

inhibit the transpeptidase activity, hereby inhibiting the cell wall biosynthesis, 

disrupting the integrity of the cell wall and causing cell lysis (57, 58). 

 

Figure I.6. Structure of important recommended antibiotics against MABC infections. Chemical 

structure of azithromycin (macrolide)(a), amikacin (aminoglycoside)(b), and imipenem (beta-

lactam)(c). Figure adapted from Glanzer et al., Isanga et al., and El-Gamal et al. (60–62). 

 

I.2.5 Treatment shortcomings 

Despite the guidelines, MABC infections remain extremely difficult to treat due to 

the limited availability of therapeutic options (35). This is the result of MABC being 

extensively resistant to a variety of antibiotics, including the first-line anti-TB 

drugs such as isoniazid, rifampin, ethambutol and pyrazinamide (47). The intrinsic 
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resistance of MABC is mainly due to the mycobacterial cell wall. The cell wall acts 

as an effective barrier against antibiotics and other hydrophilic and lipophilic 

agents because of its thick, lipid-rich nature. Beside its protective characteristics, 

the cell wall also contains various efflux pumps that actively transport toxic 

compounds back to the extracellular environment (40). Another common 

resistance mechanism among MABC is macrolide resistance, which is caused by 

inducible resistance due to the presence of the erythromycin ribosomal methylase 

gene (erm41) or acquired resistance as a result of a mutation in the 23S ribosomal 

RNA gene (rRNA) (49, 50). MABC also produces a number of target-modifying 

enzymes and transcriptional regulators that promote supplementary antibiotic 

resistance (40). Furthermore, treatment of MABC often leads to serious adverse 

drug effects, eventually causing poor patient-compliance and further development 

of acquired drug resistance (50, 63). The adverse drug effects are usually 

antibiotic-related toxicity and include dyspnea, ototoxicity, nephrotoxicity, 

hepatoxicity, cytopenia, vestibular toxicity, cough and electrolyte disturbance (45, 

64). Altogether, these factors are accountable for a treatment success rate of only 

45.6% (45). Because of the low treatment efficacy and limited treatment options, 

MABC disease remains a chronic and incurable disease for most patients. Hence, a 

more realistic treatment goal is often based on symptomatic improvement, 

reduction of radiographic infiltrates in the lung, and lowering of the sputum 

culture positivity (47). 

The lack of an optimal treatment for MABC reinforces the need for novel anti-

mycobacterials and anti-mycobacterial targets that could shorten the treatment, 

reduce adverse drug effects, and prevent further development of drug resistance. 

Unfortunately, because of the many challenges of drug discovery and the highly 

antibiotic resistant profile of MABC, the current anti-MABC drug pipeline remains 

scarce (50).  
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I.2.6 Anti-MABC drugs in the clinical pipeline 

To enhance the clinical drug pipeline of MABC, two strategies can be applied: drug 

discovery or drug repurposing. The first strategy, drug discovery, relies on the 

discovery of de novo drugs starting from the identification of a drug target or lead 

optimalization. To date, de novo drug discovery is essential for MABC disease, 

however, remains limited as this strategy requires an extensive amount of 

resources, is time-consuming, and is an expensive process. A faster strategy for 

developing drugs against MABC is drug repurposing. This strategy repurposes 

previously established and approved anti-tuberculosis (anti-TB) drugs for their 

use against MABC. Due to its low cost and short development time, it is an 

appealing strategy to surpass the rapidly emerging drug resistance in MABC (50, 

65). By utilizing both strategies, the most promising leads for the development of 

anti-MABC drugs are currently in Phase I or II of the clinical drug pipeline. Phase I 

comprises three leads (benzimidazole SPR720, delpazolid and gallium nitrate) 

whereas Phase II holds five (inhaled nitric oxide, tigecycline, liposomal amikacin, 

bedaquiline and omadacycline) (Figure I.7) (65).  

 

Figure I.7. Clinical drug pipeline of the emerging anti-MABC drugs. Anti-MABC drugs currently 

under investigation in Phase I are benzimidazole SPR720, delpazolid and gallium nitrate, while 

inhaled nitric oxide, tigecycline, liposomal amikacin, bedaquiline and omadacycline are currently in 

Phase II of the clinical pipeline. Adapted from Egorova et al (65). 
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Benzimidazole SPR720 

Benzimidazole SPR720 is a prodrug derived from the compound SRP719, which is 

a second-generation aminobenzimidazole that was identified during the process 

of optimization of an analog. This compound inhibits a broad range of bacteria, 

including Gram-positive and -negative pathogens, by targeting DNA gyrase B and 

topoisomerase IV (65). 

Delpazolid 

Delpazolid is a novel antibiotic belonging to the class of oxazolidinone. It was 

discovered during the process of optimization of linezolid and inhibits the protein 

synthesis by targeting the 50S subunit of the ribosome (65). 

Gallium nitrate 

Gallium nitrate is a compound that was recently proven to inhibit the growth of 

MABC and other NTMs, and is being tested for intravenous use in CF patients 

having an additional NTM infection. It inhibits iron-dependent enzymes by 

competing with iron (65).  

Inhaled nitric oxide 

Inhaled nitric oxide is a drug under investigation for CF patients with refractory 

MABC lung infection. Its efficacy still needs to be improved while simultaneously 

reducing the adverse drug effects of a high dose of nitric oxide (65). 

Tigecycline 

Tigecycline is a glycylcycline antibiotic that is structurally similar to tetracyclines 

but was developed to overcome the resistance mechanisms known for 

tetracyclines (66, 67). It prevents translation by targeting the 30S ribosomal 

subunit and inhibiting peptide elongation (66). It is highly efficient against MABC-

PD and is evolved to be one of the recommended antibiotics to treat this disease 

(40). Moreover, a study showed that tigecycline is also active against other rapid-

growing NTMs (64).  
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Liposomal amikacin 

Liposomal amikacin exists as amikacin encapsulated in liposomes and delivered 

into the patient by inhalation of aerosols containing the liposomes. This system is 

implemented to reduce the adverse drug effects of amikacin while increasing the 

drug concentration. Treatment of various patients in a recent study demonstrated 

that liposomal amikacin can serve to cure MABC disease (35).  

Bedaquiline 

Bedaquiline is a diarylquinoline containing a core of three aromatic groups 

(naphthyl, 6-bromoquinoline and phenyl) and was proven to inhibit the ATP 

synthase of mycobacteria by targeting the c subunit of ATP synthase (Figure 

I.8)(68, 69). It is a drug used to treat MDR-TB and is being repurposed for use in 

MABC (40, 64). Bedaquiline displays promising activity against MABC in vitro 

along with in vitro synergistic activity when combined with some antibiotics, 

including clofazimine. However, in vivo efficacy studies are not convincing and, so 

far, elaborated clinical data on the efficacy is still missing (65, 70). Furthermore, 

use of bedaquiline as a combination therapy in vitro can also have a negative 

impact on certain antibiotics, including β-lactams, in which the bactericidal 

potency of these antibiotics is decreased (65).  

 

Figure I.8. Chemical structure of bedaquiline. Bedaquiline is a diarylquinoline with in the core 

three aromatic groups: a naphthyl, a 6-bromoquinoline and a phenyl ring. Figure adapted from 

Pinheiro et al. (71). 
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Omadacycline 

Omadacycline is a tetracycline analogue used for the treatment of bacterial 

pneumonia as well as acute skin and tissue infections. It demonstrated an effective 

activity against NTMs, including MABC (64). 

 

I.2.7 Target-based drug discovery 

Drug discovery has been constantly evolving and adapting over the years but 

remains a complex and expensive process (72, 73). There are two main approaches 

to drug discovery, i.e. target-based or phenotypic-based. While a target-based 

approach advances from target identification to screening of drug candidates, a 

phenotypic approach will start from a drug candidate followed by identification of 

its target (72–74). Although a target-based approach is time-consuming, expensive 

and laborious, target identification and validation of the target suitability by 

establishing the lack of human orthologues, the absence of pre-existing drug 

resistance and a favorable localization are indispensable steps in drug discovery 

but not always possible in a phenotypic-based approach (73, 75). The target-based 

approach consists of the following chronological steps; target selection and 

validation, in silico virtual screening of compounds against the target, target 

expression and purification, testing potential inhibitors in in vitro inhibition 

assays, and testing potential inhibitors in whole-cell assays (Figure I.9)(76).  

 

Figure I.9. Pathway of a target-based approach. Figure created with PowerPoint and based on 

Dalberto et al. (76). Some images originating from Servier Medical Art. 
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Thus, the first step of a target-based approach is the selection and validation of a 

drug target (76). Drug target selection mainly comprises of a single gene, gene 

product or molecular mechanism required for bacterial survival, virulence or 

pathogenesis, and are commonly essential genes (72, 77). Essential targets are 

targets that are indispensable for the bacterial growth and/or survival. However, 

some targets are only essential under certain growth conditions and are 

categorized as conditionally essential (78). To determine the degree of essentiality 

of a mycobacterial target (i.e. essential, conditionally essential or nonessential), 

mycobacteria are usually first genetically modified to alter the expression of the 

target and subsequently tested in different growth conditions (76, 79). These 

growth conditions include conditions relevant during host infection and can be 

divided into in vitro and in vivo models. Recognized mycobacterial in vitro models 

include non-replicating (nutrient starvation, acidic pH conditions, hypoxia 

conditions and stress conditions), antibiotic susceptibility testing, and 

macrophage infection models. In vivo models, on the other hand, are applied to 

more closely mimic the infection environment and are mostly animal models, 

including zebrafish and mice (80, 81). A more recently established mycobacterial 

in vivo model is the Galleria mellonella (G. mellonella) larva, i.e. an invertebrate 

insect that does not present ethical restrictions, is easily manipulated and 

maintained, is unexpensive, and has innate immune defenses presenting both 

cellular and humoral responses (82, 83). Furthermore, G. mellonella larvae 

infected with MABC demonstrate granuloma-like structures that are similar to the 

granulomas seen in human MABC-PD infections and are widely used to assess 

bacterial virulence (83, 84). The main limitation of this model is the lack of 

standardized procedures since variations in supplier, breeding conditions, 

maintenance, and infection method of the larvae can result in experimental 

differences. Moreover, although G. mellonella larvae present cellular and humoral 

immune responses, an adaptive immune system is absent (83, 85).  
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I.3 Redox homeostasis as drug target 

The bacterial redox homeostasis is a process maintaining a balanced redox state 

inside the bacteria (86). However, the redox state can become unbalanced when 

mycobacteria are exposed to redox stress which can cause severe damage to 

cellular components (87, 88). To avoid damage, mycobacteria carry antioxidants 

that enable the neutralization of redox stress (87). 

 

I.3.1 Redox stress 

Almost all living organisms on earth need oxygen to survive (89). These aerobic 

organisms utilize aerobic respiration to generate adenosine triphosphate (ATP) 

hereby supplying the organism with energy. During such reactions, oxygen or 

nitrogen radicals that are highly reactive and quickly oxidized (i.e. reactive oxygen 

species (ROS) or reactive nitrogen species (RNS)), can be formed as byproducts, 

generating an imbalance in reductive and oxidative species termed redox stress 

(87, 90, 91). Redox stress is not only generated from intrinsic biological reactions, 

but can also originate from extrinsic factors, including metals, xenobiotics, 

antibiotics, alkylating agents, acidic pH, nutrient starvation and hypoxia, and is 

capable of causing damage to the DNA, RNA, lipids and proteins leading to cell 

death (87, 89, 92, 93). 

When mycobacteria infect a host, they are exposed to a variety of redox stresses 

generated by their own aerobic respiration and/or by the host’s immune system 

(88). The innate immune system is the first to be activated when mycobacteria 

enter the host after which macrophages and neutrophiles are able to phagocytose 

the pathogen (94). Once phagocytosed, these activated cells retain the pathogen in 

an acidic environment and release a large amount of ROS and RNS to kill the 

invading pathogen (94–97). In order for mycobacteria to counteract the effect of 

redox stress, the pathogen developed antioxidants that can undergo reversible 

oxidation and thus maintain a balanced redox homeostasis (86, 87). When there is 
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an imbalance between oxidants (ROS and RNS) and antioxidants in favor of the 

oxidants, the term oxidative stress is used (98, 99). 

 

I.3.2 Mycothiol biosynthesis and recycling pathway 

Mycothiol (MSH) is the main low molecular weight (LMW) thiol present in 

mycobacteria and a glutathione (GSH) analogue that can only be found in 

Actinomycetes (89, 100). These thiols both present a similar function, however, 

differ in structure (Figure I.10)(101, 102).  

 

Figure I.10. Structure of MSH and GSH. MSH is a pseudo-disaccharide consisting of inositol (Ins), 

N-glucosamine (GlcN) and acetylcysteine (AcCys), while GSH is a tripeptide that includes a glycine, 

cysteine and glutamic acid. Figure adapted from Eberle et al. (103). 

MSH acts as an antioxidant for the neutralization of ROS, RNS and other reactive 

intermediates generated during oxidative stress conditions by serving as an 

electron donor (89, 104). Furthermore, it also acts as a cofactor in various other 

reactions such as detoxification of formaldehyde or arsenate reduction (105). MSH 

biosynthesis is characterized by a five-step process that involves five enzymes: a 

glycosyltransferase (MshA), a phosphatase (MshA2), a deacetylase (MshB), a 

cysteine ligase (MshC) and an MSH synthase (MshD) (Figure I.11). First, MshA 

combines inositol-phosphate (Ins-P) with uridine diphosphate N-

acetylglucosamine (UDP-GlcNAc) to form N-acetyl glucosamine myo-isonitol-1-

phosphate (GlcNAc-Ins-P). Then, GlcNAc-Ins-P is dephosphorylated and 
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deacetylated by MshA2 and MshB, respectively, generating glucosamine inositol 

(GlcN-Ins) after which a cysteine amino group is added by MshC in an ATP-

dependent manner, composing Cys-GlcN-Ins. Finally, MshD acetylates the cysteine 

to yield MSH or acetylcysteine-glucosamine-inositol (AcCys-GlcN-Ins) (88, 89, 

100). When the generated MSH later encounters a reactive oxidant, it will donate 

electrons to neutralize the oxidant while becoming oxidized to form mycothione 

or MSSM. To keep a balanced redox homeostasis, MSSM is then reduced back to 

MSH by mycothione reductase (Mtr).  

 

Figure I.11. Mycothiol biosynthesis and recycling process. Mycothiol (MSH) is synthesized in a 

five-step process involving a glycosyltransferase (MshA), a phosphatase (MshA2), a deacetylase 

(MshB), a cysteine ligase (MshC) and an MSH synthase (MshD). Once synthesized, mycothiol will act 

as an antioxidant to neutralize ROS, RNS and other reactive intermediates generated during stress 

conditions or by the host’s immune system as a defense mechanism against the intruding pathogen, 

oxidizing MSH into mycothione (MSSM). To keep a stable redox homeostasis, MSSM is then reduced 

back into MSH by Mtr. Designed using PowerPoint. Ins-P: inositol-phosphate, UDP-GlcNAc; 

diphosphate N-acetylglucosamine, GlcNAc-Ins-P: myo-isonitol-1-phosphate, GlcN-Ins: glucosamine 

inositol, Cys-GlcN-Ins: cysteine-glucosamine-inositol, AcCys-GlcN-Ins: acetylcysteine-glucosamine-

inositol 
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Mtr reduces MSSM in a NADP-dependent manner by using flavin adenine 

dinucleotide (FAD) as a cofactor and its bound redox-active disulfide. The 

reduction occurs via a ping-pong kinetic mechanism composed of a reductive and 

oxidative half-reaction (Figure I.12). During the reductive half-reaction, electrons 

are transferred from NADPH to the redox-active disulfide via FAD, generating a 

two-electron reduced Mtr enzyme. The oxidative half-reaction includes binding of 

the oxidized MSSM to the reduced enzyme to form a mixed disulfide followed by 

the release of two reduced MSH and a reformed redox active disulfide on Mtr (106, 

107). Similar to Mtr, MshC also functions via a ping-pong kinetic mechanism. 

During this mechanism, ATP and cysteine will first bind MshC to form a complex 

followed by binding of the complex to GlcN-Ins and the release of Cys-GlcN-Ins and 

AMP (108). While the 3D-structure of Mtr is still unknown, the structure of MshC 

was uncovered in M. smegmatis (Msm) and shown to contain a Rossmann fold 

catalytic domain (109). 

 

Figure I.12. Mechanism of action of Mtr. Mtr reduces MSSM via a ping-pong kinetic mechanism 

consisting of a reductive and oxidative half-reaction. First, the reductive half-reaction ensures the 

transfer of electrons from NADPH to Mtr by using FAD, generating a reduced Mtr enzyme. Then, 

during the oxidative half-reaction the reduced Mtr binds to MSSM and releases two reduced MSH. 

Designed with PowerPoint. 
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To date, it is not known whether the mtr and mshC genes are essential for MABC, 

however, their essentiality has been investigated in Msm and Mtb. While both 

genes are non-essential for Msm (110, 111), mshC is essential for Mtb whereas 

there is controversy about mtr essentiality in this pathogen (107, 112). In the 

recent years, dequalinium and NTF1836 were presented as novel MshC inhibitors 

demonstrating activity against Mtb but are far from ideal since they are cytotoxic 

for mammalian cells (100, 113, 114).  

Because of the important role of MSH and the MSH biosynthesis and recycling 

enzymes in the maintenance of a balanced redox homeostasis and their 

uniqueness for Actinomycetes, these enzymes have been suggested as potential 

targets for developing anti-mycobacterial drugs in the fight against mycobacterial 

infections (100). To approve a novel target, potential targets need to be validated 

first with the help of genetic engineering techniques (115).  

 

I.4 Genetic engineering 

Genetic engineering is a widely used technique which is crucial to elucidate 

mycobacterial pathogenesis and disease, while being indispensable for the 

identification and validation of novel drug targets for anti-mycobacterial drugs 

(115, 116). By using genetic editing methods to manipulate the mycobacterial 

genome by producing knockouts, knockdowns or overexpression of particular 

genes, individual gene function and their involvement in the virulence and 

pathogenesis of the bacteria can be investigated (115, 117, 118). Essential genes 

are especially interesting as drug targets, however, knockout mutants of essential 

genes are not viable and require the insertion of an inducible second copy present 

on another location on the genome (119). Genetic engineering of mycobacteria 

remains a challenge due to the limited availability of selection drugs as a result of 

the highly resistant nature of these pathogens, the low transformation efficiency 

of mycobacteria, the thick and lipid-rich cell wall, the low efficiency of homologous 

repair within the bacteria and the time-consuming feature of gene editing (117, 
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118, 120–122). Nonetheless, significant improvements have been made over the 

last years in the development of genetic engineering techniques to more efficiently 

generate mutations in mycobacteria (115).  

Several recombineering systems are commonly used for genetic engineering, 

including homologous recombination and site-specific recombination (Figure 

I.13) (123). Homologous recombination is a process mediated by the exchange of 

nucleotides between two homologous DNA sequences. These DNA sequences can 

be circular or linear, either double-stranded DNA (dsDNA), single-stranded DNA 

(ssDNA) or single-stranded RNA (ssRNA) (124, 125). To perform homologous 

recombination between a target gene and an editing substrate, implementation of 

endogenously expressed recombination enzymes (e.g. allelic exchange), a strain 

capable of recombination, or a phage recombination system are required (125). 

Site-specific recombination, on the other hand, is a process in which DNA is cleaved 

and reassembled at specific DNA sites without any DNA synthesis or degradation 

needed (126, 127). This process occurs between specific DNA sites that do not 

necessarily require homology and is executed by proteins such as integrases (127–

129). Unlike homologous recombination, site-specific recombination is 

characterized by the integration of a DNA sequence into the specific DNA site 

rather than an exchange between two DNA sequences (115). A well-known site in 

the mycobacterial genome for site-specific recombination is the L5 integration site 

(130).  
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Figure I.13. Schematic representation of homologous and site-specific recombination. a) 

Homologous recombination occurs between two sequences that share some homology and is carried 

out by recombination enzymes. b) Site-specific recombination is mediated by DNA cleavage and 

reassembly at specific DNA sites. This process does not necessarily need homologous sequences for 

the recombination to occur but requires an integrase. Designed using PowerPoint. 

 

I.4.1 L5 integration 

The mycobacteriophage L5 is a temperate phage that infects mycobacteria to form 

stable lysogens via site-specific recombination (115, 131). Recombination occurs 

between the phage attachment site in the mycobacteriophage genome, attP, and 

the bacterial attachment site in the mycobacterial genome, attB, and is dependent 

on mycobacteriophage-expressed integrase (Int) as well as the host-expressed 

integration host factor (mIHF) (115, 132). Soon after its discovery, this 

mycobacteriophage system was transformed into a useful tool to manipulate the 

genome of mycobacteria (132). An example of a system using the L5 integration is 

the pMV306 vector, a vector containing an attP phage attachment site that 

integrates into the attB bacterial attachment site or L5 site with the help of a pBS-

Int suicide plasmid expressing the mycobacteriophage L5 integrase (133, 134). A 

suicide plasmid is a plasmid unable of replicating within a host species (135). After 

integration of the pMV306 vector into the attB site, the vector is flanked by an attL 

site on his left side and an attR site on his right side (115). The pMV306 vector is 
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widely used to generate overexpressing or complementing mycobacterial strains 

as genes can easily be cloned into the vector and expressed by the promotor 

present on the vector (136, 137). Promotors present on these vectors can be either 

constitutive or inducible and mostly consist of a strong mycobacterial promotor 

such as heat-shock protein 60 (hsp60) or G13 (138–141). A constitutive promotor 

will continuously express the genes introduced on the integrating vector whereas 

an inducible promotor utilizes a tetracycline-controlled Tet-On or Tet-Off gene 

expression system to control the expression of the genes. After administration of 

tetracycline (Tc) or other Tc-derivatives such as anhydrotetracycline (ATc), a Tet-

On system starts the expression of the genes present on the vector while a Tet-off 

system pauses gene expression (141, 142). 

 

I.4.2 CRISPRi 

CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats–CRISPR 

associated proteins) is a system found in various bacteria as part of the adaptive 

immune system against invasive or foreign genetic elements that was adapted as 

a gene editing tool for both prokaryotic and eukaryotic cells (143, 144). Later, 

CRISPR-Cas was repurposed as a tool for silencing the expression of  genes, termed 

CRISPR interference (CRISPRi), enabling the functional investigation of essential 

or other specific genes (145–147). To perform CRISPRi gene silencing, three 

components are necessary: a single guide RNA (sgRNA) containing a sequence 

complementary to the target sequence, a nuclease-deficient Cas9 protein (dCas9) 

inactivated by two point mutations within its RuvC and HNH nuclease domains, 

and a Cas9-permissible protospacer adjacent motif (PAM) (Figure I.14) (146, 

148). The sgRNA and dCas9 protein are expressed from a single plasmid inside 

mycobacteria after integration of the plasmid in the L5 integration site of the 

mycobacterial genome (149). When expressed, the sgRNA forms a complex with 

the dCas9, sgRNA-dCas9, which is guided by the sgRNA to the complementary 

target sequence on the bacterial genome. Then, the sgRNA-dCas9 complex binds to 

the target sequence adjacent to a PAM motif hereby repressing gene transcription 
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by causing a steric block for transcription elongation or initiation by RNA 

polymerase and other transcription factors (146, 148, 150). The PAM sequence is 

an important component required for sgRNA-dCas9 to successfully target and bind 

the complementary target sequence (151). The most used and fully exploited 

dCas9 proteins are codon optimized and originate from two pathogens, 

Streptococcus pyogenes dCas9 (dCas9Spy) or Streptococcus thermophilus dCas9 

(dCas9Sth1) (148). The CRISPRi system can be used to target either a promotor or 

an open reading frame of a gene (150). 

CRISPRi shares many properties with CRISPR-Cas including being programmable, 

specific and highly efficient (147). Moreover, CRISPRi allows the simultaneous 

silencing of multiple genes, helping in the investigation of genetic interactions 

(146). Additionally, this system can also be used for essential genes that are 

extremely sensitive to knockdown as the degree of gene repression can also be 

controlled. Finally, knockdown of the gene of interest is both inducible and 

reversible. Nevertheless, using this system can also be accompanied by some 

unwanted outcomes including a bad-seed effect, a polar effect, toxicity and off-

target. A bad-seed effect occurs when the last 5 nucleotides of a sgRNA produces a 

strong fitness defect while a polar effect is characterized by the repression of the 

expression of all genes in an operon downstream from the gene of interest. 

Another limitation of CRISPRi is the restricted amount of sequences that can be 

targeted due to the requirement of a PAM sequence (147, 152). 
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Figure I.14. CRISPRi gene silencing. During CRISPRi gene silencing, a small guide RNA (sgRNA) 

possessing a sequence complementary to the target sequence will bind to a nuclease-inactivated Cas9 

protein (dCas9) and form a protein-RNA complex. Next, the sgRNA will guide the complex to bind to 

the target sequence. After binding to the target sequence, the complex will hinder the transcription 

by causing a block for the RNA polymerase (RNAP). Adapted from Qi et al. (153). 
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I.4.3 p2NIL/pGOAL system 

To significantly improve the effectiveness of producing mutations in the 

mycobacterial genome, Parish and Stoker developed a new system in 2000 called 

the p2NIL/pGOAL system (116, 154). This system applies a two-step allelic 

exchange procedure relying on RecA-mediated homologous recombination and 

involves the replacement of a gene of interest with a modified version, hereby 

causing loss of function of the gene of interest (Figure I.15) (119). Replacement of 

the gene of interest is accomplished with the use of a p2NIL suicide vector 

constructed by cloning a marker cassette (antibiotic-resistant cassette, lacZ and 

sacB) from a pGOAL vector together with the modified gene of interest containing 

a 1 kb flanking region into the p2NIL vector (154, 155). Then, a two-step allelic 

exchange strategy is implemented composed of a single cross-over (SCO) and 

double cross-over (DCO) event. During the SCO event, the entire p2NIL vector will 

be incorporated into the mycobacterial genome, generating a strain that contains 

the marker cassette and both the wild-type (WT) and modified copies of the gene 

of interest (156). As a result of the lacZ marker gene, SCO transformants with an 

integrated vector will turn blue in the presence of X-Gal (120). Next, the genome is 

forced to remove sacB, a negative selection marker rendering the bacteria 

sensitive to sucrose, by undergoing a DCO event (116, 120). This recombination 

event will also be responsible for the removal of one of both copies of the gene of 

interest, giving rise to a strain containing either the modified gene or the WT gene 

(156). If the modified copy of the gene is retained, a mutant is successfully created 

(119). Mutants generated with the p2NIL/pGOAL system are characterized by a 

gene deletion marked with a drug resistance gene, an unmarked gene deletion, or 

the introduction of a point mutation into the target gene (156).  

The use of the p2NIL/pGOAL two-step strategy has several advantages in 

comparison to a one-step strategy. First, a two-step strategy enables the creation 

of unmarked mutants, offering the possibility of deleting several genes in one 

strain without the need to find another resistance marker. The generation of 

unmarked mutants also enables the production of vaccines without including a 
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drug resistance gene (154). Secondly, a two-step strategy is more efficient for use 

in slow-growing species with a lower frequency of homologous recombination, but 

are also applicable to other bacterial species (154, 155). Finally, the use of lacZ and 

sacB as selection markers facilitate the selection of both SCO and DCO 

recombinants and reduce the number of colonies needed to be tested (154). 

However, as a result of an inefficient homologous repair together with a lower 

probability of homologous recombination when using a nonreplicating vector, SCO 

recombinants are difficult to produce (115, 121). Moreover, selection of mutants 

can be complex after the frequent spontaneous inactivation of sacB (115). Lastly, 

the procedures involved in performing the p2NIL/pGOAL technique are time-

consuming and labor-intensive (121). 
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Figure I.15. p2NIL/pGOAL system. a) A nonreplicating suicide vector is generated by first inserting 

a modified copy of the gene of interest, containing flanking regions, into the p2NIL vector followed 

by the incorporation of a marker cassette originating from the pGOAL vector. b) A mutant is created 

in a two-step allelic exchange strategy. First, a single cross-over (SCO) event incorporates the suicide 

vector into the genome of the bacteria by homologous recombination, generating a mutant 

containing a wild-type (WT) and a modified copy of the gene of interest. Next, a second cross-over or 

double cross-over (DCO) event removes the marker cassette together with one copy of the gene of 

interest. If the modified copy is retained, a mutant is successfully created. Adapted from Borgers et 

al. (120). 
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I.4.4 ORBIT system 

The “oligonucleotide-mediated recombineering followed by Bxb1 integrase 

targeting” or ORBIT system is a recent system described to efficiently engineer the 

genome of mycobacteria and was developed by combining two recombination 

methods, homologous recombination and site-specific integration (116, 157). This 

chromosomal engineering system is the first to enable the production of a drug-

selectable recombinant without the need to generate target-specific dsDNA 

plasmids or PCR-generated recombinant substrates (123). To create a drug-

selectable recombinant, a plasmid carrying a Che9c phage RecT annealase and a 

Bxb1 phage integrase is first transformed and expressed into mycobacteria. Then, 

a single-stranded “targeting oligonucleotide” is synthesized harboring a Bxb1 

phage attP site flanked by 45 to 70 bp homologous to the chromosomal target 

sequence, hereby determining the exact location of insertion. This “targeting 

oligonucleotide” is cotransformed into mycobacteria with a nonreplicating 

“payload” plasmid containing a Bxb1 attB site and a selectable marker. After 

transformation, the DNA fragments are inserted into the genome in a two-step 

approach (figure 1.16). First, the Che9c RecT annealase anneals the “targeting 

oligonucleotide” to the lagging strand of the replicating fork via homologous 

recombination, thereby incorporating the attP site into the target sequence. 

During the second step, site-specific recombination occurs between attB and attP 

in which Bxb1 integrase inserts the “payload” plasmid into the attP site previously 

integrated by the oligonucleotide during the first step (115, 120, 123). The ORBIT 

system can be used to generate chromosomally tagged genes, promotor 

replacement or gene deletions. For the latter, the oligonucleotide synthesized will 

replace the target gene by an attP site (120).  

The usage of this recently discovered system comes with many advantages. As the 

ORBIT system only requires the synthesis of a “targeting oligonucleotide”, it is an 

appropriate system to construct a library of mutants. Moreover, since no dsDNA is 

required, the flanked homologies is significantly reduced. Finally, the generated 

mutation is selectable and the generated mutant can be tagged by a particular 
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sequence added to the oligonucleotide (120, 125). However, this system is also 

characterized by a few disadvantages, including the need of an electroporation 

step limiting the overall efficiency. Additionally, after implementing the ORBIT 

system, a vector and antibiotic resistance markers or an attP site remain within 

the mutant while removal is time-consuming (120, 125, 157). 
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Figure I.16. Deletion of a target gene with the ORBIT system. Deletion of genes with the ORBIT 

(“oligonucleotide-mediated recombineering followed by Bxb1 integrase targeting”) system is 

performed via a two-step strategy. First, RecT annealase (RecT) facilitate the annealing of a “targeting 

oligonucleotide” containing a Bxb1 attP site (red line), flanking by sequences homologous to the 

targeting sequence (blue line), to the lagging strand of the replication fork. After DNA replication, the 

“targeting oligonucleotide” will be integrated into the genome by homologous recombination. The 

second step implies site-specific recombination driven by Bxb1 integrase (Int) in which the attB site 

of a nonreplicating “payload” plasmid containing a hygromycin-resistant cassette (HygR) will be 

incorporated into the previously inserted attP site. In order to delete a target gene, the 

oligonucleotide is designed such that the attP site will replace the target gene. Adapted from Murphey 

et al. (123). 
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II. Research objectives and outline 

MABC is the most common rapidly-growing NTM that causes respiratory 

infections in human. These infections have been increasing worldwide over the 

last two decades, especially among CF patients, leading to a higher morbidity and 

mortality associated with this pathogen (9). Treatment of MABC infections 

remains challenging as the recommended therapy demonstrates an average 

treatment success rate of only 45.6% (45). Treatment failure occurs as a cohesion 

of several different elements: i) the duration of the treatment is lengthy as it 

requires a multidrug therapy for 18 to 24 months (50), ii) the recommended 

treatment frequently causes severe antibiotic-related side effects, such as hepato-

, nephron- and ototoxicity (40, 64), iii) the thick, lipid-rich cell wall of mycobacteria 

acts as barrier against antibiotics (40), and iv) most members of MABC developed 

inducible or acquired bacterial resistance against macrolides, an important 

antibiotic class used against MABC infections, or other antibiotics (40, 49). As a 

result of the low efficacy of the available treatment and the limited antibiotic 

options, MABC disease remains incurable for most patients (47). To improve 

MABC treatment and avoid the further development of drug resistance, novel anti-

mycobacterials and anti-mycobacterial targets need to be explored (50).  

An interesting novel anti-mycobacterial target is the MSH biosynthesis and 

recycling pathway. MSH is the main LMW thiol of mycobacteria and acts as an 

antioxidant for the neutralization of ROS and RNS (89). ROS, RNS and other 

reactive intermediates are generated during oxidative stress conditions 

encountered when infecting a host or caused by the bacteria’s own aerobic 

respiration (87, 88). Accordingly, MSH and the MSH biosynthesis and recycling 

enzymes are of great importance for the survival of mycobacteria within a host 

(158). To tackle both the biosynthesis and recycling pathway of MSH, one enzyme 

of each pathway was selected as a potential target. Hereby, two key enzymes of the 

MSH biosynthesis and recycling pathway are Mtr and MshC. While Mtr is the only 

enzyme responsible for the recycling of MSH after neutralization of reactive 

species, MshC establishes the penultimate step of the MSH biosynthesis and is 
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essential to maintain a balanced redox homeostasis (100, 106). Furthermore, mshC 

is believed to be the only essential gene of the biosynthesis pathway in Mtb (112, 

159).  

Since targets for anti-mycobacterial drugs are commonly essential genes, it is of 

utmost importance to investigate the essentiality of novel potential targets. 

Simultaneously, it is also crucial to determine the degree of essentiality of these 

targets, as certain genes can be essential for the survival of MABC under specific 

clinically relevant conditions, i.e. conditionally essential, and hereby have the 

potential to become valuably targets as well. Up to date, it is not yet known 

whether mtr and mshC are essential genes for the survival of MABC in favorable or 

stress-related conditions nor whether they truly are potential good targets for 

anti-mycobacterial drugs. Therefore, the main objective of this thesis was to 

investigate and validate Mtr and MshC as potential targets for anti-MABC 

drugs. This was achieved by employing different genetic engineering techniques 

to produce a panel of strains with variable expression of both genes of interest. 

Since M. abscessus abscessus is the most common amongst the subspecies, it is the 

most relevant for conducting research. A widely used reference strain of this 

subspecies for drug discovery is the M. abscessus (Mab) ATCC 19977 strain (160, 

161). To achieve the main objective, three sub-objectives were applied: 

i. to create a panel of recombinant Mab strains having a differential 

expression of mtr or mshC, 

ii. to determine the role of mtr and mshC during stress conditions, 

iii. to evaluate the role of mtr and mshC during infection. 

 

First, Chapter III focusses on the development of both mtr and mshC 

overexpressing strains by integrating a pMV306 vector, containing an extra copy 

of the genes, in the mycobacterial L5 integration site. As these genes are part of a 

protective pathway within Mab, their overexpression would allow us to learn more 

about the protective function of mtr and mshC during stress conditions and 
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infection. Next, to determine the essentiality of both mtr and mshC, Chapter IV 

aims to produce mtr and mshC knockdown strains using the CRISPRi system while 

Chapters V and VI aim at creating mtr and mshC knockout strains. Hereby, 

Chapter V first investigates the efficiency of the p2NIL/pGOAL method for the 

generation of mycobacterial knockout strains by validating this method in Msm, i.e. 

a mycobacterial species that is widely used as an alternative model for 

mycobacterial studies. After validation and selection of the best method for 

creating knockout strains in mycobacteria, the selected method, i.e. the ORBIT 

system, is applied in Chapter VI to generate mtr and mshC knockout strains in Mab. 

In this chapter, the genes are evaluated based on their importance for the survival 

of Mab in different stress conditions and during infection, and investigated as 

potential novel drug targets for anti-mycobacterials. Finally, Chapter VII reviews 

all the obtained results in a general discussion while also covering the future 

perspectives of this thesis. 

 

Figure II.1. Overview of the objectives of this thesis. 
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III. Generation and functional characterization 

of mtr and mshC overexpressing strains in 

Mycobacterium abscessus 
 

III.1 Abstract 

MSH is an important antioxidant in mycobacteria capable of detoxifying 

reactive intermediates. Several studies already highlighted the benefits of 

increased MSH levels or levels of its analogs in a diverse range of bacteria, 

however, this was not yet accomplished for Mab. In this study, two key enzymes 

of the MSH biosynthesis and recycling pathway, Mtr and MshC, were selected to 

generate mtr and mshC overexpressing strains and to characterize their 

survival during stress conditions and infection. Our findings demonstrated that 

overexpressing only part of the MSH biosynthesis or recycling pathway does 

not lead to a general increase in intracellular reduced thiol levels, which may be 

due to the failed translation of higher levels of the MSH biosynthesis or 

recycling enzymes to higher MSH levels or due to a compensation mechanism 

leading to a reduction of the overall thiol levels. Furthermore, higher expression 

levels of mtr or mshC were not proven to be beneficial for Mab as mtr and mshC 

overexpressing strains showed a reduced ability to grow in the nutrient-poor 

medium Sauton and proliferation was not enhanced after exposure to oxidative 

stress or during infection in macrophages and G. mellonella larvae. 

 

III.2 Introduction 

To learn more about the function of a particular gene or gene product, genetic 

engineering approaches can be used to alter the expression of genes (162). An 

overexpressing approach enables the study of both essential and non-essential 

genes and is beneficial for understanding the function of genes involved in 
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certain mechanisms, including stress tolerance. Hereby, the overexpression of 

these genes can help the pathogen to adapt to stress conditions (162, 163). 

Thiols are important intracellular components for all kind of life forms to 

maintain redox balance. While most eukaryotes and a large number of 

prokaryotes possess GSH to conserve this balance, mycobacteria lack this low-

molecular weight thiol and instead rely on other types of thiols including MSH 

(164). MSH acts as an antioxidant that is capable of detoxifying reactive 

intermediates such as ROS which are mainly released due to aerobic respiration 

or by the host’s immune system, i.e. macrophages, as a defense mechanism (88, 

104, 165). Biosynthesis of MSH involves a five-step pathway conducted by a 

glycosyltransferase (MshA), a phosphatase (MshA2), a deacetylase (MshB), a 

cysteine ligase (MshC) and an MSH-synthase (MshD) (100, 106). Once MSH is 

synthesized and neutralizes reactive intermediates, it will become oxidized to 

MSSM. Then, to maintain a balanced redox homeostasis, Mtr will reduce MSSM 

back to MSH (107, 166).  

Some studies have already highlighted the importance of MSH for the survival 

of Msm and Mtb and its role in the protection against oxidative stress. Hereby, 

Msm and Mtb showing reduced or deficient levels of MSH become more 

sensitive to free radicals and antibiotics (167–169). Furthermore, the 

overexpression of mtr was shown to enhance the fitness of Corynebacterium 

glutaminicum, a bacteria belonging to the same order as Mycobacterium, during 

stress conditions (170, 171). Given previously mentioned findings and the fact 

that MSH plays a role in neutralizing reactive intermediates, enzymes of both 

the biosynthesis and the recycling pathways, Mtr and MshC, were selected to 

investigate their importance in protecting Mab. Hereby, we suggest the 

hypothesis that by overexpressing either mtr or mshC, the fitness of Mab would 

be increased during stress conditions or during infection. In this study, the 

pMV306 plasmid was used to integrate an extra copy of mtr or mshC into the 

genome of Mab, hereby generating novel mtr and mshC overexpressing strains. 

Our findings show that the overexpression of mtr or mshC is not favorable for 
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Mab as proliferation of both strains remains unaltered after exposure to 

oxidative stress or during infection in macrophages and G. mellonella larvae. 

 

III.3 Material and methods 

Bacterial strains, media and culture conditions 

Escherichia coli (E. coli) DH5α cultures were grown in Luria-Bertani (LB) broth 

(Sigma-Aldrich) or plated on LB agar (Sigma-Aldrich) supplemented with 0.2% 

glycerol and the corresponding selection drug. 

All mycobacterial strains in this study were derived from M. abscessus ATCC 

19977 and were routinely cultured at 37°C in Middlebrook 7H9 broth (Sigma) 

supplemented with 10% ADS (albumin-dextrose-saline), 0.2% glycerol and 

0.05% tyloxapol or Sauton’s medium (HiMedia Laboratories) supplemented 

with 2% glycerol and 0.05% tyloxapol with the addition of 200 µg/mL 

kanamycin (Sigma) for the overexpressing strains. Agar plates were made of 

Middlebrook 7H11 agar base (Sigma) or Sauton agar, consisting of Sauton’s 

medium solidified with 1.5% Bacto™ Agar (Becton, Dickinson and Company).  

 

Molecular cloning of mtr and mshC and construction of the pMV306_mtr, 

pMV306_TET-mtr and pMV306-mshC plasmid 

The sequences of mycothione reductase (mtr; MAB_RS00460) and cysteine 

ligase (mshC; MAB_RS10805) were obtained using the National Center for 

Biotechnology Information (NCBI) platform. To isolate these genes from the 

genome of Mab, the bacteria were first grown until logarithmic phase and lysed 

by heating for 20 min at 90°C to make the DNA available. Then, PCR was 

performed using selected primers (Table III.1) to amplify the genes of interest 

while adding a N-terminal His-tag and restriction enzyme sites for EcoRI and 

SalI at the 5’-end and 3’-end, respectively, for cloning into the pMV306DIG13-
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FFlucRT plasmid (Addgene 49998) or pMV306DIG13-FFlucRT-TET (Previously 

adjusted from pMV306DIG13-FFlucRT by Linda De Vooght). The PCR mixture 

(50 µL) consisted of 25 µL of Q5® High-Fidelity 2X Master Mix (NEB®), 2.5 µL of 

each primer, 1 µL of the lysed bacteria and 19 µL Milli-Q, while the thermal 

cycles included a denaturation step (98°C, 30 sec), 35 amplification cycles (98°C 

for 5 sec; 72°C for 20 sec; 72°C for 35 sec), and a final extension step (72°C, 2 

min). Next, the pMV306 expression plasmid was digested with EcoRI and SalI 

for 2h at 37°C and ligated together with the PCR products by NEBuilder® Hifi 

DNA assembly for 15 min at 50°C with help of the Hifi master mix (NEB®) to 

generate pMV306_mtr, pMV306_TET-mtr and pMV306-mshC. An overview of 

the method used to create the pMV306 plasmids is demonstrated in Figure 

III.1. The generated plasmids were then heat-shocked separately into E. coli 

DH5α competent cells and correct recombinants were selected after 

confirmation by PCR using the previously mentioned primers (Table III.1). 

After selection, the plasmids were purified from the recombinants using the 

NucleoSpin® Plasmid QuickPure Miniprep kit (Machery-Nagel) and checked by 

Sanger sequencing (Neuromics Support Facility; University of Antwerp). 
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Table III.1. Overview of primers used to clone mtr and mshC from Mab into the pMV306 

plasmids.  

Name Sequence* Description 

Mtr_For acgcagcccacaaatgcacgcttg

gtaaccgagagaaggagaagtac

cgatgCACCATCACCATCAC

CATATGTACGACCTCGTC

ATCATCGGTTCCGG 

Forward primer used to amplify the mtr 

gene while adding an N-terminal His-tag 

and a restriction enzyme site for EcoRI 

for cloning into the pMV306 plasmid.  

Mtr_Rev atttgatgcctggcagtcgatcgta

cgctagttaactacgCTAGAGG

TCCAGACCCAGC 

Reverse primer used to amplify the mtr 

gene while adding a restriction enzyme 

site for SalI for cloning into the pMV306 

plasmid. 

MshC_For acgcagcccacaaatgcacgcttg

gtaaccgagagaaggagaagtac

cgatgCACCATCACCATCAC

CATATGCAGTCGTGGGCG

TCGGCGCCGGTTCC 

Forward primer used to amplify the 

mshC gene while adding an N-terminal 

His-tag and a restriction enzyme site for 

EcoRI for cloning into the pMV306 

plasmid. 

MshC_Rev atttgatgcctggcagtcgatcgta

cgctagttaactacgCTACAAC

TGCACTCCC 

Reverse primer used to amplify the mshC 

gene while adding a restriction enzyme 

site for SalI for cloning into the pMV306 

plasmid. 

*Upper case letters in the sequences refer to sequences originating from the bacterial genome 

while lower case letters refer to sequences originating from a plasmid. 
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Figure III.1. Overview of the methodology used to create pMV306_mtr. The figure is a 

representative for all pMV306 plasmids generated. Created with SnapGene©. 

 

Creation of Mab::mtr, Mab::TET-mtr and Mab::mshC 

Mab was grown in a shaking incubator (New Brunswick Scientific; 175 rpm) in 

7H9 supplemented with 10% OADC (oleic acid-albumin-catalase-dextrose; 

Thermo Fisher Scientific), 0.2% glycerol and 0.05% tyloxapol at 37°C until 

reaching an optical density at 600 nm (OD600) between 0.2 and 0.8 and was 

made electrocompetent by washing three times with 10% glycerol. Then, 1 µg 
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of the pMV306_mtr, pMV306_TET-mtr or pMV306-mshC integrating plasmid 

was transformed together with 0.5 µg of the pBS-Int suicide plasmid expressing 

an integrase (Addgene 50000) into the electrocompetent bacteria by using the 

Gene Pulser Xcell Total System (Bio-Rad; 1.25 kV, 1000 Ω and 25 µF). Following 

electroporation, Mab was resuspended in 7H9 medium containing 20% OADC 

and incubated at 37°C for 4h before it was plated out on 7H11 agar containing 

10% OADC, 0.2% glycerol and 200 µg/mL kanamycin (Sigma). The 7H11 agar 

plates were incubated for 3 days to 1 week at 37°C until the presence of 

colonies. Successful incorporation of the pMV306 plasmids into the L5 site of 

Mab and thus creation of Mab::mtr, Mab::TET-mtr and Mab::mshC was 

confirmed by PCR and Sanger sequencing (Neuromics Support Facility; 

University of Antwerp) utilizing primers to amplify the L5 integration site 

(Table III.2).  

Table III.2. Overview of the primers used to amplify the L5 region of Mab. 

Name Sequence Description 

L5_For CCGATCGGGTTCTCCACCTG Forward primer used to amplify the 

L5 site of Mab. 

L5_Rev GCCCCGGCGCTGTACATTCA Reverse primer used to amplify the 

L5 site of Mab. 

 

RNA isolation 

Mab strains were grown in 7H9 supplemented with 10% ADS, 0.2% glycerol 

and 0.05% tyloxapol until reaching their logarithmic phase and diluted to an 

OD600 of 0.1 in the same medium. Half of the culture of Mab::TET-mtr was 

induced after dilution with 500 ng/µL µM ATc (Anhydrotetracycline; Takara 

Bio). After 48h of growth in a shaking incubator (New Brunswick Scientific; 175 

rpm) at 37°C, the pellets of the strains were harvested and incubated in TRIzol 

reagent (Invitrogen) for 5 min at room temperature (RT). Next, the bacteria 

were lysed with BeadBug™ beads (Sigma; 0.1 mm Zirconium beads) by shaking 
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at a speed of 6 m/s twice for 45 seconds using the FastPrep 24 Classic (MP 

biomedicals) followed by incubation at -80°C overnight. In order to separate 

the samples from the TRIzol reagent, Phasemaker tubes (Invitrogen) were used 

together with the addition of chloroform to the sample. Once separated, RNA 

isolation of the samples was completed using the RNeasy Plus Mini Kit (Qiagen) 

followed by a DNase treatment with TURBO DNAase (Qiagen) and ezDNase 

(Invitrogen). The final RNA concentration was measured using the NanoDropTM 

2000 spectrophotometer (Thermo Scientific) and the RNA samples were stored 

at -80°C until further use.  

 

Real-time quantitative PCR 

All RT-qPCR were performed combining 10 µL of 2× SensiFAST™ SYBR® No-

ROX One-Step mix (Biotech), 0.6 µL of each primer (0.3 µM final concentration; 

Table III.3), 0.2 µL of reverse transcriptase (Biotech), 0.4 µL of RNase inhibitor 

(Biotech), 3 µL of RNA template, and 5.2 µL of DEPC-treated water 

(diethylpyrocarbonate; Biotech) in each well to reach a finale volume of 20 µL. 

Next, the mRNA expression was measured using the LightCycler® 480 system 

(Roche) with predetermined cycle conditions (Reverse T1 (45°C, 10 min, 1×), 

2-step Amplification (95°C, 5 sec; 60°C, 30 sec, Single, 40×) and Melting (95°C, 

10 sec; 45°C, 1 min; 95°C, continuous, 1×)) and analyzed relative to the 

expression of the housekeeping gene, rpoB, with the LightCycler® 480 SW 1.5.1 

software. The normalized relative expression levels were further analyzed 

using GraphPad software 8.0. All primers are listed in Table III.3.  
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Table III.3. Primers used to measure the relative expression levels of the genes of interest. 

Name Sequence Description 

rpoB_qPCR_For CAGCACTCCATCTCACCGAA Forward primer needed for 

mRNA quantification of rpoB. 

rpoB_qPCR_Rev TGGTCGACGACAAGATCCAC Reverse primer needed for 

mRNA quantification of rpoB. 

Mtr_qPCR_For CACCAACGACGACATCATGC Forward primer needed for 

mRNA quantification of mtr. 

Mtr_qPCR_Rev AATCACGGTGACCTTCGAGC Reverse primer needed for 

mRNA quantification of mtr. 

MshC_qPCR_For CATCATCGAGCTCGTCGAGAA Forward primer needed for 

mRNA quantification of mshC. 

MshC_qPCR_Rev CCGACTCATAGCCGAACTGT Reverse primer needed for 

mRNA quantification of mshC. 

 

Quantification of intracellular reduced thiol levels 

For quantification of the intracellular reduced thiol levels, the Thiol Fluorescent 

Detection Kit (Thermo Fisher Scientific) was used. Briefly, mycobacterial 

strains were grown in 7H9 broth supplemented with 10% ADS, 0.2% glycerol 

and 0.05% tyloxapol until reaching their logarithmic phase, diluted in the same 

medium to match an OD600 of 0.1 and incubated at 37°C for 48h. After 48h, the 

cultures were brought back to the same OD600, washed twice with DPBS 

(Dulbecco’s Phosphate Buffered Saline; Gibco) supplemented with 0.05% 

tyloxapol and resuspended in 1X Assay Buffer (Thiol Fluorescent Detection Kit; 

Thermo Fisher Scientific). Next, the mycobacterial cell wall was disrupted with 

BeadBug™ beads (Sigma; 0.1 mm Zirconium beads) by shaking at a speed of 6 

m/s twice for 60 seconds using the FastPrep 24 Classic (MP biomedicals) 

followed by centrifugation of the cultures and isolation of the supernatans. The 

samples were diluted two-fold by using the 1X Assay Buffer after which 100 µL 

of each diluted sample was added to a black half area 96-well plate together 

with 25 µL Detection Reagent (Thiol Fluorescent Detection Kit; Thermo Fisher 
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Scientific). The plate was incubated for 30 min at RT in the dark before reading 

the fluorescent signal with the Tecan plate reader (Infinite F plex) at an 

emission of 510 nm and excitation of 390 nm. For determination of the thiol 

levels, the fluorescent values of the samples were plotted according to a 

standard curve obtained with an N-Acetylcysteine Standard (Thermo Fisher 

Scientific). 

 

Growth curves 

The bacteria were grown until logarithmic phase in 7H9 broth supplemented 

with 10% ADS, 0.2% glycerol and 0.05% tyloxapol or Sauton’s medium 

supplemented with 2% glycerol and 0.05% tyloxapol and diluted to an OD600 of 

0.05 before being incubated in a shaking incubator (New Brunswick Scientific; 

175 rpm) at 37°C. Growth of the strains was evaluated every 24h by measuring 

the OD600 with a cell density meter (Biochrom WPA Biowave). 

 

Oxidative stress-induced viability assay 

Logarithmic-phase mycobacterial strains were cultured in Sauton’s medium 

supplemented with 2% glycerol and 0.05% tyloxapol after which they were 

diluted to an OD600 of 0.05. At that moment, all strains were divided in two 

groups whereas one group was subjected to 7.5 or 15 mM H2O2 (Sigma) before 

they were all incubated in a shaking incubator (New Brunswick Scientific; 175 

rpm) at 37°C. At 0h, 4h, 8h and 24h after addition of H2O2, part of each culture 

was harvested to determine the ATP levels and CFU count. The ATP levels of the 

cultures were measured using the BacTiter-Glo™ kit (Promega) and a 10-fold 

serial dilution of each culture was plated on 7H11 agar plates supplemented 

with 10% ADS and 0,2% glycerol for measurement by CFU count. 
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RAW 264.7 macrophage infection 

RAW 264.7 murine macrophages were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; Thermo Fisher Scientific) containing 10% heat-inactivated 

Fetal Calf Serum (iFCS; Thermo Fisher Scientific), 10% Penicillin-Streptomycin 

(P/S; Thermo Fisher Scientific; 10000 U/mL) and 10% L-Glutamine (Glutamax; 

Thermo Fisher Scientific; 200 nM) at 37°C. To determine the infectivity of the 

different mycobacterial strains, the macrophages were seeded in DMEM 

supplemented with 5% iFCS at a concentration of 5x105 cells/mL and incubated 

overnight at 37°C. Next, the cells were infected at a multiplication of infection 

(MOI) of 5 during 4h at 37°C in the presence of 5% CO2. After infection, 200 

µg/mL amikacin (Sigma) was added to the cells, and they were incubated once 

more in the same conditions for 45 min to kill all extracellular bacteria. The 

bacterial load was analyzed immediately after infection (0h) and 24h post-

infection by first lysing the cells with 0.1% Triton-X-100 for 10 min and then 

plating out a serial dilution on 7H11 agar plates supplemented with 10% ADS 

and 0.2% glycerol to determine the CFUs. 

 

Galleria mellonella infection 

G. mellonella larvae were purchased from Anaconda Reptiles (Kontich, 

Belgium) and stored in boxes filled with wood chips at 4°C. The protocol 

followed was adapted from Cools et al. and Meir et al. (84, 172). Before 

infection, the bacterial strains were washed and resuspended in DPBS 

(Dulbecco’s Phosphate Buffered Saline; Gibco).  

To characterize infection progression, a total of 13 larvae were injected in the 

last left proleg with 5x104 bacteria of the luminescent Mab FF_scarlet strain in 

a total volume of 10 µL by a 31G needle using a Hamilton syringe. After injection, 

the larvae were incubated at 37°C and infection was assessed by 

bioluminescent imaging (BLI) every 24h.  
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To compare infection of Mab WT with Mab::mtr, larvae were injected in the 

penultimate pro-leg with 5x103 CFU in a volume of 10 µl by a 31G needle using 

a Hamilton syringe. At the same time, the control group was injected with 10 µl 

DPBS. Next, the larvae were incubated at 37°C until they were sacrificed or until 

the end of the experiment. To generate a Kaplan-Meier curve, a total of 20 larvae 

per strain received a dead-or-alive score every 24h based on absence of 

movement in response to external stimuli and melanization of the larvae. For 

CFU count of the bacteria per larvae, a total of 4 to 7 larvae of each infected 

group were sacrificed by freezing for 30 min on day 2, 4 and 6. Then, these 

larvae were decontaminated with 70% ethanol, homogenized by the Qiagen 

TissueRuptor and plated out in a serial dilution on 7H11 agar containing 10% 

ADS, 0.2% glycerol, 2 µg/mL vancomycin (Sigma) and 8 µg/mL ceftazidime 

(Sigma). The plates were incubated at 37°C until colonies could be counted 

properly.  

 

Bioluminescent imaging 

Imaging of the larvae was performed 1 to 10 min after injection of 0.05 µg/g D-

Luciferin (Firefly Luciferin Potassium Salt; AAT Bioquest) using the IVIS® 

Spectrum In Vivo Imaging system. D-Luciferin was administered in the last left 

proleg of the larvae in a volume ranging between 10 and 20 µL by a 31G needle 

using a Hamilton syringe. After imaging, the luminescence signal of each larva 

was analyzed with the LivingImage v4.3.1 software and quantified as relative 

luminescence units (RLU). 

 

Biofilm formation 

The biofilm formation protocol was adapted from Rodríguez-Sevilla et al. (173). 

Briefly, all Mab strains were grown in 7H9 supplemented with 10% ADS and 

0.2% glycerol up to logarithmic phase, washed with DPBS (Dulbecco’s 
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Phosphate Buffered Saline; Gibco) and diluted in DPBS to an OD600 of 0.2. Then, 

5 µL of each strain was spotted on a sterile Isopore Polycarbonate membrane 

(Carl Roth Belgium; pore size: 0.22 µm, diameter: 13 mm, white) present on an 

7H11 agar plate supplemented with 10% ADS and 0.2% glycerol followed by 

incubation of the agar plates side-up at 37°C with 5% CO2. After 24h, 48h, 72h 

and 96h of incubation, an image was taken of each membrane containing the 

biofilm, the area of the biofilm was calculated with ImageJ and the biofilm was 

extracted from the membranes to determine the bacterial load per membrane 

by CFU count. Sampling of the biofilm was accomplished by placing each 

membrane containing a biofilm in 10 mL DPBS and detaching the biofilm from 

the membrane by vortexing for 30 sec, sonicating for 2 min and vortexing again 

for 30 sec. 

 

Statistical analysis 

Mann-Whitney test was applied to statistically evaluate the results obtained by 

RT-qPCR, oxidative stress assay, macrophage assay, G. mellonella infection and 

biofilm formation, and was followed by correction for multiple testing when 

required. Interpretation of a decline or increase of the results over time was 

statistically analyzed with a non-linear regression. The Kaplan-Meyer curve 

was analyzed using the Log-rank (Mantel-Cox) test. Results were considered 

significantly different when p < 0.05. All statistical analysis was performed 

using the Graphpad software 8.0.  
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III.4 Results 

Successful integration of pMV306_mtr, pMV306_TET-mtr and pMV306-mshC 

plasmids into the L5 site of Mab 

To create mtr and mshC overexpressing strains, pMV306 plasmids were created 

that constitutively express mtr or mshC via a strong G13 promotor 

(pMV306_mtr or pMV306-mshC) or express mtr via a Tet-On promotor 

(pMV306_TET-mtr). These integrating pMV306_mtr, pMV306_TET-mtr and 

pMV306-mshC plasmids were each transformed together with the integrase-

expressing pBS-Int suicide plasmid inside Mab (Figure III.2a). After 

transformation, the constructed plasmids were integrated in the L5 site of the 

bacterial genome, as presented on Figure III.2b, to create Mab::mtr, Mab::TET-

mtr and Mab::mshC. To confirm successful integration of the plasmids, primer 1 

and 2 (P1 and P2; L5_For and L5_Rev respectively; Table III.2), were used to 

amplify the L5 integration site of Mab. For the WT strain, a 170 bp fragment is 

generated while integration of pMV306_mtr, pMV306_TET-mtr or pMV306-

mshC plasmids results in the amplification of a 4954 bp, 5435 bp or 4789 bp 

fragment, respectively. As demonstrated on Figure III.2c, Mab::mtr, Mab::TET-

mtr and Mab::mshC all show bands corresponding to the integration of the 

pMV306 plasmids into their L5 sites. Next, the PCR fragments were further 

analyzed by Sanger sequencing, confirming the correct integration of the 

respective plasmids (Figure III.2d). Perfect alignment is demonstrated by a 

filled, red-colored arrow while a transparent area displays a mismatch. All point 

mutations deducted from the Sanger sequencing analysis could be ruled out as 

a repeated Sanger sequencing of the same sites did not yield the same point 

mutations. However, an additional sequence of 19 bp located before the 

kanamycin-resistant cassette (KanR) and a gap of 14 bp located after the T1 

terminator were observed in all plasmids without yielding any visible 

consequences on the performance of the plasmids.  
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Figure III.2. pMV306_mtr, pMV306_TET-mtr and pMV306-mshC plasmids were 

successfully integrated into the L5 site. a) Overview of the integrating pMV306_mtr, 

pMV306_TET-mtr and pMV306-mshC plasmids that were separately transformed into Mab 

together with the integrase-expressing pBS-Int suicide plasmid. b) Schematic representation of 

the integration of pMV306_TET-mtr plasmid into the L5 site. The black arrows with P1 and P2 

show the places where the L5_For and L5_Rev primers (Table III.2) anneal to amplify the L5 site. 

c) PCR amplification of the L5 site with the previously mentioned primers. After amplification of 

the L5 site, a fragment of 170 bp is expected for the WT while the integration of the pMV306_mtr, 

pMV306_TET-mtr and pMV306-mshC plasmids should provide a fragment of 4954 bp, 5435 bp 

or 4789 bp respectively. The results obtained from the PCR show the expected fragments at the 

expected height for all created strains. d) Sanger sequencing performed using the same primers 

to further confirm the correct integration of the pMV306 plasmids into the L5 site. The sequence 

of interest was aligned to a reference sequence in which a filled, red-colored arrows show an 

overlapping sequence with the expected sequence while transparent gaps in the arrow show 

mismatched. Repeated Sanger sequencing results of the same fragment did not show overlapping 

point mutation, hereby excluding the possibility of point mutations. ori: origin of replication, 

TetR: tetracycline repressor, KanR: kanamycin-resistant cassette 
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Confirmed increased expression of mtr or mshC in the overexpressing strains 

To confirm higher expression of mtr or mshC in the created overexpressing 

strain, the expression of both genes was evaluated relative to that of the 

housekeeping gene, rpoB, using RT-qPCR. In Mab::mtr a markedly higher 

expression of mtr was observed compared to the WT strain, i.e. 263-fold higher, 

while the inducible strain demonstrated a 116-fold increase of mtr expression 

after addition of ATc (Figure III.3). However, the non-induced Mab::TET-mtr 

showed a 3.8-fold mtr upregulation compared to the WT, which may be the 

result of leaky expression. Due to the possibility of leaky expression, Mab::TET-

mtr was excluded from further experiments. Finally, a 94-fold higher mshC 

expression was detected in Mab::mshC when compared to Mab WT. Overall, 

these results confirm that the correct integration of the pMV306 plasmids, 

harboring a second copy of the mtr or mshC gene, into the L5 site of Mab led to 

the construction of mtr and mshC overexpressing strains. 

 

Figure III.3. mtr and mshC overexpressing strains display an increased expression of mtr 

or mshC respectively. RNA was isolated from all strains and the expression of the genes of 

interest were analyzed relative to the expression of the housekeeping gene rpoB by RT-qPCR. A 

263-fold higher expression of mtr was demonstrated in Mab::mtr compared to Mab WT while 

Mab::TET-mtr displayed a 116-fold increased expression of mtr after being induced by ATc. 

However, a 3.8-fold higher expression of mtr was detected in the non-induced Mab::TET-mtr 

compared to the WT, possibly due to leaky expression. Furthermore, Mab::mshC presented a 94-
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fold increase in mshC expression in comparison to Mab WT. Results are shown as mean ± SEM 

from six independent experiments. Statistical significance was obtained with the Mann-Whitney 

test after which the p-values were corrected for multiple testing. *p < 0.05, **p < 0.01, ns = non-

significant 

 

Intracellular reduced thiol levels are unaltered after overexpressing mtr and 

mshC 

As Mtr and MshC are part of the MSH biosynthesis and recycling pathway, it 

would be interesting to investigate whether an increased expression of mtr or 

mshC leads to higher levels of intracellular MSH. However, due to the 

unavailability of such a test, the overall intracellular reduced thiol levels 

present in each strain were measured instead. Before measurement, the 

mycobacterial strains were grown for 48h, normalized by OD600, and lysed to 

release their intracellular content. The results illustrated that the total 

concentration of reduced thiols present in 100 µl WT Mab culture was around 

2100 nM (Figure III.4). Furthermore, the strains overexpressing mtr or mshC 

present similar levels of intracellular reduced thiols compared to the WT.  

 

Figure III.4. Intracellular reduced thiol levels stay the same in mtr and mshC 

overexpressing strains. Intracellular reduced thiol levels of the lysed bacterial strains were 
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measured after growing for 48h. WT Mab culture presented intracellular thiol concentrations of 

around 2100 nM in a sample of 100 µl. Moreover, no difference in intracellular reduced thiol 

levels was observed between WT Mab and the mtr or mshC overexpressing strain. Results are 

shown as mean ± SEM from three independent experiments. 

 

The overexpression of mtr leads to a reduced survival of Mab in a nutrient-poor 

medium 

Mab is an environmental bacterium that can survive in various places including 

in soil, water, dust and inside a host (35), meaning that this bacteria must 

survive and grow under different conditions. In this experiment, the growth of 

the mtr and mshC overexpressing strains was analyzed in both nutrient-rich 

and nutrient-poor medium, Middlebrook 7H9 broth and Sauton’s medium, 

respectively. The strains were grown until their logarithmic phase and diluted 

back to an OD600 of 0.05 before being incubated in a shaking incubator at 37°C. 

Then, bacterial growth was determined each day by measuring the OD600. 

During growth in the nutrient-rich 7H9 broth, Mab::mtr displayed a longer lag-

phase and a higher plateau-phase compared to the WT whereas Mab::mshC 

showed comparable lag- and log-phase to Mab WT but a plateau-phase reaching 

a lower OD600 (Figure III.5a). The doubling time of WT Mab ranged between 

9.8h and 10.9h while Mab::mtr and Mab::mshC illustrated a doubling time of 

11.7h and 11.8h, respectively. In contrast to the results obtained in 7H9 broth, 

growth of Mab::mtr in the nutrient-poor medium Sauton was compromised as 

the bacteria was unable to reach an OD600 higher than 1.5 within 6 days of 

growth while Mab::mshC was able to grow in that medium but reached a plateau 

at a lower OD600 compared to the WT (Figure III.5b). 
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Figure III.5. Mab::mtr has a reduced ability to grow in the nutrient-poor medium Sauton. 

Mab overexpressing strains were grown in the nutrient-rich 7H9 broth (a) or the nutrient-poor 

medium Sauton (b), diluted to an 0D600 of 0.05 and incubated while shaking at 37°C. Bacterial 

growth was evaluated every 24h by measuring the OD600. a) Both Mab::mtr and Mab::mshC 

demonstrate a slightly different growth curve in 7H9 broth compared to the WT. b) Growth of 

Mab::mtr is compromised in Sauton’s medium as this strain is unable to reach a high OD600 while 

Mab::mshC was able to grow in Sauton’s medium but illustrated a plateau phase at a lower OD600 

compared to the WT. Results are shown as mean ± SEM from three independent experiments. A 

non-linear regression for Gompertz growth with least square fit was used to analyze the curves 

of Mab::mtr in 7H9 broth and Mab::mshC in Sauton’s medium. A non-linear regression for Logistic 

growth with least square fit was used to analyze the curves of Mab::mtr in Sauton’s medium and 

Mab::mshC in 7H9 broth. 

 

Overexpressing mtr and mshC in Mab leads to lower ATP levels after exposure to 

7.5 mM H2O2 

As Mab is exposed to oxidative stress when infecting a host and Mtr and MshC 

are key enzymes of the pathway needed to neutralize ROS, all strains were 

exposed to different concentrations of H2O2, a direct source of ROS, in the 

nutrient-poor medium Sauton. Mab WT, Mab::mtr and Mab::mshC were diluted 
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to an OD600 of 0.05 after which 7.5 mM or 15 mM H2O2 was added to part of the 

cultures before being incubated while shaking at 37°C. As a control, the same 

cultures without any addition of H2O2 were included in the experiment. After 

0h, 4h, 8h and 24h of incubation, ATP levels of all cultures were quantified using 

the BacTiter-Glo™ kit whereas the viability of the strains was determined by 

CFU count. Both overexpressing strains showed significantly lower ATP levels 

(p < 0.05 and p < 0.01) after exposure to 7.5 mM H2O2 with Mab::mtr having 

reduced levels at 4h and 8h after exposure while the ATP levels of Mab::mshC 

were decreased after 8h and 24h of exposure (Figure III.6a). Interestingly, the 

lower metabolic state of Mab::mshC did not lead to a difference in viability of 

the strain. Mab::mtr on the other hand demonstrated a faster decline in its 

survival compared to the WT when exposed to 7.5 mM H2O2 in Sauton’s 

medium. When exposed to 15 mM H2O2, only Mab::mtr showed reduction in 

ATP levels after 8h and overall viability (Figure III.6b).  
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Figure III.6. ATP levels are reduced in both overexpressing strains after exposure to 7.5 

mM H2O2. Both overexpressing strains and WT strain were exposed to 7.5 mM (a) and 15 mM 

(b) H2O2 and incubated at 37°C. A part of the cultures was used as control and was not exposed 

to H2O2. Directly after exposure (0h) and after 4h, 8h and 24h, all strains were assessed based on 

their ATP levels and viability. Results are shown as mean ± SEM from three independent 

experiments after normalization of the results collected after addition of 7.5 mM or 15 mM H2O2 

relative to results acquired when no H2O2 was added to the cultures. Hereby, the cultures to which 

no H2O2 was added were displayed as 100% to enable the results to demonstrate the extent of 

change in ATP levels or CFU in % after the addition of H2O2 to each strain. Statistical significance 

was obtained with the Mann-Whitney test followed by correction for multiple testing. To analyze 
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the decay in viability of each strain, a non-linear regression for a one phase decay with least 

square fit was used. *p < 0.05, **p < 0.01 

 

Proliferation inside macrophages is not affected by overexpression of mtr or mshC 

To further understand to role of Mtr and MshC during Mab infection, the 

intracellular proliferation of the overexpressing strains was evaluated inside 

macrophages, i.e. the primary host-cells of Mab. Here, RAW 264.7 macrophages 

were infected using an MOI of 5 of each bacterial strain. After infection, the 

bacterial load was evaluated by CFU count directly (0h) to determine the actual 

infection and 24 hpi (hours post infection) to measure the extend of 

intracellular proliferation after 24h. The bacteria were released from the 

macrophages after lysis of the cells. As presented in Figure III.7, the 

overexpression of mtr or mshC did not lead to a varying proliferation of Mab. 

 

Figure III.7. Overexpressing mtr or mshC does not alter intracellular proliferation of Mab. 

Mab WT, Mab::mtr and Mab::mshC were used to infect RAW 264.7 macrophages with an MOI of 5 

and lysed 0 and 24 hours post infection (hpi) to determine the intracellular bacterial load. The 

figure illustrated the absence of a change in proliferation inside macrophages after the 

overexpression of mtr or mshC. Results are shown as mean ± SEM from three independent 

experiments with Mab::mtr and two independent experiments with Mab::mshC. Each 

independent experiment was performed in duplicates.  
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Overexpressing mtr does not provide Mab with an advantage for proliferation 

inside G. mellonella larvae   

As macrophages are only part of the components that play a role during Mab 

infection, G. mellonella larvae were used as a more complete in vivo infection 

model for Mab. To characterize the ability of Mab to infect G. mellonella larvae 

and determine infection progression within this organism, the luminescent 

strain Mab FF_scarlet was used. Hereby, a total of 13 larvae were infected with 

5x104 bacteria and incubated at 37°C for 96h. Every 24h, BLI was performed on 

the larvae to assess the bacterial infection and the luminescent signal was 

quantified. It was demonstrated that Mab FF_scarlet is able to infect G. 

mellonella larvae as a luminescent signal can be detected inside the larvae, and 

that the signal is maintained over the course of the infection (Figure III.8a). 

Moreover, a clear tendency for progression of infection was established in 

Figure III.8b, with the luminescence inside the larvae being significantly higher 

at 2 days post-infection (dpi), 3 dpi and 4 dpi when compared to 1 dpi.  

 

Figure III.8. Mab is able to proliferate inside G. mellonella larvae. A total of 13 G. mellonella 

larvae were infected with 5x104 Mab FF_scarlet bacteria and incubated for 96h at 37°C. Infection 

inside the larvae was determined every 24h by BLI followed by quantification of the measured 

luminescence signal. a) Mab FF_scarlet is able to successfully infect G. mellonella larvae while the 

luminescence signal of the strain maintains throughout the infection. b) Infection of Mab 

FF_scarlet progresses inside the larvae with the luminescence at 2, 3 and 4 dpi being significantly 

higher than at 1 dpi. Results are shown as mean ± SEM from one single experiment. Statistical 

significance was obtained with the Mann-Whitney test after which the p-values were corrected 

for multiple testing. **p < 0.01, ***p < 0.001 
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Next, to compare infection of G. mellonella between WT and Mab::mtr, the larvae 

were infected with 5x103 of either Mab WT or Mab::mtr and the bacterial load 

was evaluated after 3 and 6 days of infection using viable plate count (VPC). In 

parallel, another experiment was set up in which 20 larvae were infected which 

either Mab WT, Mab::mtr or PBS to determine the virulence of the different 

strains. These larvae received a dead-or-alive score every 24h. Figure III.9a 

depicts the change in appearance that larvae undergo after death and Figure 

III.9b demonstrates the penultimate pro-leg, i.e. the site of injection. The results 

obtained by CFU count showed that overexpressing mtr did not lead to a higher 

proliferation 3 and 6 days after infection whereas proliferation of the WT in the 

larvae was increased after 6 days, although not significantly (Figure III.9c). 

Moreover, no effect of the different strains was perceived on the survival of the 

larvae (Figure III.9d). However, more repeats need to be performed for both 

experiments in order to correctly draw conclusions.  

 

Figure III.9. Overexpressing mtr is not advantageous for proliferation inside G. mellonella 

larvae. G. mellonella larvae were infected with 5x103 bacteria of either Mab WT or Mab::mtr. After 

3 and 6 days of incubation at 37°C, 4 and 7 larvae per condition respectively were sacrificed to 

determine the bacterial load by CFU (c). In parallel, 20 larvae were infected with Mab WT, 
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Mab::mtr or PBS to evaluate the effect of the different strains on the survival of the larvae by using 

a dead-or-alive score every 24h (d). a) Difference in appearance between alive and dead G. 

mellonella larvae. Larvae that are alive and healthy demonstrate a beige skin color while larvae 

that are dead undergo a melanization reaction. b) Illustration of the penultimate pro-leg that is 

used for injection. c) No significant difference was observed in the proliferation of both strains 

inside the larvae at every timepoint after infection. d) Infection of the larvae with the different 

strains did not lead to a variation in the survival of the larvae. Nonetheless, more repeats are 

needed for both experiments before conclusions can be drawn. Results are shown as mean ± SEM 

from one single experiment. Statistical significance of the Kaplan-Meyer curve was obtained by 

performing a survival analysis with Log-rank (Mantel-Cox) test. 

 

Biofilm formation is unaltered after mtr or mshC is overexpressed in Mab 

Mab is known to form biofilms which may contribute to the persistent 

pulmonary infections caused by this bacteria (37). To investigate whether the 

overexpression of mtr or mshC alters biofilm formation in Mab, Mab WT, 

Mab::mtr and Mab::mshC were diluted to an OD600 of 0.2 after which a 5 µL spot 

was applied on polycarbonate membranes and incubated at 37°C in the 

presence of 5% CO2. Every 24h, a picture was taken of the biofilms, area of the 

biofilms was determined and the bacterial load per membrane was assessed by 

CFU count. As depicted on Figure III.10a and b, both overexpressing strains 

were able to form biofilms, however, no statistical difference in bacterial load 

nor area was observed compared to the WT. Additionally, the biofilms formed 

by the overexpressing strains and the WT strain were also similar based on 

appearance (Figure III.10c).  
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Figure III.10. Overexpression of mtr or mshC does not enhance biofilm formation. A 5 µL 

spot of Mab WT, Mab::mtr or Mab::mshC was brought onto a polycarbonate membrane and 

incubated side-up at 37°C in the presence of 5% CO2. Every 24h, the biofilms were assessed based 

on their bacterial load, area and appearance. The overexpression of mtr or mshC fails to enhance 

biofilm formation of Mab as no difference is seen in neither bacterial load (a), area (b) or 

appearance (c) of the biofilms. Results are shown as mean ± SEM from three independent 

experiments. Images of the biofilms represent one of three independent repeats.  
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III.5 Discussion 

MSH plays an important role in the protection of Mab and other mycobacteria 

against oxidative stress since it acts as an antioxidant that will neutralize 

reactive intermediates and thus keeping a balanced redox homeostasis (88). 

Other than MSH, more thiols and ROS-scavenging enzymes have been reported 

to play a role in the protection against oxidative stress, including glutathione, 

ergothioneine and catalase (174). Several studies have already demonstrated 

that the overexpression of these thiols and ROS-scavenging enzymes lead to 

increased protection against oxidative stress and enhanced robustness of 

bacteria (175). Hereby, Zhang et al. proved that the overexpression of 

glutathione protects Lactobacillus sanfranciscensis against stress conditions 

(176). In Streptomyces coelicolor, overexpressing ergothioneine showed similar 

protective abilities (177). Moreover, higher levels of catalase reduces oxidative 

stress in Saccharomyces cerevisiae while overexpression of the heme-

dependent catalase gene, katA, was shown to offer protection against oxidative 

stress in Lactobacillus rhamnosus (178, 179). Finally, Corynebacterium 

glutaminicum, bacteria belonging to the same order as mycobacteria (171), 

overexpressing MSH or the MSH-recycling enzyme Mtr present an enhanced 

survival under oxidative stress (180, 181).  

In this study, Mab mtr and mshC overexpressing strains were generated to 

examine the role of both enzymes in the protection and robustness of Mab while 

also investigating whether overexpressing mtr or mshC would lead to an 

increased fitness of Mab during stress conditions and infection. However, the 

mtr and mshC overexpressing strains generated in this study showed impaired 

or reduced growth during in vitro growth in nutrient-poor Sauton’s medium 

(Figure III.5b). Compared to Middlebrook 7H9 broth, Sauton’s medium is 

lacking several components, including biotin and pyridoxine (182, 183). Biotin 

is a cofactor required for the fatty acid synthesis, gluconeogenesis, and amino 

acid metabolism, and is hereby essential for the growth of mycobacteria (184). 

Pyridoxine, also known as vitamin B6, is an essential cofactor for the amino acid 
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metabolism and was found to be essential for the survival and virulence of Mtb 

(185, 186). The lack of some essential components needed for mycobacterial 

growth seem to be disadvantageous for Mab in combination with higher levels 

of mtr or mshC, especially mtr. Interestingly, both overexpressing strains also 

demonstrated a reduced metabolic state after exposure to 7.5 mM H2O2 with 

Mab::mtr illustrating a faster decline in survival after exposure (Figure III.6a). 

While lower ATP levels may be correlated to a decrease in viability as a result 

of a reduced fitness when overexpressing mtr or mshC in Mab, the obtained 

effect might also be presented as an artefact due to an increased use of ATP by 

the bacteria to enable the production of higher concentrations of Mtr or MshC. 

Additionally, the overexpression of both genes did not alter proliferation of Mab 

inside macrophages, G. mellonella larvae or during biofilm formation (Figure 

III.7, III.9 and III.10). These findings suggest that overexpressing the MSH-

related enzymes, Mtr and MshC, fail to increase the fitness of Mab and is even 

unfavorable for the bacteria under certain conditions.  

Intracellular MSH levels of the mtr and mshC overexpressing genes were not yet 

determined, however, our research investigated the total intracellular reduced 

thiol levels of each strain (Figure III.4). This experiment illustrated unaltered 

intracellular thiol levels in the mtr and mshC overexpressing strains suggesting 

that overexpressing only one component of the MSH biosynthesis or recycling 

pathway may not translate into an increase in MSH levels. On the other hand, to 

counteract the effect of reductive stress, an increase in MSH levels may also be 

compensated by a reduction in other intracellular thiols in the overexpressing 

strains, leading to the same total level of thiols in the mtr and mshC 

overexpressing strains as in the WT. Reductive stress is a phenomena in which 

the reducing equivalents, including MSH, of redox pairs accumulate inside the 

bacteria and a research conducted by Mavi et al. demonstrated that the cellular 

accumulation of such reducing agents can lead to inhibited respiration and 

growth inhibition (164). Nonetheless, more experiments, in which the 
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concentration of each individual thiol is investigated, are needed to further 

elucidate this occurrence. 

The pMV306 integration system has been widely used in various mycobacterial 

strains to successfully overexpress genes (129, 132) and complement knockout 

strains (130, 131, 132), and was highly effective in our study to produce 

overexpressing strains (Figure III.2). The pMV306 plasmid used in this study 

contains a G13 promotor, a strong promotor that expresses genes in a high 

amount (128). This enabled the creation of a strain with a 263-fold and 94-fold 

higher expression of mtr and mshC, respectively, yielding a strong 

overexpressing strain (Figure III.3). However, generating overexpressing 

strains with such a higher expression compared to the original expression 

appeared to be disadvantageous for Mab in certain conditions, especially for 

Mab::mtr (Figure III.5b and III.6). Another disadvantage of using the strong 

G13 promotor is that creating a complementary strain would lead to 

overexpression instead of complementation due to the high expression levels 

obtained with this promotor. A possible solution is the use of a hsp60 (heat-

shock protein 60) promotor instead, which is another mycobacterial promotor 

that is commonly used in expression vectors integrating in the L5 integration 

site (133, 134). Expression by hsp60 demonstrated to be 40 times lower 

compared to expression by G13 in M. marinum and significantly lower in Mtb as 

well (128, 135). In Msm, however, the difference in expression with the G13 

promotor and hsp60 promotor varied depending on the gene expressed (135), 

meaning that the level of expression of both promotors may vary between 

mycobacterial species. Besides being continuously expressed, a Tet-On system 

can be added to control the expression of the extra copy of the gene of interest 

(139). By using a Tet-On complementary plasmid, the expression of the gene of 

interest can be deactivated to enable for the detection of phenotypic changes 

when the gene of interest is lost. In case of an essential gene, the bacteria will 

not survive without expression of this particular gene. Yet, we showed potential 

leaky expression of the gene of interest after the incorporation of the Tet-On 



mtr and mshC overexpressing strains 

89 
 

system onto the pMV306 plasmid, illustrating a 3.8-fold higher expression of 

mtr in the non-induced Mab::mtr cultures compared to the WT (Figure III.3). 

As a consequence, using this system for the complementation of knockout 

strains in Mab would possibly lead to the constant expression of low amounts 

of the gene of interest, making this system unfavorable for the creation of 

complementary strains and determination of essentiality.  

As a conclusion, this study generates more knowledge about the role of MSH-

related enzymes during growth and proliferation of Mab by utilizing novel 

produced mtr and mshC overexpressing strains created with the pMV306 

plasmid. Despite previous findings claiming that ROS-scavenging enzymes lead 

to enhanced survival of various bacteria during oxidative stress, our findings 

demonstrate that overexpressing key enzymes of the MSH biosynthesis or 

recycling pathway, Mtr and MshC, does not increase the overall intracellular 

thiol levels and is not favorable for Mab. To determine whether MSH levels are 

unaltered as well, more experiments need to be conducted. 
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IV. Implementation of the Streptococcus 

thermophilus CRISPRi-system to investigate the 

essentiality of mtr and mshC in Mycobacterium 

abscessus 
 

IV.1 Abstract 

The suboptimal treatment of MABC infections keep on promoting the acquisition 

of drug tolerance. To alleviate the pressure of drug resistance, new bacterial 

targets need to be explored with the capability of reducing bacterial survival 

within the host, requiring better and adapted genetic manipulation systems. 

Recently, the generation of an improved Streptococcus thermophilus CRISPR 

interference (Sth CRISPRi) system has enabled target exploration in various 

mycobacteria by rapidly and efficiently reducing transcription of selected 

mycobacterial genes. Hence, this chapter explored this improved system for use in 

Mab by first targeting the mmpl3 gene, i.e. an essential inner membrane 

transporter. Initially, this system seemed promising since targeting mmpl3 led to 

a reduction in bacterial survival in the modified Mab compared to the WT. While 

determining the gene expression levels of the modified Mab strains would be the 

next step, the required method was still being optimized. In the meantime, the 

adapted system was further implemented to target the key enzymes of the MSH 

biosynthesis and recycling pathway, Mtr and MshC, to exploit their essentiality for 

bacterial survival. However, no effect in growth was perceived in the generated 

mtr and mshC strains. By the time the required method for gene expression 

determination was optimized, most modified Mab strains had lost the integrated 

CRISPRi plasmid, making the obtained results using the Sth CRISPRi system 

unreliable. In conclusion, we were not able to demonstrate essentiality using 

CRISPRi, thus alternative approaches should be investigated. 
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IV.2 Introduction 

Infections caused by MABC are known for being very difficult to treat, as MABC is 

resistant to the standard antimicrobial agents, its treatment often leads to adverse 

drug effects, and various patients experience relapse after treatment or surgical 

removal of the pathogen (47, 63, 187). To improve treatment of MABC infections 

and relieve the burden of drug resistance, novel mycobacterial targets need to be 

explored, which effectively reduce the bacterial burden within the host. MSH has 

already been highlighted as an interesting novel drug target as it plays an 

important role in the detoxification of ROS, antibiotics and other reactive 

intermediates (88, 104).   

One way of characterizing novel mycobacterial targets is to discover essential 

genes with the help of genome editing. In this respect, the CRISPRi technology is a 

genome-editing tool that has been successfully used over the last years to 

efficiently regulate gene-silencing of numerous organisms, including mycobacteria 

(145). This technology is derived and adapted from the CRISPR-Cas9 system, 

which was first discovered in prokaryotes as part of the adaptive immune system 

defending the organisms against foreign genetic elements (188). The two principal 

components of the adapted CRISPRi system consist of repetitive genomic elements 

(CRISPR) and a deactivated RNA-guided nuclease (dCas9) (189). A sgRNA is 

created here, which forms a complex with the dCas9 to direct the nuclease to a 

specific sequence in the genome in order to block transcriptional initiation or 

elongation through steric obstruction (157). As the CRISPR system derived from S. 

pyogenes (Spy) is the simplest one and is absent in mycobacteria, this system was 

the first one to be implemented in mycobacteria (188). Nevertheless, the use of a 

Spy derived dCas9 was not favorable, because of a relatively poor knockdown 

efficiency and proteotoxicity in the pathogen. In 2017, however, Rock et al. 

developed an improved CRISPRi system for Mtb by using the dCas9 protein from 

S. thermophilus (Sth) (dCas9Sth1), leading to 20- to 100-fold knockdown of 

endogenous gene expression with minimal proteotoxicity (146). Recently, this 
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system has also been successfully implemented in Mab to demonstrate the 

essentiality of a gene (148).  

In this chapter, we aim to implement the Sth CRISPRi system to produce mtr and 

mshC knockdown strains in Mab and investigate the role of these genes in bacterial 

survival. To achieve this, the pLJR965 plasmid expressing dCas9Sth1 was first 

transformed alone in Mab and evaluated for its toxicity, since the expression of 

dCas9 in mycobacteria is known to cause proteotoxicity in the pathogen. Then, the 

correct implementation of this system was tested by knocking down the essential 

mmpl3 gene, leading to a growth defect of the created strain after induction. 

Finally, the system was used to target the mtr and mshC genes, which, unlike when 

targeting the mmpl3 gene, did not lead to a growth defect of the created strains. 

However, the pLJR965 plasmid was lost over time in all created strains, disabling 

us to determine the exact expression of the genes after genetic manipulation and 

rendering this system unstable and unreliable.  

 

IV.3 Materials and methods 

Bacterial strains, media and culture conditions 

Escherichia coli (E. coli) DH5α cultures were grown in Luria-Bertani (LB) broth 

(Sigma-Aldrich) or plated on LB agar (Sigma-Aldrich) supplemented with 0.2% 

glycerol and the corresponding selection drug. 

All knockdowns in this study were derived from M. abscessus ATCC 19977 and 

were routinely cultured at 37°C in Middlebrook 7H9 broth (Sigma) supplemented 

with 10% OADC (Thermo Fisher Scientific; oleic acid-albumin-dextrose-catalase), 

0.2% glycerol and 0.05% tyloxapol and with the addition of 200 µg/mL kanamycin 

(Sigma) for the knockdown strains. During growth of the Mtr and MshC 

knockdowns, the 10% OADC supplementation was replaced by 10% ADS 

(albumin-dextrose-saline). Agar plates were made of Middlebrook 7H11 agar base 

(Sigma).  
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Construction of the dsDNAs and insertion into pLJR965 and pLJR962 plasmids 

The sequences of mycobacterial membrane protein Large 3 (mmpL3; 

MAB_RS22830), mycothione reductase (mtr; MAB_RS00460) and cysteine ligase 

(mshC; MAB_RS10805) were obtained through the National Center for 

Biotechnology Information (NCBI) platform. After obtaining the sequences of 

interest, sgRNAs were selected for each gene based on the permissive PAM 

sequences for dCas9Sth1 described by Rock et al (146). To express the sgRNAs, 

dsDNAs were constructed coding for the sgRNAs. Each dsDNA was created by 

annealing two single-stranded oligo’s (purchased at Integrated DNA Technologies 

(IDT)) that are complementary to each other (Table IV.1). For this, a 50 µL 

mixture, consisting of 4 µL of each oligo (stock concentration: 100 µM) and 42 µL 

annealing buffer (50 mM Tris pH 7.5, 50 mM NaCl, 1 mM EDTA), was incubated 

using the following program: 2 min at 95°C followed by 0.1°C/sec to reach 25°C. 

Hereby, a total of 8 dsDNAs were constructed for the mmpl3 sequence whereas 10 

dsDNAs were constructed for either mtr or mshC. One sgRNA without any 

complementary parts on the genome of Mab was included as a negative control. 

Next, the double-stranded sgRNAs were inserted in either the pLJR965 (Addgene 

115163; plasmid for Mtb) or the pLJR962 (Addgene 115162; plasmid for Msm) 

plasmid to determine which plasmid is better for use in Mab. First, both plasmids 

were digested with BsmBI for 4h at 55°C after which the restriction enzymes were 

heat-inactivated for 20 min on 80°C. Then, 0.5 µL of the double-stranded sgRNAs 

and 9 ng of the BsmBI-digested CRISPRi backbones were ligated together for 30-

45 min at 25°C by T7 DNA ligation (NEB). Correct insertion of the dsDNAs into the 

plasmids was evaluated by Sanger sequencing (Neuromics Support Facility; 

University of Antwerp) using a primer that anneals to the plasmids (Table IV.1). 

Confirmed plasmids were heat-shocked into chemocompetent DH5α E. coli to 

obtain a higher quantity of the plasmids whereafter they were purified using the 

NucleoSpin® Plasmid QuickPure Miniprep kit (Machery-Nagel) and stored at 4°C 

until further use. 
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Table IV.1. Overview of all single-stranded oligo’s needed to construct the dsDNAs coding for 

the sgRNAs directed against the mmpl3, mtr and mshC genes and the primers used to evaluate 

correct integration of the dsDNAs into the pLJR962 and pLJR965 plasmids. 

Name Sequence Description 

CRISPRi 

primer 

TTCCTGTGAAGAGCCATTGATAATG Primer used to evaluate the correct 

integration of the dsDNAs coding 

for the sgRNAs into the pLJR962 or 

pLJR965 plasmids 

NC_For GGGAGGAGACGATTAATGCGTCTCG Single-stranded oligo to create the 

dsDNA coding for NC sgRNA  

NC_Rev AAACCGAGACGCATTAATCGTCTCC Single-stranded oligo to create the 

dsDNA coding for NC sgRNA  

MMPL3.1_For GGGAAGCGTGACCACGGGCTGGGC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 1 

MMPL3.1_Rev AAACGCCCAGCCCGTGGTCACGCT Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 1 

MMPL3.2_For GGGAACTGACTCACTGTTGTCGGC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 2 

MMPL3.2_Rev AAACGCCGACAACAGTGAGTCAGT Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 2 

MMPL3.3_For GGGAAAGTGGTCGATGACCTTCTT Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 3 

MMPL3.3_Rev AAACAAGAAGGTCATCGACCACTT Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 3 

MMPL3.4_For GGGAACGATGGTGATGGTCTCGGT Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 4 

MMPL3.4_Rev AAACACCGAGACCATCACCATCGT Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 4 

MMPL3.5_For GGGAGTCGCGGTGTGGACTGTGGC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 5 

MMPL3.5_Rev AAACGCCACAGTCCACACCGCGAC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 5 

MMPL3.6_For GGGAGAAACCACCGGCGACCACGA Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 6 

MMPL3.6_Rev AAACTCGTGGTCGCCGGTGGTTTC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 6 
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MMPL3.7_For GGGAGCTTCATCCACGCCGGAGCCCA Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 7 

MMPL3.7_Rev AAACTGGGCTCCGGCGTGGATGAAGC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 7 

MMPL3.8_For GGGAGATGCGGCGTCCCTCGCGGC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 8 

MMPL3.8_Rev AAACGCCGCGAGGGACGCCGCATC Single-stranded oligo to create the 

dsDNA coding for mmpl3 sgRNA 8 

Mtr.1_For GGGAGCCATCTCGCGAGCCGGAAT Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 1 

Mtr.1_Rev AAACATTCCGGCTCGCGAGATGGC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 1 

Mtr.2_For GGGAGCAGGGCGTTCTCGACCAACT Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 2 

Mtr.2_Rev AAACAGTTGGTCGAGAACGCCCTGC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 2 

Mtr.3_For GGGAGTCGGCGAACCTATCGTCGGG Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 3 

Mtr.3_Rev AAACCCCGACGATAGGTTCGCCGAC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 3 

Mtr.4_For GGGAAATGGTCTCGTCCTGAGCGC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 4 

Mtr.4_Rev AAACGCGCTCAGGACGAGACCATT Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 4 

Mtr.5_For GGGAGCCGATGATGTGCGCGCCCA Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 5 

Mtr.5_Rev AAACTGGGCGCGCACATCATCGGC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 5 

Mtr.6_For GGGAGCCGCTTGCGGCGATCACCG Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 6 

Mtr.6_Rev AAACCGGTGATCGCCGCAAGCGGC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 6 

Mtr.7_For GGGAGCCCGCGCGCCATCTCGCGAG Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 7 

Mtr.7_Rev AAACCTCGCGAGATGGCGCGCGGGC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 7 
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Mtr.8_For GGGAGGGCGTACGCCCCGTGGCGA Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 8 

Mtr.8_Rev AAACTCGCCACGGGGCGTACGCCC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 8 

Mtr.9_For GGGAGCTTCGTGATTGGCCACATGCT Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 9 

Mtr.9_Rev AAACAGCATGTGGCCAATCACGAAGC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 9 

Mtr.10_For GGGAGGTCGGCGAATCCCATCCGG Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 10 

Mtr.10_Rev AAACCCGGATGGGATTCGCCGACC Single-stranded oligo to create the 

dsDNA coding for mtr sgRNA 10 

MshC.1_For GGGAAACTGTTCGGTGGCATCGAC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 1 

MshC.1_Rev AAACGTCGATGCCACCGAACAGTT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 1 

MshC.2_For GGGAGCGGCGCTGTATTCGTGGTG Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 2 

MshC.2_Rev AAACCACCACGAATACAGCGCCGC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 2 

MshC.3_For GGGAACCACGTACGCGGCCCCGGACG Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 3 

MshC.3_Rev AAACCGTCCGGGGCCGCGTACGTGGT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 3 

MshC.4_For GGGAAACTCACGCAGCACAATCGC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 4 

MshC.4_Rev AAACGCGATTGTGCTGCGTGAGTT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 4 

MshC.5_For GGGAATCGCGCACCTGCGCGCCGGCC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 5 

MshC.5_Rev AAACGGCCGGCGCGCAGGTGCGCGAT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 5 

MshC.6_For GGGAATCGGTCACCCAGTTATCCAGG Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 6 

MshC.6_Rev AAACCCTGGATAACTGGGTGACCGAT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 6 
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MshC.7_For GGGAGCGGCCCACCACCGTCGAGTT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 7 

MshC.7_Rev AAACAACTCGACGGTGGTGGGCCGC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 7 

MshC.8_For GGGAGTTCCCCGGGCCTGGCGGCCCGCC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 8 

MshC.8_Rev AAACGGCGGGCCGCCAGGCCCGGGGAAC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 8 

MshC.9_For GGGAATCGGCCCGGTAGTGACCAG Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 9 

MshC.9_Rev AAACCTGGTCACTACCGGGCCGAT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 9 

MshC.10_For GGGAGTCAGCCAACACCGCATCACT Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 10 

MshC.10_Rev AAACAGTGATGCGGTGTTGGCTGAC Single-stranded oligo to create the 

dsDNA coding for mshC sgRNA 10 

 

Transformation of constructed CRISPRi plasmids into Mab 

Mab was grown in a shaking incubator (New Brunswick Scientific; 175 rpm) in 

7H9 medium supplemented with 10% OADC (oleic acid-albumin-catalase-

dextrose; Thermo Fisher Scientific), 0.2% glycerol and 0.05% tyloxapol at 37°C 

until reaching an optical density at 600 nm (OD600) between 0.2 and 0.8 and was 

made electrocompetent by washing three times with 10% glycerol. Then, 1 µg of 

each pLJR plasmid was transformed separately into the electrocompetent bacteria 

by using the Gene Pulser Xcell Total System (Bio-Rad; 1.25 kV, 1000 Ω and 25 µF). 

Following electroporation, Mab was resuspended in 7H9 medium containing 20% 

OADC and incubated at 37°C for 4h before it was plated out on 7H11 agar 

containing 10% OADC, 0.2% glycerol and 200 µg/mL kanamycin (Sigma). The 

7H11 agar plates were incubated for 3 days to 1 week at 37°C until the presence of 

colonies. Successful incorporation of the pLJR plasmids into the L5 site of Mab was 

confirmed by PCR and Sanger sequencing (Neuromics Support Facility; University 

of Antwerp) utilizing primers to amplify the L5 integration site (Table IV.2).  
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Table IV.2. Overview of the primers used to amplify the L5 region of Mab.  

Name Sequence Description 

L5_For CCGATCGGGTTCTCCACCTG Forward primer used to amplify the 

L5 site of Mab. 

L5_Rev GCCCCGGCGCTGTACATTCA Reverse primer used to amplify the 

L5 site of Mab. 

 

Growth curves 

The bacteria were grown until logarithmic phase in 7H9 broth supplemented with 

10% OADC (Mab containing the pLJR965 plasmid or pLJR plasmids with the mmpl3 

sgRNAs) or 10% ADS (Mab containing the pLJR965 plasmid with the mtr or mshC 

sgRNAs), 0.2% glycerol and 0.05% tyloxapol and diluted to an OD600 of 0.1 or 0.05 

before being incubated in a shaking incubator (New Brunswick Scientific; 175 

rpm) at 37°C. Half of each culture was induced with 100 ng/mL 

anhydrotetracycline (ATc; Takara Bio) before incubation. Growth of the strains 

was evaluated every 24h or after 72h by measuring the OD600 with a cell density 

meter (Biochrom WPA Biowave). In parallel, after the cultures were brought back 

to an OD600 of 0.1 or 0.05, a series of spots was carried out in a ten-fold dilution on 

a 7H11 agar plate supplemented with 10% OADC (Mab containing the pLJR 

plasmids with the mmpl3 sgRNAs) or 10% ADS  (Mab containing the pLJR965 

plasmid with the mtr or mshC sgRNAs), 0.2% glycerol and with or without 100 

ng/mL ATc. 

 

RNA isolation 

Mab strains were grown in 7H9 supplemented with 10% OADC, 0.2% glycerol and 

0.05% tyloxapol until reaching their logarithmic phase and diluted to an OD600 of 

0.1 in the same medium. Half of the cultures were induced after dilution with 100 

ng/µL µM ATc (Anhydrotetracycline; Takara Bio). After 48h of growth in a shaking 

incubator (New Brunswick Scientific; 175 rpm) at 37°C, the pellets of the strains 
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were harvested and incubated in TRIzol reagent (Invitrogen) for 5 min at room 

temperature (RT). Next, the bacteria were lysed with BeadBug™ beads (Sigma; 0.1 

mm Zirconium beads) by shaking at a speed of 6 m/s twice for 45 seconds using 

the FastPrep 24 Classic (MP biomedicals) followed by incubation at -80°C 

overnight. To separate the samples from the TRIzol reagent, Phasemaker tubes 

(Invitrogen) were used together with the addition of chloroform to the sample. 

Once separated, RNA isolation of the samples was completed using the RNeasy 

Plus Mini Kit (Qiagen) followed by a DNase treatment with TURBO DNAase 

(Qiagen) and ezDNase (Invitrogen). The final RNA concentration was measured 

using the NanoDropTM 2000 spectrophotometer (Thermo Scientific) and the RNA 

samples were stored at -80°C until further use.  

 

Real-time quantitative PCR 

All RT-qPCR were performed combining 10 µL of 2× SensiFAST™ SYBR® No-ROX 

One-Step mix (Biotech), 0.6 µL of each primer (0.3 µM final concentration; Table 

3.3), 0.2 µL of reverse transcriptase (Biotech), 0.4 µL of RNase inhibitor (Biotech), 

3 µL of RNA template, and 5.2 µL of DEPC-treated water (diethylpyrocarbonate; 

Biotech) in each well to reach a finale volume of 20 µL. Next, the mRNA expression 

was measured using the LightCycler® 480 system (Roche) with predetermined 

cycle conditions (Reverse T1 (45°C, 10 min, 1×), 2-step Amplification (95°C, 5 sec; 

60°C, 30 sec, Single, 40×) and Melting (95°C, 10 sec; 45°C, 1 min; 95°C, continuous, 

1×)) and analyzed relative to the expression of the housekeeping gene, rpoB, with 

the LightCycler® 480 SW 1.5.1 software. The normalized relative expression levels 

were further analyzed using GraphPad software 8.0. All primers are listed in Table 

IV.3.  

 

 

 



Implementing the CRISPRi-system 
 

103 
 

Table IV.3. Primers used to measure the expression levels of the mmpl3 gene relative to rpoB. 

Name Sequence Description 

rpoB_qPCR_For CAGCACTCCATCTCACCGAA Forward primer needed for mRNA 

quantification of rpoB. 

rpoB_qPCR_Rev TGGTCGACGACAAGATCCAC Reverse primer needed for mRNA 

quantification of rpoB. 

Mmpl3_qPCR_For CGGTATCGGTTCATCGTCGT Forward primer needed for mRNA 

quantification of mmpl3. 

Mmpl3_qPCR_Rev ACTGACTCACTGTTGTCGGC Reverse primer needed for mRNA 

quantification of mmpl3. 

 

Statistical analysis 

Mann-Whitney test was applied to statistically evaluate the growth of the mmpl3 

knockdown strains expressing sgRNA NC, 5 and 8, and was followed by correction 

for multiple testing when required. Results were considered significantly different 

when p < 0.05. All statistical analysis was performed using the Graphpad software 

8.0.  

 

IV.4 Results 

The presence of the pLJR965 plasmid does not inhibit growth in Mab 

Before knocking down mycobacterial genes, the pLJR965 plasmid was 

incorporated into the L5 site of Mab to determine whether the presence of the 

pLJR965 plasmid is toxic for Mab when being induced, since the expression of 

dCas9 in mycobacteria is known to cause proteotoxicity. First, the pLJR965 

plasmid was transformed into Mab and confirmed for successful integration by 

PCR with primers L5_For and L5_Rev (Table IV.2). When analyzing the PCR 

results, amplifying the WT L5 site of Mab is expected to give a fragment of 170 bp 

while the L5 site together with an integrated plasmid will generate an 8821 bp 

fragment. Once the integration of the plasmid was confirmed, the strain was 
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incubated at an OD600 of 0.1 with and without the addition of ATc and evaluated 

every 24h to assess growth. As displayed on Figure IV.1b, the transformed strain 

was confirmed to have an integrated pLJR965 plasmid in the L5 site of Mab. 

However, the transformed strain still contained a fraction of the WT L5 site on top 

of the L5 site with integrated plasmid, indicating a mixed culture of transformed 

and untransformed bacteria. Surprisingly, Mab containing the pLJR965 plasmid 

was able to reach a higher plateau phase than WT Mab (Figure IV.1c). 

Additionally, no difference is observed between the induced and non-induced 

transformed strain suggesting that the presence of the induced pLJ965 plasmid is 

not toxic for Mab over a period of 7 days. 

 

Figure IV.1. The presence of an induced pLJR965 plasmid is not toxic for Mab. To first determine 

what effect the integration of the knockdown plasmids has on the growth of Mab, the pLJR965 

plasmid was transformed inside Mab and confirmed for successful integration in the L5 site with 

primers L5_For and L5_Rev (Table IV.2) by PCR (b). Next, the pLJR965-containing strain was diluted 
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to an OD600 of 0.1 and incubated at 37°C in the presence or absence of ATc (c). a) Overview of the 

pLJR962 and pLJR965 CRISPRi integrating plasmids. Created with SnapGene©. b) The amplification 

of the WT L5 site generates a 170 bp fragment while an L5 site with an integrated plasmid is expected 

to generate a fragment of 8821 bp. The results indicate the presence of both bacteria containing the 

pLJR965 plasmid and WT bacteria. c) Growth was assessed every 24h by measuring the 0D600. The 

presence of the induced pLJR965 plasmid does not lead to growth inhibition in Mab. Results are 

shown as mean ± SEM from three independent experiments. KanR: kanamycin-resistant cassette, 

TetR: tetracycline repressor, ori: origin of replication 

 

WT bacteria remain present in the transformed culture when targeting the mmpl3 

gene 

mmpl3 is an essential gene for Mab (190), and was therefore selected as a target to 

confirm the correct use of the Sth CRISPRi-system. To achieve this, 8 different 

dsDNAs were constructed coding for sgRNAs that target mmpl3 and combined 

with both the pLJR962 and the pLJR965 plasmids. As the pLJR962 plasmid is 

designed for use in Msm and the pLJR965 plasmid for use in Mtb, both plasmids 

were tested to determine which one was more fit for use in Mab. Both plasmids 

with each of the dsDNAs were separately transformed into Mab after which correct 

integration of each plasmid in the L5 site was confirmed by PCR and Sanger 

sequencing. For both techniques, primers L5_For and L5_Rev (Table IV.2) were 

used. A successful integration of the plasmids is expected to generate a 9051 bp 

and 8821 bp fragment for the integrated pLJR962 and pLJR965 plasmids 

respectively, while the WT L5 site only generates a fragment of 170 bp. After PCR, 

the PCR-generated bands were further analyzed by Sanger sequencing. Sanger 

sequencing results show a successful integration of the plasmids when the 

sequence of interest, depicted by a red arrow, aligns to the reference sequence. 

Perfect alignment is illustrated by a filled, red-colored arrow while an unfilled area 

indicates a mismatch in the sequence of interest. The PCR results displayed the 

successful integration of both the pLJR962 and pLJR965 plasmids expressing 

sgRNA 1 as a fragment of 9051 bp and 8821 bp could be detected (Figure IV.2a). 

However, both strains still demonstrated the presence of a 170 bp fragment 
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corresponding to the WT L5 site, indicating once again the presence of a mixed 

culture containing both transformed and untransformed bacteria. Next, the Sanger 

sequencing results further confirmed successful integration of the plasmids into 

the L5 site of Mab as the sequences extracted from both 9051 bp and 8821 bp 

fragments aligned perfectly to the reference sequence containing an integrated 

plasmid into the L5 site (Figure IV.2b). Furthermore, these results also confirmed 

the presence of WT bacteria in both cultures as the DNA extracted from the 170 bp 

fragment aligned perfectly to the WT L5 reference sequence. Figure IV.2 displays 

the PCR and sequencing results of pLJR962 and pLJR965 expressing sgRNA 1 and 

are representative for all created plasmids expressing mmpl3 sgRNAs.  
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Figure IV.2. Transformed cultures still contain WT bacteria when targeting mmpl3. mmpl3 was 

selected as a target to evaluate the correct use of the Sth CRISPRi-system. While the pLJR962 plasmid 

was designed for use in Msm and the pLJR965 plasmid for use in Mtb, both plasmids were 

implemented to determine which one is better for use in Mab. Both plasmids, each expressing one of 

the 8 different sgRNAs targeting mmpl3, were all separately transformed inside Mab and assessed by 

PCR (a) and Sanger sequencing (b) with primers L5_For and L5_Rev (Table IV.2). a) The PCR results 

are expected to show a 9051 bp and 8821 bp fragment for integration of the pLJR962 and pLJR965 

plasmid, respectively, while the WT L5 site is characterized by a 170 bp fragment. Once again, a mixed 

culture of both bacteria containing the plasmid and WT bacteria was detected. b) The sequenced DNA 

from the fragments were aligned against a WT L5 site reference sequence or L5 site reference 
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sequence with an integrated pLJR plasmid. A filled, red-colored arrow indicates perfect alignment of 

the investigated sequence to the reference sequence while an unfilled area reveals a mismatch. 

Sanger sequencing results further confirmed the successful integration of both plasmids into the L5 

site as well as the presence of the WT L5 site in the cultures. The figures display the PCR and Sanger 

sequencing results of the pLJR962 and pLJR965 plasmids expressing sgRNA 1 and are representative 

for all plasmids expressing mmpl3 sgRNAs generated and tested.  

 

The growth effect perceived after induction of the transformed mmpl3 strains is 

dependent of both the sgRNA and the plasmid 

To determine which plasmid, pLJR962 or pLJR965, is suitable for use in Mab and if 

the different sgRNAs targeting mmpl3 have a varying effect on the growth of Mab, 

a growth curve was set up to compare all generated strains. The strains were 

diluted to an OD600 of 0.1, incubated with and without the addition of ATc for 7 

days and assessed every 24h for growth. In parallel, all strains were spotted on 

agar plates in the presence or absence of ATc in a ten-fold dilution, starting at an 

OD600 of 0.1, and incubated for 3 days. A strain expressing a control sgRNA with no 

complementary sequence to the genome of Mab was included as a negative control 

(NC). As illustrated on Figure IV.3a, the induction of some plasmids influenced the 

growth of Mab while others did not. Furthermore, induction of sgRNA 2 expression 

had a varying effect on the growth depending on if it was expressed by pLJR962 or 

pLJR965. All remaining sgRNAs demonstrated a similar effect, whether it was 

expressed from the pLJR962 or pLJR965 plasmid. The observations noticed in 

medium could also be applied to the findings on agar (Figure IV.3b). However, 

growth of Mab was inhibited to a greater extent after sgRNA 3, 5 and 6 were 

expressed from the pLJR965 plasmid. Therefore, the pLJR965 plasmid was 

selected for further experiments in Mab. Furthermore, to significantly confirm the 

generation of a mmpl3 knockdown strains having a reduced mmpl3 expression and 

leading to a reduction in growth, Mab containing the pLJR965 expressing three 

different sgRNAs, NC, sgRNA 5 and sgRNA 8, was selected for the next experiment.  
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Page 110: Figure IV.3. Growth deficiency after induction of the transformed mmpl3 strains is 

dependent on the sgRNA and the plasmid from which it is expressed. Growth of Mab was 

compared between all created mmpl3 strains containing the pLJR962 or pLJR965 plasmid expressing 

the different sgRNAs. a) All strains were diluted to an OD600 of 0.1, incubated for 7 days with or 

without ATc and evaluated based on growth every 24h. Induction of the transformed strains led to a 

difference in growth depending on which plasmid with sgRNA the strains possessed. b) In parallel, 

the diluted strains where also spotted in a ten-fold dilution on agar plates, with half of the plates 

supplemented with ATc, and incubated for 3 days. Results on agar illustrate the same results as in 

medium. This experiment was conducted as a preliminary experiment and was only performed once.  
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Transformed mmpl3 strains lose the pLJR965 plasmid over time 

To confirm successful creation of a mmpl3 knockdown strain with lower mmpl3 

expression that lead to a decreased growth, Mab containing the pLJR965 plasmid 

expressing sgRNA NC, 5 or 8 was first grown until reaching its logarithmic phase 

and brought to an OD600 of 0.1. Then, the strains were incubated with or without 

ATc and at the same time spotted on agar supplemented with or without ATc in a 

ten-fold dilution. The broth cultures and agar plates were both incubated for 3 

days after which the extent of growth of the strains was determined. As observed 

on Figure IV.4, the bacterial growth of the transformed strain expressing sgRNA 5 

was significantly reduced after induction while no difference was detected 

between the induced and non-induced strains expressing the sgRNA NC and 8. This 

reduced growing ability of the strains expressing sgRNA 5 was also observed on 

agar after induction. Remarkably, while growth of the strain expressing sgRNA 8 

was not altered after induction in liquid medium, its growth was greatly reduced 

after induction on agar.  
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Figure IV.4. Mab strain expressing mmpl3 sgRNA 5 demonstrates a decreased growth. The 

transformed strains containing the pLJR965 plasmid expressing sgRNA NC, 5 and 8 were grown until 

reaching their logarithmic phase and incubated at an OD600 of 0.1 with or without ATc for 3 days. In 

parallel, the strains were also spotted on an agar plate with or without ATc in a ten-fold dilution, 

starting from an OD600 of 0.1. Bacterial growth of the transformed strain containing the pLJR965 

plasmid expressing sgRNA 5 was significantly reduced in both liquid medium and agar after 

induction. Results are shown as mean ± SEM from six independent experiments with the agar images 

being a representative of six independent repeats. Statistical significance was obtained with the 

Mann-Whitney test after which the p-values were corrected for multiple testing. **p < 0.01 

 

After confirming that the induction of the strain containing the pLJR965 plasmid 

expressing sgRNA 5 leads to a significant growth impairment of Mab, the 

expression of mmpl3 was examined in the selected strains using RT-qPCR. The 

expression of mmpl3 was evaluated relative to that of the housekeeping gene, rpoB. 

Surprisingly, the obtained results demonstrated no change in mmpl3 expression 

after induction of the transformed strains (Figure IV.5a). Because the RT-qPCR 

was performed after the strains were subjected to multiple division cycles, the PCR 
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amplifying the L5 site using the L5 primers (Table IV.2) and the growth curve 

were repeated to ensure that the strains still contained the integrated plasmid and 

demonstrated the desired growth effect. This time, the strains were incubated 

starting from an OD600 of 0.05. However, the results established that the selected 

transformed strains lost the pLJR965 plasmid and corresponding growth effect at 

the time that the RT-qPCR was performed (Figure IV.5b). Conclusively, the 

integration of the pLJR965 plasmids seems unstable and the plasmid is lost over 

time. 

 

Figure IV.5. pLJR965 is lost over time in the transformed mmpl3 strains. a) RNA was extracted 

from the different induced and non-induced strains after which the expression of mmpl3 was 

investigated relative to rpoB. No difference in mmpl3 expression was observed in the strains after 

being induced. b) After establishing the mmpl3 expression levels in the strains, the PCR, amplifying 

the L5 site using the L5 primer (Table IV.2), and the growth curve, starting from an OD600 of 0.05 

and incubated for 3 days, were repeated to ensure that the plasmid and its activity was not lost after 

multiple division cycles. However, the integration of the pLJR965 plasmid seems unstable since the 
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plasmid and its activity is lost after several division cycles. Growth curve results of the strain 

containing the pLJR965 plasmid expressing sgRNA 8 are not included. Results are shown as 

mean ± SEM from two independent experiments. 

 

mtr and mshC knockdown plasmids were successfully incorporated into the L5 site of 

Mab 

Even though the integration of the pLJR965 seems unstable, the Sth CRISPRi-

system was used to target mtr and mshC next. Here, a total of 10 dsDNAs coding 

for the sgRNAs were constructed for either mtr or mshC and transformed into Mab 

on the pLJR965 plasmid. After transformation, integration of the pLJR965 plasmids 

with the different dsDNAs was assessed by PCR and Sanger sequencing with 

primers L5_For and L5_Rev (Table IV.2). A PCR reaction using these primers is 

predicted to generate a fragment of 8821 bp when the pLJR965 plasmid is 

integrated into the L5 site while a 170 bp fragment is generated for the WT L5 site 

only. Next, the fragments generated by the PCR reaction were further analyzed by 

Sanger sequencing in which the sequences of interest were compared to a 

reference sequence. Here, a perfect alignment is depicted by a filled, red-colored 

arrow while a mismatch is demonstrated by an unfilled area. The results showed 

that the different pLJR965 plasmids were successfully integrated in the L5 site of 

Mab as a band of 8821 bp was generated during the PCR reaction (Figure IV.6a). 

Similarly to the transformed mmpl3 strains, the WT L5 site was still present in the 

transformed mtr and mshC strains as well, suggesting the presence of a mixed 

culture every time the pLJR965 plasmid is transformed into Mab. Successful 

integration of the plasmids was further confirmed by the sequencing results which 

demonstrated that the sequences of the 8821 bp fragment completely aligned with 

the reference sequence (Figure IV.6b). The figures display the PCR and 

sequencing results of pLJR965 expressing the mtr or mshC sgRNA 1 and are 

representative for all plasmids expressing mtr and mshC sgRNAs generated and 

tested in Mab. 
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Figure IV.6. Plasmids needed to create mtr and mshC knockdowns were successfully 

integrated into the L5 site. To create mtr and mshC knockdown strains, 10 dsDNAs coding for the 

sgRNAs were constructed targeting each gene. The dsDNAs were transformed into Mab by first 

cloning them into the pLJR965 plasmid. After transformation, integration of the plasmid into the L5 

site was investigated by PCR and Sanger sequencing with the use of the L5_For and L5_Rev primers 

(Table IV.2). a) The PCR results are expected to generate a fragment of 8821 bp if the pLJR965 

plasmid is integrated into the L5 site of Mab while a fragment of 170 bp is expected for the WT L5 

site. All pLJR965 plasmids expressing the different sgRNAs were integrated into the L5 site of Mab, 

however, the WT L5 site was still detected as well. b) The fragments were analyzed by Sanger 

sequencing. Here, the sequence of interest is being aligned to a reference sequence where a perfect 

alignment is illustrated by a filled, red-colored arrow and a mismatch by an unfilled area. Successful 

integration of the pLJR965 plasmids into the L5 site of Mab was further confirmed by Sanger 

sequencing. The figures display the PCR and Sanger sequencing results of the pLJR965 plasmids 

expressing mtr and mshC sgRNA 1 and are representative for all plasmids expressing mtr and mshC 

sgRNAs generated and tested in Mab.  
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Induction of the transformed mtr and mshC strains does not lead to an altered 

growth 

To examine whether targeting mtr or mshC using the Sth CRISPRi-system will 

translate into an altered phenotypic character, all the transformed mtr and mshC 

strains were brought to an OD600 of 0.1 or 0.05 respectively, and incubated with or 

without ATc for 3 days before the growth was assessed based on the OD600. In 

parallel, once all strains were brought back to an OD600 of 0.1 or 0.05, they were 

spotted in a ten-fold dilution on agar with or without ATc and incubated for 3 days 

as well. Additionally, the PCR amplifying the L5 site using the L5 primers (Table 

IV.2) was repeated to determine whether the pLJR965 integration remained stable 

in the generated strains. Remarkably, no difference was seen in bacterial growth 

between the induced and non-induced transformed strains after 3 days (Figure 

IV.7a). Additionally, the spots on agar did not show any variation in growth either 

between the induced and non-induced strains. Similarly to the transformed mmpl3 

strains, some of the transformed mtr and mshC strains lost the pLJR965 plasmid 

after several division cycles (Figure IV.7b). This event makes it difficult to 

investigate the gene expression of the transformed strains and further confirms 

the instability of the pLJR965 integration, rendering this system unreliable.  

 

 

 

Page 117: Figure IV.7. Bacterial growth is unaltered after inducing the transformed mtr and 

mshC strains. a) All generated mtr and mshC strains were diluted to an OD600 of 0.1 and 0.05 

respectively, and incubated with or without ATc for 3 days before growth was assessed by the OD600. 

At the same time, the diluted strains were spotted in a one-over-ten dilution on agar with or without 

ATc. No change was observed in bacterial growth between the induced and non-induced strains. b) 

A PCR amplifying the L5 site by using the L5 primers (Table IV.2) was performed to investigate 

whether the pLJR965 plasmid was still present in the generated strains after several division cycles. 

It was established that some of the generated mtr and mshC strains already lost the pLJR965 plasmid 

after several division cycles. Results are shown as mean ± SEM from three independent experiments 

for the generated mtr strains and two independent experiments for the generated mshC strains.  
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IV.5 Discussion 

Almost all antibiotic targets are made up from essential bacterial genes (191). 

Thus, to examine Mtr and MshC as potential drug targets, their essentiality during 

growth and function in the survival of Mab need to be explored. Over the past 

years, CRISPRi has been extensively used to investigate essential genes since 

knocking out these genes is lethal for pathogens. Therefore, by using this technique 

to create knockdowns, the role and function of the genes can be thoroughly 

investigated during bacterial growth and stress conditions (147, 192). In this 

chapter, the Sth CRISPRi-system was implemented in Mab where a series of 28 

sgRNAs were generated targeting mmpl3, mtr or mshC. Our findings illustrated the 

successful integration of all generated CRISPRi plasmids in the L5 integration site 

of the transformed strains (Figure IV.1b, 2 and 6). Furthermore, we 

demonstrated that the induction of the CRISPRi plasmids only affected the growth 

of some transformed mmpl3 strains, while no change in growth was observed 

between the induced and non-induced transformed mtr or mshC strains (Figure 

IV.3, 4 and 7a). However, next to an integrated pLJR plasmid in all transformed 

strains, the obtained results also displayed the presence of the WT L5 site in the 

strains (Figure IV.1b, 2 and 6a). In 2009, Beatrice Saviola demonstrated that 

while mycobacterial plasmids containing the attP L5 attachment site are capable 

of integrating into the attB L5 site of the mycobacterial genome, these plasmids are 

unstably integrated and constantly found in an equilibrium between inserted and 

excised stage (193). Hence, a mixed culture of WT Mab and Mab containing the 

CRISPRi plasmids is continually existing within the cultures, possibly interfering 

with the capacity of knocking down the genes of interest and the results during 

experiments. This event may be caused by the presence of both the attP L5 

attachment site and the L5 integrase on the pLJR plasmid. An approach for 

stabilizing the integrated plasmid has been the electroporation of two separate 

plasmids, i.e. an attP-containing integration plasmid and a nonreplicating Int-

containing plasmid, since the nonreplicating Int-containing plasmid provides 

integrase activity which is lost over time, hereby stabilizing the integrated vector. 



Implementing the CRISPRi-system 
 

119 
 

Another approach has been the removal of the int gene from the genome via the 

expression of site-specific recombinases after integration of the pLJR plasmid in 

the L5 site (133).  

Beside the observation of both the WT and modified L5 site still being present in 

the transformed strains, we noticed that in some transformed strains the unstable 

integrated plasmid was also completely removed from the genome of Mab over 

time (Figure IV.5b and 7b). Springer et al. observed that excision of the integrated 

plasmid is mediated by the integrase and occurs more frequently than anticipated, 

but can be avoided by utilizing a second nonreplicating Int-containing plasmid 

(194). Furthermore, integrase-mediated excision of the L5 integrated plasmid can 

lead to plasmid loss in cases where the integrated plasmid is disadvantageous for 

the growth of the recombinant strain (195), indicating that the pLJR965 plasmid 

may be toxic for Mab over a longer period of time. Nevertheless, any loss of the 

integrated plasmid was not reported when applying the Sth CRISPRi-system on 

either Msm, Mtb or Mab (146, 148, 196, 197), yet Bosch et al. described the use of 

a suicide plasmid to express Int in order to enhance the stability of the L5 

integration during long-term studies (191). It is unclear whether excision of the 

integrated plasmid occurs more frequently in Mab than in Msm or Mtb, we waited 

too long in between experiments leading to the loss of the unstable plasmid over 

time, or if we were unable to correctly translate the Sth CRISPRi-system for use in 

Mab. Yet, the instability of the integrated plasmid renders this system unreliable 

for our investigation. 

As a conclusion, this chapter implemented the Sth CRISPRi-system to target mtr or 

mshC and investigate their essentiality for Mab. The results demonstrate the 

successful integration of the CRISPRi plasmids in the L5 site of Mab, but the 

induction of the integrated plasmids did not lead to an altered growth pattern of 

the strains. However, the plasmids proved to be unstably integrated in the L5 site 

since the plasmids were found in a constant equilibrium between inserted and 

excised stage. Furthermore, the integrated plasmid in some transformed strains 

was even completely lost after several division cycles. Due to the instability of the 
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pLJR965 integration, the Sth CRISPRi-system is not reliable to investigate the 

essentiality of mtr and mshC in Mab. Therefore, other methodologies need to be 

explored. 
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V. Validating the p2NIL/pGOAL method in 

Mycobacterium smegmatis 
 

V.1 Abstract 

The creation of genetic mutants is essential to understand more about gene 

function and to validate a potential drug target. While genetic manipulations are 

challenging in mycobacteria, Msm can be used as a valuable alternative model for 

the development and validation of genetic tools. Over the past decades, various 

new genetic engineering tools have been developed to facilitate studying genes, 

including the p2NIL/pGOAL method. In this study, Msm was used as a model to 

validate the p2NIL/pGOAL method by aiming at creating mtr and mshC knockout 

strains. While this method was successfully implemented to create a Msm∆mtr 

mutant strain, it remains a very lengthy and complicated method for use in Msm. 

Due to the remaining challenges of the p2NIL/pGOAL method in Msm and the fact 

that Msm is already more easily manipulatable than Mab, another recently 

developed method was suggested instead of the p2NIL/pGOAL method for the 

creation of mtr and mshC knockout strains in Mab, i.e. the ORBIT system. 

 

V.2 Introduction 

Genetic analysis and the creation of genetic mutants is essential to understand 

more about mycobacterial infection, individual gene function and validation of a 

drug target (120, 198). While in silico tools can help determine the importance and 

function of a certain gene, experimental validation with genetic manipulations is 

necessary (116). Genetic manipulation of mycobacteria is challenging due to the 

thick mycobacterial cell wall, slow growing nature of mycobacteria, high frequency 

of nonhomologous recombination and highly resistant character of mycobacteria, 

limiting the availability of antibiotic selection markers (120). Due to the many 

challenges concerning genetic engineering in mycobacteria, various studies use 

Msm as a valuable model for genetic tool development and validation in 
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mycobacterial studies, since Msm is easily modified and closely associated to other 

mycobacterial species in regard to its biochemical properties and genetic 

information (199–202).  

Over the past decades, a variety of novel genetic engineering tools have been 

developed, hereby facilitating the study of genes (116). An interesting method that 

was developed in the early 2000s is the p2NIL/pGOAL system that combines the 

use of two vectors, p2NIL and pGOAL. Hereby, the p2NIL suicide plasmid is used 

for the actual genetic manipulation after the insertion of a disrupted copy of the 

gene of interest together with the marker genes originating from the pGOAL 

plasmid (154). The p2NIL/pGOAL system employs a two-step strategy in which 

the disrupted copy of a gene of interest is incorporated into the genome of 

mycobacteria during a SCO event, followed by the elimination of the WT or 

disrupted copy of the gene in a DCO event (154, 198). Elimination of the WT gene 

during the DCO event leads to the creation of marked or unmarked knockout 

mutants while persistent elimination of the disrupted copy can provide some 

indirect insight into the essentiality of a gene (120, 154). The p2NIL/pGOAL 

method is widely used in mycobacteria and has been successfully employed in 

Msm for various allelic replacement procedures (203–205). 

In this chapter, Msm was used as an alternative model to evaluate and validate the 

p2NIL/pGOAL method before implementing it in Mab. Hereby, this chapter aims at 

determining the correct use and efficiency of this method by creating mtr and mshC 

knockout strains in Msm. By applying the p2NIL/pGOAL method, a Msm∆mtr 

mutant was successfully generated while any attempts to create a Msm∆mshC 

mutant were unsuccessful. However, even though Msm is more easily genetically 

manipulatable than Mab or other mycobacteria, creating mutants following this 

method remains a very lengthy and complex process in Msm. Therefore, another 

more recently discovered method which is less complex, i.e. the ORBIT system 

(Chapter VI), was suggested for the generation of mtr and mshC knockout strains 

in Mab.  
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V.3 Materials and methods 

Bacterial strains, media and culture conditions 

Escherichia coli (E. coli) DH5α cultures were grown in Luria-Bertani (LB) broth 

(Sigma-Aldrich) or plated on LB agar (Sigma-Aldrich) supplemented with 0.2% 

glycerol and the corresponding selection drug. 

All mycobacterial strains in this study were derived from M. smegmatis mc2 155 

(ATCC 700084) and were routinely cultured at 37°C in Middlebrook 7H9 broth 

(Sigma) supplemented with 10% ADS (albumin-dextrose-saline), 0.2% glycerol 

and 0.05% tyloxapol. Agar plates were made of Middlebrook 7H11 agar base 

(Sigma). 

 

Construction of a p2NIL suicide vector 

A p2NIL suicide plasmid was generated carrying the mutant gene of interest as 

described by Krishnamoorthy Gopinath et al (119). Both the p2NIL_mtr and 

p2NIL_mshC suicide plasmids were created following a slightly different approach. 

To create p2NIL_mtr, three individual fragments were amplified by PCR; part of 

the sequences of mtr (MSMEG_RS12670) and the gene before mtr 

(MSMEG_RS12675; F1), part of the sequences of mtr (MSMEG_RS12670) and the 

gene after mtr (MSMEG_RS12665; F2), and a hygromycin-resistant cassette (HygR) 

that was amplified from a pSMT3-M plasmid (Addgene 26589). The PCR mixture 

(50 µL) consisted of 25 µL of Q5® High-Fidelity 2X Master Mix (NEB), 2.5 µL of each 

primer (Table V.1), 1 µL of the lysed bacteria and 19 µL Milli-Q. PCR amplification 

was characterized by a denaturation step (98°C for 30 sec), 35 amplification cycles 

(98°C for 5 sec; 72°C for 20 sec; 72°C for 27.5 sec) and an extension step (72°C for 

5 min). The three fragments were assembled and cloned into the digested p2NIL 

plasmid (Addgene 20188), with HindIII and SalI restriction enzymes, by 

NEBuilder® Hifi DNA assembly to create p2NIL_mtr. 
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To create p2NIL_mshC, the sequences of mshC (MSMEG_RS20270), the gene before 

mshC (MSMEG_RS20275) and the gene after mshC (MSMEG_RS20265) were 

amplified from the genome of Msm by PCR amplification (denaturation step: 98°C 

for 30 sec; 35 amplification cycles: 98°C for 5 sec; 72°C for 20 sec; 72°C for 35 sec; 

extension step: 72°C for 2 min) of a PCR mixture (50 µL) consisting of 25 µL of Q5® 

High-Fidelity 2X Master Mix (NEB), 2.5 µL of each primer (Table V.1), 1 µL of the 

lysed bacteria and 19 µL Milli-Q. Then, the amplified sequence was cloned into the 

p2NIL plasmid (Addgene 20188), which was first digested with HindIII and SalI, 

by NEBuilder® Hifi DNA assembly to create p2NIL_mshC. To generate a mutant 

gene on the plasmids, p2NIL_mshC was digested once again with BbsI and ligated 

with HygR that was amplified from a pSMT3-M plasmid (Addgene 26589) using 

specific primers (Table V.1).  

Finally, the marker genes, lacZ and sacB, originating from the pGOAL17 plasmid 

(Addgene 20189) were cloned into the p2NIL plasmids by digesting both plasmids 

with PacI followed by ligation. Digestions were performed for 2h at 37°C and 

NEBuilder® Hifi DNA assemblies for 15 min at 50°C with help of the Hifi master 

mix (NEBuilder®). An overview of the method used to create the p2NIL plasmids 

is demonstrated in Figure V.1. 
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Table V.1. Overview of primers used to create a p2NIL suicide plasmid carrying a mutant mtr 

or mshC from Msm. 

Name Sequence* Description 

MtrF1_Msm_For ACTGCGTTAGCAATTTAACTG

TGATAAACTACCGCATTAAAT

GACCGACACGGCGAT 

Forward primer used to amplify 

part of the mtr gene and 

MSMEG_RS12675 from Msm. 

MtrF1_Msm_Rev caccgcccccggcgcctgacCCAGAA

CTACGGCGACACCGCTTACGGC 

Reverse primer used to amplify part 

of the mtr gene and 

MSMEG_RS12675 from Msm. 

MtrF2_Msm_For cagggattcttgtgtcacagGCTCGCA

GATCGCGAC 

Forward primer used to amplify 

part of the mtr gene and 

MSMEG_RS12665 from Msm. 

MtrF2_Msm_Rev ACATACGATTTAGGTGACACT

ATAGAATACATAGGATCCGGT

GACGTCACGGGAACCC 

Reverse primer used to amplify part 

of the mtr gene and 

MSMEG_RS12665 from Msm. 

Hygro_Mtr_For CGGTGTCGCCGTAGTTCTGGgt

caggcgccgggggc 

Forward primer used to amplify 

HygR from the PSMT3-M plasmid 

for cloning into mtr. 

Hygro_Mtr_Rev GAAGGTCGCGATCTGCGAGCct

gtgacacaagaatccctgttacttct 

Reverse primer used to amplify 

HygR from the PSMT3-M plasmid 

for cloning into mtr. 

MshC_Msm_For ACTGCGTTAGCAATTTAACTG

TGATAAACTACCGCATTAATC

ACCGCTTCTCGATCGACT 

Forward primer used to amplify the 

mshC, MSMEG_RS20275 and 

MSMEG_RS20265 genes from Msm. 

MshC_Msm_Rev ACATACGATTTAGGTGACACT

ATAGAATACATAGGATCCGGT

GACATCGACCGATGCCG 

Reverse primer used to amplify the 

mshC, MSMEG_RS20275 and 

MSMEG_RS20265 genes from Msm. 

Hygro_MshC_For CCGAACGGCGAAGGCCAGCTG

GGCTCGCCAGGACGCTCGGccg

gggcgtcaggcgccggg 

Forward primer used to amplify 

HygR from the PSMT3-M plasmid 

for cloning into p2NIL_mshC. 

Hygro_MshC_Rev CCGCCCGGGCAAGTCCGATCAA

CTCGACGCGTTGCTGTGGgtgac

acaagaatccctgttacttct 

Reverse primer used to amplify 

HygR from the PSMT3-M plasmid 

for cloning into p2NIL_mshC. 

*Upper case letters in the sequences refer to sequences originating from the bacterial genome while 

lower case letters refer to sequences originating from a plasmid. 
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Figure V.1. Overview of the methodology used to create the p2NIL suicide plasmids. Generation 

of p2NIL_mtr (a) and p2NIL_mshC (b). Created with SnapGene©. 
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Construction of Msm∆mtr and Msm∆mshC mutants using the p2NIL/pGOAL system 

Msm∆mtr and Msm∆mshC mutants were constructed in a two-step strategy using 

the p2NIL/pGOAL system as described by Krishnamoorthy Gopinath et al. (119). 

During the first step, Msm was allowed to grow in a shaking incubator (New 

Brunswick Scientific; 175 rpm) in 7H9 supplemented with 10% OADC (oleic acid-

albumin-catalase-dextrose; Thermo Fisher Scientific) and 0.2% glycerol at 37°C 

until reaching an optical density at 600 nm (OD600) between 0.2 and 0.8 and was 

made electrocompetent by washing three times with 10% glycerol. Then, 1 µg of 

the generated p2NIL plasmid carrying the mutant gene of interest (p2NIL_mtr or 

p2NIL_mshC) was transformed into the electrocompetent bacteria by using the 

Gene Pulser Xcell Total System (Bio-Rad; 2.5 kV, 1000 Ω and 25 µF) and 0.2 mm 

cuvettes (Bio-Rad Laboratories). Following electroporation, Msm was 

resuspended in 7H9 medium containing 20% OADC and incubated at 37°C for 4h 

before it was plated out on 7H11 agar containing 10% OADC, 0.2% glycerol, 50 

µg/mL kanamycin (Sigma), 50 µg/mL hygromycin (Sigma) and 60 µg/ml X-gal 

(Thermo Fisher Scientific) for selection of SCO recombinants. The 7H11 agar plates 

were incubated at 37°C until the presence of colonies. Blue colonies resistant to 

kanamycin and hygromycin were labeled as possible SCO recombinants and were 

selected for the second step after confirmation. To confirm incorporation of the 

p2NIL plasmid carrying the mutant gene of interest into the genome of Msm and 

determining whether the incorporation happened before or after the WT gene of 

interest, PCR was performed using primer sets 1 and 2. Next, Sanger sequencing 

(Neuromics Support Facility; University of Antwerp) was performed using the 

reverse primer of primer set 1 and the forward primer of primer set 2 for the mtr 

SCO recombinant and primers that anneal in the middle of mshC for the mshC SCO 

recombinant (Table V.2). 

The second step included allowing the formation of DCO recombinants. Here, the 

previously confirmed SCO recombinants were transferred to a 7H11 agar plate 

containing 10% OADC, 0.2% glycerol, 50 µg/mL hygromycin (Sigma), 2% sucrose 

(Merck) and 60 µg/ml X-gal (Thermo Fisher Scientific) and incubated at 37°C until 
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the presence of colonies. White colonies resistant to hygromycin and sucrose were 

labeled as possible DCO recombinants. To confirm whether DCO recombinants and 

thus whether Msm∆mtr or Msm∆mshC mutants were generated, the recombinants 

were checked by PCR and Sanger sequencing (Neuromics Support Facility; 

University of Antwerp) using the reverse primer of primer set 1 and the forward 

primer of primer set 2 or primers amplifying part of the hygromycin-resistant 

cassette. For the mshC DCO recombinant, the Sanger sequencing was performed 

using primers that anneal in the middle of mshC (Table V.2). 
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Table V.2. Overview of primers used for the characterization of Msm SCO and DCO 

recombinants created with the p2NIL/pGOAL system. 

Name Sequence* Description 

PrimerSet1_Mtr_ 

For 

AGTGGCTGGTTGCGGCGGTG

CCGGTGAGCGCCGCGGTGCT 

Forward primer used to confirm a 

SCO and DCO event for mtr in Msm. 

PrimerSet1_Mtr_ 

Rev 

CTCGACCGGTGGCTCGACGA

GTATCTGAGCCTGCAGAATC 

Reverse primer used to confirm a 

SCO and DCO event for mtr in Msm. 

PrimerSet2_Mtr_ 

For 

TCGAACTGCCCTGGGGCTTC

GCGGTTCCGGAACGCTCGCG 

Forward primer used to confirm a 

SCO and DCO event for mtr in Msm. 

PrimerSet2_Mtr_ 

Rev 

CGTTGCGCTCATGATGCCGG

CCCCCACCAACACGACGTCA 

Reverse primer used to confirm a 

SCO and DCO event for mtr in Msm. 

PrimerSet1_MshC_

For 

ACAAGGATCCAGACCGGGAC

GAGGATCGGGCGCAGACTGC 

Forward primer used to confirm a 

SCO and DCO event for mshC in Msm. 

PrimerSet1_MshC_

Rev 

CGTACCTTCCGGACTTCGTG

ATGTGCCGGCGTGAGCTGGC 

Reverse primer used to confirm a 

SCO and DCO event for mshC in Msm. 

PrimerSet2_MshC_

For 

GTGTCGGCGTGCGCCTTCAG

GGCGTCGGCATCGACGTCGA 

Forward primer used to confirm a 

SCO and DCO event for mshC in Msm. 

PrimerSet2_MshC_

Rev 

GCACATCACCGACCGCGAGA

TCGCCGCACTGCGCGCCAGA 

Reverse primer used to confirm a 

SCO and DCO event for mshC in Msm. 

Hygro_For actgcatctcaacgccttcc Forward primer used to amplify 

part of HygR. 

Hygro_Rev gtctcctcgaacacctcgaa Reverse primer used to amplify part 

of HygR. 

MshC_Mid_For GCCGCCCTGGATGTCGAGGC

CGGTGCCGATCCGCGTCAGG 

Forward primer annealing to the 

middle of mshC. 

MshC_Mid_Rev GCCGCCCTGGATGTCGAGGC

CGGTGCCGATCCGCGTCAGG 

Reverse primer annealing to the 

middle of mshC. 

*Upper case letters in the sequences refer to sequences originating from the bacterial genome while 

lower case letters refer to sequences originating from a plasmid. 
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V.4 Results 

p2NIL_mtr and p2NIL_mshC suicide plasmids were created for use in Msm 

Because Mab is difficult to genetically manipulate, Msm was selected as an 

alternative model to evaluate and validate the p2NIL/pGOAL method before use in 

Mab by knocking out mtr and mshC in Msm. To achieve this, p2NIL_mtr and 

p2NIL_mshC plasmids were created carrying a modified copy of mtr or mshC, 

respectively, and the marker genes (Figure V.2a). Then, the p2NIL suicide 

plasmids were transformed individually into Msm to enable the recombination 

process to start (Figure V.2b). Although successful, the creation of p2NIL_mtr and 

p2NIL_mshC plasmids was time-consuming as it required multiple molecular 

cloning steps.  

 

 

 

 

 

 

 

 

 

 

 

Page 134 and 135: Figure V.2. Overview of the mtr and mshC suicide plasmids and the 

expected recombination events occurring after transformation. a) Generated suicide plasmids 

needed to knock out mtr and mshC in Msm, i.e. p2NIL_mtr and p2NIL_mshC respectively. Created with 

SnapGene©. b) Overview of the recombination events to occur after transformation of the p2NIL 

suicide plasmids inside Msm and the possible outcomes after each event. This figure was adapted 

from Gopinath et al (119). 
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SCO recombinants were created for both mtr and mshC 

Msm was transformed with the created suicide plasmids, p2NIL_mtr or 

p2NIL_mshC, after which the transformed bacteria were plated out on an agar plate 

containing kanamycin, hygromycin and X-gal to select for SCO recombinants. Blue 

colonies resistant to kanamycin and hygromycin were selected as possible SCO 

recombinants and assessed by PCR. By utilizing two primer sets, the integration 

place of the p2NIL plasmid could be determined, i.e., before or after the WT gene 

(Table V.2). Hereby, integration of the p2NIL plasmid before the WT gene is 

expected to generate a 2253 (mtr)/3401 (mshC) bp fragment with primer set 1 and 

a 2805 (mtr)/2564 (mshC) bp fragment with primer set 2 while integration after 

the WT gene generates a 2287 (mtr)/2405 (mshC) bp and 2771 (mtr)/3560 (mshC) 

bp fragment with primer set 1 and 2 respectively. When no SCO event occurred, a 

2287 (mtr)/2405 (mshC) bp fragment is generated by primer set 1 and a 2805 

(mtr)/2564 (mshC) bp fragment by primer set 2. After confirmation with PCR, the 

band generated with primer sets 1 and 2 was further examined by Sanger 

sequencing using the same primer sets. Figure V.3a gives a schematic overview of 

the possible outcomes of the SCO event and strategy implied to genotype the SCO 

recombinants with primer sets 1 and 2. To genotype SCO recombinants, two blue 

colonies for both mtr and mshC recombinant strains were selected to analyze the 

occurrence of a SCO event (Figure V.3b). As presented on the figure, the mtr SCO 

colonies exhibited a larger fragment with primer set 2 while mshC SCO colonies 

presented a larger fragment with primer set 1, indicating that the SCO event 

occurred after the WT gene in the mtr SCO colonies and before the WT gene in the 

mshC SCO colonies. This was further confirmed by the Sanger sequencing results 

where the sequences originating from the PCR were aligned to a reference 

sequence in which perfect alignment was depicted by a filled, red-colored arrow 

(Figure V.3c).  
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Page 138: Figure V.3. SCO recombinants were successfully obtained for both mtr and mshC in 

Msm. The p2NIL plasmid carrying a modified mtr or mshC was transformed into Msm after which the 

bacteria were plated out on agar plates supplemented with kanamycin, hygromycin and X-gal to 

select for SCO recombinants. a) Schematic overview of the two possible outcomes of a SCO event and 

the strategy implied to determine whether the p2NIL plasmid was incorporated before or after the 

WT gene. The gene of interest is shown as a red box (Gene B) and the modified gene as a red box 

interrupted by a grey box (Modified gene B). Primer set 1 and 2 are depicted as grey arrows. This 

figure was adapted from Gopinath et al. (119). b) A total of four blue colonies (black arrow) resistant 

to kanamycin and hygromycin were selected as possible mtr or mshC SCO recombinants and analyzed 

by PCR with primer sets 1 and 2. Integration of the p2NIL plasmid before the WT gene is expected to 

generate a fragment of 2253 (mtr)/3401 (mshC) bp with primer set 1 and 2805 (mtr)/2564 (mshC) 

bp with primer set 2. During integration after the WT gene, primer set 1 is expected to generate a 

2287 (mtr)/2405 (mshC) bp fragment while primer set 2 a 2771 (mtr)/3560 (mshC) bp fragment. 

WT Msm containing no integrated plasmid is expected to generate a 2287 (mtr)/2405 (mshC) bp and 

2805 (mtr)/2564 (mshC) bp fragment with primer set 1 and 2 respectively. The results demonstrated 

that the mtr SCO recombinant (C1) integrated the p2NIL plasmid after the WT gene while integration 

of the p2NIL plasmid in the mshC recombinants occurred before the WT gene. c) The sequences of 

the fragments generated by PCR were further analyzed by Sanger sequencing where the analyzed 

sequences were aligned to a reference sequence. A filled, red-colored area illustrated a perfect 

alignment while a mutation was shown as a transparent area. Sanger sequencing confirmed the 

findings shown by PCR. 
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A Msm∆mtr mutant was generated using the p2NIL/pGOAL system 

After characterization of the mtr and mshC SCO recombinants, the recombinants 

were transferred to another agar plate supplemented with hygromycin, sucrose 

and X-gal to allow for generation of DCO recombinants. Possible DCO 

recombinants were selected and analyzed by PCR and Sanger sequencing. To 

confirm the generation of DCO mutants by PCR, primers amplifying part of HygR 

were used that are expected to generate a 141 bp fragment as well as the forward 

primer of primer set 2 and reverse primer of primer set 1 to generate a 2625 bp 

fragment in the presence of a modified mshC or a 1622 bp fragment in the presence 

of a WT mshC. After analysis by PCR, fragments generated by using the forward 

primer of primer set 2 and the reverse primer of primer set 1 were further 

confirmed by Sanger sequencing. Here, the analyzed sequences were aligned 

against a reference sequence in which a filled, red-colored area represented a 

perfect alignment while misalignment was characterized by a transparent area. A 

schematic representation of the two possible results after a DCO event and the 

annealing place of the forward primer of primer set 2 and reverse primer of primer 

set 1 is depicted in Figure V.4a. Out of 23 colonies, only one mtr DCO recombinant 

was confirmed to possess HygR, creating a viable Msm∆mtr mutant (Figure V.4b 

and c). However, none of the 20 mshC DCO colonies tested retained the mutant 

mshC, failing to create a Msm∆mshC mutant. Although mutant strains need to be 

validated to confirm the generation of a successful mutant, validation of the 

Msm∆mtr is not the scope of this chapter. 
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Page 141: Figure V.4. Msm∆mtr was successfully created using the p2NIL/pGOAL system. The 

colonies of the SCO recombinants were transferred to an agar plate supplemented with hygromycin, 

sucrose and X-gal to allow for the occurrence of a DCO event. a) Schematic representation of the two 

possible outcomes of the DCO event. The primers used to characterize the DCO recombinants are 

depicted by a gray arrow, the WT gene of interest by a red box (Gene B) and the modified gene of 

interest by a red box interrupted by a gray box (Modified gene B). This figure was adapted from 

Gopinath et al. (119). b) All possible mutants were analyzed by PCR using primers amplifying part of 

HygR for the mtr DCO recombinants and the forward primer of primer set 2 together with the reverse 

primer of primer set 1 for the mshC DCO recombinants. If the mtr DCO recombinants retained the 

modified mtr, a 141 bp fragment is expected while no fragment is amplified if the WT gene is retained. 

Moreover, a 2625 bp fragment is expected if the modified mshC is present in the mshC DCO 

recombinants while a 1622 bp fragment demonstrates the retention of the WT mshC. Msm∆mtr was 

successfully generated whereas none of the mshC DCO colonies tested were mshC mutants. c) mtr 

and mshC DCO recombinants were further characterized by Sanger sequencing using the forward 

primer of primer set 2 or primers that anneal in the middle of mshC. The results confirmed previous 

findings claiming the successful creation of Msm∆mtr and loss of the modified mshC in all mshC DCO 

recombinants. The results of the two mshC DCO colonies displayed in the figure are representative 

for all mshC DCO colonies tested. 
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V.5 Discussion 

The creation of genetic mutants is of utmost importance to learn more about the 

function of a gene and to validate a gene as a drug target (120, 198). Recent 

development of new genetic tools, including the p2NIL/pGOAL method, have been 

facilitating the creation of mutants to study genes (116, 121, 123). The 

p2NIL/pGOAL method is described as an efficient tool to introduce specific 

mutations in mycobacteria (154). Furthermore, by incorporating markers into the 

backbone of the p2NIL suicide plasmid that are selectable (KanR), visual (lacZ) and 

counter-selectable (sacB), the p2NIL/pGOAL is an easy system that facilitates the 

identification and selection of allelic exchange mutants (206). In this chapter, the 

p2NIL/pGOAL method was employed to generate Msm∆mtr and Msm∆mshC 

mutant strains. While the occurrence of a SCO and DCO event was successful in 

both the mtr and mshC recombinant strains, only Msm∆mtr was created (Figure 

V.3 and V.4). Hereby, Figure V.4 demonstrated that all 20 mshC recombinants 

reverted back to a WT phenotype after the DCO event in Msm. This incidence may 

indicate gene essentiality since knockouts of essential genes are not viable (119). 

Yet, Xu et al. was able to create viable mshC mutants in Msm (207), questioning the 

ability of making predictions based on the outcome obtained with this method. 

Moreover, the fact that a DCO event does not always lead to the formation of 

mutants makes the p2NIL/pGOAL method inconvenient and time-consuming. 

Other time-consuming factors regarding this method are the lengthy molecular 

cloning procedures required to generate a p2NIL suicide plasmid carrying both the 

marker genes and the mutant gene of interest, and time necessary for the SCO and 

DCO event to occur. The p2NIL/pGOAL homologous recombination is mediated by 

the mycobacterial RecA protein, a large family of conserved, functional homologs 

of DNA strand exchange proteins (119, 208). However, homologous recombination 

techniques relying on the endogenous RecA are inefficient and laborious, mainly 

due to the requirement of long homology arms for the integration into a specific 

locus and the varying induction rate of RecA in different mycobacterial species 

(209, 210). 
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The DCO event of the p2NIL/pGOAL system enables for the selection of the WT or 

mutant copy of a gene (156). Thus, the generation of a knockout mutant is mainly 

dependent on the fitness cost the bacterium experiences when the WT copy of the 

gene is removed. Hereby, if a gene is essential or if its absence has a negative 

impact on the fitness of the bacterium, the mutant copy of the gene will most likely 

be removed from its genome. While this method was successfully implemented in 

Msm, multiple tryouts were still needed to successfully create a single Msm∆mtr 

mutant and all attempts to generate a Msm∆mshC mutant resulted in the reversion 

into WT (Figure V.4b and c). As a result of our observations, we concluded that 

this system is not the most convenient method to produce knockout mutants of 

potential novel targets in mycobacteria. Therefore, we decided not to implement 

the p2NIL/pGOAL system to create mutants in Mab, but instead apply a more 

recently discovered technique, i.e. the ORBIT system. The ORBIT system is a widely 

used system that combines both homologous recombination and site-specific 

integration. In contrary to the p2NIL/pGOAL method, the ORBIT system does not 

rely on the selected removal of a WT or mutant copy of a gene. Furthermore, it does 

not require multiple cloning steps for the construction of a suicide plasmid, but 

only involves the generation of a targeting oligonucleotide that can be easily 

purchased (116). Finally, the ORBIT system utilizes the provided RecT of phage 

Che9c for its recombineering and is therefore independent from host factors, 

increasing the recombineering efficiency (115, 116). 

Altogether, the p2NIL/pGOAL method was validated by successfully applying this 

method to generate a Msm∆mtr mutant. However, while validating the 

p2NIL/pGOAL method in Msm, this method proved to be laborious, inefficient and 

time-consuming. Therefore, the p2NIL/pGOAL method will not be implemented in 

Mab and will be replaced by a more recent and efficient technique, i.e. the ORBIT 

system. 
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VI. Creating mtr and mshC knockout strains to 

evaluate Mtr and MshC as potential drug targets 
 

VI.1 Abstract 

While infections caused by MABC are rising worldwide, the current treatment of 

these infections is far from ideal due to its numerous shortcomings, thereby 

increasing the urge for novel drug targets. In this study, Mtr and MshC were 

evaluated for their potential as drug targets for MABC infections since they are key 

enzymes needed in the biosynthesis and recycling of MSH, the main LMW thiol 

protecting the bacteria against ROS and other reactive intermediates. First, a 

Mab∆mtr mutant strain was generated, lacking mtr expression. Next, the in vitro 

sensitivity of Mab∆mtr to oxidative stress and anti-mycobacterial drugs was 

determined. Finally, we evaluated the intramacrophage survival and the virulence 

of Mab∆mtr in G. mellonella larvae. Mab∆mtr demonstrated a 39.5-fold reduction 

in IC90 when exposed to bedaquiline in vitro. Furthermore, the Mab∆mtr mutant 

showed a decreased ability to proliferate inside macrophages and larvae, 

suggesting that Mtr plays an important role during MABC infection. Lastly, biofilms 

generated by Mab∆mtr show a more smooth-like phenotype, making them 

possibly less resistant to mechanical stress. Altogether, these findings support the 

assumption of Mtr being a potential target for anti-mycobacterial drugs. Regarding 

MshC, we were unable to generate an mshC knockout after many attempts. 

 

VI.2 Introduction 

Infections caused by MABC are known for being very difficult to treat, as this 

complex is resistant to the standard antimicrobial agents, its treatment displays a 

low success rate and often leads to adverse drug effects, and various patients 

experience relapse after treatment or surgical removal of the pathogen (47, 50, 

187). Thus, current treatment is far from ideal and requires a long-term multidrug 

therapy including a macrolide together with 2 to 3 intravenous drugs during the 
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initial treatment phase or nebulized amikacin and 1 to 4 oral drugs during the 

continuation phase (47). Accordingly, in order to improve treatment of MABC 

infections and relieve the burden of drug resistance, novel mycobacterial targets 

need to be explored, which effectively reduce the bacterial burden within the host.  

MSH plays a key role in the protection of mycobacteria against harmful 

endogenous and exogenous ROS generated by both aerobic respiration and the 

host’s immune system (88, 104, 166). Macrophages, i.e. the primary host cells of 

MABC during pulmonary disease, will release ROS after phagocytosis to promote 

bacterial killing (211, 212). Since Mtr and MshC play a major role in the 

biosynthesis and recycling of MSH and hereby maintaining a balanced redox 

homeostasis, they are interesting targets for the development of anti-

mycobacterial drugs (166, 170). Recently, several studies have shown that altered 

levels of MSH affect the susceptibility to oxidative stress and overall survival of 

other mycobacterial species, including Mtb and Msm (104, 164).  

To validate a drug target and learn more about a gene, genetic mutants must be 

created with the use of genetic engineering techniques (120, 198). Recently, a new 

system called ORBIT was developed combining two efficient recombination 

systems (123). It involves the transformation of a plasmid expressing Che9c RecT 

annealase and Bxb1 integrase into mycobacteria followed by the co-

transformation of a single-stranded targeting oligonucleotide containing an attP 

Bxb1 recombination site together with a payload plasmid containing both the 

selection markers and an attB Bxb1 integration site. First, Che9c RecT annealase 

integrates the oligonucleotide into the genome by homologous recombination. 

Subsequently, Bxb1 integrase incorporates the payload plasmid into the attP-site 

introduced earlier in the genome, hereby disrupting a gene of interest and creating 

a knockout (116, 120, 123). 

In this study, we investigated the potential of Mtr and MshC as novel drug targets 

in Mab. While all attempts to generate an mshC knockout strain failed, we used a 

Mab∆mtr knockout strain to deplete mtr expression and showed that although not 
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strictly essential for growth, elimination of mtr leads to an increased in vitro 

sensitivity towards oxidative stress and anti-mycobacterial drugs. Furthermore, in 

the absence of mtr, a decrease in intramacrophage replication and survival in G. 

mellonella was observed. Finally, biofilms formed by the Mab∆mtr mutant showed 

a shift to a smoother phenotype compared to biofilms formed by the WT, possibly 

making them less resistant to mechanical stress factors. Collectively, these results 

validate Mtr as a potential drug target in Mab and demonstrate the potential for 

synergy by combining currently used anti-mycobacterial drugs with Mtr 

inhibitors. 

 

VI.3 Material and Methods 

Bacterial strains, media and culture conditions 

All mycobacterial strains in this study were derived from M. abscessus ATCC 19977 

and were routinely cultured at 37°C in Middlebrook 7H9 broth (Sigma) 

supplemented with 10% ADS (albumin-dextrose-saline), 0.2% glycerol and 0.05% 

tyloxapol or Sauton’s medium (HiMedia Laboratories) supplemented with 2% 

glycerol and 0.05% tyloxapol with the addition of 100 µg/mL Zeocin™ (Fisher 

Scientific) for the Mab∆mtr mutant and 50 µg/ml Zeocin™ (Fisher Scientific) for 

the Mab FF_scarlet. Agar plates were made of Middlebrook 7H11 agar base (Sigma) 

or Sauton agar, consisting of Sauton’s medium solidified with 1.5% Bacto™ Agar 

(Becton, Dickinson and Company).  

 

Construction of a Mab∆mtr mutant 

For construction of the Mab∆mtr and Mab∆mshC mutants, the ORBIT system was 

used as described by Murphy et al. (123). Briefly, Mab was grown in a shaking 

incubator (New Brunswick Scientific; 175 rpm) in 7H9 supplemented with 10% 

OADC (oleic acid-albumin-catalase-dextrose; Thermo Fisher Scientific), 0.2% 

glycerol and 0.05% tyloxapol at 37°C until reaching an optical density at 600 nm 
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(OD600) between 0.2 and 0.8 and was made electrocompetent by washing three 

times with 10% glycerol. Then, 1 µg of the endogenous pKM444 plasmid (Addgene 

108319) was transformed into the electrocompetent bacteria by using the Gene 

Pulser Xcell Total System (Bio-Rad; 1.25 kV, 1000 Ω and 25 µF). Following 

electroporation, Mab was resuspended in 7H9 medium containing 20% OADC and 

incubated at 37°C for 4h before it was plated out on 7H11 agar containing 10% 

OADC, 0.2% glycerol and 200 µg/mL kanamycin (Sigma). The 7H11 agar plates 

were incubated for 3 days to 1 week at 37°C until the presence of colonies. After 

confirming plasmid uptake by the candidate colonies by PCR using primers 

amplifying the KanR of the pKM444 plasmid, Mab::pKM444 was grown in the same 

medium, induced for plasmid expression with 500 ng/mL anhydrotetracycline 

(ATc; Takara Bio Europe) 18h before electroporation and incubated in the shaking 

incubator at 37°C until reaching the previously mentioned OD600. Next, the induced 

culture was made electrocompetent and transformed together with 1 µg of the 

attP-containing oligonucleotide and 200 ng of the attB-containing pKM496 

plasmid (Addgene 109301) using the same system and settings as the previous 

transformation. The transformed bacteria was incubated in the shaking incubator 

in 7H9 medium containing 20% OADC at 37°C overnight to allow for homologous 

recombination before being spread out on 7H11 agar plates supplemented with 

10% OADC, 0.2% glycerol and 100 µg/mL Zeocin™ and incubated for 1 to 2 weeks 

at 37°C. Colonies obtained from the transformation were confirmed for successful 

recombination and thus successfully obtained Mab∆mtr by PCR and Sanger 

sequencing (Neuromics Support Facility; University of Antwerp) utilizing primers 

to amplify the WT mtr gene together with the fully incorporated pKM496 plasmid 

into the WT mtr. All primers and oligo’s used are listed in Table VI.1. 
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Table VI.1. Overview of primers and oligos used for the construction of the Mab∆mtr and 

Mab∆mshC mutant. 

Name Sequence* Description 

Kana_For tcaacgggaaacgtcttgct Forward primer used to amplify 

KanR. 

Kana_Rev ggagaaaactcaccgaggca Reverse primer used to amplify 

KanR. 

Mtr_Oligo CGTCACGGGCCCGCCTCAGGAGAT

GGAGAGTAGATGTACGACCTCGT

CATCATCGGTTCCGGCAGCGCAAg

gtttgtctggtcaaccaccgcggtctcagtggt

gtacggtacaaaccTGGTCGAGAACGC

CCTGCTGGGTCTGGACCTCTAGCC

CTACTCAGCCGGCCATGAATTCGT

CGTAGGCGG 

The oligonucleotide containing the 

attP-site required for the 

homologous recombination 

between the WT mtr and the attB-

containing pKM496 plasmid. 

MshC_Oligo GGGCGCGCCTAACGACCCCATAAG

GTGTGGGTATGCAGTCGTGGGCG

TCGGCGCCGGTTCCTGAACTCGAg

gtttgtctggtcaaccaccgcggtctcagtggt

gtacggtacaaaccATGCGGTGGATGC

CCTGCTGGGAGTGCAGTTGTAGC

GTCGTCGCATGGGTTCAACGGCG

AACGGTGTTGC 

The oligonucleotide containing the 

attP-site required for the 

homologous recombination 

between the WT mshC and the attB-

containing pKM496 plasmid. 

Mtr_For CCGATCGGGTTCTCCACCTG Forward primer used to amplify the 

WT mtr and a few nucleotides 

before the gene. 

Mtr_Rev GCCCCGGCGCTGTACATTCA Reverse primer used to amplify the 

WT mtr and a few nucleotides after 

the gene. 

*Upper case letters in the sequences refer to sequences originating from the bacterial genome while 

lower case letters refer to sequences originating from a plasmid. 
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Whole genome sequencing and analysis 

Genomic DNA concentration was determined using Quant-iT PicogGreen dsDNA 

(Thermo Fisher) and integrity was inspected on a 1% E-gel (Invitrogen). About 

120 - 800 ng input DNA was fragmented in a Covaris S2 sonicator, aiming for 400 

bp fragments. For each sample, a sequencing library was constructed using the 

NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB) using 90 - 400 ng of 

fragmented material. After adapter ligation, library fragments were size-selected 

for –00 - 800 bp on a 2% E-gel and purified using the Zymoclean Gel DNA Recovery 

Kit (Zymo Research). Half of the material was then submitted to 6 PCR cycles and 

purified using Ampure XP beads (Beckman Coulter). Quality was checked using a 

High Sensitivity DNA Kit on a Bioanalyzer (Agilent). Yield was determined by qPCR 

according to the ‘Sequencing Library qPCR Quantification Guide’ (Illumina). 

Sample libraries were pooled equimolar and a final size selection for 400-800 bp 

fragments was done on a 2% E-gel. The material was purified using Zymoclean Gel 

DNA Recovery Kit. The pooled libraries were sequenced as paired-end 150 on a 

NovaSeq device (Illumina). 

Sequencing read quantity and quality was evaluated using FastQC (v0.11.9) (213). 

Contamination was checked using FastQ Screen (v0.15.1) (214) and genomes from 

a limited set of common lab organisms. Adapter and quality trimming was done 

with cutadapt (v3.7) (215) using a phred score threshold of 20 and removing reads 

with ambiguous bases. We used breseq (v0.37.0) (216) to perform structural 

variant analysis using either the Mab L948 (ATCC 19977) reference genome 

(GCF_000069185.1_ASM6918v1_genomic.gbff GenBank file from NCBI) or the Mtb 

H37Ra (ATCC 25177) reference genome 

(GCF_001938725.1_ASM193872v1_genomic.gbff GenBank file from NCBI), 

together with plasmid sequences and putative genome-inserted sequences. 

Briefly, the tool first maps the trimmed reads on the reference sequences with 

bowtie2 (v2.4.5) (217), then performs a variant analysis and reports SNPs, as well 

as new junctions explaining larger deletions and insertions. Finally, it annotates all 
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detected mutations using the available genome information and results are 

reported as an interactive HTML document. 

 

RNA isolation 

Mab strains were grown in 7H9 supplemented with 10% ADS, 0.2% glycerol and 

0.05% tyloxapol until reaching their logarithmic phase and diluted to an OD600 of 

0.1 in the same medium. After 48h of growth in a shaking incubator (New 

Brunswick Scientific; 175 rpm) at 37°C, the pellets of the strains were harvested 

and incubated in TRIzol reagent (Invitrogen) for 5 min at room temperature (RT). 

Next, the bacteria were lysed with BeadBug™ beads (Sigma; 0.1 mm Zirconium 

beads) by shaking at a speed of 6 m/s twice for 45 seconds using the FastPrep 24 

Classic (MP biomedicals) followed by incubation at -80°C overnight. In order to 

separate the samples from the TRIzol reagent, Phasemaker tubes (Invitrogen) 

were used together with the addition of chloroform to the sample. Once separated, 

RNA isolation of the samples was completed using the RNeasy Plus Mini Kit 

(Qiagen) followed by a DNase treatment completed with TURBO DNAase (Qiagen) 

and ezDNase (Invitrogen). The final RNA concentration was measured using the 

NanoDropTM  2000 spectrophotometer (Thermo Scientific) and the RNA samples 

were stored at -80°C until further use.  

 

Real-time quantitative PCR 

All RT-qPCR were performed combining 10 µL of 2× SensiFAST™ SYBR® No-ROX 

One-Step mix (Biotech), 0.6 µL of each primer (0.3 µM final concentration; Table 

S1), 0.2 µL of reverse transcriptase (Biotech), 0.4 µL of RNase inhibitor (Biotech), 

3 µL of RNA template, and 5.2 µL of DEPC-treated water (diethylpyrocarbonate; 

Biotech) in each well to reach a finale volume of 20 µL. Next, the mRNA expression 

was measured using the LightCycler® 480 system (Roche) with predetermined 

cycle conditions (Reverse T1 (45°C, 10 min, 1×), 2-step Amplification (95°C, 5 sec; 
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60°C, 30 sec, Single, 40×) and Melting (95°C, 10 sec; 45°C, 1 min; 95°C, continuous, 

1×)) and analyzed relative to the expression of the housekeeping gene, rpoB, with 

the LightCycler® 480 SW 1.5.1 software. The normalized relative expression levels 

were further analyzed using GraphPad software 8.0. All primers are listed in Table 

VI.2.  

Table VI.2. Overview of primers used to characterize the Mab∆mtr mutant by RT-qPCR. 

Name Sequence Description 

rpoB_qPCR_For CAGCACTCCATCTCACCGAA Forward primer needed for mRNA 

quantification of rpoB. 

rpoB_qPCR_Rev TGGTCGACGACAAGATCCAC Reverse primer needed for mRNA 

quantification of rpoB. 

Mtr_qPCR_For CACCAACGACGACATCATGC Forward primer needed for mRNA 

quantification of mtr. 

Mtr_qPCR_Rev AATCACGGTGACCTTCGAGC Reverse primer needed for mRNA 

quantification of mtr. 

MshA_qPCR_For CATCGGTGAGTTGTTGGTGC Forward primer needed for mRNA 

quantification of mshA. 

MshA_qPCR_Rev CGGCCGTAGCTCGACAATAA Reverse primer needed for mRNA 

quantification of mshA. 

MshB_qPCR_For ACGACTCGACGACTCATGC Forward primer needed for mRNA 

quantification of mshB. 

MshB_qPCR_Rev AGGTCACCAACTGGACATCG Reverse primer needed for mRNA 

quantification of mshB. 

MshC_qPCR_For CATCATCGAGCTCGTCGAGAA Forward primer needed for mRNA 

quantification of mshC. 

MshC_qPCR_Rev CCGACTCATAGCCGAACTGT Reverse primer needed for mRNA 

quantification of mshC. 

MshD_qPCR_For CCTGCTGCGTGTCAACAATG Forward primer needed for mRNA 

quantification of mshD. 

MshD_qPCR_Rev GTCATGCGCCAGGAACAATC Reverse primer needed for mRNA 

quantification of mshD. 
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Quantification of intracellular reduced thiol levels 

For quantification of the intracellular reduced thiol levels, the Thiol Fluorescent 

Detection Kit (Thermo Fisher Scientific) was used. Briefly, mycobacterial strains 

were grown in 7H9 broth supplemented with 10% ADS, 0.2% glycerol and 0.05% 

tyloxapol until reaching their logarithmic phase, diluted in the same medium to 

match an OD600 of 0.1 and incubated at 37°C for 48h. After 48h, the cultures were 

washed twice with DPBS (Dulbecco’s Phosphate Buffered Saline; Gibco) 

supplemented with 0.05% tyloxapol and resuspended in 1X Assay Buffer (Thermo 

Fisher Scientific). Next, the mycobacterial cell wall was disrupted with BeadBug™ 

beads (Sigma; 0.1 mm Zirconium beads) by shaking at a speed of 6 m/s twice for 

60 seconds using the FastPrep 24 Classic (MP biomedicals) followed by 

centrifugation of the cultures and isolation of the supernatans. The samples were 

diluted in a one-over-two manner by using the 1X Assay Buffer after which 100 µL 

of each diluted sample was added to a black half area 96-well plate together with 

25 µL Detection Reagent (Thermo Fisher Scientific). The plate was incubated for 

30 min at RT in the dark before reading the fluorescent signal with the Tecan plate 

reader (Infinite F plex) at an emission of 510 nm and excitation of 390 nm. For 

determination of the thiol levels, the fluorescent values of the samples were 

plotted according to a standard curve obtained with an N-Acetylcysteine Standard 

(Thermo Fisher Scientific). 

 

Growth curves 

The bacteria were grown until logarithmic phase in 7H9 broth supplemented with 

10% ADS, 0.2% glycerol and 0.05% tyloxapol or Sauton’s medium supplemented 

with 2% glycerol and 0.05% tyloxapol and diluted to an OD600 of 0.05 before being 

incubated in a shaking incubator (New Brunswick Scientific; 175 rpm) at 37°C. 

Growth of the strains was evaluated every 24h by measuring the OD600 with a cell 

density meter (Biochrom WPA Biowave). In parallel, the same experiment was 

conducted for 2 days in 7H9 broth and 3 days in Sauton’s medium with growth 
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measured by both OD600 and CFU count to determine the CFU-OD600 proportion of 

each strain. 

 

Oxidative stress-induced viability assay 

Logarithmic-phase mycobacterial strains were cultured in Sauton’s medium 

supplemented with 2% glycerol and 0.05% tyloxapol after which they were diluted 

to an OD600 of 0.05. At that moment, all strains were divided in two groups whereas 

one group was subjected to 15 mM H2O2 before they were all incubated in in a 

shaking incubator (New Brunswick Scientific; 175 rpm) at 37°C. A part of the 

cultures was harvested at 0h, 4h, 8h, and 24h after addition of H2O2. The ATP levels 

of the cultures were measured using the BacTiter-Glo™ kit (Promega) and a 10-

fold serial dilution of each culture was plated on 7H11 agar plates supplemented 

with 10% ADS and 0,2% glycerol for measurement by CFU count. 

 

Antimicrobial activity determination 

The selected compounds, bedaquiline (Sigma), clofazimine (Sigma) and 

moxifloxacin (Sigma), were first solubilized in 100% dimethyl sulfoxide (DMSO; 

Sigma) at a concentration of 20 mM and stored at -20°C until further use. To 

determine the activity of the compounds against the mycobacterial strains, both 

Mab WT and Mab∆mtr mutant in their logarithmic phase were diluted to an 0D600 

of 0.05 with 7H9 supplemented with 10% ADS, 0.2% glycerol and 0.5% tyloxapol 

and inoculated in a 96-well plate. Then, each compound was added in a one-over-

three dilution to the 96-well plates containing the bacteria to reach a final 

concentration starting from 100 µM and a maximal final DMSO concentration of 

1%. The 96-well plates were incubated at 37°C for 3 days to allow for exposure to 

the compounds. After incubation, 0.001% (w/v) of resazurin (Sigma) was added 

to each well after which the plates were incubated again overnight at 37°C. Finally, 

the viability of the mycobacterial strains was assessed by measuring the 
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fluorescence signal emitted by each well at an excitation and emission of 550 and 

590 nm respectively with the use of a Tecan plate reader (Infinite F plex).  

 

RAW 264.7 macrophage infection 

RAW 264.7 murine macrophages were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; Thermo Fisher Scientific) containing 10% heat-inactivated Fetal 

Calf Serum (iFCS; Thermo Fisher Scientific), 10% Penicillin-Streptomycin (P/S; 

Thermo Fisher Scientific; 10000 U/mL) and 10% L-Glutamine (Glutamax; Thermo 

Fisher Scientific; 200 nM) at 37°C. To determine the infectivity of the different 

mycobacterial strains, the macrophages were seeded in a 24-well plate (Greiner 

Bio-One) in DMEM supplemented with 5% iFCS at a concentration of 5x105 

cells/mL and incubated overnight at 37°C. Next, the cells were infected at a 

multiplication of infection (MOI) of 5 during 4h at 37°C in the presence of 5% CO2. 

After infection, 200 µg/mL amikacin (Sigma) was added to the cells, and they were 

incubated once more in the same conditions for 45 min to kill all extracellular 

bacteria. The bacterial load was analyzed 0h and 24h after infection by first lysing 

the cells with 0.1% Triton-X-100 for 10 min and then plating out a serial dilution 

on 7H11 agar plates supplemented with 10% ADS and 0.2% glycerol to determine 

the CFUs. 

 

Galleria mellonella infection 

G. mellonella larvae were purchased from Anaconda Reptiles (Kontich, Belgium) 

and stored in boxes filled with wood chips at 4°C. The protocol followed was 

adapted from Cools et al. and Meir et al. (84, 218). For infection, larvae were 

injected in the penultimate pro-leg with 5x103 CFU in a volume of 10 µl by a 31G 

needle using a Hamilton syringe. At the same time, the control group was injected 

with 10 µl DPBS (Dulbecco’s Phosphate Buffered Saline; Gibco). Next, the larvae 

were incubated at 37°C until they were sacrificed or until the end of the 
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experiment. To generate a Kaplan-Meier curve, a total of 90 larvae received a dead-

or-alive score every 24h based on absence of movement in response to external 

stimuli and melanization of the larvae. For CFU count of the bacteria per larvae, a 

total of 8 to 11 larvae of each infected group were sacrificed by freezing for 30 min 

on day 2, 4 and 6. Then, these larvae were decontaminated with 70% ethanol, 

homogenized by the Qiagen TissueRuptor and plated out in a serial dilution on 

7H11 agar containing 10% ADS, 0.2% glycerol, 2 µg/mL vancomycin (Sigma) and 

8 µg/mL ceftazidime (Sigma). The plates were incubated at 37°C until colonies 

could be counted properly. 

 

Biofilm formation 

The biofilm formation protocol was adapted from Rodríguez-Sevilla et al. (173). 

Briefly, all Mab strains were grown in 7H9 supplemented with 10% ADS and 0.2% 

glycerol up to logarithmic phase, washed with DPBS (Dulbecco’s Phosphate 

Buffered Saline; Gibco) and diluted in DPBS to an OD600 of 0.2. Then, 5 µL of each 

strain was spotted on a sterile Isopore Polycarbonate membrane (Carl Roth 

Belgium; pore size: 0.22 µm, diameter: 13 mm, white) present on an 7H11 agar 

plate supplemented with 10% ADS and 0.2% glycerol followed by incubation of 

the agar plates side-up at 37°C with 5% CO2. After 24h, 48h, 72h and 96h of 

incubation, an image was taken of each membrane containing the biofilm, the area 

of the biofilm was calculated with ImageJ and the biofilm was extracted from the 

membranes to determine the bacterial load per membrane by CFU count. Sampling 

of the biofilm was accomplished by placing each membrane containing a biofilm in 

10 mL PBS and detaching the biofilm from the membrane by vortexing for 30 sec, 

sonicating for 2 min and vortexing again for 30 sec. 
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Statistical analysis 

Mann-Whitney test was applied to statistically evaluate the results obtained by RT-

qPCR, thiol levels determination, oxidative stress assay, macrophage assay, G. 

mellonella infection and biofilm formation, and was followed by correction for 

multiple testing when required. Interpretation of a decline or increase of the 

results over time was statistically analyzed with a non-linear regression while the 

difference in the obtained results over time during G. mellonella infection was 

analyzed using the Kruskal-Wallis test. The Kaplan-Meyer curve was analyzed 

using the Log-rank (Mantel-Cox) test. Results were considered significantly 

different when p < 0.05. All statistical analysis was performed using the Graphpad 

software 8.0.  

 

VI.4 Results 

Successful implementation of the ORBIT system resulted in the creation of a Mab∆mtr 

mutant 

To create mtr and mshC knockout mutants, the ORBIT system was implemented to 

transform the bacteria with a total of two plasmids (pKM444 and pKM496) and an 

oligo (Figure VI.1a and b). After transformation, the colonies were investigated 

by PCR and Sanger sequencing using primers to amplify the gene of interest (Table 

VI.1). Unfortunately, no colonies were generated when trying to knock out mshC. 

On the other hand, Mab∆mtr was successfully created when the pKM496 was 

incorporated in the middle of the gene of interest, generating a 3525 bp fragment 

by PCR while a WT generates a 1698 bp fragment. The PCR result showed a 1698 

bp fragment generated for the WT while a 3525 bp fragment was generated for the 

tested colony, indicating that mtr was interrupted by the pKM496 plasmid in this 

colony (Figure VI.1c). The generation of a Mab∆mtr mutant was further confirmed 

by the Sanger sequencing results in which the sequence of the 3535 bp fragment 

was perfectly aligned to a reference sequence including mtr interrupted by the 
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pKM496 plasmid (Figure VI.1d). Perfect alignment is illustrated by a filled, red-

colored arrow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 161: Figure VI.1. Successful implementation of the ORBIT system to create a Mab∆mtr 

mutant. a) Overview of the plasmids used with the ORBIT system, pKM444 and pKM496. b) 

Schematic representation of the ORBIT system. Integration of the pKM496 plasmid is performed in a 

two-step process. First, an attP site is incorporated via the oligo in the gene of interest. Next, site-

specific recombination occurs between the attP-containing genome and the attB-containing pKM496 

vector, hereby interrupting the WT mtr gene. c) The PCR result showed that mtr was disrupted by 

the pKM496 plasmid, generating a Mab∆mtr mutant. d) The generation of a Mab∆mtr mutant was 

confirmed by the Sanger sequencing. Perfect alignment is illustrated by a filled, red-colored arrow. 

BleoR: cassette conferring resistance to bleomycin, phleomycin, and Zeocin, TetR: tetracycline 

repressor, KanR: kanamycin-resistant cassette, ori: origin of replication 
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Part of the MSH biosynthesis pathway is upregulated when its recycling pathway is 

disabled 

After establishing the correct implementation of the ORBIT system to produce a 

Mab∆mtr mutant, the WT and Mab∆mtr strains were analyzed by WGS to exclude 

the occurrence of off-target effects during transformation (Table VI.3). The WGS 

results confirmed that no off-target integration of the oligo and pKM496 plasmid 

occurred in the Mab∆mtr mutant. Next, to confirm successful knocking out of the 

mtr gene in the Mab∆mtr mutant, first the relative expression of mtr was evaluated 

in the WT and Mab∆mtr using RT-qPCR (Figure VI.2a). As observed in the figure, 

the Mab∆mtr mutant displayed no expression of mtr, hereby confirming the 

abolishment of mtr expression after deletion of the gene. To evaluate 

compensation of the loss of mtr, i.e. the MSH recycling pathway, the relative 

expression of mshA, mshB, mshC and mshD was analyzed as well. No significant 

difference was detected between the strains for the mshA, mshC and mshD gene 

expression (Figure VI.2b). Interestingly, the relative expression of mshB showed 

a 2.6-fold upregulation in Mab∆mtr compared to the WT indicating that only part 

of the MSH biosynthesis pathway is upregulated when the recycling pathway is not 

expressed.  
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Figure VI.2. Part of the MSH biosynthesis pathway is upregulated in the confirmed Mab∆mtr 

mutant. Log-phase bacteria were diluted to an OD600 of 0.01 and incubated for 48h at 37°C before 

RNA was isolated. The RNA samples were examined by RT-qPCR after which mRNA expression of 

mtr, mshA, mshB, mshC and mshD was analyzed relative to the expression of the rpoB gene. a) Absence 

of mtr expression in the Mab∆mtr confirmed successful development of a mtr knockout. b) Analysis 

of the mRNA expression of the MSH biosynthesis pathway genes mshA, mshB, mshC and mshD. A 

significant difference in relative expression between the WT and Mab∆mtr was observed for the 

mshB gene alone meaning only part of the MSH biosynthesis pathway is upregulated when mtr is 

disabled. Results are shown as mean ± SEM from six independent experiments. Statistical 

significance was obtained with the Mann-Whitney test. *p < 0.05, **p < 0.01 

 

Table VI.3. Overview of the additional mutations detected using WGS in Mab∆mtr after 

transformation. As expected with every transformation, a few base pairs substitutions were 

detected in Mab∆mtr, however, the biological relevance of these substitutions is not clear. The WT 

strain was used as reference. 

 

 

Position Mutation Annotation Gene Description 

378,895 G → T V313L (GTG → TTG) glpK glycerol kinase GlpK 

379,459 G → T G501W (GGG → TGG) glpK glycerol kinase GlpK 

678,272 C → G T429S (ACC → AGC) MAB_RS03565 HAMP domain-containing 
histidine kinase 

936,703 deleted C coding (1651/11094 nt) MAB_RS04905 type I polyketide synthase 

1,095,891 G → A E138K (GAG → AAG) MAB_RS05625 MspA family porin 

3,708,848 deleted C intergenic (-67/+52) MAB_RS18530 / 
MAB_RS18535 

glycerol-3-phosphate 
dehydrogenase / oxidase / 

NAD(P)H-quinone 
dehydrogenase 
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Mab∆mtr shows a decrease in the intracellular reduced thiol levels 

To investigate whether knocking out mtr translates into a decrease in thiol levels, 

the intracellular reduced thiol levels were measured after lysis of the 

mycobacterial cell wall of cultures grown for 48h. It was observed in Figure VI.3 

that 100 µl of the WT culture contained a total concentration of intracellular thiols 

of around 2100 nM. Moreover, Mab displayed a significant decrease of 1.9-fold in 

intracellular thiols after mtr is disabled. 

 

Figure VI.3. Intracellular reduced thiol levels are diminished in Mab∆mtr mutant. The total 

intracellular reduced thiol levels were measured in the lysed Mab WT and Mab∆mtr strains after 

growing for 48h. WT Mab culture presented intracellular thiol concentrations of around 2100 nM in 

a sample of 100 µl. Additionally, a 1.9-fold decrease in intracellular thiols was detected after knocking 

out mtr. Results are shown as mean ± SEM from three independent experiments. Statistical 

significance was obtained with the Mann-Whitney test. **p < 0.01 
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Knocking out mtr enables Mab to reach a higher plateau phase in a nutrient-poor 

medium 

Since Mab can survive nutrient starvation for extended periods of time, bacterial 

growth of the WT and Mab∆mtr mutant strains were assessed in a nutrient-rich 

and nutrient-poor medium, Middlebrook 7H9 broth and Sauton’s medium, 

respectively. The strains were incubated starting from an OD600 of 0.05 while 

shaking at 37°C and evaluated every 24h for their growth based on OD600. When 

growing in a nutrient-rich medium, the absence of mtr expression had no effect on 

the growth of both strains. Surprisingly, a significant difference was observed in 

growth between WT Mab and Mab∆mtr when growing in Sauton’s medium with 

Mab∆mtr reaching a higher plateau phase (Figure VI.4a). These observations 

were confirmed for both strains by CFU count while establishing that the mutation 

in Mab∆mtr did not alter the CFU-OD600 proportion of Mab in a nutrient-rich 

medium (Figure VI.4b). 
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Figure VI.4. Mab∆mtr mutant reaches higher plateau phase than Mab WT in a nutrient-poor 

medium. a) Growth curve of the WT and Mab∆mtr mutant in Middlebrook 7H9 broth supplemented 

with 10% ADS, 0.2% glycerol and 0.05% tyloxapol and nutrient-poor medium Sauton supplemented 

with 2% glycerol and 0.05% tyloxapol shaking at 37°C. Before incubation, both strains were grown 

until their logarithmic phase and diluted in the corresponding medium to reach an OD600 of 0.05. b) 

Measurement of the CFU-OD600 proportion of the WT and Mab∆mtr mutant in Middlebrook 7H9 broth 

supplemented with 10% ADS, 0.2% glycerol and 0.05% tyloxapol and nutrient-poor medium Sauton 

supplemented with 2% glycerol and 0.05% tyloxapol shaking at 37°C. Before incubation, both strains 

were diluted to an OD600 of 0.05 in the corresponding medium. Results of (a) are shown as 

mean ± SEM from three independent experiments. A non-linear regression for Gompertz growth with 

least square fit was used to analyze the curves. Results of (b) are a representative of three 

independent experiments. A linear regression was used to analyze the curves. R2 depicts the 

coefficient of determination. 
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Mab∆mtr demonstrates fast reduction of ATP levels under oxidative stress conditions 

When infecting a host, Mab is subjected to various types of endogenous and 

exogenous oxidative stress, including hydrogen peroxide (H2O2). Given the 

importance of Mtr in neutralizing this oxidative stress, both Mab WT and Mab∆mtr 

strains were analyzed for their sensitivity against H2O2 in the nutrient-poor media 

Sauton. For this experiment, logarithmic-phase bacterial cultures were diluted to 

an OD600 of 0.05 followed by addition of 7.5 or 15 mM H2O2 to half of each culture 

and incubation while shaking at 37°C. After 0h, 4h, 8h and 24h of exposure, the 

ATP levels of the cultures were determined with the BacTiter-Glo™ kit as well as 

the viability of the strains by CFU count. It was observed in Figure VI.5a that 

Mab∆mtr demonstrated lower ATP levels than the WT after 4h of exposure to 7.5 

mM H2O2. However, this reduction in ATP levels did not affect the CFU. After 

exposure to 15 mM H2O2, the ATP levels of the mutant strain were lower than that 

of the WT after 4h and 8h after exposure to 15 mM H2O2. Furthermore, a faster 

decay of ATP levels was perceived over time in Mab∆mtr compared to the WT after 

H2O2 was added, corresponding to a reduction in the metabolic activity. This lower 

metabolic state of the Mab∆mtr mutant strain had no effect on the viability of the 

strain (Figure VI.5b).  
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Figure VI.5. A fast reduction of ATP levels is observed in Mab∆mtr after exposure to oxidative 

stress. As Mtr plays a key role in the protection mechanism of Mab against oxidative stress, both WT 

and Mab∆mtr were exposed to 7.5 (a) or 15 mM (b) H2O2. After 0, 4, 8 and 24h of exposure, the ATP 

levels and viability of the strains were assessed. Results are shown as mean ± SEM from three 

independent experiments after normalization of the results collected after addition of 7.5 mM or 15 

mM H2O2 relative to results acquired when no H2O2 was added to the cultures. Hereby, the cultures 

to which no H2O2 was added were displayed as 100% to enable the results to demonstrate the extent 

of change in ATP levels or CFU in % after the addition of H2O2 to each strain. Statistical significance 

was obtained with the Mann-Whitney test followed by correction for multiple testing. To analyze the 

decay of ATP or CFU/ml for each strain, a non-linear regression for a one phase decay with least 

square fit was used. *p < 0.05, **p < 0.01 

 

The absence of mtr causes Mab to be more susceptible to bedaquiline 

To further evaluate whether Mab∆mtr is more susceptible to oxidative stress and 

reduced ATP levels, the strains were subjected to anti-mycobacterial compounds 

known to target the ATP synthase (bedaquiline), generate ROS (clofazimine) or 

target DNA replication (moxifloxacin) (219). For this purpose, logarithmic-phase 
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Mab WT and Mab∆mtr were incubated at an 0D600 of 0.05 after which the 

compounds were added in a one-over-three dilution. Out of all compounds, 

bedaquiline generated the greatest shift in the susceptibility of the strains with 

Mab∆mtr displaying a 5.1-fold reduction in IC50 and a 39.5-fold reduction in IC90 

compared to the WT (Table VI.4). Moreover, a 2.4-fold decline of the IC90 was 

observed in the Mab∆mtr mutant when treated with moxifloxacin. Curiously, the 

activity of clofazimine remained unaltered after disabling mtr.  

 

Table VI.4. A higher susceptibility to bedaquiline is obtained when Mab lacks mtr. A panel of 

three anti-mycobacterial drugs was selected targeting the ATP-synthase, generating oxidative stress 

or targeting the DNA replication; bedaquiline, clofazimine and moxifloxacin respectively. The 

compounds were added in a one-over-three dilution to WT and Mab∆mtr cultures set at an OD600 of 

0.05. The results showed a considerable shift in the susceptibility of Mab∆mtr compared to Mab WT 

when subjected to bedaquiline, demonstrating a 5.1-fold reduction in IC50 and a 39.5-fold reduction 

in IC90. Moxifloxacin demonstrated a higher activity against Mab∆mtr as well with a 2.4-fold 

decrease in IC90. However, no difference in activity was detected when clofazimine was added to the 

strains, further confirming that oxidative stress does not lead to a reduction in viability of Mab∆mtr. 

Results are expressed as the average of three individual experiments ± SD with SD=√
∑(𝑋𝑖−�̅�)

2

𝑛−1
. The 

IC50 and IC90 of each individual experiment was calculated using the GraphPad software 8.0.  

 

 

Mab∆mtr lacks the ability to proliferate inside macrophages 

Macrophages are natural host-cells of Mab during infection (212). Therefore, 

intracellular proliferation of both strains was characterized by setting up an in 

vitro macrophage assay in which RAW 264.7 macrophages were infected with an 

MOI of 5 with either Mab WT or Mab∆mtr. After infection, part of the macrophages 

were lysed directly to evaluate the actual infection while the remaining 
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macrophages were lysed after 24h to determine the extent of intracellular 

replication. As displayed in Figure VI.6, a significant increase in proliferation of 

the WT inside macrophages was detected over time while Mab∆mtr was not able 

to proliferate inside the macrophages after 24h. No difference was observed in the 

initial infection with the WT or Mab∆mtr. 

 

Figure VI.6. No proliferation of Mab∆mtr is observed intracellularly. RAW 264.7 macrophages 

were infected with Mab WT and Mab∆mtr at an MOI of 5 and were lysed at 0 and 24 hours post-

infection (hpi) to determine the intracellular survival and replication. At 0 hpi, no difference was 

observed in the intracellular CFU of macrophages infected with either Mab WT or Mab∆mtr. The 

intracellular replication of the WT strain showed a significant increase after 24h while Mab∆mtr 

failed to proliferate. Results are shown as mean ± SEM from three independent experiments and each 

independent experiment was performed in duplicates. Statistical significance was obtained with the 

Mann-Whitney test followed by correction for multiple testing. *p < 0.05 

  

Knocking out mtr inhibits proliferation of Mab inside G. mellonella larvae 

To further unravel the role of Mtr during Mab infection, G. mellonella larvae were 

used as an in vivo infection model for Mab. Each larva was infected with 5x103 

bacteria with either WT or Mab∆mtr and kept at 37°C. Eight to ten larvae per 

condition were sacrificed on day 2, 4 and 6 after infection to assess the bacterial 
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load in each larva by CFU count. In parallel, a total of 90 larvae injected with each 

strain and an additional 50 larvae injected with PBS received a dead-or-alive score 

every 24h to define whether infection with the different strains affect the survival 

of the larvae. The results indicate that larvae infected with the WT showed a 

significant higher CFU count compared to the Mab∆mtr mutant strain at each 

timepoint after infection (Figure VI.7a). Furthermore, while WT Mab was able to 

proliferate inside the larvae over time, proliferation of Mab∆mtr over time was 

absent (Figure VI.7b). However, the differential ability of both strains to 

proliferate within the larvae did not affect the survival of the larvae (Figure VI.7c). 

Neither was a difference observed in the survival between the larvae infected with 

the WT, Mab∆mtr mutant and PBS. 
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Figure VI.7. Mab∆mtr has a reduced ability to proliferate inside G. mellonella larvae. Mab WT 

and Mab∆mtr were used to infect G. mellonella larvae with 5x103 bacteria per larva. The larvae were 

incubated at 37°C until 8 to 10 larvae per condition were sacrificed 2, 4 and 6 days after infection and 

the CFU count was assessed to ascertain the internal bacterial load (a and b). In parallel, 90 larvae 

were infected with each strain to investigate whether the different strains influence the survival of 

the larvae (c). 50 larvae were injected with PBS as a control. Survival of the larvae was determined 

by a dead-or-alive score every 24h. Results are shown as mean ± SEM from two independent 

experiments. Statistical significance was obtained with the Mann-Whitney test followed by 

correction for multiple testing or by performing a survival analysis with Log-rank (Mantel-Cox) test. 

*p < 0.05, *** p < 0.001 
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Biofilm area of Mab is decreased in Mab∆mtr  

As biofilm formation plays an important role in infection progression and 

persistence, biofilm formation was compared between Mab WT and Mab∆mtr. To 

generate biofilms, 5µL of each strain at an OD600 of 0.2 was spotted onto a 

polycarbonate membrane present on an agar plate and incubated at 37°C in the 

presence of 5% CO2. Every 24h, the biofilms were assessed based on their bacterial 

load, area and visual characteristics. Figure VI.8a demonstrated that knocking out 

mtr did not lead to a difference in bacterial load of the individual biofilms at each 

timepoint. Surprisingly, despite not showing any difference in CFU, Mab∆mtr 

biofilms had a reduced area compared to biofilms generated by WT Mab after 96h 

of biofilm formation (Figure VI.8b). It was observed that biofilms can grow either 

in height or in width, leading to the area differences obtained between both strains, 

without it affecting the bacterial load. Moreover, Mab∆mtr biofilms appeared to 

have a smoother phenotype in comparison to WT biofilms (Figure VI.8c).  
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Figure VI.8. Mab∆mtr displays a decrease in biofilm area compared to the WT. 5 µl of Mab WT 

or Mab∆mtr was spotted at an OD600 of 0.2 on a polycarbonate membrane present on an agar plate 

and incubated at 37°C in the presence of 5% CO2. Next, biofilms were assessed every 24h based on 

their bacterial load, area and visual characteristics. a) Bacterial load of the formed biofilms remained 

unaltered after knocking out mtr. b) The area of Mab∆mtr biofilms was significantly reduced after 

96h of biofilm formation. c) Biofilm formation results revealed that Mab∆mtr biofilms have a 

smoother phenotype compared to Mab WT biofilms. Results are shown as mean ± SEM from three 

independent experiments. Statistical significance was obtained with the Mann-Whitney test followed 

by correction for multiple testing. Images of the biofilms represent one of three independent repeats. 

**p < 0.01 
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VI.5 Discussion 

MABC outbreaks and nosocomial transmissions are rising worldwide, leading to a 

serious public health problem (35). Unfortunately, the current treatment of MABC 

infections is very limited due to the extensive drug resistant profile of this 

pathogen. As a result, treating these infections requires a lengthy and complex  

treatment which is frequently characterized by high failure rates, serious adverse 

drug effects and acquired drug resistance (13, 38, 50). Hence, there is an urgent 

need for novel mycobacterial drug targets and treatment options.  

Mycobacteria are constantly exposed to endogenous and exogenous oxidative 

stress stimuli when infecting a host (88, 104, 166). They are described to be highly 

sensitive to oxidative stress (169, 220) but are able to neutralize most of it inside 

a host by means of MSH and other pathways (164). Several studies have already 

highlighted the importance of MSH together with its biosynthesis and recycling 

pathway and presented them as potential drug targets in Mtb, Msm and M. 

intracellulare (100, 220–222). Coulson et al. demonstrated that the growth of Mtb 

is inhibited when the MSH biosynthesis and MSH-dependent detoxification is lost 

(169). This role of MSH and MSH-dependent enzymes as protectors against 

oxidative and acidic stress was also confirmed in Msm (167, 168). Moreover, Msm 

deficient of MSH showed a lower survival and higher sensitivity to H2O2 (223). This 

study is the first to examine the direct role of the MSH-recycling enzyme, Mtr, on 

the survival of Mab in vitro and in vivo, and after exposure to oxidative stress. To 

obtain these results, a novel Mab mtr knockout mutant, Mab∆mtr, was generated. 

The findings presented in this paper illustrate that mtr plays a role in the 

proliferation of Mab during macrophage and G. mellonella infection in which Mab 

missing mtr lacked the ability to proliferate inside both macrophages or larvae 

(Figure VI.6 and VI.7). Surprisingly, unlike MSH-deficient Msm being more 

sensitive to H2O2 (223), exposure of the Mab mutant to H2O2 lowered the metabolic 

state of the bacteria but did not affect its viability (Figure VI.5a and b).  

Figure VI.2b demonstrated that one gene of the MSH biosynthesis, i.e. mshB, was 

upregulated when mtr was disabled in Mab. This may ensure the production of 
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more MSH and indicates the possibility of a compensation mechanism within Mab 

to keep the internal MSH levels stable when the MSH recycling pathway is lost. On 

the other hand, other components might also play a role in a possible 

compensation mechanism. It was established by Ta et al. that MshA-deficient Msm 

compensate for the loss of MSH by overexpressing an organic hydroperoxide 

resistance protein (Ohr) and ergothioneine (ESH) (107, 224). However, we also 

illustrated that Mab∆mtr showed a decrease in the overall levels of the 

intracellular reduced thiol (Figure VI.3). Since this test does not give us more 

information about the levels of each individual thiol, a compensation mechanism 

could still be present in some manner which fails to fully compensate for the 

reduced MSH levels after knocking out mtr. Therefore, further research, including 

measurement of the internal MSH, ESH and Ohr levels, is necessary to unravel the 

possibility of a compensation mechanism in the Mab∆mtr and to determine if 

mshB-upregulation is part of that compensation mechanism. 

Another interesting discovery is the increased sensitivity of Mab∆mtr to the anti-

mycobacterial drugs bedaquiline and moxifloxacin in vitro (Table VI.4). The 

sensitivity of the Mab∆mtr mutant to bedaquiline demonstrated a large shift, 

establishing a 5.1-fold reduction in IC50 and a 39.5-fold reduction in IC90 

compared to WT Mab. This implies the possibility of a synergistic effect between 

Mtr-targeting drugs and bedaquiline. Bedaquiline, an inhibitor of the ATP-

synthase, has been suggested as a potential drug for treatment of Mab infections 

(225) and has been proven to rapidly deplete ATP in the bacteria (226). 

Furthermore, the ATP synthase is reported to be essential for mycobacteria, likely 

due to the essentiality of ATP (227). As a result, combining bedaquiline and a drug 

targeting Mtr during Mab infection could lead to an even higher depletion of 

bacterial ATP levels as a faster and greater reduction of ATP is perceived in the 

Mab∆mtr mutant when exposed to oxidative stress (Figure VI.5a). The same 

reason as for the higher sensitivity of Mab∆mtr to bedaquiline might be presented 

for moxifloxacin since it inhibits the DNA replication by inhibiting DNA gyrase, an 

enzyme that works in an ATP-dependent manner (228). By inhibiting mtr as well 



Creating mtr and mshC knockouts 
 

177 
 

as DNA gyrase, less ATP becomes available to DNA gyrase that is already being 

mostly inhibited by moxifloxacin, hereby reinforcing the inhibition of the DNA 

replication.  

Moreover, it has been recently demonstrated that biofilm formation may 

contribute to the persistent characteristics of Mab during pulmonary infection and 

leads to a decreased susceptibility to some first-line anti-mycobacterial drugs. 

Furthermore, biofilms formed by R colony types display a higher mechanical 

resistance than biofilms formed by S colony types (37, 229). Our results illustrated 

a shift from a rough-like biofilm to a more smooth-like biofilm after disabling mtr 

(Figure VI.8c). This finding indicate that biofilms formed by Mab∆mtr may 

possibly be less resistant against mechanical stress factors (230). Therefore, 

targeting Mtr in Mab biofilms may improve cleaning procedures in an industrial or 

healthcare setting in order to clear the biofilms. However, additional experiments 

need to be performed to confirm this hypothesis. 

Unlike mtr, any attempts in generating an mshC mutant in Mab by utilizing the 

ORBIT system were unsuccessful, hereby failing to generate colonies after 

transformation (Figure VI.1). Rock lab predicted that knocking out mshC in Mab 

would lead to a growth defect (159), possibly explaining the difficulties 

encountered when creating an mshC knockout. Accordingly, more attempts in 

creating an mshC knockout strain should be made as MshC may be a great potential 

target to fight off Mab infections. 

As a conclusion, our findings suggest that Mtr plays a role in the proliferation of 

Mab during infection and support the hypothesis of Mtr being a possible target for 

anti-mycobacterial drugs. These findings were possible because of the generation 

of a novel Mab∆mtr strain that will facilitate future research regarding the MSH 

biosynthesis and recycling pathway in Mab. Additionally, our results suggest the 

potential activation of a partial compensation mechanism in Mab when the MSH 

recycling pathway is disabled. Additionally, promising results were demonstrated 

regarding the use of a combined therapy including an anti-Mtr drug and 
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bedaquiline, as Mab lacking mtr becomes more sensitive after exposure to 

bedaquiline in vitro. Finally, this study suggests the possibility that biofilms formed 

after disabling mtr may be less resistant to mechanical stress factors, which could 

improve the removal of biofilms in an industrial or healthcare setting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

CHAPTER VII 

Discussion and Summary 
 

 

 

 

 



Chapter VII 

180 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Discussion 
 

181 
 

VII. Discussion and Summary 

 

VII.1 General discussion 

In most cases, MABC disease remains untreatable. This is mainly due to the lack of 

an optimal treatment regimen together with the highly resistant nature of MABC, 

limiting the availability of antibiotics (35, 47). Treatment of MABC includes a long, 

multidrug therapy with a high probability of serious adverse drug effects and a 

success rate of less than 50%, leading to patient-noncompliance, relapse, and 

further development and spread of drug-resistant MABC (45, 47, 50, 63). Given 

these shortcomings and the fact that MABC infections are rising worldwide (28), 

there is an urgent need for the discovery of novel anti-mycobacterials that can 

shorten the treatment, reduce the adverse drug effects and prevent additional 

development of drug resistance. Nevertheless, development of novel anti-

mycobacterials remains challenging due to the unique properties of mycobacteria. 

First, the unique and thick mycobacterial cell wall acts as a barrier that prevents 

the penetration of antibiotics. Secondly, the ability of mycobacteria to survive in 

different environments requires anti-mycobacterials to be active under various 

conditions. Finally the slow growth rate of mycobacteria decreases their 

susceptibility towards antibiotics (77, 231, 232). MABC belongs to the RGM, 

however, even compared to most other bacteria, RGM are still slow growing since 

their doubling time in a laboratory setting is higher than most bacteria (233–235). 

An interesting novel target for the development of anti-mycobacterials is the MSH 

biosynthesis and recycling pathway. The primary function of this pathway is the 

detoxification of reactive intermediates originating from the host’s immune 

system or the bacterial anaerobic respiration (88, 89). My PhD research employed 

a target-based approach for the investigation of Mtr and MshC, i.e. key enzymes of 

the MSH biosynthesis and recycling pathway, as potential novel targets for anti-

MABC drugs. As part of a target-based approach, various genetic engineering tools 

were used to manipulate the mycobacterial genome, including L5 integration, 



Chapter VII 

182 
 

CRISPRi, the p2NIL/pGOAL method and the ORBIT system. These tools were 

utilized to create mtr and mshC overexpressing strains to learn more about the 

function of these genes and their protective capacity (Chapter III), create mtr and 

mshC knockdown and knockout strains to assess the essentiality of these genes for 

bacterial survival, i.e. essential, conditionally essential or nonessential (Chapters 

IV, V and VI), and use the constructed mtr knockout strain to evaluate Mtr as a 

potential target for novel anti-mycobacterial drugs (Chapter VI)(Figure VII.1). 

This chapter will discuss aspects of this thesis in a broader perspective to aim at 

better understanding the use of a target-based approach for the discovery and 

validation of novel targets in Mab as well as improving treatment of MABC 

infections. 
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Figure VII.1. Overview of the mode of action and results of this thesis. This thesis followed a 

target-based drug discovery approach in which MshC and Mtr were identified as potential drug 

targets. Validation of these targets encompassed the creation of differentially-expressed strains and 

investigation of these strains during stress conditions and infection. Designed with PowerPoint, some 

images from Servier Medical Art and Biorender. OE: overexpressor, KD: knockdown, KO: knockout 
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VII.1.1 Using a target-based approach for anti-mycobacterial drug 

discovery 

Target-based drug discovery is characterized by the selection of a drug target as a 

starting point for the development of novel therapeutics (236). The drug target is 

usually a single gene or gene product that is identified on the basis of biological 

observations and is considered a good target when disturbing the target leads to a 

significant therapeutic effect (237). During drug discovery, the identification of a 

target is of utmost importance as the absence of a known target can be challenging 

for optimizing compounds. Additionally, a target-based drug approach is often 

more efficient, easier to execute, faster, and less costly than other approaches. 

Furthermore, the use of a target-based approach for drug discovery has been 

highly successful in the past where 70% of the first-in-class drugs approved by the 

US FDA between 1999 and 2013 were identified by this approach (124, 174). This 

type of drug discovery has been favorable for various diseases, especially viral and 

non-communicable diseases, however, has not been very successful for bacterial 

infectious diseases, including mycobacterial diseases (238). While this approach 

has been widely used to successfully validate several mycobacterial targets, it 

failed to produce a single effective anti-mycobacterial drug (239, 240). This 

outcome can be the cause of several factors: i) the low number of druggable targets 

available, ii) the target develops resistance too quickly, iii) failing to translate cell-

free assay activity to whole-cell activity, iv) the high levels of cytotoxicity of the 

obtained molecules, v) unavailability of specific inhibitors for a certain target and, 

vi) identifying lead compounds as non-specific inhibitors (73, 76, 231, 239). 

Over the recent years, mycobacterial drug discovery has shifted to a phenotypic-

based approach (231). In comparison to a target-based approach, a phenotypic-

based approach showed to be much more promising regarding the discovery of 

anti-mycobacterials (76). Hereby, most currently used anti-mycobacterial drugs 

originate from a phenotypic-based drug discovery approach, including the four 

main used anti-TB drugs (ethambutol, isoniazid, pyrazinamide and rifampicin), 

some second-line anti-TB drugs or anti-MABC drugs (linezolid and clofazimine), 
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and new anti-TB drugs (delamanid, pretomanid and bedaquiline) (231, 239, 241). 

The favorable outcome of a phenotypic-based approach is mainly attributed to the 

use of a whole-cell screen involving intact pathogens, increasing the translatability 

(76, 232). The main advantages of working with a whole-cell screen is that no 

insight is required on the mode of action of a compound and a compound identified 

by a whole-cell screen undoubtedly displays the required cell-permeability (239). 

Furthermore, it enables researchers to include the screen of complex biological 

mechanisms, hereby identifying drugs and targets that would otherwise not be 

discovered (72, 242). However, a phenotypic-based approach also presents many 

disadvantages, such as an increased risk of rediscovering known inhibitor classes 

due to the limited chemical diversity used in the screening libraries (239). 

Moreover, target identification is not always possible and lead optimalization can 

be difficult in the absence of known structural data for the target (239, 242). 

Another disadvantage of this approach is that it is slower and more costly than a 

target-based approach, with the hit rate of Mab screens being even slower than the 

ones obtained for Mtb screens (232, 243). Finally, a phenotypic-based approach 

gravitates towards the repeated discovery of inhibitors of promiscuous targets, i.e. 

targets that repeatedly show up in screens, instead of discovering compounds with 

novel targets and mode of action that aid in the avoidance of the further 

development of drug resistance (239). 

Consequently, as both a target-based and phenotypic-based approach 

demonstrate various disadvantages, innovative strategies are being developed and 

employed that combine the two approaches. By combining both approaches, the 

advantages of the approaches are combined as well whereas the disadvantageous 

are outbalanced, leading to the accelerated discovery of novel anti-mycobacterials 

(73, 239). An example of such approach is using a target-based whole cell 

phenotypic high-throughput screen (HTS) in which a target gene is overexpressed 

and used to screen compound libraries. Hereby, increased resistance to a 

compound will indicate target involvement (73).  
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Besides target- and phenotypic-based drug discovery, artificial intelligence (AI)-

integrated drug discovery has been emerging over the recent years aiding the 

acceleration of drug discovery. This type of drug discovery uses machine learning 

and AI as new tools and can be applied in different parts of the drug discovery 

process, including target identification and validation, drug design, 

polypharmacology, chemical synthesis, drug screening and drug repurposing. The 

applications of AI in these processes are diverse and can range from predicting the 

3D structure of a target protein to predicting the bioactivity and toxicity of a novel 

drug, rendering drug discovery faster and cheaper (244, 245). Hereby, AI-

integrated drug discovery has already led to the discovery of a novel narrow-

spectrum antibiotic called aubacin and the identification of novel inhibitors 

against essential targets in Mtb (246). 
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VII.1.2 Mtr and MshC as potential drug targets 

Investigating novel mycobacterial drug targets is of great interest to improve 

treatment of MABC infections and intercept the continuously rising resistance to 

anti-mycobacterials. To validate novel drug targets, the targets are studied based 

on their uniqueness, essentiality, ‘druggability’ and the possibility of conferring a 

synergistic effect with other anti-mycobacterials when being inhibited. 

 

Uniqueness 

The current treatment of MABC disease is far from optimal and produces many 

adverse drug effects, mainly due to antibiotic-related toxicity (45, 64). To increase 

drug efficiency and lower drug toxicity, it is important to have a drug that 

selectively targets the gene or gene product of interest (247). Hereby, as a gene or 

gene product is present in the pathogen but absent in the host, there are lower 

chances of encountering adverse drug effects during treatment. MSH and the MSH-

dependent enzymes are highly specific components as they are only found in 

Actinomycetes (248). The human-analog of MSH, GSH, is a protein with a similar 

function but which is not found in mycobacteria (249, 250). Although MSH and 

GSH exert a similar function, they possess certain differences; while GSH is a 

tripeptide of gamma-glutamyl-cysteinylglycine, MSH is a cysteinyl pseudo-

disaccharide (101, 102). Additionally, GSH biosynthesis involves only two 

enzymes while MSH biosynthesis involves five (251, 252). Finally, a research 

conducted at the Colorado State University demonstrated that Mtr is not activated 

by the presence of glutathione in any detectable manner (253).  

 

Essentiality 

Essential genes or gene products are generally the focus for the development of 

novel anti-mycobacterials since their inhibition interrupts pathogen activity or 

mediates pathogen clearance, hereby limiting the damage caused by the pathogen 
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(75, 118). However, a gene can also be conditionally essential, in which these are 

essential only in certain growth conditions (78). The best way to determine the 

essentiality of a target is with the help of genetic engineering. Genetic engineering 

methods are used to manipulate the mycobacterial genome and generate strains 

characterized by the overexpression, knockdown or knockout of the gene of 

interest (118). During my PhD, the ORBIT system was implemented to generate 

Mab∆mtr (Figure VI.1), a Mab strain lacking the expression of mtr (Figure VI.2). 

Since knockout mutants of genes essential for the survival are not viable (119), we 

can conclude that mtr is not essential for the overall survival of Mab. Next, further 

investigation aimed at determining whether mtr is conditionally essential for Mab 

during stress conditions and infection. We identified that Mab∆mtr demonstrated 

lower levels of ATP compared to WT Mab after 4h of exposure to 7.5 mM H2O2 and 

after 4h and 8h of exposure to 15 mM H2O2, lowering the metabolic state of Mab 

(Figure VI.5). Furthermore, knocking out mtr affected the proliferation of Mab 

during infection in both macrophages and G. mellonella larvae (Figure VI.6 and 

7). This indicates that although not essential for the overall survival of Mab, mtr is 

conditionally essential for the proliferation of Mab during stress conditions and 

infection of a host.  

Together with the generation of a mtr knockout strain, many unsuccessful 

attempts have been conducted in the desire of creating an mshC knockout strain as 

well in both Mab and Msm (Figure V.4 and VI.1). This inability may imply that 

mshC is essential for the overall survival of Mab and Msm, making it an interesting 

target for anti-mycobacterial drugs. However, predictions made by a laboratory 

from Rockefeller University, Rock lab, state that inhibiting mshC in Mab will lead 

to growth deficiency but not complete growth impairment (94, 159). Furthermore, 

Xu et al. created a viable mshC knockout in Msm through allelic exchange using 

specialized transduction (207). Therefore, more research is required to determine 

the degree of essentiality of mshC. The generation of a complementary strain may 

facilitate further study of essentiality of mshC.  
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Druggability 

A ‘druggable’ target is a target of which the activity can be modulated by a drug. 

The most used method to evaluate the druggability of a protein is by exploring the 

3D-structure of that protein (254). After obtaining the 3D-structure, in silico 

models can be used to estimate an important parameter to define druggability, i.e. 

the likelihood that a target can bind a drug-like molecule with a high affinity (255, 

256). The 3D-structure of MshC was previously determined by Tremblay et al. and 

Pang et al. in Msm and was labeled as a druggable target in Mtb (100, 109, 114). 

However, the 3D-structure and druggability of both enzymes are yet to be 

determined for Mab.  

 

Synergy 

To reduce the length and improve the efficiency of MABC treatment, two drugs can 

be given together during treatment that work in a synergistic manner. A 

synergistic effect is obtained when the acquired combined effect of both drugs is 

greater than the expected combined effect (257). In our study, we illustrate a shift 

in susceptibility of Mab to certain anti-mycobacterials after removing mtr 

expression (Table VI.4). Here we show that when Mab∆mtr is exposed to 

bedaquiline, it demonstrates a 5.1-fold reduction in IC50 and a 39.5-fold reduction 

in IC90 compared to WT Mab. This suggests the possibility of a synergistic effect 

between Mtr-targeting drugs and bedaquiline. 
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VII.2 Future perspectives 

This PhD uses a target-based approach to characterize Mtr and MshC in Mab and 

determine whether these are potential targets for novel anti-mycobacterial drugs. 

While the results obtained suggest that Mtr is a promising target for anti-

mycobacterial drugs, further characterization and validation is needed before fully 

confirming Mtr as a suitable novel target. MshC on the other hand, has not been 

thoroughly characterized yet as any attempt in generating a knockout strain failed, 

raising questions about the essentiality of mshC in Mab. Finally, the exploitation of 

other future research options beyond targeting only Mtr or MshC are also being 

discussed. 

 

Mtr 

To further characterize and validate Mtr as a novel drug target, several additional 

experiments can be conducted. First, as Mtr is involved in the pathway that 

protects Mab against oxidative stress, the effect of Mtr inhibition after exposure to 

ROS can be elaborated to other types of ROS as well, i.e. hydroxyl and superoxide 

radicals. Furthermore, measuring the difference in ROS levels between Mab∆mtr 

and Mab WT after ROS exposure can give us valuable information regarding the 

role of Mtr in the neutralization of ROS. Next, to increase the clinical relevance of 

this research and discover more potential synergism, the impact of the mutation 

can be tested on a broader panel of drugs or the whole panel of drugs used in the 

RAPMYCOI susceptibility test. The latter is intended for susceptibility testing of 

clinical isolates of rapidly-growing mycobacteria which is used to assist in the 

decision of the potential treatment options (258). Moreover, the infection and 

proliferation ability of Mab∆mtr can also be tested in other in vivo models, 

including the nonmammalian zebrafish model (Danio rerio) and the mammalian 

mice model. The proposed zebrafish model for Mab can be utilized for the imaging 

and monitoring of Mab infection and establishment of the effect of a drug. In this 

model, zebrafish larvae are infected by a microinjection into the caudal vein and 
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exposed to water in a 96-well plate that contains a drug. In mice, Mab is rapidly 

cleared after infection, limiting the use of this model for drug discovery. However, 

severely immunocompromised mice with multiple deficits in innate and acquired 

immunity have been used to obtain a severe progression of Mab infection that 

resembles human NTM lung disease (259).  

After complete validation of Mtr, the next steps of a target-based approach can be 

applied (Figure I.9). First, in silico virtual screening can be implemented to test a 

great quantity of compounds against Mtr in silico, enabling the selection of 

potential compounds. Then, Mtr can be expressed in predefined expression 

system, such as E. coli, and purified to exploit the enzyme’s kinetics and 3D crystal 

structure (crystallography) (76)(Oorst et al., manuscript in preparation). The 3D 

crystal structure of Mtr will facilitate the determination of its druggability together 

with the design and development of anti-Mtr drugs (260, 261). Finally, HTS 

methods, including in vitro inhibition assays and whole-cell screens testing 

synthetized compounds, can be executed to identify hits and optimize lead 

compounds (76, 262–265). 

 

MshC 

Since generating an mshC knockout strain in Mab was unsuccessful, alternatives 

need to be implemented to determine whether mshC is essential for Mab and 

possibly a novel target for anti-mycobacterials. An option to address this is to try 

generating a knockout strain using a different genetic manipulation system, such 

as CRISPR-Cas9. Additionally, assuming mshC may be essential, the best approach 

is to generate a knockout starting from a complementary strain. By using an 

inducible promotor on the second copy, the WT gene can be knocked out while still 

expressing the gene of interest. Once the WT gene is knocked out, expression of 

the second copy can be halted which will give us more information about whether 

mshC is essential for the overall survival of Mab in normal conditions. 

 



Chapter VII 

192 
 

Other options 

The MSH biosynthesis and recycling pathway is a process involving six different 

enzymes: MshA, MshA2, MshB, MshC, MshD and Mtr. While Mtr and MshC perform 

important steps of the pathway and were selected as potential targets for novel 

anti-mycobacterials, this study can be elaborated to the investigation of the other 

enzymes of the pathway as well. Many studies have already cited the importance 

of MshA, MshB and MshD for the survival of Mtb under oxidative stress conditions 

(94, 164, 266, 267). Moreover, eliminating only one component of the pathway 

may not be enough to induce a large effect on the survival of Mab, whereas 

targeting two or more components at the same time may work synergistically, 

especially when combining the inhibition of both the MSH biosynthesis and 

recycling pathway.  
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VII.3 Conclusion 

Altogether, although many advances have been made in the recent years regarding 

the genetic engineering of mycobacteria, a target-based approach remains a 

challenging method for the discovery of novel anti-mycobacterials. Therefore, a 

more suitable approach would be to use a combined target-based and phenotypic-

based approach to alleviate the disadvantages of both approaches. By following a 

target-based approach to validate a target with the available genetic engineering 

tools, our findings conclude that Mtr alone does not present the qualities needed 

to be a good target for novel anti-mycobacterial drugs, since it is only conditionally 

essential. However, as MABC treatment always requires a multidrug therapy and 

our results indicated that the inhibition of mtr may work synergistically with other 

anti-MABC drugs, Mtr is in fact a promising target in combination with other anti-

MABC drugs. 
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VII.4 Summary 

Mycobacterium abscessus complex (MABC) is the most common rapidly-growing 

nontuberculous mycobacteria (NTM) species causing disease in human, 

predominantly immunocompromised patients or patients with a preexisting lung 

condition. The incidence of MABC infections have been rising worldwide over the 

last decades and in most cases, MABC disease remains untreatable due to the 

absence of an optimal treatment and the highly resistant nature of MABC. 

Treatment of MABC consists of a long, multidrug therapy characterized by serious 

adverse drug effects and a success rate of only 45.6%. These treatment 

shortcomings urge for the discovery of novel anti-mycobacterial drugs and drug 

targets capable of reducing the adverse drug effects of the treatment, shortening 

the treatment and preventing further development of drug resistance. During this 

PhD, mycothione reductase (Mtr) and cysteine ligase (MshC), two key enzymes of 

the mycothiol (MSH) biosynthesis and recycling pathway, were selected as 

promising novel targets since this pathway is essential for the detoxification of 

harmful reactive intermediates (Chapter I). While the main objective of this thesis 

was to investigate Mtr and MshC as potential novel targets, three sub-objectives 

were applied. 

The first aim of this thesis was to create a panel of recombinant Mab strains having 

a differential expression of mtr or mshC, i.e. overexpressing, knockdown and 

knockout strains. First, using the pMV306 vector to incorporate an extra copy of 

the genes into the L5 site of the bacterial genome, Mab overexpressing mtr or mshC, 

i.e. Mab::mtr or Mab::mshC respectively, was successfully created and validated 

(Chapter III). Next, the Streptococcus thermophilus CRISPRi-system was 

implemented to produce mtr and mshC knockdown strains in Mab. While 

integration of the CRISPRi-plasmids was successful at first, some of the generated 

strains lost the integrated plasmids over time, making this system unstable and 

unreliable for our research (Chapter IV). Finally, genetic engineering techniques, 

including the p2NIL/pGOAL method, were used to create mtr and mshC knockout 

strains. To validate the p2NIL/pGOAL method for use in Mab, this method was first 
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applied to create mtr and mshC knockout strains in Mycobacterium smegmatis 

(Msm), a widely used alternative model for genetic tool development and 

validation in mycobacterial studies (Chapter V). Although the p2NIL/pGOAL 

method was successfully validated in Msm, carrying out genetic manipulations 

using this method proved to be laborious, inefficient and time-consuming. Hence, 

another technique, i.e. the ORBIT system, was selected for use in Mab instead 

(Chapter VI). With this system, a Mab strain lacking the expression of mtr, i.e. 

Mab∆mtr, was successfully created while any attempt at creating a Mab∆mshC 

strain failed. Since knockout strains of essential genes are not viable, these results 

indicate that mtr is not essential for the overall survival of Mab while mshC may be 

essential. Nevertheless, more research is needed to prove this theory. 

The second and third aim of this thesis was to determine the role of mtr and mshC 

during stress conditions and infection by using the previously created 

recombinant strains. Due to the protective ability of MSH, increased MSH levels 

was expected to enhance bacterial survival during stress conditions. However, 

overexpressing either mtr or mshC did not lead to higher levels of total reduced 

intracellular thiols nor an enhanced bacterial survival during stress conditions. 

Moreover, overexpressing mtr or mshC was even unfavorable for bacteria growth 

in certain conditions (Chapter III). Next, Mab∆mtr was used to further investigate 

whether mtr is conditionally essential for Mab, i.e. essential for the survival of Mab 

in certain growth conditions. Hereby, Mab lacking mtr demonstrated to have a 

reducing ability to proliferate during infection in G. mellonella and became more 

sensitive to bedaquiline in vitro, thus being conditionally essential for the 

proliferation of Mab during stress conditions and infection (Chapter VI).  

Collectively, although many advances have been made in the recent years 

regarding the genetic engineering of mycobacteria, a target-based drug discovery 

approach remains laborious and time-consuming. By implementing the available 

genetic engineering tools, mtr was proven to be conditionally essential for the 

proliferation of Mab in certain conditions and consequently a potential target for 

novel anti-mycobacterial drugs to be used in combination with the current drugs. 
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VII.5 Samenvatting 

Het Mycobacterium abscessus complex (MABC) is de meest voorkomende, 

snelgroeiende niet-tuberculeuze mycobacteriën (NTM) groep die ziekten 

veroorzaakt bij mensen, voornamelijk patiënten met immunodeficiëntie of 

patiënten met een reeds bestaande longaandoening. De incidentie van MABC-

infecties is de afgelopen decennia wereldwijd gestegen en in de meeste gevallen 

blijft het ziek zijn met MABC onbehandelbaar vanwege het ontbreken van een 

optimale behandeling en de zeer resistente aard van MABC. De behandeling van 

MABC bestaat uit een lange behandeling van meerdere geneesmiddelen en wordt 

gekenmerkt door ernstige bijwerkingen en een succespercentage van slechts 

45,6%. De tekortkomingen van deze behandeling dringen aan op het ontdekken 

van nieuwe anti-mycobacteriële geneesmiddelen en doelwitten die in staat zijn de 

bijwerkingen van de behandeling te verminderen, de behandeling te verkorten en 

de verdere ontwikkeling van geneesmiddelresistentie te voorkomen. Tijdens dit 

doctoraat werden mycothione reductase (Mtr) en cysteïne ligase (MshC), twee 

belangrijke enzymen van de biosynthese en recycling pathway van mycothiol 

(MSH), geselecteerd als veelbelovende nieuwe doelwitten, aangezien deze 

pathway essentieel is voor het onschadelijk maken van reactieve tussenproducten 

(Hoofdstuk I). Hoewel het hoofddoel van dit proefschrift het onderzoeken van Mtr 

en MshC als potentiële nieuwe doelwitten was, werden drie subdoelstellingen 

toegepast. 

Het eerste doel van dit proefschrift was het creëren van een panel van 

recombinante Mab-stammen met een differentiële expressie van mtr of mshC, 

d.w.z. overexpressie-, knockdown- en knockout-stammen. Eerst werd met behulp 

van de pMV306-vector, die in staat is een extra kopie van een gen in de L5-site van 

het bacteriële genoom te incorporeren, met succes een Mab stam gecreëerd en 

gevalideerd dat mtr of mshC tot overexpressie brengt, Mab::mtr of Mab::mshC 

respectievelijk (Hoofdstuk III). Vervolgens werd het Streptococcus thermophilus 

CRISPRi-systeem geïmplementeerd om in Mab mtr en mshC knockdown-stammen 

te produceren. Hoewel de integratie van de CRISPRi-plasmiden aanvankelijk 
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succesvol was, verloren sommige van de gegenereerde stammen de geïntegreerde 

plasmiden in de loop van tijd, waardoor dit systeem onstabiel en onbetrouwbaar 

werd voor ons onderzoek (Hoofdstuk IV). Ten slotte werden genetische 

manipulatietechnieken, waaronder de p2NIL/pGOAL-methode, gebruikt om mtr 

en mshC knockout-stammen te creëren. Om de p2NIL/pGOAL methode te 

valideren voor gebruik in Mab, werd deze methode eerst toegepast om mtr en 

mshC knockout-stammen te creëren in Mycobacterium smegmatis (Msm), een 

veelgebruikt alternatief model voor de ontwikkeling en validatie van genetische 

hulpmiddelen in mycobacteriële studies (Hoofdstuk V). Hoewel de 

p2NIL/pGOAL-methode met succes werd gevalideerd in Msm, bleek het uitvoeren 

van genetische manipulaties met deze methode arbeidsintensief, inefficiënt en 

tijdrovend. Daarom werd in plaats daarvan een andere techniek, namelijk het 

ORBIT-systeem, geselecteerd voor gebruik in Mab (Hoofdstuk VI). Aan de hand 

van dit systeem werd met succes een Mab stam gecreëerd waarbij de expressie van 

mtr ontbreekt, Mab∆mtr, terwijl elke poging om een Mab∆mshC stam te creëren 

mislukte. Omdat knockout-stammen van essentiële genen niet levensvatbaar zijn, 

geven deze resultaten aan dat mtr niet essentieel is voor de algehele overleving 

van Mab, terwijl mshC mogelijk essentieel is. Niettemin is er meer onderzoek nodig 

om deze theorie te bewijzen. 

Het tweede en derde doel van dit proefschrift was het bepalen van de rol van mtr 

en mshC tijdens stressomstandigheden en infectie door gebruik te maken van de 

eerder gecreëerde recombinante stammen. Vanwege het beschermende vermogen 

van MSH werd verwacht dat verhoogde MSH-niveaus de overleving van bacteriën 

tijdens stressomstandigheden zouden verbeteren. Het tot overexpressie brengen 

van mtr of mshC leidde echter niet tot hogere niveaus van totaal gereduceerde 

intracellulaire thiolen, noch tot een verbeterde bacteriële overleving tijdens 

stressomstandigheden. Bovendien was de overexpressie van mtr of mshC onder 

bepaalde omstandigheden zelfs ongunstig voor de groei van de bacteriën 

(Hoofdstuk III). Vervolgens werd Mab∆mtr gebruikt om verder te onderzoeken of 

mtr conditioneel essentieel is voor Mab, d.w.z. essentieel voor het overleven van 
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Mab onder bepaalde groeiomstandigheden. Hierbij bleek dat de mtr-deficiënte 

Mab een reducerend vermogen heeft om te prolifereren tijdens infectie in G. 

mellonella larven en gevoeliger werd voor bedaquiline in vitro, waardoor het 

conditioneel essentieel is voor de proliferatie van Mab tijdens 

stressomstandigheden en infectie (Hoofdstuk VI). 

Als conclusie, hoewel er de afgelopen jaren veel vooruitgang is geboekt op het 

gebied van de genetische manipulatie van mycobacteriën, blijft een 

doelwitgerichte aanpak een moeilijke methode voor het ontdekken van 

geneesmiddelen in mycobacteriën. Door het implementeren van de beschikbare 

genetische manipulatiemethodes bleek mtr conditioneel essentieel te zijn voor de 

proliferatie van Mab onder bepaalde omstandigheden en bijgevolg een potentieel 

doelwit voor nieuwe anti-mycobacteriële geneesmiddelen die in combinatie met 

de huidige geneesmiddelen worden gebruikt. 
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