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ABSTRACT 

 

Mycobacterium marinum is a medically important aquatic pathogen that causes 

cutaneous granulomatous lesions in humans and a chronic tuberculosis-like 

granulomatous disease in ectotherms. M. marinum is commonly used as a model to 

facilitate understanding of M. tuberculosis (Mtb) virulence and pathogenesis. However, 

there are limitations for use of M. marinum as a model for Mtb because M. marinum 

have optimal growth temperature <33°C and they are not respiratory pathogens. 

Caenorhabditis elegans have been used as a host to study various pathogens because of 

the many molecular tools available and their genetic tractability. We infected C. elegans 

with M. marinum and characterized nematode morbidity and mortality. C. elegans 

infected with M. marinum for 24 hours display a mortality rate of >80% within two days 

post-infection. In contrast, nematodes infected with the non-pathogenic mycobacterial 

species M. smegmatis have a mortality rate of <15%. C. elegans infected with M. 

marinum also displayed extensive pathology and colonization when compared to 

nematodes infected with M. smegmatis. Our observations demonstrate that M. marinum 

are pathogenic to C. elegans and suggest that these nematodes can be used for analysis 

of M. marinum virulence factors. We characterized a mycobacterial luxR1 gene locus in 

M. marinum that plays a role in Mtb virulence and macrophage infection. M. marinum 

luxR1 is transcribed in a common transcript with the pcd gene that has been suggested to 

play a role in biofilm formation. M. marinum mutants of luxR1 and pcd genes were 

characterized for their roles in growth, colony morphology, sliding motility, biofilm 
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formation, macrophage infection and C. elegans infections. We show that the Mm-luxR1 

gene plays a role in several M. marinum virulence related phenotypic characteristics. 

Mitogen activated protein kinase (MAPK) cell signaling pathways are critical mediators 

of host innate immune response to pathogens and it is known that mycobacterial species 

activate all major MAPK pathways upon host cell contact. Probing the role of C. elegans 

p38 MAPK pathway in response to mycobacterial infections revealed differences in host 

innate immune responses to pathogenic and non-pathogenic mycobacteria. A p38 MAPK 

pmk-1 mutant of C. elegans is hypersensitive to both M. marinum and M. smegmatis 

infection, while nematodes with an intact MAPK pathway are resistant to M. smegmatis 

but not M. marinum. This study establishes C. elegans as a new model for analysis of 

mycobacterial virulence and mechanisms of immune protection. 
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NOMENCLATURE 

 

ADC Albumin dextrose complex 

AHL N-acyl homoserine lactone 

AI Autoinducer 

CFU Colony forming unit 

CR Complement receptor 

DNA Deoxyribonucleic acid 

EE Early endosomes 

LAM Lipoarabinomannan 

LE Late endosomes 

LPS Lipopolysaccharide 

MADC Middlebrook albumin dextrose complex 

MAPK Mitogen-activated protein kinase 

MBL Mannose-binding lectin 

MIM Macrophage infection mutant 

MKP Mitogen-activated protein kinase phosphatase 

Mm Mycobacterium marinum 

MOI Multiplicity of infection 

Ms Mycobacterium smegmatis 

Mtb Mycobacterium tuberculosis 

OD Optical density 
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PAMP  Pathogen-associated molecular pattern 

PCD Piperideine-6-carboxylate dehydrogenase 

PCR Polymerase chain reaction 

PRR Pattern recognition receptors 

qPCR Quantitative PCR (real-time PCR) 

RACE Rapid amplification of cDNA ends 

RNA Ribonucleic acid 

RNAi RNA interference 

RT-PCR Reverse transcriptase PCR 

SEM Standard error of the mean 

TEM Transmission electron microscope 

TLC Thin layer chromatography 

TLR Toll-like receptor 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

I.1 Mycobacterial Infections and Pathogenesis 

Mycobacterial species are important human pathogens causing diseases including 

tuberculosis, leprosy, severe skin lesions and infections in immune compromised 

patients that can be lethal if left untreated (Corti and Palmero, 2008; Cruz-Knight and 

Blake-Gumbs, 2013; Rodrigues and Lockwood, 2011; Tebruegge and Curtis, 2011). 

Mycobacteria are non-motile, rod-shaped, acid-fast, slow growing and obligate aerobic 

bacteria that are often successful pathogens (Vilcheze et al., 2011). They are facultative 

intracellular parasites and different mycobacteria have chosen niches where they 

colonize and establish infection. M. tuberculosis use macrophages as their primary site 

of infection while M. leprae has an affinity for Schwann cells (Cruz-Knight and Blake-

Gumbs, 2013; Rodrigues and Lockwood, 2011). Pathogenic mycobacteria M. 

tuberculosis and M. avium, are able to establish systemic disease where as others, 

including M. leprae, M. marinum and M. ulcerans, cause pathology in cutaneous or 

subcutaneous tissues, due to their growth temperature of slightly lower than mammalian 

physiological temperature, to survive and cause disease (Sizaire et al., 2006; Tebruegge 

and Curtis, 2011). Therefore, mycobacterial pathogens cause a wide array of diseases 

including; lung infections, systemic infections via dissemination, motor-sensory nerve 

damage and dermatological manifestations. Severity and extent of pathology of these 
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infections are determined by the pathogenic strain of mycobacteria involved and the 

magnitude of the host immune response (Bobosha et al., 2014; Rovina et al., 2013).  

Mycobacterium tuberculosis (Mtb) infects nearly one-third of the world’s 

population, causing chronic granulomatous lung infection and latent tuberculosis (Bloom 

and Murray, 1992; Dye, 2006; Dye et al., 1999). Even though current TB treatments are 

effective against Mtb, the prevalence of multidrug resistant (MDR) and extreme drug 

resistant (XDR) forms of Mtb is increasing (Zumla et al., 2012). MDR and XDR have a 

higher prevalence in immune compromised patients, making the treatment of TB an even 

larger problem (Hesseling et al., 2012; Munsiff et al., 1997). The incidence of TB in 

HIV positive patients has increased to the point that tuberculosis is now considered an 

AIDS defining disease (Aaron et al., 2004). Even though Mtb has been studied for 

several decades, the molecular mechanisms of pathogenesis are not fully understood. A 

better understanding of pathogenic processes used by Mtb will help in the development 

of novel treatments and more effective vaccines. Mycobacterial pathogens are successful 

intracellular pathogens adapted to counter the host immune response at various stages of 

disease. Identifying these processes is an important step toward controlling 

mycobacterial diseases and eliminating an age-old pathogen. 

Mtb is usually first encountered by the host immune system by resident 

macrophages in lung alveoli within humans exposed to aerosolized droplets containing 

the bacteria. Type II pneumocytes and dendritic cells are also important as they readily 

internalize mycobacteria and are effective antigen presenters that lead to the activation 

of T cells as well as the humoral immune response (Bermudez and Goodman, 1996; 
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Bodnar et al., 2001; Gonzalez-Juarrero and Orme, 2001; Tascon et al., 2000). Mtb is 

thought to use complement receptors, toll-like receptor II and mannose receptors on the 

surface of macrophages for the attachment and phagocytosis in the macrophages. 

Mycobacteria upregulate mannose receptors to their advantage ensuring its 

internalization into macrophages by direct attachment to mycobacterial cell surface 

mannose residues such as mannose-capped lipoarabinomannan (LAM) (Gaynor et al., 

1995; Kang et al., 2005; Noss et al., 2001; Schlesinger, 1993). Once phagocytosed, Mtb 

remain within a phagosome that is formed by an actin-dependent process (Mooren et al., 

2012). These Mtb laden phagosomes undergo complex maturation to form early 

endosomes (EE) containing Rab5 vesicular receptors (Brumell and Grinstein, 2004; 

Vieira et al., 2002). While EEs usually mature to form late endosomes (LE) containing 

Rab7 receptors, which are then able to fuse with lysosomes to form phagolysosomes, 

Mtb laden EEs do not undergo this maturation process (He et al., 2012; Liu and Modlin, 

2008; Vergne et al., 2004b). Mtb is an effective intracellular pathogen that alters 

phagolysosome biogenesis to its advantage and survives within macrophage 

phagosomes. These Mtb defense mechanisms prevent activation of the host immune 

system, preventing the cell from undergoing apoptosis and inhibiting activation of a 

proinflammatory cytokine response (Rosenberger and Finlay, 2003). 

After establishing infection within macrophages in the lung, Mtb grow and 

survive for extended periods of time. Macrophages secrete chemokines that initiate 

migration of neutrophils, monocytes, and lymphocytes to the site of infection, but these 

immune cells are not effective in reducing the bacterial load or eliminating the pathogen 
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(Fenton and Vermeulen, 1996; van Crevel et al., 2002). These immune cells together 

with macrophages form an organized cell complex, known as a granuloma, walling off 

pathogenic mycobacteria in a caseating center to contain the infection (Davis and 

Ramakrishnan, 2009). While granulomas are thought to be an effective host immune 

defense against Mtb, the pathogen is able to survive and have a prolonged latent phase 

and may use granulomas to their advantage during reactivation and dissemination 

(Keane et al., 1997). Mtb has evolved multiple mechanisms to evade and modulate the 

host immune system and establish chronic infections in humans, leading to over 2 billion 

people latently infected worldwide and causing close to 3 million deaths annually (Dye 

et al., 1999). 

 

I.2 Mycobacterium marinum as a Model Pathogen 

The study of Mtb can be facilitated through use of other mycobacterial species, 

such as Mycobacterium marinum, as model organisms (Deng et al., 2011; Stinear et al., 

2008; Tobin and Ramakrishnan, 2008). M. marinum is a pathogenic Mycobacterium 

found in fresh and sea water ecosystems worldwide (Petrini, 2006). It causes a 

tuberculosis-like granulomatous infection in fish and amphibians (Gauthier and Rhodes, 

2009; Kaattari et al., 2006; Ramakrishnan et al., 1997; Swaim et al., 2006a). M. marinum 

is also a natural human pathogen causing cutaneous granulomatous lesions and can 

sometimes present in a similar manner to rheumatoid arthritis (Adhikesavan and 

Harrington, 2008; Ang et al., 2000; Jernigan and Farr, 2000; Osorio et al., 2010; Sauder 

and Hanke, 1978; Slany et al., 2012). M. marinum does not cause systemic disease in 
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humans because its optimal growth temperature is <33
o
C, and is normally unable to 

grow well at 37
o
C (Clark and Shepard, 1963a). The advantages of using M. marinum for 

study of Mtb pathogenic processes is that it can be studied under BSL-2 conditions and 

has a generation time of 4 hours, compared to a generation time of more than 20 hours 

for Mtb. M. marinum is also experimentally useful because of the conservation of 

genetic traits between Mtb and M. marinum, and between their respective natural hosts, 

and this translates into shared virulence determinants (Tobin and Ramakrishnan, 2008). 

M. marinum can be manipulated using molecular tools, and genes of interest can be 

more easily studied with relative ease. Therefore the orthologs of genes of interest in M. 

tuberculosis can be more easily studied in M. marinum. It is ultimately important to 

directly compare the functions of M. tuberculosis and M. marinum orthologs to identify 

their similarities and differences. But use of M. marinum should allow more parid 

progress during detailed analysis of their mechanisms of action. 

To better understand mycobacterial pathogenesis including that of Mtb, host-

pathogen interactions need to be dissected (Koul et al., 2004). Macrophage cell-lines are 

commonly used for in vitro assays to examine the processes of adherence, attachment, 

entry and intracellular growth (Cosma et al., 2003). Animal models, including mice and 

guinea pigs, are well established and commonly used for the study of Mtb 

(Balasubramanian et al., 1994; McMurray, 2001; Shi et al., 2011). The mouse model for 

study of mycobacterial infections can be somewhat limited, since mice do not display 

normal granuloma formation and are thought to be relatively resistant when compared to 

humans (Flynn, 2006). However, neither mice nor guinea pigs can be easily used to 
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study systemic M. marinum infections because M. marinum does not normally survive 

well at mammalian physiologic temperatures (37°C). While mouse models have been 

used infrequently for the study of M. marinum they do not normally allow analysis of 

systemic infections and are mostly limited to localized infections, such as mouse foot-

pad models (Clark and Shepard, 1963b; Mor and Levy, 1985; Mor et al., 1980; Robinson 

et al., 2007; Subbian et al., 2007a). Systemic M. marinum infections and granulomatous 

disease caused by M. marinum infections can be examined in fish and frog models, 

developed in several laboratories (Cosma et al., 2006). A zebrafish model has been 

characterized for the study of caseating granuloma development and pathogenesis in M. 

marinum infections (Broussard and Ennis, 2007; Swaim et al., 2006b; Talaat et al., 1998; 

van der Sar et al., 2004a). However, like the mouse model, the zebrafish model does not 

display the same disease as is observed in the guinea pig model or during human 

tuberculosis infections.  

 

I.3 LuxR Virulence Gene Locus 

Many Gram positive and Gram negative bacterial use small signaling molecules 

for communication, also known as quorum sensing (QS) (Schauder et al., 2001; Teasdale 

et al., 2011; Whitehead et al., 2001). Quorum sensing is due to each bacterium 

constitutively expressing one or more autoinducer molecules. When the population of a 

particular bacterial species reaches a critical level, the autoinducer signals can suppress 

or activate target proteins that regulate a cascade of events within the target bacteria 

(Asad and Opal, 2008). Gram negative species, like V. fischeri, commonly use a 
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luxR/luxI type 1 autoinducer (AI-1) system, which is controlled by highly soluble and 

diffusible signal molecules that are modifed N-acyl homoserine lactones (AHL) (Beutler 

et al., 2006). Gram positive and negative bacteria, also often use a second QS system, 

first described in V. harveyi, where a type 2 autoinducer (AI-2) is produced that is 

removed by the luxS gene (Bassler, 2002; Miller and Bassler, 2001; Schauder et al., 

2001). A third system, with autoinducer type 3 (AI-3), has recently been described, that 

uses human epinephrine or norepinephrine as activators (Fuqua and Greenberg, 2002; 

Kendall et al., 2007). Bacterial communication is not limited to specific species of 

bacteria. Interspecies communication occurs in complex bacterial communities during 

infection and biofilm formation (Dunny et al., 1995). QS systems are used by many 

bacteria, including Vibrio species to regulate virulence mechanisms, such as motility, 

antibiotic production, toxin production, capsule formation, and biofilm formation (Beck 

von Bodman and Farrand, 1995; Brouillette et al., 2005; Eberl et al., 1996; Gambello et 

al., 1993; Howard et al., 2006; Karaolis et al., 2005). An analogous set of lux system 

regulators that are induced in Streptomyces in response to changes in environment has 

been identified, studied, and characterized (Takano, 2006). Streptomyces are 

phylogenetically closely related to Mycobacterium, and protein orthologs to 

Streptomyces in mycobacteria are often studied. 

It is possible that mycobacteria have a lux system that contributes to its virulence 

mechanisms. Mycobacterial species do not have homologs to luxI or luxS proteins, key 

components of the AI-1 and AI-2 systems. However, several genes with similarity to 

luxR are present in all mycobacterial species. In the case of Streptomyces species, they 
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carry an ArpA regulatory protein as part of their QS system (Ando et al., 1997; Ohnishi 

et al., 1999; Yamazaki et al., 2000). A few mycobacterial luxR genes are similar to the 

arpA gene in Streptomyces species. QS in Streptomyces species regulates sporulation 

and antibiotic synthesis and the signaling molecule is a gamma-butyrolactone (GBL) 

(Horinouchi and Beppu, 1992, 1994). We hypothesized that similar to ArpA in 

Streptomyces, mycobacterial species have LuxR regulators that are controlled by GBLs 

and they play a role in virulence. 

 

I.4 Host Innate Immune Response 

The innate immune response is the first line of defense against pathogenic 

bacteria. Innate immunity offer broad protection against invading pathogens from the 

moment of contact until the adaptive immune response is activated. Even after the 

activation of the adaptive immune response, the innate immune response works in 

synergy with adaptive immunity to control and eliminate disease (Marcenaro et al., 

2011). In the absence of a successful innate immune response there can be delays or a 

lack of activation of the pathogen-specific adaptive immune response. The innate 

immune response is a vital component of host cell signaling pathways and plays a 

critical role in controlling the overall host immune response (Sirisinha, 2014). Host 

innate immune system is composed of several non-specific defenses against infectious 

agents including; a physical epithelial barrier, dendritic cells, natural killer cells, and 

phagocytic leukocytes.   
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Eukaryotic hosts recognize pathogen-associated molecular patterns (PAMPs) 

using a variety of pattern recognition receptors (PRRs) to trigger appropriate immune 

responses (Kawai and Akira, 2010; Newton and Dixit, 2012). The innate immune 

response subsequently activates the adaptive immune response through production of 

cytokines and chemokines, working in synergy with the adaptive immune response to 

attempt killing of invading pathogens (Iwasaki and Medzhitov, 2010). PRRs recognize 

conserved structures not present in eukaryotic cells such as lipopolysaccharide (LPS), 

and trigger many of the aspects of the immune response even after the adaptive immune 

response takes over (Janeway, 1989, 1992). Activation of the adaptive immune response 

takes about 5 to 7 days and in the absence of a functional innate immune response this 

process is delayed or not appropriately activated (Medzhitov and Janeway, 1997). 

Among other functions, PRRs are also important for activation of the inflammatory 

response and initiation of apoptosis (Medzhitov and Janeway, 1997). 

While the CD4
+
 T cell immune response plays a critical role in conferring 

protective immunity against Mycobacterium tuberculosis infections, the innate immune 

response also helps activate and amplify the adaptive immune system (Basu et al., 2012). 

The innate immune response against Mtb occurs in distinct steps. First, host immune 

cells, such as macrophages and dendritic cells, use cellular receptors including toll-like 

receptors (TLRs) to bind and phagocytose Mtb. These cells then produce an array of 

cytokines, both anti- and pro-inflammatory mediators that coordinate the host 

inflammatory response. Finally these effector molecules induce or modulate the host 

adaptive immune response (van Crevel et al., 2002). 
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Mycobacteria are thought to be phagocytosed by macrophages and antigen 

presenting cells by several different ways. Many bacteria, including mycobacteria, can 

be opsonized with C3 complement factor and attach to the complement receptor (CR) 1, 

3 and 4 (Hirsch et al., 1994; Schlesinger, 1993). Non-opsonized mycobacteria can also 

bind to CR3 and CR4 directly, possibly through their lectin-binding sites (Cywes et al., 

1997; Zaffran and Ellner, 1997). Collectin proteins such as plasma factor mannose 

binding lectins (MBLs) recognize patterns of carbohydrates on the surface of 

mycobacteria and can assist in phagocytosis (Neth et al., 2000). TLRs are conserved 

receptors that are involved in the innate immune response and TLR4 plays a role in the 

recognition, binding of mycobacteria and phagocytosis (Means et al., 1999a; Means et 

al., 1999b). Once intracellular, Mtb is capable of modulating proinflammatory cytokines 

such as TNF-α, IL-1β, IL-6, IL-12, IFN-γ and anti-inflammatory cytokines, such as IL-4, 

IL-10 and TGF-β (Dahl et al., 1996; Flynn et al., 1993; Henderson et al., 1997; 

Hernandez-Pando and Rook, 1994; Ladel et al., 1997; Shaw et al., 2000; Toossi et al., 

1995; VanHeyningen et al., 1997). The regulated expression of these host cytokines 

together with antigen presentation is crucial to initiation of the T-cell mediated adaptive 

immune response (Hirsch et al., 1999; Mazzaccaro et al., 1996; Sousa et al., 2000). Even 

after activation of the T cell response the innate immune system and cytokines, such as 

TNF-α, are important in formation of granulomas and maintenance of Mtb in the latent 

state (Kindler et al., 1989; Mohan et al., 2001; Senaldi et al., 1996). 
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I.5 Caenorhabditis elegans as a Model Host 

The nematode C. elegans is widely used as a model to study bacterial infections, 

the innate immune response and host-pathogen interactions (Couillault and Ewbank, 

2002; Evans et al., 2008; Garsin et al., 2003; Hodgkin et al., 2000; Singh and Aballay, 

2009). C. elegans has been used to study Gram-negative (Aballay et al., 2003; Mahajan-

Miklos et al., 1999; Sem and Rhen, 2012) and -positive pathogens (Garsin et al., 2001; 

JebaMercy and Balamurugan, 2012; JebaMercy et al., 2011; Maadani et al., 2007). In the 

past 15 years C. elegans has been utilized to study numerous plant, animal and human 

microbial pathogens. 

Some of the Gram-negative bacteria studied using C. elegans as a host include: 

Acinetobacter baumannii, Aeromonas hydrophila, Burkholderia cepacia, B. mallei, B. 

pseudomallei, Burkholderia thailandensis, Escherichia coli, Pseudomonas aeruginosa, 

Salmonella enterica serovar Dublin, S. enterica serovar Enteritidis, S. enterica serovar 

Typhimurium, Serratia marcescens, Yersinia pestis, and Y. pseudotuberculosis (Aballay 

et al., 2000; Couillault and Ewbank, 2002; Darby et al., 1999; Gan et al., 2002; Garigan 

et al., 2002; Joshua et al., 2003; Kothe et al., 2003; Kurz et al., 2003; Labrousse et al., 

2000; O'Quinn et al., 2001; Pujol et al., 2001; Smith et al., 2004; Styer et al., 2005; Tan 

et al., 1999). Some of the Gram-positive bacteria studied using C. elegans as a host 

include: Bacillus thuringiensis, Enterococcus faecalis, E. faecium., Staphylococcus 

aureus, Streptococcus dysgalactiae, S. mitis, S. oralis, S. pneumoniae, S. pyogenes, 

Streptococcus, Group G, Microbacterium nematophilum, Streptomyces albireticuli, and 

S. avermitilis (Bolm et al., 2004; Garsin et al., 2001; Griffitts et al., 2001; Haber et al., 
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1991; Hodgkin et al., 2000; Jansen et al., 2002; Moy et al., 2004; Park et al., 2002; Sifri 

et al., 2003; Sifri et al., 2002). 

Pseudomonas aeruginosa is one of the first human pathogens used to produce an 

increase in mortality of C. elegans upon exposure to it (Mahajan-Miklos et al., 1999). 

Even to date, mortality remains one of C. elegans’ most effective and simple read-outs 

when infected with pathogenic bacteria. There are several other pathological processes 

in C. elegans that are useful in the study of host pathogen interactions. Pathogens such as 

E. faecalis, S. marcescens and S. enterica attach to and persist on the gut epithelium of 

C. elegans (Kurz et al., 2003; Maadani et al., 2007; Sem and Rhen, 2012). Natural 

pathogens of C. elegans such as the actinomycete Streptomyces albireticuli and the 

fungus Drechmeria coniospora invade the gut epithelium into inner tissues of the 

nematode (Jansson et al., 1984; Park et al., 2002). Pathogens such as S. pyogenes, E. 

faecium and P. aeruginosa cause death of the nematode via toxin-mediated killing 

(Jansen et al., 2002; Moy et al., 2004; Tan et al., 1999). A pathogenic Microbacterium 

nematophilum forms an adhesive biofilm like structure on the C. elegans nematode 

cuticle, which is involved in its pathogenic process (Hodgkin et al., 2000). Bacterial 

virulence factors including virulence regulators like quorum-sensing systems, two-

component regulators; cell wall components like cell membrane, capsule; and secreted 

products such as exotoxins, exoenzymes, and type III secretory system have been shown 

to be important in C. elegans infections (Aballay et al., 2000; Bae et al., 2004; 

Coulthurst et al., 2004; Kothe et al., 2003; Kurz et al., 2003; Tan et al., 1999; Tenor et 

al., 2004). The importance of bacterial virulence factors along with the ability of 
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pathogens to induce mortality of C. elegans, make it a useful host to study the 

pathogenic processes involved in the bacterial infections. 

There are extensive C. elegans mutant libraries that can be used to study the 

function of nearly any gene of interest. This resource is complemented by the existence 

of comprehensive RNAi libraries that can knock-down any gene of interest with relative 

ease. The nematode cellular signaling pathways are well characterized and most of the 

functions of the genes involved have been determined. C. elegans have many conserved 

genes that are functionally similar to that in higher-eukaryotes and mammalian systems, 

including humans. C. elegans is a valuable model system to study the innate immune 

responses because of its well characterized genetic environment and the availability of 

extensive molecular tools, making it possible to perform an array of genetic analyses 

(Ashrafi et al., 2003; Juang et al., 2013; Kim et al., 2005; Tabach et al., 2013; Taylor and 

Dillin, 2013; Wilkins et al., 2005). 
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CHAPTER II  

INTRODUCING CAENORHABDITIS ELEGANS AS A MYCOBACTERIUM 

MARINUM VIRULENCE MODEL 

 

II.1 Summary 

Mycobacterium marinum are pathogenic mycobacteria that cause cutaneous 

granulomatous lesions in humans and a chronic tuberculosis-like granulomatous disease 

in ectotherms, including fish and amphibians. M. marinum are commonly used to 

understand M. tuberculosis (Mtb) virulence and pathogenesis. They are genetically 

closely related to Mtb, share many virulence genes, cause granulomas and are much 

easier to handle in the laboratory as compared to Mtb. Caenorhabditis elegans are used 

as a host to study various pathogens including Pseudomonas, Staphylococcus, 

Legionella, Enterococcus, Shigella and Proteus species because of their ease of use and 

genetic tractability. C. elegans have a well characterized innate immune system. 

Extensive mutant and RNAi libraries exist for analysis of their immune responses, 

making C. elegans a very attractive model. We fed C. elegans with M. marinum and 

characterized nematode morbidity and mortality. C. elegans fed on M. marinum for 24 

hours display a mortality rate of >80% within two days post-infection. In contrast, 

nematodes fed on the non-pathogenic mycobacterial species M. smegmatis have a 

mortality rate of <10%. Using fluorescent tagged C. elegans, M. marinum and M. 

smegmatis we observed that there is also a difference in localization of pathogenic and 

non-pathogenic mycobacterial strains, suggesting that C. elegans are readily colonized 
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by pathogenic mycobacteria. Virulent M. marinum persist in the pharyngeal, gut and tail 

regions of the nematode, while avirulent M. smegmatis are easily broken down or 

cleared from the gut. Furthermore, C. elegans display different temporal and 

morphological characteristics based on the virulence of the mycobacterial strain they are 

infected with. Our observations demonstrate that M. marinum are pathogenic to C. 

elegans and suggest that these nematodes can be used for analysis of M. marinum 

virulence. We evaluated the versatility of C. elegans as a virulence model for M. 

marinum by infecting them with an array of M. marinum mutants with macrophage 

infection defects. Several mutants were significantly less virulent in C. elegans causing 

reduced mortality rates of 40-65%, suggesting related mechanisms of infection in 

macrophages and C. elegans. This study establishes C. elegans as a new model for 

analysis of mycobacterial virulence and mechanisms of the immune response. 

 

II.2 Introduction 

The genus Mycobacterium contains some of the most important bacterial 

pathogens worldwide, including the causative agents of leprosy and tuberculosis 

(Gutierrez et al., 2009; Stone et al., 2009). Tuberculosis (TB) is one of the most 

important bacterial infections in humans, representing a global health threat. It causes 

approximately 2 million deaths annually, leaving more than a third of the world’s 

population latently infected and multi drug resistant TB (MDR-TB) prevalent in all 

continents. (Chiang et al., 2013; Glaziou et al., 2013; Lynch, 2013; Pan et al., 2005). 
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Genetically tractable virulence models are extremely valuable for pathogenesis 

studies, since they allow rapid analysis of complex interactions that are often difficult to 

study in other mammalian models. Several virulence models are used to study 

mycobacterial virulence mechanisms, including tissue culture cells, mice, guinea pigs 

and rabbits (Calderon et al., 2013; Cirillo et al., 2009; Danelishvili et al., 2007a; 

Danelishvili et al., 2007b; Khounlotham et al., 2009; Kong et al., 2010; Miltner et al., 

2005). C. elegans is a valuable model system to study host immune responses because of 

its well characterized genome and the availability of extensive molecular tools, making it 

possible to perform an array of genetic analyses (Ashrafi et al., 2003; Juang et al., 2013; 

Kim et al., 2005; Tabach et al., 2013; Taylor and Dillin, 2013; Wilkins et al., 2005). C. 

elegans can be used as a model to study bacterial infections, innate immune response 

and host-pathogen interactions (Couillault and Ewbank, 2002; Evans et al., 2008; Garsin 

et al., 2003; Hodgkin et al., 2000; Singh and Aballay, 2009) for both Gram-negative 

(Aballay et al., 2003; Mahajan-Miklos et al., 1999; Sem and Rhen, 2012) and -positive 

pathogens (Garsin et al., 2001; JebaMercy and Balamurugan, 2012; JebaMercy et al., 

2011; Maadani et al., 2007). 

Mycobacterium marinum is commonly used as a virulence model for M. 

tuberculosis due to its rapid growth and ease of use in a laboratory setting (Carvalho et 

al., 2011; Deng et al., 2011; Prouty et al., 2003; Shiloh and Champion, 2010). By 

combining easy to use model organisms for the pathogen and host, M. marinum and C. 

elegans, respectively, we set out to analyze the host innate immune response against 

pathogenic mycobacteria. We found that infection of C. elegans with the pathogenic 
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mycobacteria, M. marinum, causes significantly higher morbidity and mortality as 

compared to infection with the non-pathogenic mycobacterial species, M. smegmatis. C. 

elegans ingest and are colonized by M. marinum, but non-pathogenic mycobacteria are 

unable to colonize the nematodes and are cleared. M. marinum infected C. elegans 

undergo irreversible physiological and morphological changes leading to the death of the 

nematode. Mortality of C. elegans correlates well with virulence of M. marinum, 

suggesting that the nematodes serve as a useful virulence model for mycobacteria. 

Genetically tractable and inexpensive lower eukaryotic models for the study of 

host-pathogen interactions, including yeast, amoebae and Caenorhabditis elegans, are 

extremely valuable, since they allow rapid analysis of complex interactions that are 

sometimes impossible to fully evaluate in detail in humans or other mammalian models. 

However, since M. marinum does not replicate well over 32°C, mammalian models are 

mostly limited to skin infections. M. marinum pathogenesis has mainly been studied in 

human, mouse or fish cell-lines including macrophages and epithelial cells (Alibaud et 

al., 2011; El-Etr et al., 2004; El-Etr et al., 2001; Mehta et al., 2006; Park et al., 2008; 

Subbian et al., 2007a). Zebrafish and mouse footpads have been used to study 

pathogenesis of M. marinum since they can model temperatures at or below 32
o
C 

(Adams et al., 2011; Ehlers, 2010; Fortune and Rubin, 2007; Ramakrishnan, 2013; 

Subbian et al., 2007b; Takaki et al., 2013; Tobin et al., 2012; Weerdenburg et al., 2012), 

but no previous studies have demonstrated the ability to use C. elegans as a virulence 

model for M. marinum. 
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The nematode C. elegans is widely used as a model to study bacterial infections, 

innate immune response and host-pathogen interactions (Couillault and Ewbank, 2002; 

Evans et al., 2008; Garsin et al., 2003; Hodgkin et al., 2000; Singh and Aballay, 2009). 

C. elegans has been established for study of Gram-negative (Aballay et al., 2003; 

Mahajan-Miklos et al., 1999; Sem and Rhen, 2012) and Gram-positive pathogens 

(Garsin et al., 2001; JebaMercy and Balamurugan, 2012; JebaMercy et al., 2011; 

Maadani et al., 2007). C. elegans is a valuable model system to study immune responses 

because of its well characterized genetics and the availability of extensive molecular 

tools, making it possible to perform an array of genetic analyses (Ashrafi et al., 2003; 

Juang et al., 2013; Kim et al., 2005; Tabach et al., 2013; Taylor and Dillin, 2013; 

Wilkins et al., 2005). 

Our experimental results indicate that infection of C. elegans with the pathogenic 

mycobacteria, M. marinum causes significant morbidity and mortality in nematodes as 

compared to infection with a non-pathogenic mycobacterial species, M. smegmatis. 

Infected C. elegans undergo morphological changes and most gravid nematodes undergo 

bagging (bag of worms) and are unable to recover. We show that C. elegans ingest M. 

marinum and act as a simple but effective model to study M. marinum pathogenesis and 

the innate immune response. The versatility of our model was displayed using M. 

marinum mutants that display a reduction in nematode mortality. Therefore, this model 

system can be used to analyze host-pathogen interactions from the side of both the host 

and pathogen in great detail. 
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II.3 Experimental Procedures 

II.3 (A) Bacteria Growth Conditions 

Strain M, a wild-type clinical isolate of M. marinum (Ramakrishnan, 1997), M. 

smegmatis strain mc
2
155 and E. coli strain OP50 were used for C. elegans infection to 

characterize host pathogen interactions. Two constitutively expressing tdTomato 

fluorescent mycobacterial strains (ψmm91 and ψmm23) were derived by transforming 

M. marinum and M. smegmatis with a multi-copy plasmid, pJDC60 

(pFJS8ΔGFP::tdTomato, under a PL5 promoter, with kanamycin selection). These two 

strains were used to study mycobacterial localization within C. elegans nematodes after 

bacterial infection. M. marinum cultures were grown
 
at 32ºC standing in T25 tissue 

culture flasks. E. coli and M. smegmatis cultures were grown at 37ºC shaking in sterile 

disposable glass test tubes. M. marinum and M. smegmatis were grown in Middlebrook 

7H9 media (Difco, Sparks, MD) supplemented with 0.5% glycerol, 10% albumin-

dextrose complex (ADC) and 0.25% Tween 80 (M-ADC-TW), while E. coli was grown 

in Miller’s Luria Broth (NPI, Mt. Prospect, IL). 

II.3 (B) C. elegans Maintenance and Synchronization 

N2 (Bristol, wild-type), KU25 [pmk-1(km25)], IG10 [tol-1(nr2033)], NU3 [dbl-

1(nk3)], GR1307 [daf-16(mgDf50)], EU31 [skn-1(zu135)], JT366 [vhp-1(sa366)] and 

TP12 [kaIs12(col-19::GFP)] C. elegans strains were used in this study. The nematodes 

were grown and maintained on nematode growth media (NGM) plates using standard 

methods at room temperature (Brenner, 1974). The room temperature was regularly 

monitored and maintained at 19ºC to 21ºC. Synchronous cohorts of C. elegans were 
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obtained by lysing gravid nematodes using an alkaline bleach solution (Emmons et al., 

1979). After removing the bleach solution and washing the embryos, they were stored in 

M9 buffer overnight to obtain L1 larvae. These L1 larvae were transferred onto NGM 

plates seeded with OP50 E. coli for growth of age-synchronized nematodes. 

II.3 (C) C. elegans Infection with Mycobacterial Cultures and Recovery 

Bacterial cultures were grown until they reached stationary phase of growth. 70 

µl of E. coli, M. smegmatis or M. marinum were seeded on small tissue culture dishes 

(35x10 mm, Falcon), with NGM agar by spreading the bacterial cultures to cover 3/4
th

 of 

the infection plates. These seeded infection plates were placed at room temperature 

overnight to allow bacterial cultures to grow, equilibrate/stabilize and become ready for 

infection the next day. Three day old age-synchronized adult C. elegans were washed 

with ddH20 to remove residue E. coli and transferred onto plates seeded with E. coli, M. 

smegmatis or M. marinum. Cohorts of C. elegans were infected for a period of 4, 24 or 

48 hours to each individual bacterial strain.  After the period of infection, the nematodes 

were transferred onto small NGM recovery plates with E. coli seeded in the center of 

each plate. 20 nematodes were incubated on each small recovery NGM plate and cohorts 

of 60 nematodes were used for each bacterial infection. Nematodes were counted daily 

and transferred onto fresh E. coli seeded plates every other day until experimental 

nematodes stopped laying eggs. They were then transferred every 3-4 days to avoid 

overgrowth of seeded E. coli until the nematodes reached senescence and died. The 

nematodes were considered dead if they were unresponsive to touch by the picker. Each 

bacterial infection experiment was repeated at least three times with 20, 40 or 60 
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nematodes, unless stated otherwise. C. elegans were incubated at room temperature 

(19ºC to 21ºC) for all experiments. 

II.3 (D) Survival, Bagging and Morphological Characterization of C. elegans 

C. elegans L1 larvae incubated on E. coli seeded NGM plates after 

synchronization were considered 0 days old. They were grown for three days at room 

temperature before subjecting them to bacterial infection. On day 4, they were recovered 

on to fresh E. coli seeded NGM plates and followed for survival and changes in 

morphology. Number of nematodes that died due to bagging of the adult nematode 

(where embryos hatch within the adult and bring about the death of the adult) on day 5 

and 6 were counted. Nematodes that lost their dark pigmentation after bacterial infection 

were characterized as depigmented. Nematodes that were less than 2/3
rd

 the length of a 

healthy nematode were characterized as having a shortened length. On day 6, 

depigmented and shorter nematodes were counted. Nematodes that died prior to 15 days 

were considered to have a shortened lifespan. 

II.3 (E) Imaging of C. elegans for Morphological Differences and Fluorescent 

Mycobacteria 

TP12 [kaIs12(col-19::GFP)] C. elegans expressing cuticular eGFP under the 

control of col-19, a member of the collagen superfamily, were infected with ψms23 (M. 

smegmatis::tdTomato) or ψmm91 (M. marinum::tdTomato). Infected C. elegans were 

mounted on a 3% agar pad with a thickness of ~ 1 mm. 15 µl of 5mM levamisole was 

added to immobilize the nematodes and keep the agar pad moist for imaging. 25mm 

round cover slips with a thickness of 0.17mm (#1.5) were placed on the agar pad to keep 
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C. elegans in place and allow imaging.   Using a confocal microscope (Nikon 

A1R+/A1+) infected nematodes were imaged under differential interface contrast (DIC), 

and fluorescent filters (GFP and tdTomato) using a 10x objective. The nematodes were 

imaged at 4, 12, 18, 24 hours during infection, and 6, 24 hours post infection. 60 

nematodes for each bacterial infection and time point were imaged. DIC images were 

used to identify patterns of morphological changes in cohorts nematodes with different 

bacterial infected. Morphological changes in M. smegmatis and M. marinum infected 

nematodes were compared to that of E. coli infected nematodes. Fluorescent imaging 

using GFP and tdTomato filters were used to identify the spread and colonization of M. 

marinum and M. smegmatis within C. elegans gut. The 60 nematodes imaged for each 

time point were randomly divided into three groups and mycobacterial fluorescent 

signals were visually quantified. Each nematode was arbitrarily divided in three 

segments (upper, middle, lower) and fluorescent bacteria were quantified in each 

segment. 

II.3 (F) CFU Assays for Mycobacterial Load and Colonization of C. elegans 

At 4, 12 and 24 hours during infection and 6 hours post-infection, 30 C. elegans 

were infected with wild-type M. marinum or wild-type M. smegmatis and transferred to 

500 µl of M9 buffer with 0.05% Tween-20 in 1.5 ml microcentrifuge  tubes. After 

briefly vortexing, they were spun down at 800 rpm for 15s and the supernatant was 

removed. These nematodes were washed 3x with 500ul of 1x PBS with 0.05% Tween-20 

and resuspended in 600 µl of 1x PBS with 0.05% Tween-20; 100 µl of this suspension 

was plated to determine background levels of bacteria in serial dilutions. The 20 
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nematodes in each in 500 µl of 1x PBS with 0.05% Tween-20 were homogenized with a 

hand held motorized pestle for a total of 45s. After the nematodes were broken up 

releasing, the bacteria from their gut, they were vortexed on high and plated for CFU in 

serial dilutions. 20 µl spot plating was used in triplicate for each of the dilutions used. M. 

smegmatis was grown at 37°C and M. marinum was grown at 32°C. 

II.3 (G) High-Resolution Confocal Imaging of C. elegans 

Using a confocal microscope (Nikon A1R+/A1+) with spectral capability, 25 

emission channels with a resolution of 6.0 nm were use to detect wavelengths of 500 to 

640 nm. This wavelength range allowed detection of GFP (500-520 nm) and tdTomato 

(560-620 nm). Using a 40x oil immersion objective, TP12 nematodes infected with E. 

coli (OP50), ψms23 (M. smegmatis::tdTomato) or ψmm91 (M. marinum::tdTomato) 

were imaged during infection (4 and 24 hours) and post-infection (30 hours). The 

nematodes were immobilized with 15 µl of levamisole (5 mM) and the head (pharyngeal 

pump), mid-gut regions and lower-gut regions were imaged. About 15 nematodes were 

imaged at each time point for each infection with ψms23 and ψmm91 and about 5 

nematodes were imaged for each time point that were infected with E. coli. 

Representative images are presented to evaluate differences in bacterial colonization and 

morphological changes in nematodes from each infection group. 

II.3 (H) Transmission Electron Microscopy Imaging of C. elegans 

C. elegans infected with bacteria were fixed, embedded, sectioned and imaged 

using previously described methods with slight modifications (Hall et al., 2012). At 4 

and 24 hours during infection and 6 hours post-infection 20-30 C. elegans from each 
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group (E. coli, M. smegmatis and M. marinum) were obtained and washed two times 

with 500 µl of 1x M9 buffer. The nematodes were then immersed in a fixative solution 

with 2.5% glutaraldehyde, 2% paraformaldehyde and 0.1% (w/v) malachite green in a 

working buffer (0.1 HEPES, pH 7.4, containing 2 mM MgCl2). Using a PELCO 

BioWave® microwave the nematodes in the fixative solution were microwaved under 

vacuum at 100W for 10 mins and let stand for 3 mins. This microwave procedure was 

repeated and the specimens were placed at room temperature for 1 hour, followed by 

microwaving at 500W for 10s, pausing for 20 seconds and then microwaving for 10s. 

The nematodes were washed three times with 500 µl working buffer, followed by 

microwaving them for 1 minute after each wash. To improve contrast, the nematodes 

were post-fixed in 1% (w/v) osmium tetroxide with 1.5% (w/v) potassium ferricyanide 

in working buffer. They were microwaved at 100W for 2 minutes, followed by letting 

them stand for 2 minutes. This was repeated 4 times. The specimens were dehydrated by 

rinsing the samples with 50% acetone, 70% acetone, 90% acetone, and three times with 

100% acetone. After each rinse, the specimens were microwaved at 150W for 1 minute. 

The specimens were then infiltrated with resin, Quetol 651-modified Spurr low viscosity 

epoxy resin, using 1:1 acetone:resin followed by 100% resin three times. They were 

microwaved at 200W for 4 minutes between each infiltration step. The specimens were 

transferred into embedding tubes and the resin was allowed to polymerize overnight at 

60°C. Longitudinal sections were obtained from the embedded specimens and a JEOL 

1200EX transmission electron microscope at an accelerated voltage of 100kV was used 

to image them. 
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II.3 (I) Macrophage Infection Mutant (MIM) M. marinum Infection 

Previously described M. marinum mutants, mimA-K, nrp, ppe24, sdhD, pks12, 

fadD29, fadD30 and ppe53 were used for C. elegans infection to determine their extent 

of attenuation in (Mehta et al., 2006). We infected 3 day old adult N2 nematodes with 

these mutants for a period of 24 hours. Mutant strain cultures were grown until they 

were in stationary phase of growth (OD >1.2) and 70 µl of each were seeded on small 

NGM plates the day prior to infection as described above.  Triplicates of 20 N2 worms 

(total of 60) were infected with each strain of M. marinum. After infection they were 

recovered and mortality rates were assessed at two days post infection (day 6). Three 

strains that displayed significant attenuation, mimA, mimG and mimI were 

complementation with the appropriate Mtb gene, mimA::Rv0246, mimG::Rv3242c and 

mimI::Rv1502 (Mehta et al., 2006). To confirm attenuation of M. marinum mutants in C. 

elegans, three strains complemented with their Mtb orthologs were infected into C. 

elegans and mortality rates were at compared two days post-infection (day 6). These 

experiments were performed at least twice to ensure reproducaibility. 
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II.3 (J) Statistical Analyses 

Parametric two-tailed unpaired t-test statistical analyses were used to compare 

the means of different bacterial infection groups at distinct time points using GraphPad 

Prism software. Means, standard deviations and standard errors were calculated using 

GraphPad Prism software and Microsoft Excel spreadsheets. A non-parametric log-rank 

statistical method was used to determine the difference in survival for groups of C. 

elegans after infection, using an online application for survival analysis of lifespan 

assays found on http://sbi.postech.ac.kr/oasis (released on May 2009; last accessed on 

March 20
th

 2014) (Yang et al., 2011). 

 

II.4 Results 

II.4 (A) Pathogenic Mycobacteria Cause Mortality in C. elegans 

Since infection of C. elegans by mycobacteria has not been previously 

documented, we investigated whether different mycobacterial species can infect and 

cause disease in these nematodes.  We infected C. elegans with E. coli, M. smegmatis, a 

non-pathogenic mycobacterial species and M. marinum, pathogenic mycobacteria that 

prefer growth at temperatures similar to those preferred by nematodes. C. elegans were 

infected with E. coli, M. smegmatis or M. marinum for 4, 24 or 48 h (Figure 1A-D). At 

24 and 48 h, nematodes infected with M. marinum had a significantly higher mortality 

rate when compared to those infected with M. smegmatis or E. coli (Figure 1C-D), but 

M. smegmatis displayed similar mortality rates to E. coli at all time points. Two days 

post-infection with M. marinum for 24 h, C. elegans display over 80% mortality, 
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whereas, when infected with M. smegmatis, they display <15% mortality (Figure 1C). 

The majority of nematode deaths occur due to an event seen under unfavorable 

conditions for C. elegans, described as bagging, where the gravid adult nematode is 

unable to lay eggs and egg hatching (viviparity) occurs within the worm, resulting in the 

death of the adult, but allowing survival of the progeny (Chen and Caswell-Chen, 2004; 

Seidel and Kimble, 2011). Consistent with these observations, bagging has been 

previously observed as a C. elegans response to bacterial infection (Mosser et al., 2011). 

Interestingly, even the <20% of surviving nematodes after M. marinum infection 

displayed morphological changes, including loss of pigmentation and shortening (Figure 

2). Prolonged infection with M. marinum progressively increased the rate and total 

number of mortalities observed in C. elegans, but infection with M. smegmatis did not 

impact mortality in this manner, demonstrating that the mechanisms involved are 

specific to the pathogenic species. Overall, these observations suggest that mycobacterial 

virulence mechanisms play a role in C. elegans pathogenesis and these nematodes can be 

used as a novel virulence model for analysis of the molecular determinants involved in 

both the pathogen and host. 

  



 

28 

 

Figure 1. C. elegans Infected with M. marinum have a Higher Mortality Rate 

Compared to M. smegmatis or E. coli. (A) Experimental plan for the infection of C. 

elegans to E. coli (OP50), M. smegmatis (Ms) and M. marinum (Mm). (B-D) 60 adult N2 

(wild-type) nematodes each were infected with experimental bacterial strains for 4, 24 or 

48 hours on day 3 as indicated by the area of the grey shaded region above. After 

recovering onto NGM plates seeded with OP50 nematode survival was measured. The 

long-rank method was used to compare survival of each infection group. C. elegans 

infected with M. marinum for 24 hours or more display a significantly higher rate of 

mortality as compared to E. coli or M. smegmatis infection. (B) Survival of N2 

nematodes after 4 hours of infection. Mm and Ms Chi
2
 statistic of 3.63 (p = 0.0567); Mm 

and E. coli Chi
2
 statistic of 6.72 (p = 0.0095); Ms and E. coli Chi

2
 statistic of 0.78 (p = 

0.3776). (C) Survival of N2 nematodes after 24 hours of infection. Mm and E. coli Chi
2
 

statistic of 78.74 (p <0.0001); Ms and E. coli Chi
2
 statistic of 1.50 (p = 0.2207); Mm and 

Ms Chi
2
 statistic of 57.19 (p <0.0001). (D) Survival of N2 after 48 hours of infection. 

Mm and Ms Chi
2
 statistic of 96.34 (p <0.0001); Mm and E. coli Chi

2
 statistic of 119.90 

(p <0.0001); Ms and E. coli Chi
2
 statistic of 3.17 (p = 0.0750). 
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Figure 2. Morphological Changes in Wild-type (N2) C. elegans Infected with 

Bacteria. (A-D) 3 trials of 20 adult N2 nematodes each (total n = 60) were infected with 

E. coli (OP50), M. smegmatis (MC
2
155) or M. marinum (ψmm1) for 24 hours, and 

physiological and morphological changes were characterized. P-values are shown 

comparing E. coli infection to M. smegmatis infection and M. smegmatis infection to M. 

marinum infection (unpaired t-test). (A) Mean (±SEM) number of nematodes that died 

11 days post-infection (day 15), characterized as having a shortened lifespan. (B) Mean 

(±SEM) number of nematodes that bagged and died 2 days post-infection (day 6). (C-D) 

For each trial, percent depigmentation and shortened length were characterized for the 

remaining nematodes after initial mortality due to bacterial infection.  (C) Mean (±SEM) 

number of nematodes with a loss of pigmentation at 2 days post-infection (day 6) was 

determined by a visible reduction in cuticular pigmentation are reported.  (D)  Mean 

(±SEM) number of nematodes with a length of less than 2/3
rd

 the lengths of a healthy 

adult nematode at 2 days post-infection are reported (day 6). 
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II.4 (B) M. marinum Cause Irreversible Morphological Changes in C. elegans 

In order to understand the process of mycobacterial pathogenesis in C. elegans 

during the 24 h infection with M. marinum and 24 h afterward (48 h total), nematodes 

were imaged by differential interference contrast (DIC) microscopy. Nematodes infected 

with both M. marinum and M. smegmatis displayed reduced pigmentation, disruptions in 

cellular arrangement and increased retention of embryos within gravid nematodes as 

compared to those infected with E. coli, the standard food source for C. elegans (Figure 

3 and 4). During the 24 h infection period E. coli infected nematodes were healthy, did 

not lose their pigmentation and were able to lay eggs (Figure 3A-D and 4A-B). 

Interestingly, during the 24 h infection with M. smegmatis, although most nematodes lost 

pigmentation they regained pigmentation, cellular arrangement and were able to lay eggs 

by 6 h post-infection, demonstrating that the M. smegmatis induced morphological 

changes are reversible (Figure 3E-H and 4C-D). In contrast, nematodes infected with M. 

marinum experience irreversible morphological changes and are unable to lay eggs up to 

24 h post-infection and, since only a few C. elegans remain, it was not be feasible to 

follow them further (Figure 3I-L and 4E-F). Over 80% of these nematodes died via 

bagging observed 24 hours post-infection (Figure 3L and 4F). Our results suggest that, 

while both M. marinum and M. smegmatis induce pathological changes in C. elegans, 

the immune response is able to defend the nematode from permanent damage due to M. 

smegmatis, but is ineffective at protecting nematodes from M. marinum infection. M. 

marinum causes permanent pathological changes or mortality, reminiscent of infections 

by pathogenic and non-pathogenic mycobacterial species in mammals. 
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Figure 3. TP12 C. elegans Infected with M. marinum Display Irreversible 

Morphological Changes. Differential interference contrast (DIC) Images of TP12 (col-

19::GFP) nematodes infected with E. coli (OP50), M. smegmatis (ψms23) or M. 

marinum (ψmm91) for 24 hours and recovered on E. coli (OP50) seeded plates post-

infection, display morphological changes. (A-D) E. coli infected nematodes are able to 

lay eggs and retain their dark pigmentation. (E-H) M. smegmatis infected nematodes 

experience a reversible retention of eggs and loss of pigmentation during infection, but 

regain their pigmentation and ability to lay eggs post-infection. (I-L) M. marinum 

infected nematodes experience an irreversible retention of eggs and loss of pigmentation 

during infection and are unable to recover post-infection. The majority of these 

nematodes undergo bagging, leading to death of the adult nematode. (K) M. marinum 

infected nematodes display egg retention and loss of pigmentation 6 hours post-

infection. (L) The arrow points to an example of the “Bag of nematodes” event that 

occurs when embryos are hatched in utero of gravid nematodes. 
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Figure 4. N2 C. elegans Infected with M. marinum Display The Same Irreversible 

Morphological Changes. Differential interference contrast (DIC) Images of N2 (wild-

type) nematodes infected with E. coli (OP50), M. smegmatis (MC
2
155) or M. marinum 

(ψmm1) for 24 hours and recovered on E. coli (OP50) seeded plates post-infection 

display morphological changes. (A-B) E. coli infected nematodes are able to lay eggs 

and retain their dark pigmentation. (C-D) M. smegmatis infected nematodes experience a 

reversible retention of eggs and loss of pigmentation during infection, but regain their 

pigmentation and ability to lay eggs post-infection. (E-F) M. marinum infected 

nematodes experience an irreversible retention of eggs and loss of pigmentation during 

infection and are unable to recover post-infection. The majority of these nematodes 

undergo bagging, leading to death of the adult nematode. (E) M. marinum infected 

nematodes displaying a high rate of egg retention and loss of pigmentation at 24 hours of 

infection. (F) The arrow points to an example of the “Bag of nematodes” event that 

occurs when embryos are hatched in utero of gravid nematodes. 
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Figure 5. TP12 C. elegans Infected with M. marinum Have a Higher Mortality Rate 

As Compared to M. smegmatis or E. coli. 60 adult TP12 nematodes were infected with 

E. coli (OP50), M. smegmatis (ψms23) or M. marinum (ψmm91) for 24 hours on day 3 

as indicated by the area of the grey shaded region above. After recovering onto NGM 

plates seeded with OP50 nematode survival was measured. Survival of TP12 worms is 

similar to that of N2 worms infected with bacteria. The long-rank method was used to 

compare survival of each infection group. M. marinum (Mm) and M. smegmatis (Ms) 

Chi
2
 statistic of 54.28 (p <0.0001); Mm and E. coli Chi

2
 statistic of 57.71 (p <0.0001); 

Ms and E. coli Chi
2
 statistic of 1.52 (p = 0.2181). 
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Figure 6. Morphological Changes in TP12 C. elegans Infected with Bacteria. (A-D) 

3 trials of 20 adult TP12 nematodes (total n = 60) were infected with E. coli (OP50), M. 

smegmatis (MC
2
155) or M. marinum (ψmm1) for 24 hours, and morphological changes 

were characterized. P-values are shown comparing E. coli infection to M. smegmatis 

infection and M. smegmatis infection to M. marinum infection (unpaired t-test). (A) 

Mean (±SEM) number of nematodes that died 11 days post-infection (day 15), 

characterized as having a shortened lifespan. (B) Mean (±SEM) number of nematodes 

that bagged and died 2 days post-infection (day 6). (C-D) For each trial, percent 

depigmentation and shortened length were determined for the remaining nematodes after 

initial mortality due to bacterial infection.  (C) Mean (±SEM) number of nematodes with 

a loss of pigmentation 2 days post-infection (day 6), were determined by a visible 

reduction in cuticular pigmentation are reported. (D) Mean (±SEM) number of 

nematodes with a length of less than 2/3
rd

 the length of a healthy adult nematode 2 days 

post-infection (day 6) are reported. 
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II.4 (C) M. marinum Colonize C. elegans while M. smegmatis Does Not 

We infected fluorescent (GFP) C. elegans with fluorescently (tdTomato) tagged 

M. marinum and M. smegmatis (ψms23) and found that these fluorescently tagged 

strains produce similar morphological changes and mortalities to those observed with 

non-tagged E. coli, M. smegmatis and M. marinum (Figure 5 and 6), suggesting that the 

fluorescent markers themselves do not significantly impact mycobacterial interactions 

with C. elegans. We examined C. elegans at 4, 12, 18, 24, 30 and 48 h post-infection for 

24 h. Fluorescent M. marinum and M. smegmatis are found in C. elegans as early as 4 

hours into infection (Figure 7A, G). At 4 h post-infection >95% of nematodes were 

colonized by M. marinum in what appeared to be the gut; whereas, <30% displayed 

intact M. smegmatis within them (Figure 7 and 8). Apparently, C. elegans digests M. 

smegmatis in a similar manner to its food, E. coli, but M. marinum persists (Figure 8A-

C). Quantitative analyses demonstrated that the number of intact M. smegmatis present 

in C. elegans was significantly less than M. marinum at all time points (Figure 8A-C and 

9). We divided nematode images into three segments (upper, middle and lower) and 

found that the majority of M. marinum were within the pharyngeal and lower gut 

regions. Even at 6 hours post-infection, M. smegmatis was barely observable within 

nematodes (Figure 7E-F and 8A-C), while M. marinum persists, primarily within the 

pharyngeal and tail regions of the nematode (Figure 7K-L and 8A-C). 
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We imaged infected C. elegans at 24 hours post-infection (48 h) and found that 

>50% of the C. elegans carried M. marinum (Figure 9A-C), while <5% of M. smegmatis 

infected nematodes had bacteria within them (Figure 9A-C). We confirmed our 

observations from fluorescent microscopy by plating the nematodes for colony forming 

units (CFU) at 4, 12, 24, 30 and 48 h post-infection. We consistently observed >2-fold 

higher levels of M. marinum CFU in C. elegans as compared M. smegmatis (Figure 8D). 

Since these experiments were carried out with fluorescently labeled bacteria, we 

confirmed these observations using unlabeled organisms and obtained nearly identical 

results, demonstrating that fluorescent protein expression is not responsible for the 

differences in phenotype between M. smegmatis and M. marinum (Figure 10). There was 

a dramatic decrease in M. smegmatis within nematodes as early as 6 h post-infection; 

whereas, M. marinum only modestly decreased by 6 h and persists even out beyond 24 h 

post-infection (Figure 8D and 10). Taken together, these data demonstrate that M. 

marinum colonizes and survives within C. elegans much better than M. smegmatis. 
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Figure 7. M. marinum Accumulates Within C. elegans During Infection and 

Remains Within the Nematode Post-Infection. TP12 (col-19::GFP) nematodes 

infected with ψmm91 and ψms23 were imaged at 4, 12, 18, 24, 30 and 48 hours during 

and post-infection. While M. marinum and M. smegmatis are both visible within infected 

nematodes, there is a significantly higher accumulation of M. marinum (G-L) as 

compared to nematodes infected with M. smegmatis (A-F). After infection, M. 

smegmatis is virtually absent from the nematodes (E-F), while M. marinum persists (K-

L). M. marinum appears to mostly accumulate in the head (pharyngeal) and tail (lower 

gut) regions of infected nematodes. 
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Figure 8. M. marinum is Better Able to Colonize Infected C. elegans Than M. 

smegmatis. TP12 nematodes infected with either M. smegmatis (ψms23) or M. marinum 

(ψmm91) for 24 hours were imaged and quantified at 4, 12, 18 and 24 hours during and 

post-infection (30 h and 48 h). 60 nematodes for each infection were quantified at each 

time point. They were randomly split into three groups of 20 for quantification. Each 

nematode was evaluated as three separate regions: upper, middle and lower. At each 

time point during and post-infection, significantly higher levels of M. marinum are 

present as compared to M. smegmatis. P-values between M. smegmatis and M. marinum 

at each time point are indicated (unpaired t-test). (A-C) Quantification of bacterial 

clusters in the upper, middle and lower regions of infected nematodes. M. marinum 

infected nematodes displayed significantly higher bacterial loads at each time point 

during and post-infection. (A) C. elegans with at least one cluster of mycobacteria in the 

upper, middle or lower segment of the nematode. (B)  C. elegans with 4 or more clusters 

of mycobacteria in the upper, middle or lower segment of the nematode. (C) C. elegans 

with 11 or more clusters of mycobacteria in the upper, middle or lower segment of the 

nematode. (D) Colony forming units (CFU) of mycobacteria recovered from 

homogenized C. elegans. 20 to 30 nematodes homogenized using a hand-held motorized 

pestle at 4, 12, 24, 30 and 48 hours were plated. Nematodes at 4, 12 and 24 hours 

indicate the times during infection, while nematodes at 30 and 48 hours indicate the 

times 6 and 24 hours post-infection. M. marinum colonization of C. elegans was 

significantly higher than that by M. smegmatis. M. smegmatis was essentially cleared 

post-infection while M. marinum colonized the nematodes well. 
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Figure 9. Quantification of Bacterial Load Within C. elegans. TP12 nematodes 

infected with either M. smegmatis (ψms23) or M. marinum (ψmm91) for 24 hours were 

imaged and quantified at 4, 12, 18 and 24 hours during infection and post-infection (30 h 

and 48 h). 60 nematodes for each infection were quantified at each time point. They 

were randomly split into three groups of 20 each and quantified. Each nematode was 

characterized in three different regions: upper, middle and lower (figure 4). 

Quantification of bacterial load in the entire worm (A-C) and lower-segment of the 

worm (D-F) are compared to evaluate differences in localization. At each time point 

during and post-infection, significantly higher levels or M. marinum are present in 

nematodes as compared to M. smegmatis. P-values between M. smegmatis and M. 

marinum at each time point are provided (unpaired t-test). (A) Percent C. elegans with at 

least one fluorescent bacterial cluster within the nematode. (B) Percent C. elegans with 4 

or more fluorescent bacterial clusters within the nematode. (C) Percent C. elegans with 

11 or more fluorescent bacterial clusters within the nematode. (D) Percent C. elegans 

with at least one fluorescent bacterial cluster in the lower segment of the nematode. (E) 

Percent C. elegans with 4 or more fluorescent bacterial clusters in the lower segment of 

the nematode. (F) Percent C. elegans with 11 or more fluorescent bacterial clusters in the 

lower segment of the nematode. 
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Figure 10. Bacterial Load in C. elegans (N2) Determined by Plating for CFU 

Displays High Levels of Colonization by M. marinum. Adult N2 nematodes infected 

with either M. smegmatis (MC
2
155) or M. marinum (ψmm1) for 24 hours were

homogenized and plated for colony forming units (CFU) at 4, 12 and 24 hours during 

infection and post-infection, 30 and 48  hours. 30 nematodes each were homogenized 

and plated for each time point except for M. marinum infected nematodes at 48 hours 

due to their high mortality rate. 20 worms were homogenized and plated for the 48 hour 

time point with M. marinum. P-values are shown for comparison of CFU recovered from 

M. smegmatis and M. marinum infection at each time point (unpaired t-test). 
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II.4 (D) M. marinum Attach to the C. elegans Gut Epithelium and Colonize the Oro-

Pharynx and Lower Gut 

In order to better understand the mechanism involved in maintenance of M. 

marinum within C. elegans, we imaged the course of infection out to 30 h using high 

resolution confocal microscopy. We were particularly interested in whether M. marinum 

were within the lumen of the gut, attached to the gut epithelium or had crossed the gut 

epithelial barrier and entered into host cells. We imaged the head, mid-gut and lower-gut 

regions of nematodes where accumulations of mycobacteria were observed. We found 

both M. smegmatis and M. marinum in the head at both 4 and 24 h post-infection, but at 

30 h, when the bacteria are no longer present, M. smegmatis is mostly cleared, whereas, 

M. marinum is retained at high numbers.  In general, M. smegmatis is not found within 

the mid-gut or lower gut regions at all, though some individual bacteria are sometimes 

observed. In contrast, M. marinum is observed within the mid-gut and lower-gut at 

moderate to high levels out to 30 h post-infection and particularly the lower gut had high 

numbers of bacteria at late time points (Figure 11). 

Interestingly, nematodes infected with mycobacteria (both M. smegmatis and M. 

marinum) displayed a larger lumen in the lower gut region (Figure 11 I, L, O and R) by 

24 h post-infection than nematodes infected with E. coli (Figure 12). We also observed 

the initial stages of bagging for nematodes infected with M. marinum (Figure 11K and 

Q) in contrast to those with M. smegmatis (Figure 11H and N). While these images

revealed that a majority of M. marinum were in the lumen of the gut, they did not 



46 

definitively answer the question of whether persisting bacteria are attached to the gut 

epithelial lining. 

We embedded, sectioned and imaged nematodes infected with M. smegmatis and 

M. marinum for 24 hours using a transmission electron microscopy (Figure 13). While 

E. coli infected nematodes displayed a smooth non-wrinkled cuticular surface, M. 

smegmatis and M. marinum infected C. elegans displayed a cuticle with numerous 

crevices (Figure 13 A-C). These indentations were mild in nematodes infected with M. 

smegmatis and extensive in those infected with M. marinum (Figure 13 B-C). Folding of 

the cuticle can be a result of a stress response in nematodes, most likely when exposed to 

mycobacteria that resulted in depigmentation and shortening of the nematode length 

(Figure 2 C-D, 3 and 4). In C. elegans infected with M. smegmatis we did not observe 

many intact bacteria, rather there was mostly digested debris in the gut lumen of the 

nematode (Figure 13 D). When occasional bacteria were present, M. smegmatis was not 

attached to the gut epithelium and remained in the lumen (Figure 13 E-F). C. elegans 

infected with M. marinum displayed attachment to the C. elegans gut epithelium (Figure 

13 G-I). These observations help to explain the clearing of M. smegmatis from infected 

C. elegans post-infection, while M. marinum can colonize the gut of infected nematodes 

even 48 hours post infection. 
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Figure 11. High Resolution Confocal Images Show M. marinum Persist Within the 

Oro-Pharynx and Lower Gut of C. elegans Adult TP12 nematodes infected with either 

M. smegmatis (ψms23) or M. marinum (ψmm91) were imaged at 4 and 24 hours during 

infection and 6 hours post-infection (30 hour). The head, mid-gut and lower-gut regions 

of about 15 TP12 nematodes each at 4, 24 and 30 hour were imaged by confocal 

microscopy. A 40x oil-immersion objective and a digital zoom of 2.5x was used 

(effective magnification 100x). A spectral filter for excitation wavelengths of 500-

640nm was used. (A-C) Nematodes after 4 hours of infection with M. smegmatis (Ms). 

(D-F) Nematodes after 4 hours of infection with M. marinum (Mm). (G-I) Nematodes 

after 24 hours of infection with Ms. (J-L) Nematodes after 24 hours of infection with 

Mm. (M-O) Nematodes 6 hours post-infection by Ms. (P-R) Nematodes 6 hours post-

infection by Mm. 
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Figure 12. Morphological Characteristics of C. elegans (TP12) Infected with E. coli 

(OP50). Adult TP12 nematodes infected with E. coli (OP50) were imaged at 4 and 24 

hours during infection and 6 hours post-infection (30 hour), for comparison with 

nematodes infected with mycobacteria for 24 hour (Figure 11). The head, mid-gut and 

lower-gut regions of five TP12 nematodes each at 4, 24 and 30 hour were imaged by 

confocal microscopy. A 40x oil-immersion objective and a digital zoom of 2.5x was 

used (effective magnification 100x). A spectral filter for excitation wavelengths of 500-

640nm was used. (A, D, G) Head regions of nematodes displaying the oral canal and the 

pharyngeal pump. The shaded area beneath the pharyngeal pump is due to darker 

pigmentation of the nematodes. (B, E, H) Mid-gut region of the nematodes displaying 

fertilized ova in a row, close to the vulva. The ova are in early stages of embryonic cell 

division. The lining of the gut is partly obstructed by the opaque dark pigmentation seen 

in healthy adult nematodes. (C, F, I) Lower-gut region of the nematodes displaying the 

tail end of the nematodes and the anal opening. The lumen of the lower gut is narrow, 

similar to the mid-gut lumen region. 
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Figure 13. M. marinum are Attached to the Gut Epithelium of Infected C. elegans. 

Transmission Electron Microscopy (TEM) of C. elegans infected with E. coli, M. 

smegmatis and M. marinum after 24 hours. (A) Cuticle of C. elegans infected with E. 

coli remains smooth and show no signs of contraction. (B) Cuticle of C. elegans infected 

with M. smegmatis show slight contraction and small crevices (black arrow). (C) Cuticle 

of C. elegans infected with M. marinum show extensive contraction and crevices (black 

arrow) leading to shortening of the nematode. (D-F) C. elegans infected with M. 

smegmatis showed no attachment to the gut epithelium (arrow head), but rather remained 

in the gut lumen when present. (G-I) C. elegans infected with M. marinum displayed 

frequent attachment of M .marinum to the C. elegans gut epithelium. 
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II.4 (E) C. elegans Provide a Novel Virulence Model for M. marinum

We recently identified several M. marinum mutants that are defective for their 

ability to infect and grow within mammalian macrophages (Mehta et al., 2006).  This set 

of mutants was used to examine whether C. elegans could be used to evaluate whether 

M. marinum genes play a role in pathogenesis for nematodes. We screened 18 M. 

marinum mutants for virulence in C. elegans, as measured by survival of the nematodes 

post-infection (Figure 14). The majority of the M. marinum mutants produced less 

nematode mortality than wild type, but only 44% (8) of the mutants reached the 

significance cutoff of p < 0.05.   Three of these mutants, mimA, mimG and mimI were 

complemented with the appropriate full-length wild-type gene and we demonstrated that 

complementation results in restoration of the ability to kill C. elegans, confirming that 

these genes are involved in C. elegans pathogenesis (Figure 15). Our results indicate that 

C. elegans can be used as a host for study of M. marinum pathogenesis and detailed 

analysis of its virulence mechanisms. 
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Figure 14. C. elegans Infected With Mutants of M. marinum Have Reduced 

Mortality Rates. (A-D) Survival of wild-type (N2) nematodes infected with mutants of 

M. marinum, two days post infection (day 6). Three trials of 20 nematodes (total n = 60) 

each were infected with the mutant strains and survival assessed on day 6. The survival 

rates of C. elegans infected with each mutant were compared C. elegans infected with 

wild-type M. marinum and p-values are shown (unpaired t-test). (A-D) Mean (±SEM) of 

C. elegans relative survival after infecting with M. marinum mutants.  
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Figure 15. C. elegans Infected with Complemented Mutant Strains of M. marinum. 

Three M. marinum mutants were complemented by introducing their Mtb orthologs gene 

(Mehta et al., 2006). Three mutants, mimA, mimG and mimI and their complemented 

strains were compared in C. elegans infection assays to confirm that the observed 

phenotype is due to the mutated gene. The complementing genes were introduced in a 

low copy number plasmid vector, pJDC89. Adult N2 nematodes were infected with each 

respective M. marinum strain for 24 hours and mortality was assessed two days post-

infection (day 6). P-values are shown comparing the mutants and their respective 

complemented clones. This experiment was repeated twice. All complemented M. 

marinum strains were significantly more virulent compared to their respective mutants. 

 

 

  



54 

II.5 Discussion

Mtb is a successful human pathogen that has evolved the ability to use multiple 

strategies to evade and modulate the host immune system, even frequently establishing 

chronic infections. Understanding Mtb pathogenesis is important to develop 

interventions that can address the global problem of TB currently affecting about 2 

billion people worldwide and resulting in over 2 million deaths annually (Dye et al., 

1999). The study of Mtb has been facilitated by use of Mycobacterium marinum, as a 

model system (Deng et al., 2011; Stinear et al., 2008; Tobin and Ramakrishnan, 2008). 

M. marinum has an optimal growth temperature of <33
o
C making Mtb model hosts, such

as mice and guinea pigs, very useful for analysis of skin infections, but less so for 

pulmonary infections (Balasubramanian et al., 1994; Clark and Shepard, 1963a; 

McMurray, 2001; Shi et al., 2011). C. elegans is a valuable model for study of host 

innate immune responses because of its well characterized genetics and the availability 

of extensive molecular tools, making it possible to perform an array of genetic analyses 

(Ashrafi et al., 2003; Juang et al., 2013; Kim et al., 2005; Tabach et al., 2013; Taylor and 

Dillin, 2013; Wilkins et al., 2005). 

We infect C. elegans with M. marinum and show that pathogenic M. marinum 

cause mortality in nematodes. C. elegans has not been used to study the pathogenesis of 

M. marinum previously. However a group of researchers screened several bacteria in the 

same study for potential C. elegans pathogens and M. marinum was one of the 

pathogenic bacteria that they tested. They did not observe an increase in mortality of C. 
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elegans infected with M. marinum (Couillault and Ewbank, 2002). There were a number 

of differences in the experimental methods use that likely explain the difference in the 

results, for example they used C. elegans L4 larvae for infection while we used gravid 

adult nematodes. In our own study we found that it was important to use controlled 

conditions for infections to reduce variability in results obtained. The consistency of data 

obtained in our study in multiple C. elegans strains and mutants argues that M. marinum 

is pathogenic for adult nematodes. 

In examination of C. elegans for the study the pathogenesis due to bacterial 

infections there are several important readouts that allow evaluation of virulence 

mechanisms. They include mortality, attachment to epithelium, colonization of the gut 

epithelium, invasion of the gut epithelium, toxin-mediated killing and adhesive biofilm 

like structures on cuticle (Hodgkin et al., 2000; Jansen et al., 2002; Jansson et al., 1984; 

Kurz et al., 2003; Maadani et al., 2007; Moy et al., 2004; Park et al., 2002; Sem and 

Rhen, 2012; Tan et al., 1999). In the case of our C. elegans model for M. marinum 

pathogenesis, we used the outcomes of mortality, bagging, depigmentation, shortening 

of length and colonization of the gut epithelium. Readouts such as depigmentation and 

bagging overlap with phenotypes commonly observed in C. elegans stress responses, as 

might be expected for bacterial infections. 

Our data suggest that C. elegans is a very useful model for study of M. marinum 

virulence mechanisms. We characterized the ability of M. marinum to persist within the 

gut of the nematode and also attach to the gut epithelium. These observations provide the 

foundation that could allow us to further characterize bacterial ligands involved in 
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pathogenesis as well as the C. elegans receptors involved. This new virulence model 

allowed identification of 8 M. marinum mutants that are attenuated for C. elegans 

infection. We can now use this C. elegans model to screen for M. marinum genes that 

are important in colonization, evaluate the general applicability of these genes to 

pathogenesis in mammals and dissect their mechanisms of action from the perspective of 

both the host and pathogen. 
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CHAPTER III  

CHARACTERIZATION OF THE PUTATIVE VIRULENCE GENE REGULATOR 

LUXR1 (MMAR_1239) IN MYCOBACTERIUM MARINUM 

 

III.1 Summary 

Several mycobacterial species are human pathogens with the ability to evade 

their host’s immune system and establish successful acute and chronic infections. 

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis. M. marinum is 

another pathogenic mycobacterial species that causes a granulomatous skin infections in 

humans and a chronic tuberculosis-like disease in fish and amphibians. M. marinum is 

often used to study Mtb pathogenesis, since it is easily manipulated under BSL-2 

safeguards and has a shorter generation time (5 hours vs. 20 hours). Many pathogenic 

mycobacteria, including M. marinum are able to persist within granulomas in their host, 

despite a significant immune response. Similarly, mycobacteria can form biofilms, 

which may play an important role in pathogenesis, making treatment and sterilization of 

granulomatous lesions more difficult. We have recently identified an Mtb gene, 

designated Rv3295 (Mtb luxR1) that has high similarity to tetR and luxR transcriptional 

regulators found in many bacterial species and often play a role in virulence gene 

regulation. The Mtb luxR1 gene is very similar to tetR-related genes in other pathogenic 

mycobacteria, such as M. marinum (86% identity over 220 amino acids), and is less 

similar to tetR-related genes in non-pathogenic species, such as M. smegmatis (30% 

identity over 100 a.a.). In M. marinum, this gene was designated MMAR_1239 when the 
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M. marinum gene sequence was annotated (Mm luxR1). In order to understand the 

potential role of this gene in virulence, we constructed an insertion mutation in luxR1 

and one of the surrounding genes thought to be in an operon with luxR1. The locus 

containing luxR1 was also evaluated for operon structure to determine the genes that are 

co-transcribed. In vitro host cell infection assays were used to determine the function of 

these genes during infections with host cells. Mutant and wild-type M. marinum strains 

were compared for differences in virulence. The Mm-luxR1 mutant displayed attenuated 

virulence in a macrophage infection assays and a C. elegans infection assay. This study 

provides insight into the role of luxR1 in pathogenesis of M. marinum. 

 

III.2 Introduction 

Several Gram positive and Gram negative bacteria including Vibrio species have 

a Lux operon that plays a role in modulating virulence factors (Schauder et al., 2001). 

An analogous pathway that is induced in Streptomyces in response to changes in their 

environment has been identified and characterized (Takano, 2006). Streptomyces are 

phylogenetically closely related to Mycobacterium, and protein orthologs of 

Streptomyces genes in mycobacteria have been studied to evaluate whether they have 

similar roles using LuxR proteins from Vibrio species and Streptomyces griseus to 

search for similar genes in mycobacteria, we identified several orthologs of the luxR 

gene. Of these potential luxR genes, one gene, Rv3295 in Mtb (Mtb-luxR1) and 

MMAR_1239 in M. marinum (Mm-luxR1) was of particular interest due to the presence 

of highly similar conversed domains and its absence in avirulent mycobacterial species. 
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Rv3295 and MMAR_1239 are predicted to produce 221 and 224 amino acid (a.a.) 

regulatory proteins respectively. These proteins have a DNA binding domain (TetR_N) 

and an AcrR domain, similar to the LuxR in Vibrio harveyi (205 a.a.) and ArpA in 

Streptomyces griseus. Rv3295 is also of particular interest among other potential LuxR 

analogs identified because our laboratory found that an Rv3295 M. tuberculosis mutant 

reduced infectivity for macrophages and is less virulent in a mouse model as compared 

to wild type (wt) M. marinum. Since Rv3295 has a potential role in mycobacterial 

virulence, we examined the function of luxR1 in M. marinum. M. marinum is a close 

relative to M. tuberculosis and is a useful model organism for study of M. tuberculosis 

genetics and pathogenesis (Stinear et al., 2008; van der Sar et al., 2004b). We used M. 

marinum as model to study the ortholog of the Mtb-luxR1 gene, Mm-luxR1 and 

characterized its role in pathogenesis of M. marinum infections. 

Mtb has many regulatory proteins with regions that have similarity to the LuxR 

protein motif. When comparing these Mtb LuxR analogs to LuxR in Vibrio fischeri, 

Vibrio harveyi, and ArpA in Streptomyces griseus, we found that 10 of them have an 

amino acid identity score of over 35% were selected as candidate LuxR regulators. Most 

of these genes have a LuxR-HTH (helix-turn helix) DNA binding domain, similar to that 

of V. fischeri (Figure 16 A). Two genes (Rv3295 and Rv3557c) have TetR DNA binding 

domains similar to V. harveyi and S. griseus. These two mycobacterial genes also have 

an AcrR DNA-binding transcriptional regulatory domain similar to that of V. harveyi 

and S. griseus (Figure 16 A). Phylogenic relationships suggest that Rv3295 and Rv3557c 

are different from the Mtb LuxR homologs and similar to V. harveyi gene (Figure 16 B). 
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Figure 16 Protein Motif Similarities Between Mycobacterial LuxR Proteins and 

LuxR Proteins of Related Bacteria. (A) Comparison of conserved domains of LuxR 

analogs in Mtb as compared to Vibrio and Streptomyces griseus, having over 35% 

identity in amino acid sequence (a.a.). (B) Phylogenic relationship between the luxR 

analogs in (A). A BLAST analysis on the NCBI website for genes was used to compare 

these genes of interest. 

 

 

 

 

(A) 

(B) 
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Figure 17 Phylogenic Relationships Between LuxR1 Proteins in Various 

Mycobacterial Species (A) Phylogenic relationship between orthologs of Mm-luxR1 

with at least 75% a.a. identity when the regulatory domain was compared (last 161 a.a.). 

(B) Phylogenic relationship between several mycobacteria, Vibrio and S. griseus, 

showing that Rv3295, Mtb luxR1 is closely related to pathogenic strains and less so to M. 

smegmatis. A BLAST analysis on the NCBI website for genes was used to compare 

these genes of interest. 
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Both Rv3295 and Rv3557c have orthologs across different mycobacterial 

species. However, Rv3295 is mainly present in pathogenic strains of mycobacteria 

(Figure 17 A). M. smegmatis is a non-pathogenic mycobacteria and the closest ortholog 

to Rv3295 in this organism had only a 31% identity in a.a. On the contrary, Rv3557c has 

a 75% identical ortholog in M. smegmatis. These observations suggest that Rv3295 is 

potentially important in virulence of mycobacteria. We designated Rv3295 Mtb-luxR1, 

and examined the role of this gene in virulence using M. marinum as a model (Mm-

luxR1). 

Our laboratory examined an Mtb-luxR1 insertion (Mariner transposon) mutant 

obtained from the Johns Hopkins School of Medline’s TARGET mutant library to 

determine the luxR1 gene’s role in virulence and pathogenesis by Mtb. We 

complemented the Mtb-luxR1 mutant with a multi-copy vector constitutively expressing 

the luxR1 gene. When Mtb-wt and Mtb-luxR1mutant were grown in nutrient rich 7H9 

media with glycerol as the carbon source, there was no difference in their growth rates 

(Figure 18 A). This indicates that the Mtb-luxR1 gene does not play an important role in 

the growth of the Mtb under nutrient rich conditions. However, Mtb-wt and the Mtb-

luxR1 mutant were transformed with an overexpressing luxR1 gene, they were able to 

extend their log phase and out-grow Mtb-wt and the Mtb-luxR1 the mutant (Figure 18 

A). This supports our hypothesis that the Mtb-luxR1 gene plays a role in coordinating the 

transition from log phase of growth to stationary phase, but the primary role is not likely 

to be in nutrient rich conditions. 
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Figure 18. Growth Rate of Mtb-luxR1 Mutant Compared to Mtb-wt in Media and in 

Macrophages. (A) Growth of Mtb-wt, Mtb-luxR1 mutant, Mtb-wt–overexpressing luxR1 

and Mtb-luxR1 mutant-complemented strains in Middlebrook 7H9 liquid media with 

ADC and glycerol. (B) Survival and growth of Mtb-wt and the Mtb-luxR1 mutant in 

unstimulated J774A.1 macrophages. 

 

 

 

  

(A) (B) 
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Murine macrophage cell lines can be useful for analysis of mycobacterial 

virulence mechanisms, including M. marinum (El-Etr et al., 2004; Subbian et al., 2007a). 

Such assays measure the ability of mycobacteria to adhere, associate, enter and survive 

within host cells. The Mtb-luxR1 mutant does not display a significant difference in 

adherence, association or entry as compared to wild type. However, the Mtb-luxR1 

mutant displays nearly a 2-fold reduction in survival as compared to Mtb-wt (Figure 18 

B). These observations suggest that nearby Mtb-luxR1 gene contributes to the survival of 

Mtb in macrophages, which are one of the primary cells involved in controlling 

mycobacterial infections (Scherr et al., 2009; Yoshida et al., 2009). 

These data suggest that the Mtb-luxR1 gene contributes to the increased virulence 

and pathogenicity of Mtb by promoting intracellular survival in macrophages. However, 

the mechanisms involved by promoting survival remain unclear and their impact on 

pathogenesis overall has not yet been examined. In order to facilitate more detailed 

characterization, we used M. marinum as a model to more carefully dissect the role of 

this gene in virulence and pathogenicity. 

 

III.3 Experimental Procedures 

III.3 (A) Bacteria Growth Conditions 

A wild-type clinical isolate of M. marinum, stain M (Ramakrishnan, 1997), was 

used in our studies. M. marinum cultures were grown
 
at 32ºC standing in T25 tissue 

culture flasks. M. marinum were grown in Middlebrook 7H9 media (Difco, Sparks, MD) 
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supplemented with 0.5% glycerol, 10% albumin-dextrose complex (ADC) and 0.25% 

Tween 80 (M-ADC-TW). 

III.3 (B) Characterization of Mm-luxR1 Operon 

Total RNA was extracted at specific stages of growth (log phase and stationary 

phase) from Mm wt. Using Mm-luxR1 and adjacent gene-specific primers, and intergenic 

primers for each of these genes, cDNA was made by reverse-transcriptase PCR. Using 

qPCR, transcript levels of each gene and the presence of the intergenic regions were 

determined. cDNA was also used as a template to carry out PCR reactions for each gene 

and across the corresponding intergenic region including both open reading frames to 

assay for the absence or the presence of a common transcript. Each set of gene-specific 

primers acted as a control for the expression levels of that gene. 16s rRNA was used as a 

positive control (house-keeping gene), for the cDNA synthesis and qPCR process. 16s 

rRNA was also used to assess whether the total RNA sample were contaminated with 

genomic DNA. After the formation of cDNA with gene specific primers, PCR was used 

to amplify each of the individual genes in the MMAR_1237-1241 region and their 

intergenic regions. 

III.3 (C) Gene Expression Analysis of Mm-luxR1 Gene Locus 

Mm-wt was grown to log (OD 0.2) and stationary phase (OD 1.2) and total RNA 

was extracted using a Trizol based extraction method. The RNA was treated with DNase 

to remove any residual genomic DNA contamination. Four biological replicates of RNA 

were obtained at each stage of growth. These RNA samples were analyzed for purity and 

their concentrations determined using a NanoDrop machine and a Bioanlyser. Using a 
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primer set specific for the Mm-luxR1 gene (less than 200bp), cDNA was synthesized for 

each of the RNA replicates at each of the two growth conditions. 16s rRNA was used as 

a positive control (house-keeping gene). The cDNA copies of Mm-luxR1 and 16s rRNA 

were used as templates to be quantitatively amplified using real-time PCR (qPCR). 

III.3 (D) Construct Insertion Mutants of Mm-luxR1 Gene Locus 

The Mm-luxR1 insertion mutants were constructed using allelic exchange, as 

described previously (Parish and Stoker, 2000). The Mm-luxR1 gene (675 bp) and about 

1000 bp each of the left and right flanking regions were amplified using polymerase 

chain reaction (PCR). This PCR product was then subjected to transposon mutagenesis 

with a kanamycin resistant (KanR) marker. Using a set of appropriate restriction sites, 

Mm-luxR1 gene with KanR insertion was ligated into an E. coli plasmid (pGoal19). The 

plasmid, pGoal19 has the lacZ gene, sucrose sensitive marker, sacB and an E. coli origin 

of replication. Once the Mm-luxR1 gene with KanR was ligated with the vector, the 

ligation was used to transform competent E. coli (XL1-Blue) and select for blue 

colonies. Blue E. coli colonies were restriction mapped and sequenced to demonstrate 

the presence of the Mm-luxR1 gene and to identify recombinant plasmids with KanR 

insertions within the Mm-luxR1 gene. The recombinant plasmid carrying the mutated 

Mm-luxR1 gene (KanR insertion) was introduced into M. marinum using a two-step 

homologous recombination process, as described previously (El-Etr et al., 2004). The 

pGoal19 plasmid lacks a mycobacterial origin of replication and KanR can only be 

maintained in M. marinum if the plasmid recombines into the M. marinum chromosomal 

DNA by homologous recombination. At this stage blue M. marinum colonies were 
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selected in the presence of X-gal and kanamycin. Blue colonies were allowed to undergo 

a second round of intra-chromosomal homologous recombination that releases the 

plasmid leaving only the KanR insertion in the Mm-luxR1 gene. The resulting white 

colonies in the presence of X-gal, kanamycin and 10% sucrose were selected for more 

detailed characterization. Mm-luxR1 insertion mutants were confirmed by PCR using 

specific primers for the mutant and wt genes and sequencing. 

III.3 (E) Complement Mutants of Mm-luxR1 Gene Locus 

To ensure that the phenotype observed is due to loss of a functional Mm-luxR1 

gene, complement gene clones, both single copy and multiple copy, were constructed.  

We used PCR to clone the Mm-luxR1 gene with its promoter region into 

complementation vectors. Using appropriate restriction digestions and ligation, the 

resulting PCR product was inserted into plasmids with an appropriate selection marker. 

The single copy plasmids have an integrase gene and will ensure that the plasmid is 

chromosomally inserted. The multi-copy plasmid has a mycobacterial origin of 

replication and will be maintained in M. marinum episomally. These mutants and their 

complementing strains were then evaluated in virulence and pathogenicity assays. As a 

control for the resistnace markers and other genes on the plasmid, the Mm-luxR1 mutant 

and the Mm-wt were transformed with the empty plasmid vector. 

III.3 (F) Characterize Growth of Mm-luxR1 Gene Locus Mutants 

M. marinum wild-type, Mm-pcd mutant, Mm-luxR1 mutant, and Mm-luxR1 

complemented strains were grown in nutrient rich Middlebrook Albumin Dextrose 

Complex (MADC) media at 32°C. The starting density for each culture was an OD600 of 
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0.2. T75 tissue culture flasks were used to grow 35 ml standing cultures. They were 

shaken twice a day for the duration of the experiment. At each time point, an aliquot was 

used to measure and dilations plated to determine CFU. 10 µl spot plating was used in 

triplicate and three serial dilutions were plated per sample. Growth was monitored until 

an OD600 of >1.5, where M. marinum reaches the stationary phase of growth. CFUs were 

counted 5 to 7 days after plating and the plates were incubated at 32°C. 

III.3 (G) Assays for Colony Morphology and Sliding Motility of Mm-luxR1 Mutant 

Using stock cultures of M. marinum wild-type, Mm-pcd mutant, Mm-luxR1 

mutant, Middlebrook media agar plates were spotted with bacteria to determine colony 

morphology or the agar was stabbed with an inoculating stick carrying  bacteria for 

sliding motility assays. For colony morphology assays, 1.5% agar plates were used. For 

sliding motility assays 0.3% agar plates with low glycerol (0.2%) were used. The plates 

were incubated at 32°C up to 10 days for both colony morphology and sliding motility 

assay. 

III.3 (H) Biofilm Formation Assays 

A crystal violet in vitro assay has been described for staining biofilms formed by 

M. avium and we used a similar method in our own studies (Carter et al., 2003). Using a 

96 well plate the different M. marinum strains (Mm-wt, Mm-luxR1 mutant, and Mm-

luxR1 mutant complemented) were grown for up to 12 days and mycobacteria that were 

tightly attached to the walls of the 96-well plate were stained using the crystal violet. 

This method determines the amount of biofilm formed at the bottom and walls of the 96 

well plate. Biofilm formation was measured at days 2, 5, 9 and 12. A second biofilm 
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assay was carried out using these Mm strains. In this assay, bacterial cultures were 

grown in a 24-well plate with sterile acid-washed glass beads. On top of the glass beads 

a cover slip was placed to allow M. marinum to form a biofilm. At specific time points 

the cover slips were carefully removed and the mycobacterial biofilm structures were 

heat fixed. They were stained with a red dye for dead bacterial cells and imaged under a 

confocal microscope. 

III.3 (I) Macrophage Cell Infection Assays 

A J774A.1 murine macrophage cell line was used for macrophage infection 

assays. They were cultured and maintained at 37
o
C. Prior to infection with M. marinum, 

they were incubated at 32
o
C for 1 hour. Unstimulated macrophages were grown to about 

80% confluency and then transferred into 24-well plates (~2.5 x 10
6
 cells/ml) and 

incubated for 24 hours. Using a multiple of infection (MOI) of 10 J774.A1 cells were 

infected separately with Mm-wt, Mm-luxR1 mutant and the Mm-luxR1 complement. For 

the association assay, J774A.1 cells were infected with M. marinum for about 30s and 

then washed with 1x PBS several times, warmed to 30
o
C. For adherence assays, the 

macrophages were first fixed by formaldehyde and infected with M. marinum for about 

30 minutes, and then washed with 1x PBS. Similar to the cell association assay, an entry 

assay was done where the pathogens were allowed 30 minutes to enter macrophages. For 

the survival assay, J774A.1 cells were infected for 30 minutes and then followed over 

time (4h, 8h, 16h, 24h, and 30h) to determine intercellular macrophage survival of the 

Mm-luxR1 mutant as compared to Mm-wt. The numbers of M. marinum in each of the 
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assays were determined by plating them on Middlebrook agar plates and counting CFUs 

for each sample at each time point. 

III.3 (J) C. elegans Infection Assays 

M. marinum wild-type, Mm-pcd mutant, Mm-pcd complement strain, Mm-luxR1 

mutant, and Mm-luxR1 complement strain were used for C. elegans infections. We 

infected 3 days old adult N2 nematodes with these strains for a period of 24 hours. M. 

marinum cultures were grown until they reached stationary phase (OD >1.2) and 70 µl 

of each were seeded on small NGM plates the day prior to infection. Triplicates of 20 N2 

worms (total 60) were infected with each M. marinum strain. After infection they were 

recovered on E. coli containing plates and mortality rates were assessed two days post- 

infection (day 6). 

III.3 (K) C. elegans Competitive Infection Assays 

M. marinum wild-type, Mm-pcd mutant and Mm-luxR1 mutant expressing either 

tdTomato or mCherry were used for C. elegans infection to determine the dynamics of 

competitive infections in C. elegans. We infected 3 day old adult TP12 nematodes for a 

period of 24 hours. We used individual cultures (wild-type and mutant separately) and 

1:1 ratio of mixed wild-type and mutant cultures for both the Mm-pcd mutant and the 

Mm-luxR1 mutant in separate experiments. M. marinum cultures were grown until they 

reached stationary phase (OD >1.2) and 70 µl of each were seeded on small NGM plates 

the day prior to infection as described above. During the course of infection ~10 worms 

were obtained for times points of 4h, 24h and 30h (6h post-infection) and imaged using  

confocal microscopy. 
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III.3 (L) Statistical Analysis 

Student’s t-tests were used to compare the means for experimental groups of two. 

ANOVA (analysis of variance) were used to compare the means of multiple groups. The 

t-test analyses were used to compare differences between wt and mutant data at a given 

time point. ANOVA were used to compare groups such as wt, mutant, complemented 

mutant, and overexpressing mutant, over the course of several time points. Statistical 

analyses were performed with the help of Microsoft EXCEL statistical tools and Prism 

GraphPad software. 

 

III.4 Results 

III.4 (A) Mm-luxR1 Gene is Co-transcribed with Mm-pcd and MMAR_1241 Genes  

luxR genes are usually expressed as a part of operons (lux operons) (Dunlap, 

1999). Since we made insertional mutations in Mm-luxR1, it is important to determine 

whether other genes are co-transcribed with the luxR1 gene. This information will 

indicate whether the Mm-luxR1 is a part of an operon and if polar effects on surrounding 

genes might be responsible for functions that might be attributed to Mm-luxR1 gene. 

Determining the genes that are co-transcribed with luxR1 gene also helps with design of 

appropriate complementation strategies for the mutant Mm-luxR1 gene. In M. marinum, 

luxR1 is the third gene of five genes that are close together and thought to be transcribed 

in the same direction (Figure 19 A). The first gene is a hypothetical gene denoted by an 

open reading frame (ORF) with no known function. The second is a piperidine-6-

carboxilic acid dehydrogenase (pcd) shown to be involved in the biosynthesis of 
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cephamycin C via α-aminoadipic acid in M. avium and Streptomyces species (Malmberg 

et al., 1993; Yamazaki et al., 2006). The fourth and fifth genes are an ATP-dependent 

helicase and an endonuclease, respectively. When cDNA is obtained from M. marinum 

at lag phase, we observed the transcription of the intergenic regions between 

MMAR_1239, MMAR_1240 and MMAR_1241 (Figure 19 B).  Therefore, we predict a 

common transcript for genes MMAR_1241, Mm-pcd and Mm-luxR1 (Figure 19 C), but 

different transcripts for MMAR_1238, MMAR_1239 and MMAR_1242. 

III.4 (B) Mm-luxR1 Gene Expression Increases during Lag Phase of Growth

To characterize the expression profile of the Mm-luxR1 gene we first examined 

expression at different phases of growth. We used qPCR and determined the transcript 

levels of Mm-luxR1 during log phase (OD = 0.2) and lag phase (OD = 1.2) of growth. 

While Mm-luxR1 was expressed both during the log and lag phase there were 

significantly higher levels (p<0.0001)) of Mm-luxR1 expression during the lag phase 

than during log phase (Figure 20). 
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Figure 19. Characterization of Mm-luxR1 Operon Structure (A) Genes 

MMAR_1241 to MMAR_1237 can potentially be part of an operon, since they are 

located adjacent to each other and are transcribed in the same direction. Primers were 

used to amplify ~200bp intergenic regions from inside each gene into the next to 

determine the presence of a common transcript. The positions of each primer set are 

shown on the map. (B) PCR products of intragenic regions and intergenic regions of 

genes MMAR_1241 to MMAR_1237 using chromosomal DNA on RNA as the 

template. (C) Predicted luxR1 operon with common transcript. 
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Figure 20. Gene Expression Levels of Mm-luxR1 at Log-phase and Lag-phase of 

Growth. (A) Transcript levels of Mm-luxR1 gene relative to 16s rRNA during log phase 

and lag phase. The results are the average of 4 biological replicates. (B) Relative 

transcript levels of Mm-luxR1 during lag phase divided by the transcription levels during 

the log phase. 
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III.4 (C) Mm-luxR1 Gene Locus Mutants Have an Increased Growth Rate in Nutrient-

Rich Media 

We created two insertion mutants for genes Mm-luxR1 and Mm-pcd in the luxR1 

operon (Figure 21). We also complemented these two insertion mutants in order to 

ensure that secondary mutations are not responsible for the phenotype of the Mm-luxR1 

mutant. Complement clones were created to control for differences in gene copy 

number. Both single copy and muti copy vectors for the mutated gene. We were 

interested in identifying if the Mm-luxR1 gene plays a role in bacterial growth in 

laboratory media. When grown at 32°C, the Mm-luxR1 mutant displays a significantly 

higher growth rate after 4-6 days of growth as compared to Mm-wt and the Mm-luxR1 

single copy complemented clone (p < 0.01) (Figure 22B). 

The Mm-pcd mutant also displayed a significantly higher growth rate at 32°C 

after 4-6 days of growth as compared to Mm-wt (p < 0.01) (Figure 22 D). Interestingly 

there were no differences in growth rate of the either of the mutants (Mm-luxR1 or Mm-

pcd) as compared to Mm-wt when growth was measured using OD600 (Figure 22 A and 

C) and only by CFU. Possibly, this observation suggests that although the same number 

of cells are made in the wild type, some portion of those cells are unable to form 

colonies, whereas, the mutants can form colonies more effectively at higher OD (later 

stationary phase). This suggests that at higher ODs the Mm-luxR1 and Mm-pcd mutants 

are better able to form colonies in nutrient rich media than Mm-wt. These observations 

indicate that the luxR1 gene locus may play a role in producing viable but not culturable 

M. marinum in nutrient rich growth media. 
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Figure 21. Confirmation of Mm-luxR1 and Mm-pcd Mutants. (A) Schematic 

representation of insertional mutagenesis strategy for Mm-luxR1 and Mm-pcd genes 

using a transposon with a kanamycin resistance marker. (B) Map of primer positions 

used for confirmation of insertion mutants. Right and left arms were amplified from the 

insertion to the gene. The entire gene was amplified to show larger product with each 

insertion. (C) Gel electrophoresis for confirmation of Mm-luxR1 and Mm-pcd insertional 

mutants. 
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Figure 22. Growth of Mm-luxR1 and Mm-pcd Mutants in Nutrient-Rich Media. 

Growth of M. marinum strains in MADC media at 32°C. (A) Growth of Mm-wt, Mm-

luxR1 mutant and Mm-luxR1 single-copy complement measured with OD600. (B) Growth 

of Mm-wt, Mm-luxR1 mutant and Mm-luxR1 single-copy complement measured by 

plating for CFU. (C) Growth of Mm-wt and Mm-pcd mutant measured with OD600. (D) 

Growth of Mm-wt and Mm-pcd mutant measured by plating for CFU. 
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III.4 (D) Mm-luxR1 and Mm-pcd Mutants Display Differences in Colony Size and

Morphology as Compared to Mm-wt 

Since the Mm-luxR1 gene product is a potential transcriptional regulator, we 

were interested in identifying whether thes genes it regulates play a role in production of 

surface structures or characteristics that would impact colony morphology. We plated 

Mm-wt, Mm-pcd and Mm-luxR1 on MADC agar plates and incubated them at 32°C for 

10 days (Figure 23). We did not observe a significant difference in the colony surface 

(smooth vs. rough) for either of the mutants as compared to Mm-wt. However, the Mm-

luxR1 mutant produced colonies that were slightly smaller than the Mm-wt colonies 

(Figure 23 J and L). 

We cultured Mm-wt, Mm-pcd mutant and Mm-luxR1 mutant in liquid MADC 

media at 32°C for 6 days until they reached lag phase and imaged them under a confocal 

microscopy. We looked at small colony and large colony morphologies to evaluate 

whether differences in colony morphology impacted mycobacterial aggregation or 

clumping (Figure 24). We observed that Mm-wt colonies and clumps were more spread 

out and less dense (Figure 24 A, D, G and J). Mm-pcd mutant colonies were more dense 

and not as spread out as Mm-wt (Figure 24 B, E, H and K). In contrast, Mm-luxR1 

mutant colonies and clumps were very dense and clumped a great deal (Figure 24 C, F, I 

L) as compared to Mm-wt. These observations suggest that the Mm-luxR1 mutant and the

Mm-pcd mutant differ from Mm-wt in characteristics that impact colony morphology and 

clumping in culture. 
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Figure 23. Colony Morphology of Mm-wt, Mm-pcd Mutant and Mm-luxR1 Mutant 

(A-F) Colony morphology for Mm-wt, Mm-pcd mutant and Mm-luxR1 mutant inoculated 

by spot plating 10 µl of culture on an MADC agar plate and grown for 10 days at 32°C. 

(G-L) Colony morphology for of Mm-wt, Mm-pcd mutant and Mm-luxR1 mutant 

inoculated by stabbing the agar with an inoculum on an MADC agar plate and grown for 

10 days at 32°C. 
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Figure 24. Morphology and Clumping of M. marinum in Liquid Medium 

(A-C) Clumps of Mm-wt::tdTomato (A), Mm-pcd mutant::tdTomato (B) and Mm-luxR1 

mutant::tdTomato (C) from active cultures grown in MADC media for 6 days (OD600 

1.0) at 32°C. (D-F) Small colony of Mm-wt::mCherry (D), Mm-pcd mutant::mCherry (E) 

and Mm-luxR1 mutant::mCherry (F) from active cultures grown in MADC media for 6 

days (OD600 1.0) at 32°C. (G-I) Clumped bacteria from Mm-wt::tdTomato (G), Mm-pcd 

mutant::tdTomato (H) and Mm-luxR1 mutant::tdTomato (I) cultures grown in MADC 

media for 6 days (OD600 1.0) at 32°C. (J-L) Small clumps of Mm-wt::mCherry (J), Mm-

pcd mutant::mCherry (K) and Mm-luxR1 mutant::mCherry (L) from active cultures 

grown in MADC media for 6 days (OD600 1.0) at 32°C. 
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To further investigate the reduced colony sizes observed for Mm-pcd mutant and 

Mm-luxR1 we performed motility assays (Figure 25). Using a lower percentage of agar 

(0.3%) and lower percentage of carbon source (0.2% glycerol), we cultured the Mm-pcd 

mutant and Mm-luxR1 mutant at 32°C for 10 days. We followed the motility of the 

samples during days 5, 8 and 10. Mortality is a measurement of the ability of the bacteria 

to spread to areas with higher nutrient content. Mycobacteria with an intact ability or 

enhanced ability to spread on a surface will have larger colony sizes on a motility assay 

indicating the involvement of our genes of interest. 

Compared to Mm-wt we observed a reduction in motility of the Mm-pcd mutant 

(Figure 25 N). The Mm-luxR1 mutant had a much higher reduction in its ability as 

compared to Mm-wt (Figure 25 O). These observations suggest that the Mm-luxR1 gene 

regulates gene important for surface characteristics that impact motility and spread. 
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Figure 25. Sliding Motility Assays for Mm-wt, Mm-pcd Mutant and Mm-luxR1 

Mutant. Sliding motility assays were done on 0.3% agar MADC plates with 0.2% 

glycerol and grown for 10 days. (A-I) Sliding motility of Mm-wt, Mm-pcd mutant and 

Mm-luxR1 mutant inoculated by spot plating 10 µl. (J-O) Sliding motility of Mm-wt, 

Mm-pcd mutant and Mm-luxR1 mutant inoculated by stabbed inoculation. (G, M) Mm-wt 

formed large colonies by sliding motility. (H, N) Mm-pcd mutant formed condensed 

colonies with intermediate levels of sliding motility. (I,O) Mm-luxR1 mutant formed 

smaller condensed colonies. 
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III.4 (E) Mm-luxR1 Gene Locus Mutants Display an Increase in Biofilm Formation 

In mycobacterial pathogens and other pathogens such Pseudomonas aeruginosa, 

biofilms have been associated with virulence mechanisms and pathogenesis (Dong et al., 

2012; Harjai et al., 2014). Biofilms are also associated with function of luxR regulators 

in pathogens such as Vibrio harveyi (Kadirvel et al., 2014). Also, the pcd gene has been 

shown to be important in biofilm formation in M. avium (Wu et al., 2009; Yamazaki et 

al., 2006). Therefore we looked at the impact of Mm-luxR1 on biofilm formation. In our 

crystal violet assay, we observed an increase in biofilm formation in the Mm-luxR1 

mutant as compared to Mm-wt when grown in minimal media at room temperature and 

at 32°C (p < 0.001) (Figure 26 C and D). There was also an increase in biofilm 

formation in nutrient rich media when the culture was grown at 32°C (Figure 26 B). 

There was no difference in biofilm formation between the Mm-pcd mutant and Mm-wt 

when cultured in nutrient rich media at room temperature. 
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Figure 26. Mm-luxR1 Mutant Displays Increased Biofilm Formation in the Crystal 

Violet Assay. (A) Intensity of crystal violet absorbance in Mm-wt, Mm-luxR1 mutant 

and Mm-luxR1 complemented clone cultures grown in nutrient rich MADC media at 

room temperature. (B) Intensity of crystal violet absorbance in Mm-wt, Mm-luxR1 

mutant and Mm-luxR1 complemented clone cultures grown in nutrient rich MADC 

media at 32°C. (C) Intensity of crystal violet absorbance in Mm-wt, Mm-luxR1 mutant 

and Mm-luxR1 complemented clone cultures grown in minimal media at room 

temperature. (D) Intensity of crystal violet absorbance in Mm-wt, Mm-luxR1 mutant and 

Mm-luxR1 complemented clone cultures grown in minimal media at 32°C. After 12 days 

of incubation Mm-luxR1 mutant displays increased biofilm formation. 

* p<0.05, ** p<0.01 as compared to Mm-wt. 
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We observed a similar result for the Mm-pcd mutant. There is an increase in 

biofilm formation for the Mm-pcd mutant as compared to Mm-wt when grown in 

minimal media at room temperature and at 32°C (p < 0.001) (Figure 27 C and D). There 

was no difference in biofilm formation between Mm-pcd mutant and Mm-wt when 

cultured in nutrient rich MADC media (Figure 27 A and B). Therefore, our results 

suggest that luxR1 modulates biofilm formation in M. marinum. 

We also performed a glass bead biofilm assay for the Mm-luxR1 mutant and Mm-

pcd mutant and compared them to Mm-wt (Figure 28 and 29). The Mm-luxR1 mutant 

showed a significantly higher level of biofilm formation in both MADC and minimal 

media (Figure 28 B, E) as compared to Mm-wt (Figure 28 A, D) and the Mm-luxR1 

complemented clone (Figure 28 C, F) (p < 0.01) (Figure 28 G and H). Similarly, we 

observed significantly higher levels of biofilm formation in the Mm-pcd mutant in 

MADC media as compared to Mm-wt (Figure 29 B, E and G). However, Mm-pcd mutant 

did not show a significant difference in biofilm formation as compared to Mm-wt in 

minimal media (Figure 29 B, E and H). Our crystal violet and glass bead assay results 

suggest that the Mm-luxR1 gene plays a role in M. marinum biofilm formation than Mm-

pcd. 
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Figure 27. Mm-pcd Mutant Displays an Increase in Biofilm Formation in the 

Crystal Violet Assay. (A) Intensity of crystal violet absorbance in Mm-wt, Mm-pcd 

mutant and Mm-pcd complemented clone cultures grown in nutrient rich MADC media 

at room temperature. (B) Intensity of crystal violet absorbance in Mm-wt, Mm-pcd 

mutant and Mm-pcd complemented clone cultures grown in nutrient rich MADC media 

at 32°C. (C) Intensity of crystal violet absorbance in Mm-wt, Mm-pcd mutant and Mm-

pcd complemented clone cultures grown in minimal media at room temperature. (D) 

Intensity of crystal violet absorbance in Mm-wt, Mm-pcd mutant and Mm-pcd 

complemented clone cultures grown in minimal media at 32°C. After 12 days of 

incubation Mm-pcd mutant displays an increased in of biofilm formation when grown in 

minimal media. 

 * p<0.05, ** p<0.01 as compared to Mm-wt. 
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Figure 28. Mm-luxR1 Mutant Displays an Increase in Biofilm Formation in a Glass 

Bead Biofilm Assay. (A-F) Biofilms were heat fixed, stained with propidium iodide and 

imaged using confocal microscopy. (A-C) Mm-wt, Mm-luxR1 mutant and Mm-luxR1 

complemented clone biofilms formed on cover slips grown in MADC media at 32°C. 

(D-F) Mm-wt, Mm-luxR1 mutant and Mm-luxR1 complemented clone biofilms formed 

on cover slips grown in minimal media at 32°C. (G-H) Fluorescence Intensities were 

quantified using ImageJ software. (G) Mean ± SEM of biofilm intensity of 4 different 

samples of Mm-wt, Mm-luxR1 mutant and Mm-luxR1 complemented clone grown in 

MADC media at 32°C. Mm-luxR1 mutant produced significantly more biofilm. (H) 

Mean ± SEM of biofilm intensity of 4 different samples of Mm-wt, Mm-luxR1 mutant 

and Mm-luxR1 complement grown in minimal media at 32°C. Mm-luxR1 mutant 

produced significantly more biofilm. 

** p<0.01 as compared to Mm-wt. 
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Figure 29. Mm-pcd Mutant Shows an Increase in Biofilm Formation in a Glass 

Bead Biofilm Assay. (A-F) Biofilms were heat fixed, stained with propidium iodide and 

imaged using a confocal microscope. (A-C) Mm-wt, Mm-pcd mutant and Mm-pcd 

complemented clone biofilms formed on cover slips grown in MADC media at 32°C. 

(D) Mm-wt, Mm-pcd mutant and Mm-pcd complemented clone biofilms formed on cover 

slips grown in minimal media at 32°C. (G-H) Fluorescence Intensities were quantified 

using ImageJ software. (G) Mean ± SEM of biofilm intensity of 4 different samples of 

Mm-wt, Mm-pcd mutant and Mm-pcd complemented clone grown in MADC media at 

32°C. Mm-pcd mutant produced significantly more biofilm. (H) Mean ± SEM of biofilm 

intensity of 4 different samples of Mm-wt, Mm-pcd mutant and Mm-pcd complement 

grown in minimal media at 32°C. 

* p<0.05 as compared to Mm-wt. 
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III.4 (F) Mm-luxR1 Mutant is Defective in Macrophage Cell Entry 

Macrophages commonly encounter and phagocytose pathogenic mycobacteria. 

Parasitism of these cells occurs in a few distinct steps: association, adherence, entry and 

intracellular growth (Cosma et al., 2003). We used J774A.1 murine macrophages to 

examine each of these steps using the Mm-luxR1 mutant and Mm-wt. We did not observe 

any significant differences in association and adherence for the Mm-luxR1 mutant as 

compared to Mm-wt (data not shown). However, we did observe a significant decrease in 

entry into macrophages for the Mm-luxR1 mutant as compared to the Mm-wt (p = 

0.0005) and the Mm-luxR1 complemented clone (p = 0.0003) (Figure 30). We also 

observed a reduction in intracellular growth in the Mm-luxR1 mutant as compared to 

Mm-wt. These macrophage infection assays suggest that the Mm-luxR1 gene is involved 

in M. marinum virulence through its role in macrophage infection. 
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Figure 30. Mm-luxR1 Mutant Displays Attenuation in Macrophage Cell Entry 

Macrophages (J774A.1) infected with multiplicity of infection (MOI) of 1 bacterium per 

cell of Mm-wt, Mm-luxR1 mutant and Mm-luxR1 complemented clone. Entry measured 

by percent amikacin resistant after 30 minutes. Percent entry is relative to number of 

bacteria inoculated into wells. Mm-luxR1 mutant had a significantlyreduced macrophage 

entry as compared to Mm-wt (p=0.0005) and Mm-luxR1 complemented clone 

(p=0.0003). Entry of Mm-wt and Mm-luxR1 complemented clone display similar levels 

of entry (p=0.0952). 
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III.4 (G) Mm-luxR1 Mutant is Attenuated in C. elegans Infection 

After finding that the Mm-luxR1 gene impacts macrophage infection, we were 

interested in evaluating the behavior of the Mm-luxR1 mutant in C. elegans. We infected 

C. elegans with M. smegmatis, Mm-wt, Mm-luxR1 mutant, Mm-pcd mutant and their 

complemented clone strains (Figure 31). At two days post-infection we observed 

significant reduction of C. elegans mortality due to the Mm-luxR1 mutant as compared 

to Mm-wt (p = 0.0253) (Figure 31 A). C. elegans infected with the Mm-luxR1 mutant 

had over a 2-fold increase in survival as compared to C. elegans infected with Mm-wt. 

The Mm-luxR1 complemented clone and the Mm-luxR1 overexpressing strain had 

similar virulence in C. elegans as compared to Mm-wt. When the Mm-pcd mutant was 

used to infect C. elegans, it did not show attenuation as compared to Mm-wt (p = 0.1481) 

(Figure 31 B). Therefore, our C. elegans infection assays suggests that the Mm-luxR1 

gene is an important virulence factor in the C. elegans model, while Mm-pcd gene is not. 
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Figure 31. Mm-luxR1 Mutant Displays Attenuation in the C. elegans Model of 

Infection. (A-B) Survival of wild-type (N2) nematodes infected with luxR1 mutant in M. 

marinum, two days post-infection (day 6). Three trials of 20 nematodes (total n = 60) 

each were infected with the luxR1 mutant and survival assessed on day 6. The survival 

rates of C. elegans infected with each M. marinum mutant were compared C. elegans 

infected with wild-type and p-values are shown (unpaired t-test). (A) Mean (±SEM) of 

C. elegans relative survival after infection with Mm-wt, Mm-luxR1 mutant, Mm-luxR1 

complemented clone and Mm-luxR1 over-expressing strain. Mm-luxR1 mutant is 

significantly attenuated (p = 0.0253) in C. elegans as compared to Mm-wt. (B) Mean 

(±SEM) of C. elegans relative survival after infection with Mm-wt, Mm-pcd mutant, 

Mm-pcd complemented clone I (complemented with pcd) and Mm-pcd complemented 

clone II (complemented with pcd and luxR1). Mm-pcd did not display attenuation in C. 

elegans. 
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III.4 (H) Mm-luxR1 Attenuation is Rescued When C. elegans is Co-Infected with Mm-

Wild-type 

After finding that the Mm-luxR1 gene is an important virulence factor in C. 

elegans, we examined the dynamics of C. elegans infection by mixed M. marinum 

culture of the luxR1 mutant and wt. We used M. marinum strains tagged with two 

different fluorescent proteins, tdTomato and mCherry and performed competition assays 

in C. elegans. We infected C. elegans with Mm-wt and M. marinum mutant separately 

and with mixed cultures in parallel to evaluate competition in the same population of 

nematodes. We compared the Mm-wt and Mm-pcd mutant and found that they display 

colonization of the lower gut of C. elegans, even 6 hours post infection (Figure 32 P and 

Q, 33 P and Q). These observations support the pcd mutant is not attenuated in C. 

elegans (Figure 31 B). In both the competitive infection with Mm-wt and Mm-pcd 

mutant and infection by each strain alone, we observe colonization of the lower gut by 

these strains, even 6 hours post-infection (Figure 32 R and 33 R). 
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We infected C. elegans with Mm-wt and Mm-luxR1 mutant and found that, while 

Mm-wt displayed colonization of the C. elegans lower gut (Figure 34 J, M, P and 35 J, 

M, P), the Mm-luxR1 mutant did not show colonization of the C. elegans lower gut 6 

hours post-infection (Figure 34 K, N, Q and 35 K, N, Q). These observations support the 

conclusion the Mm-luxR1 mutant is significantly attenuated in C. elegans as compared to 

Mm-wt (Figure 31 A). When Mm-wt and Mm-luxR1 mutant were co-infected into C. 

elegans, we observed rescue of the Mm-luxR1 mutant and colonization of the C. elegans 

lower gut 6 hours post-infection (Figure 34 L, O, R and 35 L, O, R). This result indicates 

that either the function of Mm-luxR1 gene can be complemented in trans by the Mm-wt; 

or infection with Mm-wt modulates the host response to allow the Mm-luxR1 mutant to 

colonize the lower gut. These observations open new avenues of investigation into the 

function of luxR1 and the C. elegans model needs to be further analyzed to better 

understand the mechanisms of susceptibility/resistance involved in colonization by M. 

marinum. 
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Figure 32. Mm-wt (tdTomato) vs. Mm-pcd Mutant (mCherry) Competitive 

Infections Show Co-colonization of the C. elegans Oro-Pharynx and Lower Gut. 

Adult TP12 (col-19::GFP) nematodes infected with ψmm141 (Mm-wt::tdTomato), 

ψmm144 (Mm-pcd mutant::mCherry), or 1:1 mixed infection of ψmm141: ψmm144 

were imaged at 4 and 24 hours during infection and 6 hours post-infection (30 hour). 

The head and lower-gut regions of 10 TP12 nematodes each at 4, 24 and 30 hour were 

imaged using confocal microscopy. A 40x oil-immersion objective and a digital zoom of 

2.5x was used (effective magnification 100x). A spectral filter for excitation 

wavelengths of 500-640 nm was used, spectrally unmixed and colors chosen for the 

wavelength corresponding to each mycobacterial strain, ψmm141 (yellow) and ψmm144 

(pink). (A-C) Nematode oro-pharynx after 4 hours of infection with ψmm141 (Mm-

wt::tdTomato), ψmm144 (Mm-pcd mutant::mCherry) or both. (D-F) Nematode oro-

pharynx after 24 hours of infection with ψmm141, ψmm144 or both. (G-I) Nematode 

oro-pharynx 6 hours post-infection. (J-K) Nematode lower gut after 4 hours of infection 

with ψmm141 (Mm-wt::tdTomato), ψmm144 (Mm-pcd mutant::mCherry) or both. (D-F) 

Nematode lower gut after 24 hours of infection to ψmm141, ψmm144 or both. (G-I) 

Nematode lower gut 6 hours post-infection. (P) C. elegans lower gut remained colonized 

with Mm-wt (tdTomato) 6 hours post-infection (yellow). (Q) C. elegans lower gut 

remained colonized with Mm-pcd (mCherry) 6 hours post-infection (pink). (R) C. 

elegans lower gut remained colonized with both Mm-wt (tdTomato) and Mm-pcd 

(mCherry) 6 hours post-infection (yellow & pink). 
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Figure 33. Mm-wt (mCherry) vs. Mm-pcd Mutant (tdTomato) Competitive 

Infections Show Co-colonization of the C. elegans Oro-Pharynx and Lower Gut. 

Adult TP12 (col-19::GFP) nematodes infected with ψmm142 (Mm-wt::mCherry), 

ψmm143 (Mm-pcd mutant::tdTomato), or 1:1 mixed infection of ψmm142: ψmm143 

were imaged at 4 and 24 hours during infection and 6 hours post-infection (30 hour). 

The head and lower-gut regions of 10 TP12 nematodes each at 4, 24 and 30 hour were 

imaged using confocal microscopy. A 40x oil-immersion objective and a digital zoom of 

2.5x was used (effective magnification 100x). A spectral filter for excitation 

wavelengths of 500-640 nm was used, spectrally unmixed and colors chosen for the 

wavelength corresponding to each mycobacterial strain, ψmm142 (red) and ψmm143 

(light blue). (A-C) Nematode oro-pharynx after 4 hours of infection with ψmm142 (Mm-

wt::mCherry), ψmm143 (Mm-pcd mutant::tdTomato) or both. (D-F) Nematode oro-

pharynx after 24 hours of infection with ψmm142, ψmm143 or both. (G-I) Nematode 

oro-pharynx 6 hours post-infection. (J-K) Nematode lower gut after 4 hours of infection 

with ψmm142 (Mm-wt::mCherry), ψmm143 (Mm-pcd mutant::tdTomato) or both. (D-F) 

Nematode lower gut after 24 hours of infection with ψmm142, ψmm143 or both. (G-I) 

Nematode lower gut 6 hours post-infection. (P) C. elegans lower gut remained colonized 

with Mm-wt (mCherry) 6 hours post-infection (red). (Q) C. elegans lower gut remained 

colonized with Mm-pcd (tdTomato) 6 hours post-infection (light blue). (R) C. elegans 

lower gut remained colonized with both Mm-wt (mCherry) and Mm-pcd (tdTomato) 6 

hours post-infection (red & light blue). 
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Figure 34. Mm-wt (tdTomato) vs. Mm-luxR1 Mutant (mCherry) Competitive 

Infections Rescue Attenuation of luxR1 and Increase Colonization. Adult TP12 (col-

19::GFP) nematodes infected with ψmm141 (Mm-wt::tdTomato), ψmm146 (Mm-luxR1 

mutant::mCherry), or 1:1 mixed infection of ψmm141: ψmm146 were imaged at 4 and 

24 hours during infection and 6 hours post-infection (30 hour). The head and lower-gut 

regions of 10 TP12 nematodes each at 4, 24 and 30 hour were imaged using confocal 

microscopy. A 40x oil-immersion objective and a digital zoom of 2.5x was used 

(effective magnification 100x). A spectral filter for excitation wavelengths of 500-640 

nm was used, spectrally unmixed and colors chosen for the wavelength corresponding to 

each mycobacterial strain, ψmm141 (yellow) and ψmm146 (red). (A-C) Nematode oro-

pharynx after 4 hours of infection with ψmm141 (Mm-wt::tdTomato), ψmm146 (Mm-

luxR1 mutant::mCherry) or both. (D-F) Nematode oro-pharynx after 24 hours of 

infection with ψmm141, ψmm146 or both. (G-I) Nematode oro-pharynx 6 hours post-

infection. (J-K) Nematode lower gut after 4 hours of infection with ψmm141 (Mm-

wt::tdTomato), ψmm146 (Mm-luxR1 mutant::mCherry) or both. (D-F) Nematode lower 

gut after 24 hours of infection with ψmm141, ψmm146 or both. (G-I) Nematode lower 

gut 6 hours post-infection. (P) C. elegans lower gut remained colonized with Mm-wt 

(tdTomato) 6 hours post-infection (yellow). (Q) C. elegans lower gut shows reduced 

levels of colonization with Mm-luxR1 (mCherry) 6 hours post-infection (red). (R) C. 

elegans lower gut shows much higher level of colonization with Mm-luxR1 (mCherry) 6 

hours post-infection (red), essentially rescuing its attenuation phenotype. 
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Figure 35. Mm-wt (mCherry) vs. Mm-luxR1 Mutant (tdTomato) Competitive Infections 

Rescue Attenuation of luxR1 and Increase Colonization. Adult TP12 (col-19::GFP) 

nematodes infected with ψmm142 (Mm-wt::mCherry), ψmm145 (Mm-luxR1 

mutant::tdTomato), or 1:1 mixed infection of ψmm142: ψmm145 were imaged at 4 and 

24 hours during infection and 6 hours post-infection (30 hour). The head and lower-gut 

regions of 10 TP12 nematodes each at 4, 24 and 30 hour were imaged using confocal 

microscopy. A 40x oil-immersion objective and a digital zoom of 2.5x was used 

(effective magnification 100x). A spectral filter for excitation wavelengths of 500-640 

nm was used, spectrally unmixed and colors chosen for the wavelength corresponding to 

each mycobacterial strains, ψmm142 (red) and ψmm145 (blue). (A-C) Nematode oro-

pharynx after 4 hours of infection with ψmm142 (Mm-wt::mCherry), ψmm145 (Mm-

luxR1 mutant::tdTomato) or both. (D-F) Nematode oro-pharynx after 24 hours of 

infection with ψmm142, ψmm145 or both. (G-I) Nematode oro-pharynx 6 hours post-

infection. (J-K) Nematode lower gut after 4 hours of infection with ψmm142 (Mm-

wt::mCherry), ψmm145 (Mm-luxR1 mutant::tdTomato) or both. (D-F) Nematode lower 

gut after 24 hours of infection to ψmm142, ψmm145 or both. (G-I) Nematode lower gut 

6 hours post-infection. (P) C. elegans lower gut remained colonized with Mm-wt 

(mCherry) 6 hours post-infection (red). (Q) C. elegans lower gut shows reduced levels of 

colonization with Mm-luxR1 (tdTomato) 6 hours post-infection (blue). (R) C. elegans 

lower gut shows much higher level of colonization with Mm-luxR1 (tdTomato) 6 hours 

post-infection (red), essentially rescuing its attenuation phenotype. 
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Figure 36. Proposed Model for the Function of Mycobacterial Virulence Factor 

LuxR1 Protein. The mycobacterial LuxR1 protein has a DNA binding helix-turn-helix 

motif and an auto-inducer binding domain. LuxR1 can act as a repressor under log phase 

and be displaced upon binding of an auto-inducer. LuxR1 can thereby regulate 

transcription of virulence factors that allow the pathogen to infect macrophages and C. 

elegans. 
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III.5 Discussion 

Mycobacterial species have several genes with similarity to luxR in other 

species. However, most of these have not yet been characterized. We examined one of 

these genes, Mm-luxR1 and evaluated its role in M. marinum virulence. Mm-luxR1 was a 

of particular interest because a non-pathogenic mycobacteria, M. smegmatis does not 

have an ortholog for this gene, its deduced protein product has motifs similar to those 

found in V. harveyi LuxR and an Mtb-luxR1 mutant displays attenuation in 

macrophages. We propose that LuxR1 is a master regulator that controls virulence genes 

involved in mycobacterial pathogenesis (Figure 36). 

In most bacterial species the luxR gene is part of an operon. We demonstrated 

that Mm-luxR1 is most likely part of a common transcript with Mm-pcd and a 

hypothetical gene (MMAR-1241). Further studies are needed to better understand the 

function of this operon in M. marinum. It is also important to determine whether this 

operon is present and has a similar role in virulence of other pathogenic mycobacteria, 

such as and Mtb and M. avium. This operon could be confirmed using 5’-Rapid 

Amplification of cDNA Ends (RACE) and 3’-RACE. To demonstrate the specific 

nucleotides where transcription begins and ends. An understanding of the structure of 

this transcript will allow identification of promoter regions involved in repression and 

coordinated regulation of this operon. 

In nutrient rich MADC media, we observed rapid growth of both the Mm-pcd 

mutant and Mm-luxR1 mutant as compared to Mm-wt. We observed a similar trend in 

biofilm formation assays, where both the Mm-luxR1 and Mm-pcd mutants display 



 

109 

 

increased biofilm formation. The observed increase in biofilm formation could be due to 

increased growth of the mutant strains or could be due to differences in the ability to 

form biofilms. Growth conditions that equalize the growth rates of these strains could be 

used to differentiate between these possibilities. In previous studies, pcd has been 

associated with biofilm formation in M. avium (Wu et al., 2009; Yamazaki et al., 2006). 

In these studies a pcd mutant displayed decreased in biofilm formation. It could be that 

our results were influenced by increased growth rates under the condition tested or pcd 

could have different functions in M. marinum than in M. avium. This is an area where 

further investigation is needed. 

In order to use M. marinum as a model Mtb pathogen there should be parallels in 

the mechanisms used to parasitize the host. Since both the Mtb-luxR1 and Mm-luxR1 

mutants have been tested in macrophages, their contribution to virulence can be 

compared. The Mtb-luxR1 mutant displays a decrease in intracellular growth in 

macrophages, but does not differ in adherence, association or entry into macrophages as 

compared to Mtb-wt. The Mm-luxR1 mutant, on the other hand, was attenuated in both 

entry and intracellular growth in macrophages, while displaying no differences in 

adherence and association as compared to Mm-wt. These observations validate our M. 

marinum model demonstrating that results we obtain in M. marinum can be translated to 

Mtb. 

We also show that the Mm-luxR1 mutant is attenuated in C. elegans infection. 

When Mm-wt and the Mm-luxR1 mutant used to infect C. elegans together, we observe 

rescue of the Mm-luxR1 mutant and colonization of the C. elegans gut. Our observations 
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using C. elegans and M. marinum competition assays open new possibilities for the use 

of the C. elegans model in study of the complex interactions involved in mixed bacterial 

infections. 

 



 

111 

 

CHAPTER IV  

STUDYING THE INNATE IMMUNE RESPONSE TO MYCOBACTERIAL 

INFECTION UTILIZING CAENORHABDITIS ELEGANS 

 

IV. 1 Summary 

Mitogen activated protein kinase (MAPK) cell signaling pathways are critical 

mediators of host cell responses to pathogens. Pathogenic mycobacterial species activate 

all three major MAPK pathways, suggesting involvement in pathogenesis, but there is 

little evidence for their role in animals due to the developmentally detrimental effects of 

these mutations in mice. Caenorhabditis elegans has proven valuable for analysis of 

molecular host-pathogen interaction mechanisms, due to the vast array of tools available. 

Members of the genus Mycobacterium are important human pathogens, particularly due 

to infection of nearly one-third of the world’s population by Mycobacterium 

tuberculosis.  Mycobacterium marinum, an important aquatic pathogen that, due to its 

growth preference of <33°C, causes only skin infections in humans, is closely related to 

M. tuberculosis. We found that C. elegans, normally maintained at or near 20°C, 

infected with M. marinum for 24 h display >80% mortality. In contrast, when infected 

with the non-pathogenic mycobacteria M. smegmatis, <15% mortality is observed. 

Differences in bacterial load and localization suggest that pathogenic mycobacteria 

colonize C. elegans better than non-pathogenic mycobacteria. In addition, C. elegans 

display physiological and morphological changes when infected with pathogenic 

mycobacteria, implying that pathogenic mechanisms bring about these pathological 
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changes. Probing the potential role pathogenic and non-pathogenic C. elegans p38 

MAPK revealed differences in the innate immune response against mycobacteria.  A 

MAPK (pmk-1) mutant of C. elegans is hypersensitive to both M. marinum and M. 

smegmatis, while wild-type nematodes, with a functional copy of pmk-1 resist M. 

smegmatis but not M. marinum. We propose that while a protctive innate immune 

response is triggered through p38 MAPK in C. elegans, pathogenic mycobacteria 

successfully inhibit this response, leading to increased mortality. Interestingly, M. 

marinum mutants affecting mammalian macrophage infection cause less mortality in C. 

elegans than wild type M. marinum. These observations establish C. elegans as a new 

host for study of mycobacterial pathogenic mechanisms and provide evidence for the 

importance of the MAPK-mediated innate immune response during infection. 

 

IV.2 Introduction 

The innate immune response acts as a key first line of defense in protecting the 

host against pathogens. Eukaryotic organisms recognize pathogen-associated molecular 

patterns (PAMPs) using a variety of pattern recognition receptors (PRRs) to trigger 

appropriate immune responses to invading pathogens (Kawai and Akira, 2010; Newton 

and Dixit, 2012). The innate immune response subsequently activates the adaptive 

immune response through expression of cytokines and chemokines, working in synergy 

with the adaptive immune response to defend the host (Iwasaki and Medzhitov, 2010). 

PRRs recognize conserved structures not present in eukaryotic cells, such as 

lipopolysaccharide (LPS), and trigger an initial immune response until the adaptive 
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immune response takes over (Janeway, 1989, 1992). Activation of the adaptive immune 

response takes 5 to 7 days and, in the absence of a functional innate immune response, 

this process is delayed or not appropriately activated (Medzhitov and Janeway, 1997). 

Among other functions, PRRs are important for activation of the inflammatory response 

and initiation of apoptosis (Medzhitov and Janeway, 1997). Several classes of PRRs are 

important in activation of innate immunity, including C-type lectin receptors (CLRs), 

Tol-like receptors (TLRs) and NOD-like receptors (NLRs) (Kingeter and Lin, 2012; 

Kleinnijenhuis et al., 2011). All PRPs identified activate a signaling cascade through the 

mitogen-activated protein kinase (MAPK) pathway in response to PAMPs (Kawai and 

Akira, 2010; Newton and Dixit, 2012), suggesting that MAPK is a key mediator of 

immunity. The MAP kinase pathways are highly conserved in eukaryotic species and 

MAPK-p38 and MAPK-JNK are primarily activated in response to environmental 

stresses and inflammation (Roach and Schorey, 2002; Sendide et al., 2005). As a result 

of this role, MAPK is one of the primary early signaling pathways that lead to the 

initiation of the inflammatory response after bacterial infection (Koul et al., 2004). 

While most current therapeutics and interventions focus on the pathogen and host 

adaptive immune system, the innate immune response is also critical for suppressing 

mycobacterial growth (Brightbill et al., 1999; Pan et al., 2005). During mycobacterial 

infections, the innate immune response is first activated when mycobacteria encounter 

macrophages in the lung or other initial sites of infection (Roach and Schorey, 2002; Tse 

et al., 2002). The innate immune response continues to play a role throughout the early 

course of infection, while the T cell-mediated adaptive immune response is activated 
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shortly afterward and helps to reduce the bacterial load (Stenger and Modlin, 1999). 

When mycobacteria come in contact with macrophages, ERK and p38 are activated by 

phosphorylation leading to induction of the inflammatory response through production 

of IL-10 and TNF-α (Schorey and Cooper, 2003; Shiratsuchi et al., 2008; Souza et al., 

2007). A major mycobacterial surface molecule, lipoarabinomannan (LAM), is known to 

act as a PAMP that activates the host innate immune response through MAPK 

(Chatterjee and Khoo, 1998; Strohmeier and Fenton, 1999). The LAM on the surface of 

pathogenic mycobacteria, such as M. tuberculosis, is mannose-capped (Man-LAM); 

whereas, non-pathogenic mycobacteria, such as M. smegmatis, have arabinosylated 

LAM (Ara-LAM). Ara-LAM induces high levels of cytokines and inflammatory 

mediators such as TNF-α, IL-1α, and IL-10, while Man-LAM suppresses activation of 

MAPK and, thereby, inflammatory cytokines (Dahl et al., 1996; Juffermans et al., 2000; 

Knutson et al., 1998; Roach et al., 1993). Despite the differences in activation of MAPK 

and the inflammatory response during in vitro interactions with host cells that correlate 

with mycobacterial virulence, the role of the MAPK pathway and its significance in 

mycobacterial infections in vivo is not well understood. 

In C. elegans, there are three p38 isoforms, designated pmk-1-3, which 

coordinate the MAPK pathway responses to stresses, including pathogenic bacteria 

(Coleman and Mylonakis, 2009; Dierking et al., 2011; Padmanabhan et al., 2009; 

Shivers et al., 2009; Troemel et al., 2006; Ziegler et al., 2009). PMK-1, the best 

characterized of the p38 isoforms, modulates the immune response and helps reduce 

oxidative damage and egg laying defects during environmental stresses and in the 
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presence of pathogens (Mertenskotter et al., 2013; Montalvo-Katz et al., 2013; Papp et 

al., 2012; Yang et al., 2013). 

We found that susceptibility of C. elegans to M. marinum is controlled by the 

p38 MAPK pathway, suggesting that the innate immune response is a key component of 

nematode resistance against mycobacterial infection. These studies demonstrate that C. 

elegans can be used as a virulence model for pathogenic mycobacteria that allows 

detailed analysis of both bacterial virulence factors and the innate immune response, in 

particular the MAPK pathway, a difficult pathway to analyze in mammalian hosts. 

 

IV.3 Experimental Procedures 

IV.3 (A) Bacterial Growth Conditions 

A wild-type clinical isolate of M. marinum strain M (Ramakrishnan, 1997), M. 

smegmatis mc
2
155 and E. coli OP50 were used for C. elegans infection to characterize 

host-pathogen interactions. Two constitutively expressing tdTomato fluorescent 

mycobacterial strains (ψmm91 and ψmm23) were derived by transforming M. marinum 

and M. smegmatis with a multi-copy plasmid, pJDC60 (pFJS8ΔGFP::tdTomato, under a 

PL5 promoter, with kanamycin selection). These strains were used to study 

mycobacterial localization within C. elegans nematodes after infection. M. marinum 

cultures were grown
 
at 32ºC standing in T25 tissue culture flasks. E. coli and M. 

smegmatis cultures were grown at 37ºC shaking in sterile disposable glass test tubes. M. 

marinum and M. smegmatis were grown in Middlebrook 7H9 media (Difco, Sparks, 

MD) supplemented with 0.5% glycerol, 10% albumin-dextrose complex (ADC) and 
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0.25% Tween 80 (M-ADC-TW), while E. coli was grown in Miller’s Luria Broth (NPI, 

Mt. Prospect, IL). 

IV.3 (B) C. elegans Maintenance and Synchronization 

N2 (Bristol, wild-type), KU25 [pmk-1(km25)], IG10 [tol-1(nr2033)], NU3 [dbl-

1(nk3)], GR1307 [daf-16(mgDf50)], EU31 [skn-1(zu135)], JT366 [vhp-1(sa366)] and 

TP12 [kaIs12(col-19::GFP)] C. elegans strains were used in this study. The nematodes 

were grown and maintained on nematode growth media (NGM) plates using standard 

methods at room temperature (Brenner, 1974). Room temperature was regularly 

monitored and maintained at between 19ºC to 21ºC. Synchronous cohorts of C. elegans 

were obtained by lysing gravid nematodes using an alkaline bleach solution (Emmons et 

al., 1979). After removing the bleach solution and washing the embryos, they were 

stored in M9 buffer overnight to obtain L1 larvae. These L1 larvae were transferred onto 

NGM plates seeded with E. coli for growth of age-synchronized nematodes. 

IV.3 (C) C. elegans Infection with Bacterial Cultures and Recovery 

Bacterial cultures were grown until they reached stationary phase. 70 µl of E. coli, M. 

smegmatis or M. marinum were seeded on small tissue culture dishes (35x10 mm, 

Falcon), with NGM agar by spreading the bacteria to cover over 3/4
th

 of the infection 

plates. These plates were placed at room temperature overnight to allow bacterial 

cultures to grow, equilibrate/stabilize and become ready for infection the next day. Three 

day old age-synchronized adult C. elegans were washed with ddH20 to remove residue 

E. coli and transferred onto plates seeded with E. coli, M. smegmatis or M. marinum. 

Cohorts of C. elegans were infected for a period of 4, 24 or 48 hours with each 
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individual bacterial strain.  After the period of infection, the nematodes were transferred 

on to small NGM recovery plates with E. coli seeded in the center of each plate. 20 

nematodes were incubated per small recovery NGM plate and cohorts of 60 nematodes 

were used for each bacterial infection. Nematodes were counted daily and transferred 

onto fresh E. coli plates every other day until experimental nematodes stopped laying 

eggs. Then they were transferred every 3-4 days to avoid overgrowth of E. coli until the 

nematodes reached senescence and died. The nematodes were considered dead if they 

were unresponsive to touch by the picker. Each bacterial infection was repeated at least 

three times with 20, 40 or 60 nematodes, unless stated otherwise. C. elegans were 

incubated at room temperature (19ºC to 21ºC) for all experiments. 

IV.3 (D) Survival, Bagging and Morphological Characterization of C. elegans 

C. elegans L1 larvae incubated on E. coli seeded NGM plates after 

synchronization were considered 0 days old. They were grown for three days at room 

temperature before bacterial infection. On day 4, they were recovered onto fresh E. coli 

seeded NGM plates and followed for survival and changes in morphology. The number 

of nematodes that died due to bagging of the adult nematode (where embryos hatch 

within the adult and cause the death of the adult) on day 5 and 6 was determined. 

Nematodes that lost their dark pigmentation after bacterial infection were designated as 

depigmented. Nematodes that were less than 2/3
rd

 the length of a healthy nematode were 

designated as having a shortened length. On day 6, depigmented and shorter nematode 

numbers were determined. Nematodes that died prior to 15 days were considered to have 

a shortened lifespan. 
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IV.3 (E) RNAi Knock-Down Mutagenesis of C. elegans

After bleaching to age-synchronize the C. elegans, N2 L1 larvae were inoculated 

on small NGM plates seeded with E. coli strain HT115 (DE3) with RNAi constructs 

cloned into the pL4440-DESTvector and selected for ampicillin resistance (100 µg/ml). 

E. coli strains producing dsRNA of pmk-1, tol-1, dbl-1, daf-16, skn-1 and vhp-1 genes 

were used (Appendix Table 2). 50 µl of E. coli with each RNAi plasmid was added to 

the plates on day one and two of N2 knock-down mutant growth. Adult N2 knock-down 

mutants were then infected with wild-type M. smegmatis or M. marinum on day three as 

described above and their susceptibility to infection with mycobacteria was assessed. 

IV.3 (F) Survival Assays for C. elegans Mutants

C. elegans L1 larvae were obtained for each of the C. elegans mutant strains 

pmk-1, tol-1, dbl-1, daf-16, skn-1 and vhp-1. They were incubated on E. coli seeded 

NGM plates after synchronization and grown for three days at room temperature before 

subjecting to bacterial infection. On day 4, they were recovered onto fresh E. coli seeded 

NGM plates and followed for survival and changes in morphology. 
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IV.3 (G) C. elegans Mutant Confirmation Through RT-PCR and qPCR

Age-synchronized N2 L1 larvae were incubated on plates seeded with E. coli 

producing each of the individual dsRNA for the target gene (Appendix Table 2). Three 

day old adult nematodes were obtained and RNA was extracted after dissolving the 

nematodes in trizol. cDNA was produced using random primers and qPCR was run for 

each target gene (Appendix Table 3). Cdc-42 and pmp-3 were used as control 

constitutively expressed genes. Age-synchronized 3 day old nematodes from each 

mutant strain were used in this study and also used for RT-PCR confirmation. 

IV.3 (H) Statistical Analyses

Parametric two tailed unpaired t-tests were used to compare the means of 

different bacterial infection groups at distinct time points using GraphPad Prism 

software. Means, standard deviations and standard errors were calculated using 

GraphPad Prism software and Microsoft Excel spreadsheets. A non-parametric log-rank 

statistical method was used to determine the difference in survival of groups of C. 

elegans after infection, using an online application for survival analysis of lifespan 

assays found on http://sbi.postech.ac.kr/oasis (released on May 2009; last accessed on 

March 20
th

 2014) (Yang et al., 2011).
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IV.4 Results 

IV.4 (A) MAPK Plays an Important Role in Protection From Mycobacteria 

In mammalian macrophages, the MAP-kinase pathway is important in the initial 

response to mycobacterial infection (Roach and Schorey, 2002; Tse et al., 2002), but the 

importance of MAPK in the complex multi-cellular response of whole animals remains 

unclear, most likely due to the critical nature of this gene during development. In C. 

elegans, there is evidence that MAPK can play a role in defense against bacterial 

pathogens, but mycobacteria have not been examined (Jebamercy et al., 2013; 

Mertenskotter et al., 2013; Papp et al., 2012). We used our C. elegans virulence model to 

evaluate the role of MAPK in mycobacterial infection. E. coli expressing RNAi was 

used to knock-down pmk-1 MAPK in C. elegans and found that the resulting nematodes 

were more susceptible to M. marinum infections, with significantly higher mortality at 

two days post-infection (Figure 37A-B). Interestingly, C. elegans with reduced MAPK 

expression are more susceptible to M. marinum and M. smegmatis (Figure 37B), 

suggesting that protection from both pathogenic and non-pathogenic mycobacteria 

involves MAPK. We also infected a C. elegans pmk-1 mutant with M. marinum and M. 

smegmatis and found that they displayed a similar, and possibly greater, increase in 

mortality, with 100% mortality during the first 24 h of infection with M. marinum 

(Figure 37C-D). Our results suggest that the p38 MAPK pathway plays an important role 

in defense against mycobacterial infections. 
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Figure 37. pmk-1 Gene Plays an Important Role in The C. elegans Innate Immune 

Response to Mycobacteria (A) The pmk-1 RNAi knock-down strain has a significant 

reduction in viability after infection to M. marinum as compared to wild-type C. elegans 

(p = 0.0324). The tol-1, dbl-1, and daf-16 RNAi knock-down strains do not display a 

significantly reduction in viability as compared to wild-type C. elegans (unpaired t-test). 

(B) Relative survival of pmk-1 RNAi knock-down strains infected with Ms and Mm two 

days post infection as compared to wild-type C. elegans. (C) The C. elegans pmk-1 

mutant has a significantly reduction in viability two days after M. marinum infection (p 

<0.0001). (D) Survival of a C. elegans pmk-1 mutant after 24 hours of infection. Mm vs. 

Ms Chi
2
 statistic of 119.00 (p <0.0001); Mm and E. coli Chi

2
 statistic of 119.00 (p 

<0.0001); Ms vs. E. coli Chi
2
 statistic of 42.25 (p <0.0001). 
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Figure 38. Morphological Changes in pmk-1 Mutant C. elegans Infected with 

Bacteria. (A-D) 3 trials of 20 adult pmk-1 (km25)  mutant nematodes each (total n = 60) 

were infected with E. coli (OP50), M. smegmatis (MC
2
155) or M. marinum (ψmm1) for 

24 hours, and morphological changes were characterized. P-values are shown comparing 

E. coli to M. smegmatis infection and M. smegmatis to M .marinum infection (unpaired 

t-test). (A) Mean (±SEM) number of nematodes that died by 11 days post-infection (day 

15), were characterized as having a shortened lifespan. (B) Mean (±SEM) number of 

nematodes that bagged and died by 2 days post-infection (day 6). (C-D) For each trial, 

the percentage of depigmentation and shortened length was determined for the remaining 

nematodes after initial mortalities due to bacterial infection. (C) Mean (±SEM) number 

of nematodes with a loss of pigmentation by 2 days post-infection (day 6), determined 

by a visible reduction in cuticular pigmentation. (D) Mean (±SEM) number of 

nematodes with a length of less than 2/3
rd

 the length of a healthy adult nematode by 2 

days post-infection (day 6). 
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IV.4 (B) MAPK Is a Key Pathway for Protection from Mycobacterial Infection 

In addition to the MAPK pathway, several alternative signaling pathways have 

been shown to play roles in C. elegans defense against pathogenic bacteria, including 

TOL-like receptor, TGF-β and insulin-like receptor pathways. The insulin-like signaling 

pathway is known to increase resistance to microbial invasion (Evans et al., 2008; Singh 

and Aballay, 2009). The TOL-like receptors and the TGF-β pathway have been shown to 

be important in both Gram-positive and -negative infections (Tenor and Aballay, 2008).  

We used RNAi knock-down, similar to that used for MAPK, to evaluate the role of the 

C. elegans tol-1 (TOL-like pathway), dbl-1 (TGF-β) and daf-16 (insulin-like pathway) 

genes in the innate immune response to mycobacterial infection.  The tol-1, dbl-1 nor 

daf-16 RNAi knock-down had an impact on viability of C. elegans after M. marinum 

infection (Figure 37A). We confirmed our results with RNAi knock-downs using C. 

elegans mutants in tol-1, dbl-1 and daf-16 (Figure 39). In fact, these mutants displayed a 

trend of increased resistance, rather than susceptibility to M. marinum infection, though 

they were not statistically significant. These observations suggest that knocking out 

alternative pathogen resistance pathways could stimulate or prepare the MAPK pathway 

for activation against mycobacterial infection. Our results indicate that while the MAPK 

pathway (pmk-1) plays an important role in the defense against M. marinum infections, 

TOL-like receptors, TGF-β and insulin-like signaling pathways, which are important for 

other pathogens, do not play an important role in C. elegans resistance to mycobacterial 

infection. 
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Figure 39. tol-1, dbl-1 and daf-16 Genes Play Less Important Roles in C. elegans 

Innate Immune Response To Mycobacteria (A) Survival of tol-1, dbl-1 and daf-16 C. 

elegans mutants two days post-infection with M. marinum. (B) Survival of tol-1 C. 

elegans mutant after 24 hours of infection. Mm vs. Ms Chi
2
 statistic of 85.22 (p 

<0.0001); Mm vs. E. coli Chi
2
 statistic of 88.00 (p <0.0001); Ms vs. E. coli Chi

2
 statistic 

of 0.01 (p = 0.9219). (C) Survival of dbl-1 C. elegans mutant after 24 hours of infection. 

Mm vs. Ms Chi
2
 statistic of 15.98 (p = 0.0001); Mm vs. E. coli Chi

2
 statistic of 23.10 (p 

<0.0001); Ms vs. E. coli Chi
2
 statistic of 1.69 (p = 0.1939). (D) Survival of daf-16 C. 

elegans mutant after 24 hours of infection. Mm vs. Ms Chi
2
 statistic of 58.11 (p 

<0.0001); Mm vs. E. coli Chi
2
 statistic of 57.05 (p <0.0001); Ms vs. E. coli Chi

2
 statistic 

of 0.20 (p = 0.6574). 
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Figure 40. Morphological Changes in tol-1 Mutant C. elegans Infected with 

Bacteria. (A-D) 3 trials of 20 adult tol-1(nr2033) mutant  nematodes each (total n = 60) 

were infected with E. coli (OP50), M. smegmatis (MC
2
155) and M. marinum (ψmm1) 

for 24 hours, and morphological changes were evaluated. P-values are shown comparing 

E. coli to M. smegmatis infection and M. smegmatis to M. marinum infection (unpaired 

t-test). (A) Mean (±SEM) number of nematodes that died by 11 days post-infection (day 

15), designated as having a shortened lifespan. (B) Mean (±SEM) number of nematodes 

that bagged and died by 2 days post-infection (day 6). (C-D) For each trial, the 

percentage depigmentation and shortened length were was determined for the remaining 

nematodes after initial mortalities due to infection. (C) Mean (±SEM) number of 

nematodes with a loss of pigmentation by 2 days post-infection (day 6), determined 

through a visible reduction in cuticular pigmentation. (D) Mean (±SEM) number of 

nematodes with a length of less than 2/3
rd

 the length of a healthy adult nematode at 2 

days post-infection (day 6). 

 



 

126 

 

Figure 41. Morphological Changes in dbl-1 Mutant C. elegans Infected with 

Bacteria. (A-D) 3 trials of 20 adult dbl-1(nk3) nematodes each (total n = 60) were 

infected with E. coli (OP50), M. smegmatis (MC
2
155) and M. marinum (ψmm1) for 24 

hours, and morphological changes were evaluated. P-values are shown comparing E. coli 

to M. smegmatis infection and M. smegmatis to M. marinum infection (unpaired t-test). 

(A) Mean (±SEM) number of nematodes that died by 11 days post-infection (day 15), 

designated as having a shortened lifespan. (B) Mean (±SEM) number of nematodes that 

bagged and died by 2 days post-infection (day 6). (C-D) For each trial, the percentage of 

depigmentation and shortened length were determined for the remaining nematodes after 

initial mortalities due to infection. (C) Mean (±SEM) number of nematodes with a loss 

of pigmentation by 2 days post-infection (day 6), determined through a visible reduction 

in cuticular pigmentation. (D) Mean (±SEM) number of nematodes with a length of less 

than 2/3
rd

 the length of a healthy adult nematode at 2 days post-infection (day 6). 
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Figure 42. Morphological Changes in daf-16 Mutant C. elegans Infected with 

Bacteria. (A-D) 3 trials of 20 adult daf-16(mgDf50) mutant nematodes each (total n = 

60) were infected with E. coli (OP50), M. smegmatis (MC
2
155) and M. marinum 

(ψmm1) for 24 hours, and morphological changes were evaluated. P-values are shown 

comparing E. coli to M. smegmatis infection and M. smegmatis to M. marinum infection 

(unpaired t-test). (A) Mean (±SEM) number of nematodes that died by 11 days post-

infection (day 15), designated as having a shortened lifespan. (B) Mean (±SEM) number 

of nematodes that bagged and died by 2 days post-infection (day 6). (C-D) For each trial, 

the percentage depigmentation and shortened length were determined for the remaining 

nematodes after initial mortalities due to infection. (C) Mean (±SEM) number of 

nematodes with a loss of pigmentation by 2 days post-infection (day 6), determined 

through a visible reduction in cuticular pigmentation. (D) Mean (±SEM) number of 

nematodes with a length of less than 2/3
rd

 the length of a healthy adult nematode at 2 

days post-infection (day 6). 
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IV.4 (C) MAPK-Mediated Resistance to Mycobacteria is Partially Through skn-1 

Regulation 

One of the primary mechanisms by which the MAPK pathway in C. elegans 

controls innate immunity is through the down-stream transcription factor SKN-1 (Papp 

et al., 2012). The skn-1 gene, analogous to the essential mammalian nrf1 and nrf2 cap-n-

collar subfamily of basic leucine zipper transcription factors involved in protection from 

oxidative stress and regulation of the proteasome, is activated during the C. elegans 

response to stress, in particular oxidative stress and bacterial infection (Glover-Cutter et 

al., 2013; Papp et al., 2012; Staab et al., 2013). Based on the known function of skn-1, 

we felt that it was a likely candidate for playing a role in mediating resistance to 

mycobacterial infection.  We infected C. elegans skn-1 RNAi knock-down nematodes 

with M. smegmatis and M. marinum and found no difference in susceptibility to 

mycobacterial infection as compared to wild type C. elegans (Figure 43A). 
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Despite the apparent lack of mortality due to mycobacterial infection in the 

RNAi knock-down strains, the M. marinum infected nematodes did display some 

pathological changes, including depigmentation and low mortality (data not 

shown).When a skn-1 mutant was used, rather than just knocking down expression, we 

observed significantly reduced survival for both the M. marinum and M. smegmatis 

infected nematodes (Figure 43C). Mortality of M. marinum and M. smegmatis infected 

nematodes were similar to that observed with the pmk-1 mutant (Figure 37D); however, 

there was significantly less bagging (p<0.0001) in the skn-1 mutant as compared to the 

pmk-1 mutant (Figure 38B and 44B). However, the skn-1 mutant displayed high 

frequencies of depigmentation and mortality (Figure 44C), similar to, but not as high as, 

the pmk-1 mutant. These observations suggest that skn-1 is involved in the mechanism of 

MAPK-mediated resistance to mycobacteria, but it is likely that MAPK also controls 

other transcriptional regulators that play a role in innate immunity to mycobacterial 

infections in C. elegans. 
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Figure 43. Modulation of C. elegans MAPK Pathway Determines the Extent of 

Resistance to Mycobacterial Infection. (A) Relative survival of skn-1 and vhp-1 RNAi 

knock-down strains of C. elegans at two days post-infection with M. smegmatis (Ms) 

and M. marinum (Mm) for 24 h.  All calculations are relative to C. elegans infected with 

E. coli. (B) skn-1 and vhp-1 knock-down mutants infected with Mm and Ms. (C) Survival 

of the C. elegans skn-1 mutant after 24 hours of infection. Log rank analysis: Mm vs. Ms 

p < 0.0001; Mm vs. E. coli p < 0.0001; Ms vs. E. coli p < 0.0001. (D) Survival of the C. 

elegans vhp-1 mutant after 24 hours of infection. Mm vs. Ms Chi
2
 statistic of 40.85 (p 

<0.0001); Mm vs. E. coli Chi
2
 statistic of 37.72 (p <0.0001); Ms vs. E. coli Chi

2
 statistic 

of 0.01 (p = 0.9173). 
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Figure 44. Morphological Changes in skn-1 Mutant C. elegans Infected with 

Bacteria. (A-D) 3 trials of 20 adult skn-1 (zu135) mutant nematodes each (total n = 60) 

were infected with E. coli (OP50), M. smegmatis (MC
2
155) and M. marinum (ψmm1) 

for 24 hours, and morphological changes were evaluated. P-values are shown comparing 

E. coli to M. smegmatis infection and M. smegmatis to M. marinum infection (unpaired 

t-test). (A) Mean (±SEM) number of nematodes that died by 11 days post-infection (day 

15), designated as having a shortened lifespan. (B) Mean (±SEM) number of nematodes 

that bagged and died by 2 days post-infection (day 6). (C-D) For each trial, the 

percentage depigmentation and shortened length were determined for the remaining 

nematodes after initial mortalities due to infection. (C) Mean (±SEM) number of 

nematodes with a loss of pigmentation by 2 days post-infection (day 6), determined 

through a visible reduction in cuticular pigmentation. (D) Mean (±SEM) number of 

nematodes with a length of less than 2/3
rd

 the length of a healthy adult nematode at 2 

days post-infection (day 6). 
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IV.4 (D) MAPK-Mediated Resistance is Inhibited by Pathogenic Mycobacteria Through 

vhp-1 

In C. elegans, it is known that the MAPK phosphatase vhp-1 acts as an inhibitor 

of the pmk-1 MAPK pathway and can modulate the innate immune response (Kim et al., 

2004). We infected vhp-1 RNAi knock-down nematodes with M. smegmatis and M. 

marinum and we found that a C. elegans vhp-1 knock-down strain displays resistance to 

killing by M. marinum as compared to wild type nematodes (Figure 43B). Similarly, a 

vph-1 mutant displays significantly improved survival post-infection by M. marinum 

(Figure 43D). These observations suggest that one mechanism pathogenic mycobacteria 

may use to block MAPK activation and the innate immune response is induction of vhp-

1.  Induction of vhp-1 would inhibit MAPK, increasing susceptibility of C. elegans to 

mycobacterial infection.  These data suggest that the differences in MAPK induction by 

pathogenic and non-pathogenic mycobacteria could be important for innate immunity 

and may help explain why pathogenic mycobacteria can circumvent the innate immune 

response and cause disease in healthy individuals. 
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Figure 45. Morphological Changes in vhp-1 Mutant C. elegans Infected with 

Bacteria. (A-D) 3 trials of 20 adult vhp-1 (sa366) mutant nematodes each (total n = 60) 

were infected with E. coli (OP50), M. smegmatis (MC
2
155) and M. marinum (ψmm1) 

for 24 hours, and morphological changes were evaluated. P-values are shown comparing 

E. coli to M. smegmatis infection and M. smegmatis to M. marinum infection (unpaired 

t-test). (A) Mean (±SEM) number of nematodes that died by 11 days post-infection (day 

15), designated as having a shortened lifespan. (B) Mean (±SEM) number of nematodes 

that bagged and died by 2 days post-infection (day 6). (C-D) For each trial, the 

percentage depigmentation and shortened length were determined for the remaining 

nematodes after initial mortalities due to infection. (C) Mean (±SEM) number of 

nematodes with a loss of pigmentation by 2 days post-infection (day 6), determined 

through a visible reduction in cuticular pigmentation. (D) Mean (±SEM) number of 

nematodes with a length of less than 2/3
rd

 the length of a healthy adult nematode at 2 

days post-infection (day 6). 
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Figure 46. Activation of the MAPK Pathway is Important in the C. elegans Innate 

Immune Response to Mycobacterial Infection. (A) When infected with mycobacteria, 

the C. elegans MAPK pathway (pmk-1) is activated leading to an innate immune 

response to eliminate the pathogen. A MAPK phosphatase, VHP-1 inhibits the activation 

of MAPK, whereas nuclear respiratory factor (NRF), SKN-1 acts downstream of PMK-1 

during activation of the innate immune response against mycobacteria. (B) The C. 

elegans innate immune response confers resistance to non-pathogenic mycobacteria (e.g. 

M. smegmatis) and survival of the nematodes, while pathogenic mycobacteria (e.g. M. 

marinum) modulate activation of the MAPK pathway in C. elegans, leading to 

persistence of the pathogen and death of the host. 
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IV.5 Discussion 

The innate immune response acts in synergy with the adaptive response to defend 

against invading pathogens (Iwasaki and Medzhitov, 2010). In mycobacterial infections, 

the innate immune response activates the humoral response and continues to be active 

throughout infection (Stenger and Modlin, 1999). A great deal of research has focused 

on activation and inactivation of the adaptive immune response against pathogenic 

mycobacteria, but the innate immune response is less well understood. Interestingly, the 

mechanisms of susceptibility and resistance to mycobacterial infections in C. elegans 

appear to be unique as compared to other bacterial pathogens.  Based on our 

observations, there are clear differences in activation of the innate immune response 

mediated by MAPK when comparing pathogenic to non-pathogenic mycobacteria 

infection in the multi-cellular C. elegans model, consistent with observations in 

mammalian in vitro homogeneous cell culture models (Dahl et al., 1996; Juffermans et 

al., 2000; Knutson et al., 1998; Roach et al., 1993). These observations confirm that C. 

elegans serves as a tractable model that is relevant to study of mammalian innate 

immune response mechanisms. 

We found that the absence of pmk-1 increases susceptibility to mycobacteria; 

whereas, the absence of vhp-1 increases resistance, which suggests an important role for 

MAPK in the innate immune response to mycobacteria.  It is interesting to note that, 

although the vhp-1 mutant increases resistance to M. marinum, M. smegmatis displays a 

nearly identical mortality curve to E. coli in this mutant and the same is true for the tol-1, 

dbl-1 and daf-16 mutants. However, the pmk-1 and skn-1 mutants as well as wild type C. 
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elegans display a modest increase in mortality, even with M. smegmatis, suggesting that 

defense against non-pathogenic mycobacteria involves multiple signaling pathways, 

pmk-1, tol-1, dbl-1 and daf-16, but susceptibility to pathogenic mycobacteria primarily 

involves pmk-1.  Taken together, these observations suggest a key role for the pmk-1 

MAPK pathway in the innate immune response to mycobacterial infection (Figure 46A), 

where C. elegans respond differently to pathogenic and non-pathogenic mycobacterial 

infection through different levels or mechanisms of MAPK activation (Figure 46B). 

When infected with non-pathogenic mycobacteria, such as M. smegmatis, the pmk-1 

pathway is activated fully leading to bacterial killing and host survival. When infected 

with the pathogenic mycobacteria M. marinum, the vhp-1 phosphatase is induced, 

reducing activation of pmk-1, leading to pathogen susceptibility and nematode pathology 

and death. Further analysis of the interaction of pathogenic mycobacteria with C. 

elegans is likely to lead to a better understanding these mechanistic differences and the 

regulation of downstream effectors that lead to pathogen resistance, which could offer 

new targets for therapeutics. 

C. elegans is an excellent host for study of the innate immune response, 

including the MAPK pathway, which can be involved  in control of antimicrobial 

responses (Coleman and Mylonakis, 2009; Dierking et al., 2011; Padmanabhan et al., 

2009; Shivers et al., 2009; Troemel et al., 2006; Ziegler et al., 2009). C. elegans infected 

with M. marinum results in nematode mortality through the inhibition of the nematode’s 

ability to lay eggs and by an increase in oxidative stress within the nematode. The 

inhibition of egg laying causes the infected adult nematodes to from bags of nematodes 
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(bagging), which is a form of protection for the progeny and provides them with a safer 

environment when environmental stresses occur such as infection with pathogens and 

starvation (Mosser et al., 2011; Seidel and Kimble, 2011). This morphological response 

invariably leads to death of the adult nematode within a period of 48 hours. Oxidative 

stress can cause a loss in pigmentation of the adult nematode and leads to a significantly 

lower survival rate. We have shown that the pmk-1 regulated MAP Kinase pathway is 

important for pathogen resistance against mycobacterial infections in C. elegans by 

showing that C. elegans lacking functional pmk-1 leads to 100% mortality within 24 

hours and this mortality can be nearly completely reversed by deletion of vhp-1, a MKP 

gene that inhibits pmk-1. An Nrf analog, skn-1 is be a key protein downstream of pmk-1 

in the response of C. elegans to both Gram-positive and Gram-negative bacteria 

(Mertenskotter et al., 2013; Papp et al., 2012). While skn-1 mutants do not show the 

same bagging phenotype as the C. elegans pmk-1 mutant infected with pathogenic 

mycobacteria, the C. elegans skn-1 mutant displays higher levels of depigmentation and 

significantly reduced survival rates as compared to wild type nematodes. While this 

observation demonstrates the importance of skn-1 downstream of pmk-1 gene in 

pathogen resistance, there could well be other genes acting downstream of pmk-1 that 

impacts their ability to resist mycobacterial infections. Further studies should allow 

identification of other effectors involved in MAPK pathway induced protection from 

mycobacteria. 
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CHAPTER V  

CONCLUSIONS AND DISCUSSION 

 

V.1 Conclusions 

C. elegans is a valuable model for study of pathogenesis and virulence factors of 

mycobacterial. Mycobacterium marinum causes increased pathology and mortality in 

infected nematodes making C. elegans a useful model host for study of mycobacterial 

virulence mechanisms. C. elegans mounts an immune response against mycobacteria 

mediated by the MAPK pathway. However, pathogenic mycobacteria are able to 

suppress this immune response. M. marinum mutants display attenuation in C. elegans. 

This fact allows C. elegans to be used to characterize the role of different mycobacterial 

genes in pathogenesis. 

Infection with pathogenic M. marinum results in increased mortality C. elegans 

as compared to infection with non-pathogenic M. smegmatis. These observations suggest 

that C. elegans responds differently to pathogenic and non-pathogenic mycobacteria. M. 

marinum causes irreversible pathological and morphological changes in C. elegans, 

while M. smegmatis causes transient changes. Nematodes elicit a stress response when 

exposed to mycobacteria that helps them overcome the non-pathogenic strain but are 

unable to overcome M. marinum infections. M. marinum successfully colonizes the gut 

of the nematodes while M. smegmatis is either cleared or broken down. M. marinum 

appears to do so by attaching to the epithelium of the gut. Attachment most likely allows 

M. marinum to persist within the host for extended periods of time making study host-
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pathogen interactions in this model possible. C. elegans display greater survival when 

infected with mutants in putative M. marinum virulence. Therefore C. elegans can be 

used to screen for additional M. marinum mutants that impact various aspects of 

pathogenesis in multi-cellular host. 

Mm-luxR1 is a gene involved in macrophage infection. It regulates genes 

involved in the ability of M. marinum to enter macrophages and grow intracellularly. 

Mm-luxR1 appears to play a role in modulating biofilm formation and is attenuated in C. 

elegans pathogenesis. When Mm-wt and Mm-luxR1 mutant are used to competitively 

infect C. elegans, the Mm-luxR1 attenuation is rescued by the wild type bacteria and 

Mm-luxR1 is able to colonize the gut of C. elegans. This may be due to the fact that the 

function of Mm-luxR1 can be provided by Mm-wt in trans or that when infected with 

Mm-wt, the C. elegans immune system is compromised allowing the Mm-luxR1 mutants 

to colonize the nematode gut despite their defect. 

The C. elegans MAPK pathway plays an important role in protecting nematodes 

from mycobacterial infections. The MAPK pathway is more efficient in protecting 

nematodes from non-pathogenic mycobacteria than pathogenic mycobacteria. 

Pathogenic mycobacteria modulate the MAPK pathway to their advantage and inhibit a 

protective response. The downstream Nrf protein is at least partially involved in 

mediating the response against mycobacterial infections in C. elegans. In the absence of 

a nrf gene, the nematode appears to undergo an oxidative stress response when infected 

with mycobacteria. When the MKP that blocks the activation of MAPK is removed, C. 

elegans are able to resist pathogenic mycobacteria better. Other C. elegans signaling 
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pathways involved in innate immunity, including TOL-like receptors, TGF-β and 

insulin-like signaling pathways do not appear to be as important in mycobacterial 

infections as the MAPK pathway. 

C. elegans can also be used to study attenuated mutants of M. marinum, better 

understand their mechanisms of action in the host and identify new mycobacterial 

virulence factors. Therefore, C. elegans serves as a model for study of both the host 

response and mycobacterial virulence factors that are important for pathogenesis. 

 

V.2 Significance of Findings 

C. elegans provide a novel host to study M. marinum at a temperature optimal for 

growth (room temperature). C. elegans is a simple organism that can be handled with 

ease in the laboratory and large scale infections can be performed in a small amount of 

space. We have shown the importance of the MAPK pathway in the innate immune 

response against mycobacteria. The MAPK pathway is also likely to be important in the 

innate immune response against mycobacteria in humans. However, the involvement of 

the MAPK pathway has not been fully described. The most likely reason for the lack of 

clarity in this important aspect of the innate immune response is that there are not higher 

level eukaryotic hosts with complete knock-outs of MAPK. Since mutations are 

developmentally lethal. However, in C. elegans MAPK knock-outs exist and they are not 

lethal, making C. elegans a valuable model for studies focused on understanding the role 

of MAPK in pathogenesis. 
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C. elegans can be used to identify receptors and downstream effectors that 

mediate the host innate immune response against mycobacteria. Mycobacterium 

marinum causes morphological changes in C. elegans that allow us to measure 

pathogenic processes are important during infection. C. elegans is a useful novel model 

to study the innate immune response and mycobacterial virulence mechanisms. We also 

found that C. elegans allows use of competition assays to gain more detailed insight into 

the importance of mycobacterial virulence determinants as compared to other genes. 

Several useful molecular assays including, RNAi, high throughput sequencing can be 

used in C. elegans for detailed analysis of host-pathogen interactions. Furthermore, it is 

likely that C. elegans can be utilized in a similar manner to that used in the current study 

to identify novel therapeutic targets for mycobacterial infections. 

 

V.3 Study Limitations 

Mycobacteria are primarily intracellular pathogens (Vergne et al., 2004a) and 

reside within macrophages (Roach et al., 1993; Tascon et al., 2000). However, it is not 

known whether mycobacterial infections in C. elegans have an intracellular phase. C. 

elegans do not have macrophages or other phagocytic cells (Aballay et al., 2003). 

Therefore, C. elegans cannot necessarily be used to study the intracellular phase of 

mycobacterial infections. Since C. elegans do not have macrophages, they are unable to 

form granulomas, making it unlikely that finding in C. elegans will be directly relevant 

to granuloma formation. 
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Since C. elegans have only an innate immune system (Aballay et al., 2003; 

Jebamercy et al., 2013), they lack a defined adaptive immune response. Therefore, C. 

elegans cannot be used to characterize activation of the T cell response as it arises from 

the innate immune response. Mycobacterial diseases are usually chronic infections, 

making C. elegans a model for primarily acute phase of infection. C. elegans can be 

used for screening of virulence genes, identifying host-pathogen interaction and studying 

the host immune response, but it is not yet clear whether all pathways that are relevant to 

C. elegans will also be important in mammals. 

A limitation of the current study is the absence of any protein analysis. We 

characterize the important role of the MAPK pathway plays in the innate immune 

response against mycobacterial infections and support our hypothesis with knock-down 

and knock-out mutants. However, to confirm the involvement of this signaling pathway 

in pathogenesis, it would be valuable to carryout phosphorylation analysis. These are 

some of the future directions of this work. 

Despite these potential limitations, the apparent similarities of our finding to 

those in mammalian systems strongly supports to great potential for the C. elegans 

model for mycobacterial pathogenesis contributing a wealth of knowledge regarding 

molecular mechanisms of mycobacterial pathogenesis. 
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Appendix Tables 

Table 1. Mutants in M. marinum. 

Gene
1
 Putative activity

2
 Mtb homolog

3
 

fadD29 fatty acid-CoA ligase Rv2950c 

fadD30 fatty acid-CoA ligase Rv0404 

mimA membrane protein Rv0246 

mimB integrase/recombinase None 

mimC o-phosphotransferase Rv2636 

mimD hypothetical protein None 

mimE copper amine oxidase None 

mimF phage protein None 

mimG Amidophosphoribosyltransferase Rv3242c 

mimH secretion (extRD1) Rv3881c 

mimI hypothetical protein Rv1502 

mimJ hypothetical protein None 

mimK hypothetical protein None 

Nrp glycopeptidolipid synthesis Rv0101 

pks12 polyketide synthesis Rv2048c 

ppe24 PPE24 Rv1753c 

ppe53 PPE53 Rv3159c 

sdhD succinate dehydrogenase Rv3317 

 

1 
Mutants were constructed previously (Mehta et al., 2006). 

2 
Putative activities are as described in NCBI Gene Bank. 

3 
Homolog annotation are listed as previously reported (Mehta et al., 2006). 
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Table 2. C. elegans RNAi Constructs and Mutant Strains. 

Gene RNAi Construct
1
 Mutant Strain

2
 Mutant Genotype 

daf-16 R13H8.1 GR1307 daf-16 (mgDf50) 

dbl-1 T25F10.2 NU3 dbl-1 (nk3) 

pmk-1 B0218.3 KU25 pmk-1 (km25) 

skn-1 T19E7.2 EU31 skn-1 (zu135) 

tol-1 C07F11.1 IG10 tol-1 (nr2033) 

vhp-1 F08B1.1 JT366 vhp-1 (sa366) 

 

1 
RNAi constructs were cloned into pL4440-DEST vector that confirms resistance to 

ampicillin (100 µg/ml). E. coli host strain is HT115 (DE3) (obtained from the Fire Lab). 

2 
Mutant strains were obtained from Caenorhabditis Genetics Center (CGC), University 

of Minnesota. 
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Table 3. Primers Used for Confirmation of C. elegans Mutants and RNAi Knock-

Down Mutants. 

Gene Forward primers
1
                                 Reverse primers

1
 Product length 

pmk-1 AACTGGAACACCAGATGAAG TTGAAATCACGGCGAGTC 99bp 

daf-16 CGGTTCCAGCAATTCCA GCTTCGACTCCTGCTTAAT 102bp 

dbl-1 ACTGAGCTCATTGCCCTA TTTGTGCACTCCGTTTCC 101bp 

tol-1 GCTGGACGTGTCGAATAAT GTAAGCAGATTGCCCTTCA 99bp 

vhp-1 TGTTGTCGAGAACCCATTT GCAGATGCTGGAGTTGAT 96bp 

skn-1 CGTCAACAGCAGACTCAAA CGAGTGTCTCTGTGAGTGA 96bp 

cdc-42 GCTCGAGAAACTGGCAAA CGCTGAGCATTCAACGTA 103bp 

pmp-3 TCGCTAACTGAATGGAGAAT TGATGAACACGGGAACAC 103bp 

 

1
 Forward and Reverse primers were selected using the Oligo Analyzer Tools available 

on the Integrated DNA Technologies website, to have a melt temperature of ~60 ºC.  
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Table 4. List of Primers Used for Amplification of Full-Length MMAR_1239 Genes 

to Obtain Functional Complementing Clones. 

Primer Name 

Tm 

(°C) 

Length 

(bp) Pimer Sequence 

MMAR1239F 62 34 TATAAAGCTTGCATGCCTCCACCGAGCTGCCGCT 

MMAR1239R 62 29 TATAGATATCGCCATGGTGCCAACGGGCA 

MMAR1239F2 62 36 TATAAAGCTTGCATGCCGAGCTGCCGCTGGCCCAGG 

MMAR1239R2 62 31 TATAGATATCGCCATGGTGCCAACGGGCACC 

MMAR1239F-

HindIII 58 29 TATAAAGCTTGGATGCCTGGAAGGCGTAT 

MMAR1239R-

PacI 58 32 TATATTAATTAACGGGCACCGACAAAAACTAT 

MMAR1240F1 62 31 TATAAGCTTGCTAGCGACCCGTACTCGCTCT 

MMAR1240R1 62 29 ATATTAATTAAGCCAGGCTCACCCAAACTG 

MMAR1239-40F1 60 33 ATATTAATTAAGCTTGACCCGTACTCGCTCTAC 

MMAR1239-40R1 60 35 ATATTAATTAAGCATGCCTAGCCATGGTGCCAACG 
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Table 5. List of Primers Used for Amplification of Entire MMAR_1239 Gene Locus 

for Insertional Mutagenesis. 

Primer Name 

Tm 

(°C) 

Length 

(bp) Pimer Sequence 

MMAR1239-10KF1 60 30 TATAACCTAGGAGACCGAAAGACCGGCACTG 

MMAR1239-10KR1 60 30 TATAACTAGTCCAAGGCAAACCAGCGGTAG 

MMAR1239-10KF2 60 29 TATACCTAGGCATCATCGGGTTGGGAAGG 

MMAR1239-10KR2 60 30 TATAACTAGTGGGATTCAACGGTGGTGCTG 

MMAR1239-8KF1 60 30 TATACCTAGGCCCACATCAACCACCTCACG 

MMAR1239-8KR1 60 30 TATAACTAGTGAATATCGCAGCGGGTCAGC 

MMAR1239-8KF2 60 27 TATACCTAGGACCCAGCCACGATCTGG 

MMAR1239-8KR2 60 31 TATAACTAGTGATGATTCGTGCTGGTGGTC 

MMAR1239-5KF1 60 30 TATACCTAGGCAGGGCACACCATGAGTTCG 

MMAR1239-5KR1 60 30 TATAACTAGTACTTGCCCGACAGCAGATCC 

MMAR1239-5KR2 60 30 TATAACTAGTACGGATACTTGCCCGACAGC 

MMAR1239-2KF1 60 27 TATACCTAGGTGGCCGACGATGTGGTG 

MMAR1239-2KR1 60 29 TATAACTAGTGTCGTACGGTCGCCGATAG 

MMAR1239-2KF2 60 28 TATACCTAGGATCGGCCGACCTGGACCT 

MMAR1239-2KR2 60 29 TATAACTAGTGAGTCGCTCCAGGGATAGC 
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Table 6. List of Primers Used for MMAR_1239 Operon Structure Determination 

and To Quantify Transcript Levels Using RT-PCR and qPCR. 

Primer Name Tm (°C) Length (bp) Pimer Sequence 

MMAR1240-1241F 55 18 CATCGACCGCGACATTTG 

MMAR1240-1241R 55 18 TCGAACGCCTTGCGTACC 

MMAR1239-1240F 55 18 CGCCACCAACACCATCAA 

MMAR1239-1240R 55 18 CGCTTGCCGAAAACTTCC 

MMAR1238-1239F 55 18 CCACACGCTGCTGGACTC 

MMAR1238-1239R 55 18 ACCATTCGCGAGTGATCG 

MMAR1237-1238F 55 18 ACCGGAGTGCCGGTGCTA 

MMAR1237-1238R 55 18 ATATCGCAGCGGGTCAGC 

MMAR1241F-RT 55 18 CACGATCTGGAGCGACCA 

MMAR1241R-RT 55 18 TAATCGGGGTCGCTGTCC 

MMAR1240F-RT 55 18 CGCACACAAGCACGACCT 

MMAR1240R-RT 55 18 GAGCGGATGCCAGGTCTC 

MMAR1239F-RT 55 18 GGCTCTACGAGGCCACCA 

MMAR1239R-RT 55 18 CCATCTGGCGGTTCTTGG 

MMAR1238F-RT 55 18 CTGGCGCTATCCCTGGAG 

MMAR1238R-RT 55 18 ATGTCAGCCACCGGAACC 

MMAR1237F-RT 55 18 ACGATATCCGGGCAGTGG 

MMAR1237R-RT 55 18 CAGCACCCGTTGATCGAG 

MMAR1240F2-RT 55 18 CTCTCGTCGGCGATCTTC 

MMAR1240R2-RT 55 18 GCGCATATACGCCTTCCA 

MMAR1236-37 F 55 17 GGGTGGGAGGCGATTGT 

MMAR1236-37R 55 16 GCCGGTCGGCAGTTGT 

MMAR1237-38F2 55 18 AGCGGGTCAGCGTTTTTC 

MMAR1237-38R2 55 18 TGGTCGAGCGAATCAACG 

MMAR1241-42F 55 19 TGCTGTATGCGGGGACTTC 

MMAR1241-42R 55 17 ACGCCCATCGGAGACCA 

MMAR5519F 55 20 TTCATGTCCTGTGGTGGAAA 

MMAR5519R 55 20 GTGCAATATTCCCCACTGCT 
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Appendix Figures 

 

Figure 47. Plasmid pJDC279a With a 5 kbp region of MMAR_1239 Gene Locus. 
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Figure 48. pJDC282 and pJDC284 Constructs With a Kanamycin Insertion in 

MMAR_1239 and MMAR_1240. 
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Figure 49. Full length MMAR_1239 and MMAR_1240 Genes Were Used to 

Complement Insertion Mutants Mm-luxR1 and Mm-pcd. 
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Figure 50. Representative Plasmid Constructs Depicting the Primer SeqE and 

SeqW Binding Sites Used for Insertion Mutant Confirmation 
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Figure 51. Plasmid Used for Single Copy Complementation of Mutants.  
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Figure 52. Plasmid Used for Multi-Copy Complementation of Mutants. 
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Figure 53. Confirmation of Mm-pcd Complementing Strain. 
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Figure 54. Initial Confirmation of Mm-luxR1 Complementing Strain. 
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Figure 55. Secondary Confirmation of Mm-luxR1 Complementing Strain. 

 

 

 




