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Abstract 

Tuberculosis is one of the top 10 leading causes of death in the world. Infection 

with pathogenic mycobacteria such as Mycobacterium tuberculosis leads to the 

formation of granulomas, the hallmark histological feature of tuberculosis. Failure 

to maintain granuloma integrity results in loss of infection control or reactivation 

of tuberculosis disease. Hmox1 is a stress-responsive protein that can be 

upregulated rapidly and confers protection to the host. Haem oxygenase 1 

(Hmox1) is a critical regulator of iron homeostasis by degrading haem into carbon 

monoxide, biliverdin and ferrous iron. The protective role of Hmox1 has been 

demonstrated in a variety of diseases. However, the role of Hmox1 in 

mycobacterial infection is equivocal with different results in different host-

pathogen pairings. Chemokine production plays a crucial role in the recruitment 

of leukocytes to the focus of infection, particularly, monocyte chemoattractant 

protein-1 (MCP1) and its receptor CCR2. Hmox1 has been shown to regulate 

MCP1 expression in mice in the context of mycobacterial infection but limited 

information is available in zebrafish. Meanwhile, as a key regulator of iron 

metabolism, Hmox1 may also control the availability of iron during infection, since 

iron is essential both the host and pathogen and the restriction of iron is an 

important host defence against bacteria. Mycobacteria require iron as a redox 

cofactor for vital enzymes and utilise multiple strategies to acquire iron within the 

host. In vivo imaging using zebrafish embryos and their natural pathogen 

Mycobacterium marinum enables us to collect unique insight into the functions of 

Hmox1 in infection.  

 

This thesis describes the first generation of hmox1a mutant zebrafish and the first 

use of the zebrafish model system to investigate Hmox function in M. marinum 

infection. It connects mycobacterial infection-induced Hmox to iron restriction and 

prevention of deleterious ferroptosis during mycobacterial infection. This work 

provides insight into the role of Hmox in tuberculosis pathogenesis. 
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1. Introduction 

1.1. Tuberculosis 

1.1.1. Tuberculosis disease 

Tuberculosis (TB) is an infectious disease caused by organisms of the 

Mycobacterium tuberculosis complex. It is spread when aerosol droplets from an 

infected person are inhaled by healthy individuals. TB is primarily a pulmonary 

disease which causes cough with sputum and blood at times, chest pains, 

weakness, weight loss, fever and night sweats [1]. It can spread from the lungs, 

to any part of the human body causing important complications in the kidney, 

spine and brain. Infection can last throughout the life course of a patient [2]. 

 

Mycobacterium tuberculosis (Mtb) is the main species responsible for TB disease 

in humans. The majority of people infected with M. tuberculosis remain latently 

infected and never develop active TB disease. In these cases, the disease is not 

transmissible. However, some individuals will develop active TB and are 

responsible for disease transmission. Susceptible individuals often have 

weakened immune systems, such as immunosuppression caused by HIV 

infection or taking medicines that suppress the immune system. The risk of active 

TB is increased in babies, children, and older adults. 

 

TB is one of the oldest diseases in the world. Three million years ago in East 

Africa, an early progenitor of TB might have first started infecting hominids  [3]. 

The common ancestor of TB-causing bacterial strains is thought to have first 

appeared 20,000-15,000 years ago [4, 5]. The first documented evidence of TB 

disease was collected in Egyptian mummies from 3000-2400 BC, describing 

Pott's lesions; typical skeletal deformities in TB infections [6, 7]. The first isolation 

of Mtb was by German physician Robert Koch in 1882 [8]. This extraordinary 

finding was a milestone in the fight against TB and Robert Koch was awarded the 

Nobel Prize for this discovery in 1905 [2].  

 

1.1.2. Epidemiology of Tuberculosis 

According to the World Health Organization (WHO), approximately 2 billion 

people are currently infected with Mtb worldwide [1]. A total of 1.4 million people 
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died from TB in 2019. TB is one of the leading causes of death in the world. In 

2019, the number of new cases was estimated to be 10 million worldwide, 

suggesting new infections occur at a rate of 1 per three seconds. Cases and 

deaths in developing countries account for over 95% of the total number. Over 

three quarters of new TB cases arise from 30 high TB burden countries. In 2018, 

the estimated TB incidence was 520 cases per 100,000 population in South 

Africa, while in United States, only three new cases were diagnosed per 100,000 

population. This disparity is driven by the prevalence of conditions that impair the 

immune system, including undernutrition and HIV coinfection, high housing 

density allowing spread of the bacterium, high rates of smoking and alcohol use, 

and access to medical resources [1].  

 

Comorbidities complicate the course of TB and impede treatment. People with 

HIV are 15-22 times more likely to develop active TB than those without HIV. 

WHO reported an estimated 251,000 deaths from HIV-associated TB in 2008. 

Sub-Saharan Africa accounted for approximately 84% of these deaths. Diabetes 

increases the risk of TB three-fold. Developing countries with the high numbers 

of diabetes patients tend to be ranked as “high burden” for TB, indicating the high 

prevalence of TB/diabetes [9]. Conversely, malnutrition is also a risk factor for TB 

and TB can also lead to malnutrition. Some patients may normalize nutritional 

status with appropriate TB treatment, but some may remain malnourished 

throughout treatment. As mentioned, smoking is another risk factor of TB which 

leads to poor TB treatment results. Excessive alcohol use increases the 

incidence of TB by three-fold and is tightly associated with poor TB treatment 

through hepatotoxicity [10].  

 

1.1.3. Emergent problems of TB treatment 

In the decades since Robert Koch isolated the tubercle bacillus in 1882, scientists 

have worked to elucidate the infectious etiology of TB. TB was historically 

diagnosed by symptoms, then bacterial culture and chest X ray methods were 

applied, and still used today. Acid-fast staining is the typical way to identify 

Mycobacterium species under a microscope, but is limited by the need to produce 

a sufficient amount of bacteria from primary samples or to perform secondary 
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culture of bacteria ex vivo. The incubation period required to grow Mtb can take 

several weeks to months, and is highly susceptible to contamination from other 

microorganisms during the long incubation [11]. Now the Mantoux tuberculin skin 

test, TSPOT test and TB blood test have been established to improve the 

accuracy of diagnosing TB disease. However, existing diagnostic techniques can 

avoid kids and HIV/AIDS co-infections where there are not enough T cells to 

detect an immune response [12]. 
 
Anti-TB treatment requires a combination of antibiotics that should be taken for 

at least 6 months. Extended therapy is required because Mtb divides slowly and 

can go metabolically latent inside granulomas rendering it phenotypically 

resistant to the action of antibiotics. Multiple drugs targeting multiple biological 

pathways are required to kill bacteria heterogeny and protect against the 

differential susceptibility of bacteria in vivo. Several drugs have been approved 

by the U.S. Food and Drug Administration (FDA) for the treatment of TB disease. 

Among them, isoniazid (INH), rifampin (RIF), ethambutol (EMB), and 

pyrazinamide (PZA) are principally considered first-line anti-TB drugs which form 

the core of standard treatment regimens. Second-line anti-TB drugs include 

capreomycin, ciprofloxacin, amikacin, and kanamycin [13].  

 

TB is curable with appropriate treatments. However, as anti-TB medicines have 

been used for decades, TB strains resistant to one or more of these antibiotics 

have been documented in every country surveyed. Drug resistance emerges 

when anti-TB medicines are inappropriately used. For example, the use of poor 

quality drugs, incorrect drugs, and non-compliance with extended treatment times 

reduce the effectiveness of therapy. Multidrug-resistant tuberculosis (MDR-TB) 

is a form of TB infection that does not respond to isoniazid and rifampicin. In 2019, 

a total of 206 030 people were diagnosed with MDR-TB, a 10% increase 

compared to 2018. Most MDR-TB cases are caused by primary transmission in 

some countries with high TB drug resistance burden [14]. The other important 

source of MDR-TB cases is failed treatment in 20% of TB patients with who have 

a history of TB treatment present with MDR-TB [13]. Only 57% of MDR-TB 

patients were successfully treated in 2019 [1]. 
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Extensively drug-resistant (XDR) -TB accounts for about 10% of MDR-TB cases. 

XDR-TB is defined by resistance to isoniazid, rifampicin, fluoroquinolones, and 

the second line drugs used to treat MDR-TB. XDR-TB requires extra attention 

because the choice of remaining usable drugs is limited and they are generally 

expensive. Pretomanid is recently approved by FDA for XDR-TB treatment and 

is only the third new anti-TB drug approved for use by FDA in the last 40 years 

[15]. XDR-TB is often undifferentiated from MDR-TB due to lack of second-line 

drug susceptibility testing in many areas globally. The increased emergence of 

TB resistance requires a better understanding of the infectious aetiology of TB 

for the development of new TB treatments. 

 

 

1.2. Mycobacteria 

The genus Mycobacterium encompasses over 170 species [16]. They are 

recognized as gram-positive, catalase positive, rod-shaped bacteria. The majority 

of Mycobacteria are non-pathogenic. A subset of mycobacteria are opportunistic 

pathogens that could cause infection in immune-compromised hosts and some 

have developed into “professional” pathogens which only exist in animal hosts 

[11].  

1.2.1. Mycobacterium tuberculosis complex 

Mycobacterium tuberculosis complex (MTBC) is a homogeneous pathogenic 

group of mycobacterial species which share a genome size of around 4.4 Mbp 

with 99.9% similarity in the genome and identical 16S rRNA sequences [17-20]. 

The MTBC contains the closely related species of mycobacteria that cause the 

majority of TB disease in mammals. Despite their genomic similarity, there are 

differences in host tropisms, phenotypes, and pathogenicity within the MTBC 

group [4, 21, 22].  

 

The main species of MTBC causing human diseases include Mtb, Mycobacterium 

africanum and Mycobacterium bovis. Mtb has emerged as a the most important 

and specialized human pathogen and is globally spread. It is the main causative 

agent of human tuberculosis. As a “professional” pathogen, Mtb is highly 

specialised to humans and has few other hosts [11]. Through the millennia, it has 
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evolved strategies to adapt to the human immune system and can survive in the 

host by inducing latency [23].  

 

M. africanum is another member of the MTBC whose natural host are humans. 

The first reported case of  M. africanum was in Senegal in 1968 [24]. It is a rare 

causative agent of human tuberculosis globally, it is endemic to West African 

countries where it causes up to 40% of pulmonary TB cases. There have only 

been sporadic cases of M. africanum reported outside West Africa. Its clinical 

symptoms and disease progression are identical to Mtb [25]. Interestingly, M. 

africanum is not as specialised to human hosts as Mtb and can cause infection 

in mouse models but appears to be less virulent [26]. M. africanum subtypes 

show biochemical characteristics that are intermediate between M. 

tuberculosis and M. bovis [27].  

 

M. bovis has a much broader host range compared to Mtb and M. africanum. It 

is the causative agent of TB in cattle, and also infects other wildlife including 

badgers, pigs, deer, goats, cats and buffalo [28-30]. Human infection is caused 

by consuming contaminated, unpasteurized dairy products. M. bovis was 

estimated to account for up to 25% of all human TB in 1937, although now the 

proportion has dropped to approximately 1.4% of TB disease globally [1, 31]. The 

clinical presentation of pulmonary M. bovis infection is similar to that of Mtb, 

however patients diagnosed with M. bovis appear to be younger and are more 

likely to have extrapulmonary disease than Mtb patients [32, 33].  

 

1.2.2. Mycobacterium marinum 

Mycobacterium marinum is a non-tuberculosis mycobacterium which causes 

superficial granulomatous infection in humans and has not been reported to 

transmit between humans [34]. It is the natural causative agent of TB-like disease 

in ectotherms such as zebrafish and frogs [35]. The first isolation of M. marinum 

was from dead saltwater fish in the Philadelphia aquarium in 1926 before it was 

recognized as a human pathogen in 1951 [36, 37]. Now more than 20 fish species 

have been identified that can be infected with M. marinum [38]. The important 
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model organism zebrafish (Danio rerio) are naturally susceptible to tuberculosis 

caused by M. marinum [39].  

 

M. marinum is a close genetic relative of Mtb with 85% similarity in the genomes 

and is considered one of the closest relatives of the MTBC [40]. M. marinum has 

28 homologous genes out of 33 examined putative virulence genes in Mtb [41]. 

M. marinum grows optimally at 25-35℃ and replicates faster than Mtb [42]. 

 

Natural M. marinum infections produce chronic and systemic granulomas in 

ectotherms [35]. Unlike mice, which are widely infected with Mtb for TB studies, 

M. marinum infections result in the formation of caseous granulomas in natural 

hosts such as zebrafish and goldfish [39, 43]. However, a lower proportion of 

lymphocytes was found in ectotherm-M. marinum granulomas than in human-Mtb 

granulomas [39, 44].  

 

1.2.3. Granulomas in mycobacterial infection 

TB begins when Mtb enters the host lungs and makes contact with innate 

immune cells that attempt to eradicate the pathogen. The bacilli are primarily 

phagocytosed by resident alveolar macrophages in the lungs which then migrate 

into the lung interstitium (Fig. 1.1). Infected macrophages recruit more 

inflammatory cells to aid bacterial clearance including neutrophils, macrophages 

and dendritic cells (DCs). Macrophages and neutrophils are generally activated 

to eliminate the bacilli while DC phagocytosis is required for antigen presentation 

and engagement of the adaptive immune system [45]. Alongside the 

dissemination of live bacteria into lymphatic vessels, DCs present bacterial 

antigens to T cells followed by T cell activation in draining lymph nodes [46]. 

About 10 days post infection, effector T cells targeting the early secretory 

antigenic target-6 (ESAT6), a potent virulence factor and immunogenic antigen 

expressed by Mtb, can be detected [47]. Effector T cells stimulate macrophages 

to form compact and organized granulomas which contain Mtb. 

 

Granuloma formation is the hallmark histological feature of tuberculosis. Each 

granuloma is a compact and organized aggregate of immune cells, including 
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macrophages, neutrophils, eosinophils, dendritic cells, B and T cells [48]. The 

epithelial cells surrounding the granuloma also participate in granuloma formation 

by producing matrix metalloproteinase 9 (MMP9) which promotes the recruitment 

of new macrophages [49]. Infection of zebrafish embryos with M. marinum has 

demonstrated that granuloma formation can occur without an adaptive immune 

system, suggesting adaptive immune cells are not be required for the initial steps 

granuloma formation [35]. Granulomas are more organised and long lasting in 

the presence of T cells, with a core of macrophages surrounded by a rim of 

lymphocytes (Fig. 1.1).  The death of infected immune cells causes the formation 

of a necrotic zone in the core of the granuloma, which eventually presents as 

caseous necrosis on gross pathology [48]. Some large granulomas may undergo 

central liquefaction driven by enzymatic proteolysis and followed by matrix 

destruction (Fig. 1.1), which leads to the air-filled cavity formation in mammalian 

lungs [50, 51]. 

 

Granulomas have long been considered a host defence against Mtb as initial 

failure to form granulomas exacerbates disease and failure of granuloma 

maintenance results in reactivation of latent Mtb during immunosuppression [52-

54]. Granulomas restrict infection by “walling off” bacteria and physically 

preventing dissemination. It also provides an immunological microenvironment in 

which cells with antimycobacterial functions accumulate and interact to contain 

bacterial growth [55, 56]. In addition, granulomas also provide host protection by 

restricting tissue damage to discrete sites and shielding the surrounding tissue 

from the destructive effects of chronic inflammation. 
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Figure 1.1. Granuloma development during Mtb infection. Initial Mycobacterium tuberculosis 

infection (top left) leads to induction of innate responses. Alveolar macrophages are the first 

responsive immune cell type which provide protection by phagocytosing bacteria (top middle). 

The consequential chemotactic signals lead to the recruitment of monocyte-derived macrophages 

to the site of infection, which results in the initiation of granuloma formation (top right). With the 

presence of T lymphocytes within the colonization, compact granulomas are formed with a 

necrobiotic locus in the centre (bottom right). The bacterial load keeps on increasing during 

granuloma maturation. When a person is immunocompromised, some large granulomas may 
undergo central liquefaction driven by enzymatic proteolysis and followed by matrix destruction 

(bottom middle), which leads to the air-filled cavity formation (bottom left). Image is generated by 

using Adobe illustrator.  

 

Recent research has reported that mycobacteria exploit granuloma development 

for its own benefits. The initial of granuloma formation coincided with accelerated 

bacterial proliferation [35]. Mycobacteria lacking the RD1 virulence locus caused 

an attenuated infection accompanied by poor granuloma formation [49]. 

Macrophage movement was mediated by bacterial RD1 through host MMP9 
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produced by epithelial cells surrounding new granulomas to accelerate 

granuloma development [49]. In addition, mycobacteria drive infected 

macrophages to differentiate into lipid-laden foamy macrophages via metabolic 

reprogramming resulting in the intracellular availability of cholesterol and fatty 

acids that can be used by the bacteria as an energy source [57-59]. Furthermore, 

the formation of granulomas provides a niche for bacteria to evade host immunity, 

modulating the immune response within granulomas to ensure its survival over 

long periods of time [60, 61]. 

 

The departure of infected macrophages from the original granuloma drives 

dissemination [62]. Mycobacteria have also evolved the ability to drive host 

immunity to the point of necrotizing granulomas, facilitating the leak of bacilli into 

bronchial cavities, and then into the environment promoting transmission [63]. 

Granuloma features prevent efficient penetration and distribution of antibiotics 

which is essential in TB treatment [64, 65]. For instance, the structural differences 

in lesions may affect the antibiotic efficiency of pyrazinamide [66], and the lipid-

rich caseous region in the centre of necrotic granulomas is less accessible to 

many TB antibiotics [67]. 

 

As an ancient pathogen, mycobacteria have evolved virulence strategies to cope 

with immune system pressure and persist within the host. Pathogenic 

mycobacterium are able to persist in granulomas for extended periods of time, 

often for decades in long lived host species. It was historically assumed that Mtb 

replicates were very little. Recent evidence has shown that it retains the capacity 

to maintain cellular respiration and generate energy in immunologically latent 

granulomas [68]. The products of the DosR regulon in ancestral Mtb allow 

bacteria to adapt to conditions such as oxygen depletion within granulomas [69]. 

Instead of homogenous populations of Mtb, subpopulations with distinct cell wall 

properties including loss of acid-fast lipids can be found during chronic infections 

demonstrating wide ranging adaptations to the host microenvironment [70]. .  

 

The mechanisms of granuloma formation have been widely studied due to their 

importance in TB. Granuloma formation is coordinated by chemokines and 

cytokines which drive the recruitment and activation of leukocytes to the site of 
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infection [71]. Particularly, monocyte chemoattractant protein-1 (MCP-1), the 

chemokine binding to the CCR2 receptor, is one of the key chemokines regulating 

migration and infiltration of infection-permissive macrophages [72-74]. Both 

proinflammatory and anti-inflammatory cytokines are produced to maintain the 

balance of immune responses. Tumour necrosis factor α (TNFα) is critical for the 

maintenance of granulomas but unnecessary for their initial formation [75]. The 

neutralization of TNF results in the loss of granuloma structure [76, 77]. This is 

due to both reduced cell recruitment and activation of immune cells [78]. 

Interferon-gamma (IFN-γ) is also important in promoting the formation and 

function of the granuloma by activating macrophages. Meanwhile, IL-10 is one of 

the main negative regulators which impairs granuloma formation by suppressing 

immune cell activation [79, 80]. 

 

Altered metabolic feature within the granuloma microenvironment is a critical 

component of TB pathogenesis. Genome-wide analysis of Mtb  gene expression 

in mouse lungs or from sputum of active TB patients revealed a transcriptional 

signature responding to limited nutrient availability, hypoxia, iron deprivation, low 

pH, and nitrosative stress [81-83]. The host metabolome is also altered in 

response to TB infection, with changed levels of d-gluconic acid, d-lactone, 

glutaric acid [84]. Granuloma hypoxia is not only associated with bacterial 

adaptations but also extensive vascularization of TB granuloma by the host which 

unwittingly helps the persistence and proliferation of mycobacterium [85, 86]. 

 

Host metabolism of iron, an essential element for living organisms, is also 

affected by mycobacterial infection [87-89]. However, the mechanisms by which 

the host controls iron in TB are underinvestigated. The stress conditions and iron 

competition within mycobacterial granulomas suggest an association with Hmox1 

as it is a stress responsive gene and a vital regulator of iron homeostasis in the 

host [90].   
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1.3.  Models to investigate tuberculosis pathogenesis 

The successful use of animal models for TB research has helped us to obtain a 

better understanding of TB pathogenesis and host immune defence. These 

benefits have contributed to the development of new diagnostics and treatments. 

For example, the identification of biomarkers provides more accurate information 

of disease progress which might be important for clinical diagnosis [91]. Since 

the most important pathogen Mtb is highly adapted to humans, and due to the 

differences in mycobacterial species and host response, no single model has 

been able to reproduce all aspects of TB pathogenesis. 

1.3.1. Rodents 

Mice are the most widely used animal model for TB research for numerous 

practical reasons. Mice are easy to handle, produce uniform results, relatively low 

cost compared to other mammals, and require less space than other animal 

models such as guinea pigs and rabbits. The availability of a range of genetically 

engineered lines and immunological tools has allowed in-depth investigation of 

TB pathogenesis, the identification of key immune mechanisms responsible for 

TB control and the assessment of drugs, therapeutics and regimens [92]. 

However, although mouse models are widely used in the studies of Mtb infection, 

they have important limitations in reproducing human disease pathology. Most 

mouse strains lack the capacity to form classical granulomas like those found in 

humans, instead forming non-necrotic lesions [93, 94]. They also rarely develop 

a latent infection with successful immune control [95]. Despite these limitations, 

mice are the most common model used for the investigation of host immune 

responses to Mtb infection.  

 

The guinea pig model has been used as an important preclinical model for TB 

treatment. As another important research tool, it has the advantage of being more 

susceptible to Mtb, M. bovis and certain serovars of M. avium than other model 

species [96]. Low dose infection with Mtb recreates more similar histopathology 

to human infection than mice [97]. However, the maintenance of guinea pigs 

requires more space which make them more expensive than mice [98]. 

Additionally, there is limited availability of immunological reagents for guinea pigs 

which restricts certain analyses in research studies. 
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Recently, rats have emerged as models for TB infection but research tools are 

less developed compared to mice. Unlike mice, rats form compact and organized 

granulomas [99]. They have been successfully used for drug testing [100]. Rats 

can potentially be used to model latency since some rat strains were found to 

control the infection by 4 months post-infection [99].  

 

1.3.2. Rabbits 

Rabbits are an important research tool for TB research as they show similar 

disease presentations to human TB. Rabbits forms caseating, necrotic 

granulomas and develops cavitation in response to M. bovis infection. The rabbit-

M. bovis model is considered a higher fidelity model of human Mtb-induced 

granulomas than mouse and guinea pig models [101]. Although rabbits are highly 

susceptible to M. bovis, they are less susceptible to Mtb. The pathogenetic 

symptoms of Mtb-infected rabbits are not obvious compared to guinea pigs  [102]. 

In addition, rabbits from different origins have differing susceptibility to Mtb and 

lack the genetic tools available in mice [103]. Moreover, the large size of rabbits 

makes their maintenance more difficult than mice and guinea pigs.  

 

1.3.3. Non-human primates  

Non-human primates (NHPs) are the closest model of human TB considering 

their close evolutionary relationship with humans and the clinical pathology. They 

are vital for testing vaccines and vaccine-induced responses. However, the use 

of NHPs is a challenge due to their low availability, lack of genetic tools, and high 

cost of maintenance and experiments [104].  

 

1.3.4. Ectotherms 

Zebrafish and frogs are natural hosts of M. marinum [35]. Leopard frogs are quite 

resistant to M. marinum infection. They develop asymptomatic infection for more 

than a year post-infection which is similar to the chronic and latent TB infection 

in humans [105]. They also can induce highly organized but non-caseating 

granulomas [44, 105]. Because of these features, frog models are more suitable 
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for the studies of latent TB infection than active TB infection. More details of 

zebrafish models are discussed in the following section. 

 

 

1.4. Zebrafish in biomedical science 

The zebrafish, Danio rerio, is a teleost fish and belongs, together with the carp 

and the goldfish, to the family of Cyprinidae. Zebrafish have become a popular 

model system for medical research due to their high amenability to genetic 

manipulation such as transgenesis, and forward and reverse genetic techniques. 

Sequencing and assembly of the zebrafish genome have demonstrated that 

zebrafish share over 70% of genes with humans and have an ortholog of 84% of 

human disease genes [106]. Zebrafish embryos are transparent throughout the 

first two weeks post-fertilization and can be maintained even in the well of a 384-

well plate, making zebrafish an effective model for live imaging and high-

throughput screening of bioactive compounds [108]. In addition, zebrafish can be 

maintained in a small space at a relatively low cost, compared to other vertebrate 

models such as mice [108]. Due to these features, zebrafish have been widely 

used in developmental biology, contributing to the investigation of the 

fundamental mechanism(s) of developmental processes and the genetic cause(s) 

of human diseases. 

1.4.1. Zebrafish immunology 

The zebrafish immune system includes both an innate and adaptive immune 

system which resembles that of higher vertebrates in many aspects [109]. The 

essential features of a vertebrate myeloid system are conserved in zebrafish 

[110]. Studies of haematopoiesis have revealed that most cell types of the human 

immune system have zebrafish counterparts [111, 112]. Zebrafish larvae lack an 

adaptive immune system. Thus, the primary defence mechanisms against 

pathogens includes the activation of the complement system, the production of 

cytokine and interferon and the stimulation of cellular effectors, such as 

cytotoxicity and macrophage phagocytosis [113]. The complement system is 

highly developed in fish. The non-specific or natural-cytotoxic cells (NCC) 

identified in zebrafish appear to function as mammalian natural killer (NK) cells 

[114].  
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The zebrafish adaptive immune system consists of both T cells and B cells, 

similar to mammals. It takes 4-6 weeks after fertilisation for lymphocytes to 

develop into fully functional immune cells. The development of the thymus is 

highly conserved in zebrafish, with the main exception that the thymus in adult 

zebrafish remains as two discrete bilateral structures [115]. Definitive 

haematopoiesis takes place in the kidney of adult zebrafish, the equivalent of the 

mammalian bone marrow [116]. T cell progenitors develop within the kidney 

marrow followed by the migration to the thymus where they undergo 

differentiation [117]. B cells are present in the zebrafish but there are some 

notable differences when compared to mammals, most importantly a lack of 

activation-induced class-switch recombination [118]. Further, zebrafish lack 

lymph nodes, Peyer's patches and splenic germinal centres [119]. 

 

1.4.2. Zebrafish models of immune disease 

Recently, genetic approaches such as transgenesis and targeted mutagenesis 

using artificial nucleases have been established in zebrafish, enabling gene 

editing and the targeted generation of mutant zebrafish with relevance to human 

diseases like wound healing, host-microbe interactions and cancers [120]. 

 

The postnatal development of zebrafish provides benefits to studies of 

development and developmental disorders. The transparency of zebrafish 

embryos throughout the first few days post-fertilization allows researchers to 

locate fluorescent protein positive cells in real time. Transgenic 

zebrafish lines expressing fluorescent proteins driven by gene promoters are 

invaluable tools for studying cellular interactions by live imaging.  

 

Wound healing is a critical biological response of injured tissues and organs that 

involves immune cell recruitment. Understanding the mechanisms of wound 

healing could potentially provide help for patients suffering from ischemia/hypoxia, 

burn injury, and other diseases where wound healing fails/is 

insufficient/incomplete. Tail wounding is the most used zebrafish injury model. 
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When combined with transgenic zebrafish lines it is a powerful model to 

determine the function of different cell types in inflammation.  

 

A wide variety of pathogenic microbes have been investigated using zebrafish 

models and the ease of generating germ-free zebrafish embryos makes them an 

ideal model for the study of gut microbiota [142-145]. Receptors for conserved 

microbe-associated molecular patterns (MAMPs) and downstream signal 

transduction cascades have been identified in zebrafish [146, 147]. The important 

role for Myd88-dependent signalling in mediating response to infection is 

conserved in zebrafish [148]. Toll-like receptors mediated pathogen recognition 

are also maintained in zebrafish [149]. Stockhammer and co-workers showed 

that the MAMP signals induce pro- and anti-inflammatory genes via zebrafish 

TLR5 homologs and the MyD88 adaptor protein [150]. Other microbial response 

associated regulators are also identified in zebrafish, such as Wnt signalling, 

Hcar1 and intestinal alkaline phosphatase [151-153],  

 

Other infectious pathogens have also been studied in zebrafish, including M. 

marinum, Burkholderia cepacia, Cryptococcus neoformans, and 

uropathogenic Escherichia coli. [105, 154-156]. The B. cepacia complex is a 

group of opportunistic pathogens of cystic fibrosis patients [157]. Zebrafish is 

highly susceptible to the B. cepacia complex, in which host the clinical 

pathogenesis is similar to it is in humans [158]. With the utilization of zebrafish 

models, it was observed for the first that macrophages are essential for promoting 

bacterial proliferation and acute proinflammatory responses 

[156]. The afc antifungal activity cluster is implicated the essential role for 

transition from intracellular persistence of B. cenocepacia to acute pro-

inflammatory infection [159]. Studies using the zebrafish-C. neoformans platform 

allowed visualisation of macrophage phagocytosis of invading C. 

neoformans and study of the vital functions of macrophages controlling fungal 

dissemination. Live imaging demonstrated that C. neoformans is able to 

penetrate the zebrafish brain creating a model for the study of cryptococcal 

meningitis [160, 161]. 
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In conclusion, zebrafish models have contributed to the understanding of 

microbial pathogenesis and immune responses in human diseases. 

 

1.4.3. Zebrafish-M. marinum infection model 

The zebrafish-M. marinum infection model is one of the most prominent zebrafish 

infection models. The zebrafish-M. marinum model is highly analogous to 

human-Mtb infection. M. marinum induces the formation of hypoxic caseous 

necrotic granulomas in in adult and embryonic zebrafish that are histologically 

similar to human Mtb granulomas. Zebrafish embryos have been extensively 

used to perform in vivo live imaging studies of macrophage phagocytosis of 

infecting bacteria and the formation of granuloma-like aggregates [39, 43, 105].  

 

The zebrafish-M. marinum infection model presents additional advantages to 

other mycobacterial infection models. First, the transparency of zebrafish larvae 

enables researchers to directly observe the process of infection in real time (Fig. 

2A). Second, experiments can be performed in zebrafish larvae before their 

adaptive immune system becomes fully functional allowing the study of the innate 

immune system in isolation [113]. Third, M. marinum has a shorter replication 

time than Mtb [42], which shortens the experimental period. Fourth, M. 

marinum is safer to work with because it is limited to causing infection in human 

skin [162]. Hence, the zebrafish-M. marinum infection model provides a vital in 

vivo platform to study host–pathogen interactions from the single cell to whole 

animal level.  

 

Important insights have been gained from studies using the zebrafish-M. 

marinum model. Granuloma formation in zebrafish larvae demonstrated that 

granulomas can be formed in the context of innate immunity only [35]. 

Surprisingly, it was found that granuloma formation feeds bacteria with naïve 

macrophages [163]. Early dissemination of infection is promoted through the 

egress of infected macrophages by the primary granuloma which results in the 

establishment of secondary granulomas distally [164]. Although both neutrophils 

and macrophages are responsive cells to infections, zebrafish macrophages and 

neutrophils are functionally distinct especially in their response to chemokines 
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and chemoattractants [165, 166]. Epithelial cells surrounding new granulomas 

regulate macrophage movement through extraceullar matrix remodelling with 

MMP9 [49]. Furthermore, M. marinum reprograms granuloma macrophages into 

epithelial-like cells during mycobacterial granuloma formation, which alters the 

access of other immune cells [167]. A series of studies have demonstrated that 

vascularisation of mycobacterial granulomas is driven by M. marinum to further 

the progression of infection [86, 168, 169]. 

 

A separate series of studies using the zebrafish-M. marinum model reported the 

lta4h locus modulates host susceptibility to mycobacterial infection in zebrafish 

by controlling the production of lipoxins and subsequent modes of cell death [170-

173].  
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Figure 1.2. Modelling mycobacterial infection in larval zebrafish. A. Top/first – brightfield 

image of a zebrafish larvae at 5 days post fertilization. Second– image of M. marinum-TdTomato 

in zebrafish larvae. Third – image of Tg(mpeg:EGFP) larvae, in which the mpeg1 promoter drives 
macrophage-lineage expression of EGFP. Fourth – images of merged 3 days post infection (dpi) 

images, with infecting fluorescent M. marinum shown in red and fluorescently labelled 

macrophages shown in green. B. Image of merged 5 dpi images. Yellow arrowheads indicate 

granulomas. 
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1.5. Iron and infection 

1.5.1. Iron homeostasis 

Iron is an essential element for virtually all living organisms, from unicellular 

organisms to human beings. It acts as a cofactor of many enzymes in highly 

conserved core biological processes including mitochondrial respiration, 

oxidative phosphorylation, the citric acid cycle, and DNA synthesis [174-176]. Iron 

is the central component of haemoglobin in red blood cells (RBCs) and myoglobin 

in muscles, making it important for molecular oxygen transport in vivo [177]. 

Therefore, sufficient iron supply is prerequisite for most life forms. 

 

In living cells, the majority of iron is sequestered into functional proteins such as 

Fe-sulphur (S) clusters and haem which mediate related metabolic processes 

[178, 179]. Additionally, a small proportion of iron, known as labile iron pool (LIP), 

is present in a free form which is metabolically active [180]. Iron overload can 

cause damage to many aspects of cellular biochemical processes, such as 

membrane enzyme function and ionic transport, inducing irreversible damage to 

cellular homeostasis [181]. As a pro-oxidant agent, excess iron can lead to 

cellular oxidative stress and a process of cell death named ferroptosis [182].  

 

In animals, iron homeostasis is tightly regulated by systemic transcriptional and 

post-transcriptional regulatory networks. Two hepatocyte transferrin receptors, 

TFR1 and TFR2, coordinate with human hemochromatosis protein (HFE) to 

function as an extracellular iron-sensing subunit [183, 184]. When low iron 

reduces the saturation of transferrin, only TFR1 is able to coordinate with HFE to 

mediate iron uptake while TFR2 is not involved. When transferrin is saturated in 

plasma, TFR2 competes with TFR1 to bind to HFE which induces hepcidin 

transcription [185]. Bone morphogenetic protein (BMP) BMP6 signalling pathway 

is also able to regulate hepcidin production via the BMP co-receptor hemojuvelin 

(HJV or HFE2) [186].  

 

Hepcidin is the main iron regulatory hormone expressed by hepatocytes and 

controls the entry of iron into the circulation [187, 188]. It is secreted into the 

circulation to bind to and inhibit the cellular iron exporter ferroportin-1 [189, 190]. 
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Hepcidin inhibition of ferroportin-1 activity causes intracellular iron retention in the 

liver cells and liver macrophages [191]. 

 

Iron homeostasis is also mediated by reversible post-transcriptional mechanisms. 

The iron regulatory proteins (IRPs) are the main regulators of cellular iron uptake, 

transport, storage, utilization and release [192], which binds to the iron 

responsive elements (IREs) of the target transcripts and thereby control their 

translation or stability [193]. During iron deficiency, IRPs bind to IREs present 

within the 5’ untranslated regions of mRNAs coding for the central proteins for 

iron storage and consumption. This binding increases the stability of mRNAs 

which is associated with iron acquisition, including transferrin receptor, and 

blocks the expression of iron sequestration proteins such as ferritin [194]. 

 

In cellular iron sufficiency, the binding of IRPs to IREs is reduced to two Fe-

sensing mechanisms. Sufficient iron in the form of Fe-S cluster binds to IRP1 

causing a loss of IRP1 binding capacity to IREs by the acquisition of cytosolic 

aconitase activity that mediates the conversion of citrate to isocitrate in the citric 

acid cycle [195]. Meanwhile, sufficient iron causes the ubiquitination and 

proteasomal degradation of IRP2 via the binding of an oxygen-responsive [2Fe2S] 

cluster to F-box leucine-rich repeat protein 5 (FBXL5) [196, 197]. 

 

Iron homeostasis is also regulated by the transcription factors SpiC and the 

hypoxia-inducible factors (HIFs). SpiC is a member of the Spi subfamily of Ets 

transcription factors. It is predominately expressed by red pulp macrophages and 

erythroid island macrophages in the bone marrow. High levels of haem facilitate 

SpiC activity by degradation of the transcriptional repressor BTB domain and 

CNC homolog 1 (BACH1) protein. Unbound Spi-C in monocytes can enter the 

nucleus in response to increased iron availability to activate the expression of 

important IRPs and iron regulatory genes, such as haem oxygenase 1 (HMOX1), 

ferroportin-1, natural resistance-associated macrophage protein 1 (NRAMP1), 

and haem responsive gene 1 (HRG1). This leads to monocyte differentiation 

toward an iron-recycling phenotype. SpiC-deficient mice have dramatically 

reduced PRMs and ferritin in the splenic red pulp, suggesting that SpiC is 

indispensable for iron metabolism in cells [198]. 
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Although the HIF transcription factor family are most known for their function as 

central mediators of oxidative and hypoxic stress, they are also involved in iron 

homeostasis. The von Hippel-Lindau (vHL) protein suppresses HIF-dependent 

activation of TFR. This causes an increase of transferrin-bound iron [199]. The 

prolyl-hydroxylases (PHDs) are important family of HIF-degrading enzymes that 

require iron as an essential cofactor. Under iron and oxygen sufficiency HIF1 

subunit alpha (HIF1α) and HIF2α are hydroxylated by PHDs, followed by the 

degradation by Ligase E3 [200]. In contrast, under iron deficiency PHD activity is 

inhibited resulting in the HIF-dependent expression of iron responsive genes 

such as ceruloplasmin, which oxidizes ferrous (Fe2+) to ferric (Fe3+) iron [201]. 

 

Many cell types are involved in iron metabolism, including macrophages, 

hepatocytes, erythrocytes, and duodenal epithelial cells [202]. In particular, 

macrophages exert important roles in balancing the availability of iron that is 

necessary for cellular functions and the prevention of excess iron in the body. 

Macrophages can take up multiple forms of iron including transferrin, haem, and 

free iron. Ferroportin-1 (FPN1) is the only known iron exporter in macrophages 

which controls iron release from macrophages to regulate iron accessibility 

throughout the body [203]. Some tissue resident macrophages are responsible 

for local iron recycling, including red pulp macrophages (RPMs) in the spleen, 

central nurse macrophages in bone marrow (BM), and Kupffer cells (KCs) in the 

liver. Erythropoiesis in the BM requires a continuous delivery of iron through BM 

macrophages. Each RBC contains about 2.5 × 108 haemoglobin molecules and 

each haemoglobin is a component of four haem moieties [204]. 

Erythrophagocytic macrophages play an essential role in preventing 

haemoglobin release from RBCs when RBCs are senescence or damaged [205]. 

These macrophage populations are responsible for over 90% of cellular iron 

import and export across the mammalian body, and ensure regulation of iron 

homeostasis [202].  
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1.5.2. Iron at the host-pathogen interface 

In infectious diseases, both invading pathogens and host cells require iron to 

sustain their survival and cellular replication. Host iron restriction is an efficient 

strategy of host defence, providing a means to control infectious agents by 

limiting pathogen multiplication as microbial iron uptake is not only associated 

with a variety of bacterial metabolic processes, but also essential for expression 

of many key virulence determinants [206]. Therefore, regulation of iron 

distribution serves as an innate immune mechanism against invading pathogens. 

 

Free iron is almost completely sequestered in host proteins such as transferrin, 

lactoferrin, ferritin and haemoproteins causing microorganisms to compete with 

the host for iron [207, 208]. Bacteria have evolved several mechanisms to acquire 

iron including siderophore systems, surface ferric reductases, haemolysins and 

cytotoxins. Siderophores are ferric iron-specific, high-affinity chelators that strip 

iron from host iron sequestering molecules [209]. Iron-loaded siderophores then 

return iron to bacteria via the TonB or other outer membrane iron-siderophore 

receptors. Bacteria are capable of synthesising different siderophores in 

response to distinct iron concentrations to ensure the affinity for iron [210].  

Bacteria also produce receptors for host iron binding proteins such as transferrin, 

lactoferrin, and haem. Some microorganisms produce surface ferric reductases 

to reduce ferric iron to ferrous iron which can then be directly metabolised. 

Microbial haemolysins and cytotoxins lyse host RBCs and can break down iron-

containing haemoglobin to release free iron for uptake. 
 
In response to acute infection, the host alters iron metabolism to further restrict 

the availability of free iron to pathogens (Fig. 1.3). First, iron release into the 

circulation is reduced by the inflammatory cytokine interleukin-6 (IL-6) which 

induces hepcidin expression through STAT3 [211]. Other key inflammatory 

cytokines such as IL-1 and IL-22 have also been implicated in the regulation of 

hepcidin expression [212]. Hepcidin targets ferroportin for degradation thus 

decreasing the efflux of iron from reticuloendothelial (RE) macrophages and 

hepatocytes, thus decreasing the amount of iron in the plasma [189, 190]. 
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Secondly, the liver increases intracellular iron storage in response to acute 

infection. The light-type (L) and heavy-type (H) ferritin subunits are responsible 

for iron storage within the hepatic cells at steady status [213]. During the acute 

phase response to infection, the inflammatory response increases intracellular 

ferritin levels [214]. In addition, ferritin-H facilitates a rapid decrease in haem and 

redox-active iron from both the intracellular and extracellular labile iron pools 

through its ferroxidase activity [215].  

 

Third, the bioavailability of extracellular non-haem iron is decreased by 

ceruloplasmin and lactoferrin. Ceruloplasmin is increased up to 6-fold in blood in 

response to infection where it oxidizes ferrous iron to ferric iron, promoting the 

loading of iron onto lactoferrin [216]. Lactoferrin binds iron to sequester iron from 

pathogens and to facilitate iron absorption by host cells [217]. 

 

Fourth, the accessibility of extracellular haem iron is reduced by haptoglobin and 

hemopexin. Haem iron is tightly bound within a protoporphyrin ring and is more 

“secure” than non-haem iron [218]. Haem iron is predominantly found 

in myoglobin and haemoglobin [219]. During inflammation, IL-6 induced 

haptoglobin binds and soaks up free haemoglobin released by haemolysis [220]. 

Haptoglobin-bound iron is taken up by monocytes and macrophages through the 

haemoglobin scavenger receptor CD163 [221]. Increased hemopexin further 

reduces haem iron by binding to free haem. These mechanisms provide an 

antimicrobial function by restricting pathogen access to iron. 
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Although the host alters iron metabolism to restrict pathogen access to iron, host 

iron sources are still potentially accessible to some pathogens. Increased iron 

storage in cells may increase the availability of iron to intracellular pathogens. For 

example,  Burkholderia cenocepacia can survive in macrophages and utilize 

ferritin as an iron source [222], whilst Neisseria are able to utilize lactoferrin-

bound iron as an iron source [223]. Because the haptoglobin-haemoglobin 

Figure 1.3. Host iron regulations in 
response to infection and inflammation. 
Infection induces the production of 
proinflammatory cytokines such as IL-6, which 

in turn upregulate hepcidin. The hepcidin 

reduces the amount of iron released into the 

circulation by binding to ferroportin on 

hepatocytes, RE macrophages, and duodenal 

enterocytes followed by the degradation of 

ferroportin. 

The induction of ferritin increases 
intracellular iron storage. 

Infection induced ceruloplasmin promotes 

Fe2+ transfer to Fe3+ through its ferroxidase 

activity, which results in increased Fe3+ iron 

loading onto lactoferrin. 

Decreased availability of extracellular 

haem iron is mediated by haptoglobin and 

hemopexin. Haptoglobin binds free 
haemoglobin released during haemolysis and 

promotes its clearance. Haem iron is further 

reduced by induced hemopexin binding to free 

haem. 

This network of iron regulators coordinate 

together in response to infection to deprive 

invading microorganisms of iron. These 
responsive metabolisms protect host and 

prevent tissue from unnecessary oxidative 

stress. Image is generated by using Adobe 

illustrator. 
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complex is taken up by monocytes and macrophages, many pathogens have 

receptors that recognize this complex [224].  

 

The availability of iron to pathogens may depend on the cell type in which it 

proliferates. It is known that RBCs are abundant of iron in human body.  

Plasmodium parasites are one of the most common pathogens that infect human 

RBCs. Sickle cell disease is a group of disorders that affects haemoglobin in 

RBC. Humans with sickle cell disease are resistant to Plasmodium infection [225]. 

One possibility is that the mutation in sickle cell haemoglobin alters the 

microenvironment within RBCs and has adverse impacts on Plasmodium survival. 

Another explanation is that sickle cell disease induces the nuclear factor erythroid 

2 (NFE2)-related factor 2 (NRF2) expression followed by the induction of several 

cytoprotective mechanisms including HMOX1 and ferritin. As a consequence, the 

cytoprotecting factors such as carbon monoxide (CO) and bilirubin are increased 

[226, 227].  

 

1.5.3. Haem oxygenase 

As described above, haem iron is one of the major sources of iron in the human 

body and provides host defence against pathogens by sequestering iron. Haem 

oxygenases are the initial and rate-limiting enzymes which break down haem 

during iron recycling. Haem oxygenases also play an essential role in oxygen and 

mitochondrial electron transport as a cofactor of haemoglobin, myoglobin, and 

cytochromes [228]. Although there is increasing evidence for the functions of 

haem oxygenase-1 (Hmox1) in resistance to mycobacterial infection, the exact 

mechanisms of resistance are unclear. Thus, studying the role of Hmox1 during 

mycobacterial infections will increase our understanding of its mechanisms. 

 
Properties of Hmox1 

Haem oxygenases, the main regulators of haem catabolism, are highly 

conserved in organisms. These enzymes catalyse the breakdown of haem to 

carbon monoxide (CO), ferrous iron and biliverdin (Fig. 1.4) [229]. Biliverdin is 

rapidly reduced to bilirubin via biliverdin reductase (Fig. 1.4) [230]. There are two 

isoforms of haem oxygenase: the inducible Hmox1, and the constitutively 
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expressed Hmox2 [231]. In mammals, both isoforms contain a conserved 24-

amino acid sequence known as the “haem binding pocket”, within which a 

conserved histidine residue acts as the ligand for haem iron (Fig. 1.4) [90, 232]. 

Haem is used as substrate and cofactor for both isoforms, but the physiological 

properties and regulation of the two proteins are different [90].  

 

 

 

  
Figure 1.4. Enzymatic function of Hmox1. Schematic of the haem oxygenase reaction pathway. 

Haem oxygenases degrade haem b to yield carbon monoxide (CO), ferrous iron (Fe2+), and 
biliverdin Ixα. This reaction requires 3 mol of molecular oxygen and 7 electrons. In mammals, 

biliverdin IXα is subsequently reduced to bilirubin IXα by an NADPH-dependent biliverdin 

reductase. In the bottom panel, the proximal histidine that is required for enzymatic activity in 

human, mouse and zebrafish forms of Hmox1 is denoted. 

 

Under basal conditions, Hmox1 is highly expressed in tissues such as spleen, 

liver, and bone marrow, while it is almost undetectable in other tissues [233]. 

Subcellularly, Hmox1 is located in the endoplasmic reticulum, where its C-

terminal trans-membrane domain receives the electrons required for the 

enzymatic degradation of haem from NADPH cytochrome P-450 reductase. 

However, under certain stress conditions, the C-terminus truncated form of 

Hmox1 has been reported to locate to other organelles, such as mitochondria 

and the nucleus [234, 235]. Nuclear Hmox1 may regulate the activity of 

transcription factors, like ATF6 and AP-1 [236]. 
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As an inducible protein, Hmox1 is responsive to multiple stresses such as 

oxidative stress, extra haem, iron starvation, inflammatory cytokines, and 

physical tissue injury [237, 238]. Conversely, Hmox2 is constitutively and highly 

expressed in the brain and testes, and does not generally respond to stress 

conditions [90, 239]. To date, only corticoids are reported to induce Hmox2 

expression [240]. In addition to the haem-binding histidine residue, Hmox2 

contains two Cys residues that function as two haem regulatory domains that 

provide thiol/disulfide-mediated redox regulation of haem binding [241]. 

 

1.5.4. Physiological roles of Hmox1 

Since Kenneth Poss and colleagues first generated Hmox1- and Hmox2-deficient 

mice two decades ago [242-244], murine models of Hmox deficiency have been 

used extensively to characterize its role in health and disease. Initial 

characterization of Hmox1-/- mice showed that under non-stressed conditions 

these mice were anaemic, had low serum iron levels, and iron accumulated in 

liver and kidney. These observations suggested Hmox1 is critical for iron 

homeostasis [242]. Conversely, deletion of Hmox2 in mice had no impact on iron 

metabolism [243], but instead appeared to affect neurotransmission by carbon 

monoxide [245].  

 

Early studies also indicated a role for HMOX1 in antioxidant defence. Hmox1 

mRNA is induced rapidly upon treatment of human skin fibroblasts with H2O2 

[246]. Poss and colleagues also demonstrated attenuated antioxidant stress 

defence in murine cells lacking HMOX1 [243]. Compared with WT cells, HMOX1-

deficient fibroblasts had increased dichlorodihydrofluorescein-derived 

fluorescence when treated with haem, H2O2, or the superoxide-producing redox 

cycling drug paraquat indicating increased cellular ROS production and and 

important antioxidative role for Hmox1 in cells. [244]. Moreover, HMOX1-deficient 

pluripotent stem cells exhibited a higher rate of oxidant-induced cell death than 

corresponding WT cells [247]. Therefore, the induction of Hmox1 likely protects 

against oxidative stress-induced damage.  
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Over the last two decades, there has been an increasing interest in the biological 

roles of haem oxygenases, with most studies focusing on Hmox1. A large body 

of literature focuses on the regulation of HMOX1 induction [248-251]. In response 

to oxidative and electrophilic stress, NRF2, a member of the cap 'n' collar 

subfamily of basic region leucine zipper transcription factors plays a major role in 

the induction of Hmox1 in stress conditions (Fig. 4) [252]. HIF1α is also a key 

transcription factor which upregulates Hmox1 under hypoxia (Fig. 4). In contrast 

to NRF2, ablation of Bach1, a negative regulator of Hmox1 (Fig. 4) [253], leads 

to the constitutive expression of HMOX1 and protection against I/R injury in mice. 

Mice lacking functional HMOX1 displayed impaired recovery (e.g., blood flow 

recovery, reparative neovascularization) in response to ischemia. This phenotype 

is rescued by the injection of a plasmid carrying Hmox1 into the right quadriceps 

muscle of mice, indicating its important role in cytoprotection [254]. 

Overexpression of HMOX1 decreased the levels of pro-inflammatory cytokines 

IL-6 and CXCL1 [255].  

 

The role of HMOX1 in regulating the immune response has also been 

demonstrated in models of tissue injury or different diseases such as ischemic 

lung/liver injury, heart disease and non-hemochromatosis liver diseases  [256-

259]. In 1999, the first case of HMOX1 deficiency was reported in a young boy. 

He showed severe inflammatory phenotypes and accelerated atherosclerosis. 

The patient died when he was only six years old [260]. This case suggests a 

critical role of Hmox1 in protecting humans against inflammation and 

atherosclerotic vascular disease. Consistent with this, irradiated mice 

transplanted with bone marrow cells from Hmox1-/- mice show enhanced 

atherosclerotic lesions together with a greater macrophage content and 

increased inflammatory cytokines (e.g., monocyte chemotactic protein 1 and IL-

6) [261]. Other roles of Hmox1 are summarized in Figure 1.5. Together, the 

existing literature suggests Hmox1 plays an important role in modulating tissue 

damage and immune responses to tissue damage and inflammation. 

 

Haem degradation products may contribute to the beneficial activities attributed 

to HMOX1 function. Although initially thought to be a toxic waste product, bilirubin 
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was reported to be effective lipid-soluble antioxidant [262]. Following that 

landmark study, additional protective properties of bilirubin have been found, 

including its ability to inhibit the expression of pro-inflammatory proteins such as 

vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule 

(ICAM-1) in vitro [263]. Biliverdin, the immediate precursor of bilirubin, can 

modulate the activities of regulatory protein kinases of the MAP kinase and 

phosphatidylinositide 3-kinase (PI3K) pathways that are involved in the regulation 

of cell growth, differentiation and survival [264]. In addition, CO released during 

haem degradation has anti-inflammatory properties, enhancing the expression of 

IL-10 and IL-1Ra, [265] inhibiting leukocyte recruitment to inflamed tissues, and 

reducing the expression of pro-inflammatory cytokines [266]. Finally, in substrate-

limited conditions, Hmox1 shows feed-forward autoregulation which might be 

useful in maintaining Hmox1 expression and further promote cytoprotection [267].  

 

 

 

 
Figure 1.5. Regulation of Hmox1 gene expression and summary of physiological 
properties of Hmox1 and products of haem degradation. Schematic of major upstream 

mechanisms that induce Hmox1 expression. Various extra- and intracellular stimuli such as 
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haem, oxygen, iron content, inflammation and oxidative stress activate Hmox1 through the 

transcription factors NRF2 or HIF1α. BACH1 is a repressor of Hmox1 expression. Image was 

generated by using Adobe illustrator. 
 

1.5.5. The role of Hmox1 in mycobacterial infection 

The functions of Hmox1 have been studied in mycobacterial infection both in vitro 

and in vivo. However, whether Hmox1 is protective or detrimental to the host 

during mycobacterial infection is incompletely understood.  

 

In 2008, two studies delineated an association between Hmox1-derived CO and 

mycobacterial infection. These studies used Mtb to infect Hmox1-/- mouse bone 

marrow-derived macrophages ex vivo. Through the comparison of the 

transcriptional profile of bacterial dormancy regulon between this ex vivo and in 

vitro culture with the addition of CO, they concluded that HMOX1-derived CO in 

macrophages stimulates the induction of the dormancy regulon of Mtb [268, 269]. 

Later, the Mtb cor gene was identified as a CO resistance gene that combats 

HMOX1-derived CO toxicity [270].  

 

Hmox1 protection against mycobacterial infection in vivo was first reported by 

Regev and colleagues in 2012, again using Hmox1-/- mice. They reported that 

HMOX1 was induced by M. avium infected in vitro and in vivo. Hmox1-/- mice 

developed higher bacterial load and mortality than WT controls. This was 

possibility correlated with granulomas which restricts bacterial dissemination, 

because Hmox1-/- mice were found to lose the capacity of proper granuloma 

formation. They concluded that Hmox1 regulates macrophage migration since 

MCP-1 and CCR2 expression were significantly changed by HMOX1 inhibition in 

M. avium infected cells in vitro and in M. avium infected Hmox1-/- mice in vivo 

[271]. 

 

Later in 2013, Silva-Gomes and co-workers reported that infection-induced 

HMOX1 colocalizes to macrophages. Knockout mice succumb to Mtb infection 

faster, and have increased bacterial burden in their liver, spleen and lung tissues. 

M. avium infection-induced oxidative stress was higher in Hmox1-/- mice than WT 

controls. Cell death was also increased in Hmox1-/- mice and was hypothesised 
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to be caused by haem accumulation in Hmox1-/- mice since additional hemin 

increased cell death in bone marrow-derived macrophages following M. avium 

infection. In addition, they found haem administration hampered granuloma 

formation in WT mice linking haem catabolism to mycobacterial granuloma 

formation [272]. 

 

In the same year, HMOX1 was proposed as a biomarker for human TB since its 

expression level correlates with TB at different status. Plasma HMOX1 is 

elevated in patients with active TB compared to individuals with latent TB or 

healthy controls. Decreased HMOX1 level was detected in successfully treated 

TB patients [273]. 

 

In 2015 and 2016, the first studies concluding Hmox1 expression is detrimental 

in mycobacterial infection were reported using HMOX1 inhibition. The detrimental 

effects of HMOX1 during mycobacterial infection were observed in vitro using a 

pharmacological inhibitor or Hmox1 siRNA which resulted in the reduction of M. 

abscessus load in human macrophages-like THP1 cells. HMOX1 inhibition also 

induced M. abscessus–lysosomal fusion in macrophages [274]. Scharn and co-

workers described that HMOX1 colocalizes with Mtb infected macrophages. They 

found inhibition of HMOX1 decreased bacterial load in Mtb-infected primary 

human macrophages and reduced the production of cytokines including IL-1β, 

TNF-α, IL-6, MIP-1β, IFN-β and GMCSF [275]. At the same time, a study reported 

in vivo treatment with a HMOX1 inhibitor led to enhanced restriction of Mtb growth 

in mice. They concluded that the inhibition of host HMOX1 suppresses Mtb 

infection by a mechanism dependent on T lymphocytes, because TCRα 

deficiency rescued the phenotype induced by SnPP and decreased Hmox1 

expression in infected mice. Moreover, they demonstrated the administration of 

SnPP in conjunction with conventional antibiotic treatment accelerates 

pulmonary bacterial clearance in Mtb-infected mice [276]. 

  

The association between HMOX1 level and TB treatment was further analysed 

by Rockwood and colleagues in 2017, where they showed antibiotic treatment 

decreased HMOX1 level in mice. Successfully treated TB patients exhibited 

reduced HMOX1 level while those with unfavourable outcomes had no change of 
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HMOX1 level during treatment. They demonstrated that the induction of HMOX1 

in Mtb-infected human and mouse requires NADPH-derived ROS production, and 

Mtb-associated oxidative stress and HMOX1 expression were dependent on the 

virulence factor ESAT-6 [277]. 

 

HMOX1 is reported control the inflammatory response since cytokines including 

IL-1β, IL-2, IL-3, IL-5, IL-6, IL-19 and IL-17a, MIP-1α, MIP-1β, GMCSF, GCSF, 

TGFβ were upregulated in Mtb-infected hmox1-/- mice after 12 wpi [278]. The 

antimycobacterial effect of interferon gamma (IFNG)-induced autophagy is 

described to be dependent on HMOX1 mediated increase of intracellular calcium 

levels [279].  

 

Due to the conflicting evidence, more studies are required to future delineate the 

mechanisms connecting HMOX1 to the pathogenesis of mycobacterial infection 

using new genetic tools and experimental systems. 

 

1.5.6. Hmox1 and iron homeostasis in zebrafish 

The whole genome duplication event in the zebrafish lineage results in two 

homologs (hmox1a and hmox1b) of human Hmox1 in zebrafish genome. 

Zebrafish Hmox1a and Hmox1b amino acid sequences (including stop codon) 

share 64% pairwise identity with the human HMOX1 sequence. The two zebrafish 

paralogs share 71% pairwise amino acid sequence identity. Both genes are 

inducible under oxidative stress conditions. However, hmox1a has been shown 

to be expressed at a significantly higher level during the early developmental 

stage compared to hmox1b [280]. Similar expression patterns have been 

described under different oxidative stress conditions [280, 281], suggesting 

conserved roles for hmox1a during embryogenesis and stress conditions.  

 

Similar to mammals, iron homeostasis is systemically regulated within zebrafish. 

Haem iron is the major form of iron which is predominantly found in myoglobin 

and haemoglobin. As the homolog of human HMOX1, both zebrafish Hmox1a 

and Hmox1b are predicted to catalyse haem into CO, ferrous iron and biliverdin. 

Fe-S cluster assembly is required for zebrafish haem synthesis [282]. The 
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regulation of iron homeostasis though hepcidin mediated pathway is conserved 

in zebrafish, genes such as TfR1a, TfR1b and transferrin-a have been identified 

and have similar functions as mammals [283]. Homologs of human IRPs have 

been identified as aco1 (IRP1) and ireb2 (IRP2) in zebrafish. Their expression 

and role in iron regulation have been described in zebrafish larvae [282]. Other 

iron homeostasis regulatory genes, such as the iron transporter DMT1 [284] and 

iron exporter FPN1 [285] are also conserved in zebrafish. 

 

 

1.6.  Thesis outline 

The zebrafish-M. marinum model was utilised in this study to explore the role of 

hmox1 in the context of mycobacterial infection. hmox1a was found to be the 

main functional gene in response to M. marinum infection. To investigate hmox1a 

functions more specifically, the zebrafish mutant allele hmox1amt1 was generated 

and characterised. Conserved functions of hmox1a in mycobacterial infection 

were described as hmox1a was required to regulate mcp-1 expression and drive 

granuloma formation as in mammals. Iron disorder was observed in infected 

hmox1amt/mt1 zebrafish which drove pathological changes to the granuloma 

microenvironment. 

 

 

1.7.  Thesis aims 

The aims of this study were: 

• To demonstrate the association between hmox1 and M. marinum infection 

• To establish and characterise a hmox1a mutant zebrafish allele 

• To investigate the mechanism of infection susceptibility in M. marinum-

infected hmox1a mutant zebrafish 
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Chapter 2. Materials and methods  
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2.1.  Experimental Organism/Strains 

2.1.1. Zebrafish Handling 

Adult zebrafish were maintained at the Centenary Institute. Water conditions 

included temperatures ranging from 25 to 30℃, pH from 6 to 8, conductivities 

from 400 to 800 µS/cm. Fish were housed with a dark–light cycle (10 hours dark, 

14 hours light). Normally fish were checked and fed twice in a day with one 

feeding in the morning and one in the afternoon with OrangeGrow commercial 

fish food.  
 
Embryos were obtained by natural spawning and raised in E3 media at 28-32°C. 

Zebrafish experimental procedures were conducted at the Centenary Institute in 

accordance with institutional and national animal ethics. Zebrafish embryos were 

raised in standard E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 

mM MgSO4, 10-5% Methylene Blue) in a 10 cm Petri dish with density of no more 

than a hundred per dish. All experimental larvae were raised with the addition of 

1-phenyl-2-thiourea (PTU; Sigma-Aldrich; final concentration 45 μg/mL) to halt 

pigment development. 

 

Zebrafish maintenance and experimental procedure were approved by Sydney 

Local Health District AWC Approval 17-036. 

 

2.1.2. Zebrafish Lines  

hmox1amt1 zebrafish were generated in this project on an Ekkwill (EK) 

background. TgBAC(mpx:GFP)i114 are referred to as Tg(mpx:GFP) [286]. 

Tg(mpeg1.1:GFP)vcc7Tg are referred to as Tg(mpeg:GFP) (Kikuchi K, 

unpublished). Both Tg(mpx:GFP) and Tg(mpeg:GFP) are on an EK background. 

 

Tg(mfap4:turquoise)xt27 is referred to as Tg(mfap4:turquoise) [86], 

Tg(lyzC:EGFP)NZ117 is referred to as Tg(lyzC:GFP) [287]. These two lines are on 

an AB background. All transgenic strains were generated and analysed as 

hemizygotes. 

 



 37  

2.1.3. Bacterial Strains 

M. marinum strains including ΔESX1 expressing tdTomato or mWasabi under 

control of the msp12 promoter were grown under hygromycin (Mediatech) in 7H9 

medium (Difco) supplemented with oleic acid, albumin, dextrose, and Tween-80 

(Sigma) [288]. 

 

 

2.2.  Recombinant DNA and Basic Molecular Biology Techniques  

y.y.z. Phenol Chloroform Extraction 

DNA samples were mixed well with 500 μL of phenol–chloroform–Isoamyl alcohol 

mixture (PCI) (Sigma) followed by centrifugation at 14,000rpm for 5 min. The 

supernatants were transferred to a tube and precipitated with 500 μL of 

Isopropanol and 50 μL of 3M sodium acetate. DNA pellet was collected by 

centrifugation at 14,000rpm for 15 min and washed by 700 μL of 70% ethanol. 

To dissolve DNA, a suitable amount of water was added into each tube with DNA 

pellet and the concentration of DNA was measured by NanoDrop (ThermoFisher). 

 

y.y.y. Genomic DNA Extraction  

For fin DNA extraction, a small piece of fin was clipped and collected in a 200 μL 

tube with 50–100 μL of fin digestion buffer (10 mM Tris-Cl, pH 8.0, 2 mM EDTA, 

0.2% NP40 and 200 μg/mL proteinase K added fresh). Samples were incubated 

at 55°C for 1 h to extract DNA and 95°C for 15 min to inactivate proteinase K. 

Then digested solutions were then used for genotyping PCR. 

 

To extract genomic DNA from zebrafish embryos or larvae, 1–20 embryos or 

larvae were collected in a 1.7 mL tube with 500 μL of embryo DNA extraction 

buffer (10 mM Tris-Cl, pH8.0, 10 mM EDTA, pH8.0, 200 mM NaCl, 0.5% SDS 

and 200 μg/mL proteinase K added fresh). Samples were incubated at 55°C until 

complete digestion (~ 1hr) and DNA was purified following the Phenol Chloroform 

extraction process. In the final step to dissolve the DNA pellet, 100 μL of water 

was added and the concentration of DNA was measured by NanoDrop 

(ThermoFisher). DNA concentrations were adjusted to 200–300 ng/mL for PCR. 
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y.y.|. Polymerase Chain Reaction 

For normal PCR, GoTaq® DNA Polymerase (Promega) was used for 

amplification. Normally, a 20 μL PCR reaction was set up for each amplification. 

For each reaction, 1 μL of DNA template (200-300 ng/μL) or water control was 

mixed with 10 μL of 2X GoTaq® Green Master Mix, 1 μL of the forward primer 

(10 μM), 1 μL of the reverse primer (10 μM) and 8 μL of water. Standard PCR 

conditions: 1 cycle of 95°C for 3 min; 35 cycles of 95°C for 15 sec, 60°C for 30 

sec (annealing) and 72°C for 1 min (extension); and 1 cycle of 72°C for 5 min. 

Annealing temperature was adjusted according to the Primer Melting 

Temperature (Tm). Extension time was adjusted based on the expected size of 

PCR product (1 minute for every 1 kb). Final volume of reactions was controlled 

as a result of different aims of experiments and the amount of each reagent was 

adjusted accordingly. 

 

For PCR products requiring high fidelity or over 1 kb, PrimeSTAR GXL DNA 

Polymerase (Takara) was used for amplifications. Generally, the volume of one 

PCR reaction is 20 μL. For each reaction, 1 μL of DNA template (200-300 ng/μL) 

or water control was mixed with 4 μL of 5X PrimeSTAR GXL Buffer, 1.6 μL of 

dNTP Mixture (2.5 mM each), 1 μL of the forward primer (10 μM), 1 μL of the 

reverse primer (10 μM), 0.4 μL of PrimeSTAR GXL DNA Polymerase and 11 μL 

of water. Standard PCR conditions: 1 cycle of 98 °C for 3 min; 40 cycles of 98 °C 

for 15 sec, 60 °C for 30 sec (annealing) and 68 °C for 1 min (extension); and 1 

cycle of 68 °C for 5 min. Annealing temperature was adjusted with different Tm 

and extension time were adjusted in accordance with the expected size of 

products (1 min/kb). With the change of final volume of reactions, each 

component was adjusted proportionally. 

 

y.y.~. Genotyping 

For hmox1amt1 genotyping, a piece of fin was cut off from larval or adult zebrafish 

for DNA extraction as described in 2.2.2. PCR was performed as described in 

2.2.3 using the forward and reverse primers as listed below. Then PCR products 

were digested by the restriction enzyme HinfI (0.01 unit/ μL) at 37°C overnight. 
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Two digested fragments sized at 65 bp and 180 bp were expected from WT fish. 

An undigested 225 bp band was expected from hmox1amt1/mt1. Three fragments 

sized at 225 bp, 180 bp and 65 bp were expected from hmox1a+/mt1. 

Forward primer: 5’– 

AATCTGAGTCTGCGGAAATGGCGACATTTGATAACAAATAGGGCAATCTGT  

Reverse primer: 5’– 

CCTATAGATACACTCCAACAGTATCTCTACAATTGAAACTCCTGTAGCTCAC  

 

y.y.�. Restriction Digest  

Reactions of restriction digests were normally set up with a volume of 100 μL. 

Each reaction consisted of 10 μg of DNA, 10 μL of 10X concentrated buffers 

(Promega), 20U of each enzyme and water. Incubation temperature was 37 °C 

and incubation was normally finished in 16 h. To prevent star activity caused by 

high glycerol concentration, the total volume of enzymes was no more than 5% 

of the final volume. To digest plasmids as backbones in cloning experiments, 

thermosensitive alkaline phosphatase (Promega) was added into reactions at 10 

units/mL. Reactions were stopped by adding 6X DNA loading buffer. 

 

y.y.�. Agarose Gel Electrophoresis  

Molecular Grade agarose powder (Bioline) was dissolved completely in 1X TAE 

buffer by heating in a microwave oven. The powder is dispersed in the buffer 

before heating to avoid uneven boiling. Melted agarose was placed at room 

temperature to allow sufficient cooling before adding molecular grade ethidium 

bromide solution (10 μM) (Promega) or 1X SYBR safe gel stain (Invitrogen). After 

quick mixing, the solution was poured into a cast and placed at room temperature 

for 30 min. Agarose gels between 1%–3% were used. DNA or RNA samples were 

premixed with loading buffer and then loaded into the wells. In most gel 

electrophoresis, DNA or RNA fragments were separated at 100V for 30 min. 

HyperLadderTM 100 bp or HyperLadderTM 1 kb was used depending on the size 

of predicted nucleic acid fragment. DNA or RNA in the gel was visualized with an 

ultraviolet (UV) transilluminator and imaged with the VisionCapt software. 
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y.y.�. Gel Extraction 

Agarose gel containing target DNA fragments were cut out and dissolved in 100 

μL of 6 M NaI solution for each 0.1 g of gel at 55°C until agarose was completely 

melted. 10 μL of 100 mg/mL silica slurry was added into the melted gel solution 

and mixed well. The mixture was incubated at room temperature for 5 min with 

occasional mixing followed by centrifugation at 7,000 rpm for 30 sec. The pellet 

was washed by wash buffer (50 mM NaCl, 10 mM Tris-HCl pH 7.5, 2.5 mM EDTA, 

and 50% Ethanol) twice and dried at 55°C for 5 min before adding at least 1 

volume of silica slurry to dissolve DNA. Dissolved DNA was separated from silica 

slurry by centrifugation at top speed for 30 sec. 0.5–1 μL of the supernatant was 

loaded on an agarose gel. The purity and concentration of each sample were 

checked by agarose gel electrophoresis. 

 

y.y.�. TA Cloning 

DNA fragments that were amplified by standard DNA polymerases ended with a 

T nucleotide overhang. Vector from pGEM®-T Easy Vector Systems (Promega) 

was used directly for ligation with Quick Ligation™ Kit (NEB) following the 

manufacturer’s recommended protocol. For TA cloning, the work was carried out 

with T4 DNA Ligase (Promega) was used. 

 

y.y.�. Transformation and Bacteria Culture 

α-Select Gold Competent Cells (Bioline) were thawed on ice and mixed with DNA 

samples gently. The amount of DNA did not exceed 10% of the volume of 

competent cells. The mixture was incubated on ice for 20–30 min without shaking 

followed by heat–shock at 42°C for 30 sec. Samples were immediately incubated 

on ice again for 2 min and 400 μL of SOC-medium was added. Bacteria samples 

were incubated at 42°C for 1 h. During incubation, LB agar was melted using 

microwave oven and placed at room temperature to allow sufficient cooling 

before adding antibiotic. Each 10 mL of LB agar mixture was poured into a 10 cm 

plate. LB plates were placed at room temperature for 30 min to solidify. For blue-

white screening, X-Gal (80 mg/ml) and IPTG (0.4 mM) were added together with 

ampicillin (50 ng/mL). 100 μL of the culture were plated on LB plate with plating 

beads. Finally, plates were incubated at 37°C overnight. 
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After the overnight incubation, 5 white colonies were selected from each plate 

and each bacterial colony was inoculated into 2 mL LB broth with ampicillin and 

cultured at 37°C overnight. 

 

y.y.z�.  Plasmid Isolation from Escherichia coli  

Bacterial pellets were collected by centrifugation at 4500 rpm for 10 min followed 

by adding 250 μL of GTE buffer (50 mM Glucose, 25 mM Tris-Cl, pH 8.0, 10 mM 

EDTA pH8.0 and 4 mg/ml lysozyme powder added fresh) and incubated at room 

temperature for 2 min. 200 μL of fresh lysis buffer (0.2 M NaOH, 1% SDS) was 

added with gentle mixing, and 200 μL of ammonium acetate (7.5 M) was added 

for neutralization. Protein debris was separated by centrifugation at 14,000rpm 

for 5 min and the supernatant was transferred into a new tube and precipitated 

with 600 μL of Isopropanol. DNA pellet was collected by centrifugation at 

14,000rpm for 15 min and washed by 500 μL of 70% ethanol twice. Finally, 20–

30 μL of water with RNase A (100 μg/mL) was added to dissolve DNA after being 

dried at 55°C for 5 min. DNA midiprep was carried out with PureYieldTM Plasmid 

Midiprep System (Promega) following manufacturer’s recommended protocol. 

 

y.y.zz.  DNA Sequencing 

Sanger sequencing was conducted by Garvan Molecular Genetics. 40 ng of DNA 

sample was mixed with 3.2 pmol of primer and sent for sequencing. Isolated DNA 

plasmids were sequenced with M13R primer (5’–

GCGGATAACAATTTCACACAGG). 

 

y.y.zy.  mRNA Synthesis and Purification 

Linearized plasmid DNA was purified following the Phenol Chloroform extraction 

procedure. 20 µL of DEPC treated water was added to dissolve the pellet in the 

last step of purification. DNA concentrations and qualities were measured by 

NanoDrop. The concentration of purified DNA sample was around 100 ng/mL. 

Purified linearised DNA samples were used as templates to synthesise mRNA 

under the control of T7 promoter. Following the manufacturer’s 
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recommended protocol of mMESSAGE mMACHINETM T7 Kit, synthesized 

mRNA was immediately purified with the RNA RNeasy Mini Kit (Qiagen). After 

purification, 4 µL of purified mRNA or RNA ladder were mixed with 0.5 µL of 

loading dye and 0.5 µL of ethidium bromide. Then the quality of mRNA was 

examined by agarose gel electrophoresis. 

 

y.y.z|.  RNA Isolation  

Bacterial pellets, zebrafish tissues and embryos were collected in 500 μL of 

TRIzol™ Reagent (Invitrogen) and stored at –80°C. To isolate RNA, the 

manufacturer’s recommended protocol was followed. All the reagents used in the 

procedure were of RNase-free quality and consumables were RNase-free 

certified. 

 

y.y.z~.  Reverse Transcription 

Fast cDNA synthesis was performed with the SensiFAST™ cDNA Synthesis Kit 

(Bioline) following the manufacturer’s recommended protocol. 

 

y.y.z�.  Quantitative Real–time PCR 

For each reaction, 0.5 μL of cDNA samples was mixed with 0.5 μL of the forward 

primer (10 μM), 0.5 μL of the reverse primer (10 μM), 5 μL of 2X SYBR Green 

PCR Master Mix (ThermoFisher) and 3.5 μL of water. Amplification and detection 

were performed in a LightCycler® 480 System (94/384well–throughput) with this 

thermal profile: 1 cycle of 50°C for 2 min; 1 cycle of 95°C for 10 min; 50 cycles of 

95°C for 10 sec, 60°C for 25 sec. Primers targeting β-actin2 were used as an 

internal control for each host gene while 18s was used as a housekeeping gene 

for all bacterial genes. Primer efficiencies for qPCR were tested with a serial 

dilution of cDNA and the slope of a standard curve was obtained to estimate 

primer efficiency. Relative gene expression was analysed by the delta–delta CT 

method using 18s as the housekeeper for normalisation. The sequences of 

primers used in qPCR analyses are listed in Table 2.3. 
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Table 2.3.Sequences of primers used for qPCR 
Gene Forward primer Reverse Primer 

hmox1a 

F2/R2 

5’–GGGCAGGACTTGGAGCACTT 5’–GGACTGCTCTTGCCAATCTCT 

hmox1a 

F3/R3 

5’–TAAAAACGAAGTGGGGCGGT 5’–TGTTCAGACAGATCACTGCCA 

hmox1b 5’–AGCTACCAGAGGGGCCGAGT 5’–CGCCTCGTAGATCTTGTAGAGC 

hmox2a 5’–ATGGCGGTCAGTGGAAACACAACC 5’–GGCAACAGCAGCAACCAATGTGGC 

hmox2b 5’–TTTAGGAGGTTGAGTTGGAGTCAG 5’–TTCTGCCTTCTGGTGCACTTCT 

ccr2 5’–GCAACAATGGCAACGCAAAG 5’–GTGAGCCCAGAACGGAAGTG 

mcp-1 5’–GTCTGGTGCTCTTCGCTTTC 5’–TGCAGAGAAGATGCGTCGTA 

Tnfα [289] 5’-GCTTATGAGCCATGCAGTGA 5’-AAGTGCTGTGGTCGTGTCTG 

hif1αa 5’–GCAGCCTGTAGTGCAACATAA 5’–GGACATCTGAAGAGGGCAAC 

Ifnγ [290] 5’–GGGCGATCAAGGAAAACGACCC 5’–TAGCCTGCCGTCTCTTGCGT 

il6 5’–AAGGGGTCAGGATCAGCAC 5’–GCTGTAGATTCGCGTTAGACATC 

il10 5’–CTTTGCGACTGTGCTCAGAG 5’–TGGTTCCAAGTCATCGTTGGAC 

cxcl8 5’-TGTTTTCCTGGCATTTCTGACC 5’-TTTACAGTGTGGGCTTGGAGGG 

aco1 5’–CTGGTGAAGCAGGACGATGT 5’–GGTACACCCGTGAAGTCCTG 

ireb2 5’–AAACAAGGGGTCGATCCGAG 5’–GGATGCCGCATTTGCTGTAG 

slc40a1 5’–CCGTGTATGGACTGGTGGTC 5’–AGACGTCTGTGCCACTTTCAA 

glrx3 5’–GATGTGATGGCGGAATTGGC 5’–TCACCGCCCTTGAAGAAGAG 

slc11a2 5’–CGCTTACCTCAGCTTCGTCA 5’–CTCCTGTATGAGAGCGGCTG 

β-actin 

[291] 
5’–GCCTGACGGACAGGTCAT 5’–ACCGCAAGATTCCATACCC 

cp 5’–GAAAGAAAGCCCAGGCAACG 5’–ATATCGGCGGTCCTCTCCTT 

bfrB 5’–TTGGCGAAGCACTTTTACGC 5’–GGAATCTCGACACGGAGGTC 

18s [292] 5’-TCGCTAGTTGGCATCGTTTATG 5’-CGGAGGTTCGAAGACGATCA 

hmox1a 

for ISH 

probe 

5’–

ACCCTCTCTGCTTTGTCATGAGAAA 

5’–

CTTGCATTTACACAGAATACATACAGAAGAC 

  

 

2.3.  Genetic Modification 

y.|.z. Transcription Activator-like Effector Nuclease (TALEN) Mediated 

Mutagenesis 

Genome editing was performed as described [293]. Briefly, TALENs, used to 

generate mutant zebrafish, were constructed using the Golden Gate assembly 

method [294, 295]. mRNAs were synthesized as described in 2.2.12 and diluted 

to 50 ng/μl for microinjection. Prepared mRNAs were injected into zebrafish 
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embryos at the early one-cell stage to 10% of the volume of the cell (~1 nl). 

Injected embryos were raised to adulthood and then outcrossed to wild-type fish. 

Embryos from these crosses were screened to identify mutants.  

 

y.|.y. CRISPR/Cas9 Gene Editing Technique 

The gRNA target sites for each gene were designed on the website of 

https://www.crisprscan.org. One was chosen targeting the start codon, one was 

chosen targeting the functional histidine in exon 3, and the other two targeted 

exon 4. The gRNA antisense oligonucleotide sequences are listed in Table 4.2. 

The gRNA templates were amplified by PCR with scaffold reverse primer with the 

application of Q5 DNA polymerase (NEB). Parameters for thermal cycling: 98°C 

for 1 min; 14 cycles of 98°C for 10 sec, 45°C for 30 sec and 72°C for 15 sec; and 

72°C for 5 min. DNA products were cleaned up by PureLinkTM PCR Micro Kit 

(Invitrogen). Then gRNA was synthesised using HiScribe™ T7 High Yield RNA 

Synthesis Kit (NEB). Finally, synthesized gRNA was cleaned up by GeneJET 

RNA Cleanup and Concentration Micro Kit (ThermoFisher) and stored in 10 ul 

aliquots. For gene knockout, 1 nL of a mixture containing 200 ng/μL of the mixture 

of four gRNAs, 2 μM Cas9 and 0.08% phenol red (ThermoFisher) was injected 

into the yolk of οne-cell stage embryos. 

 

 

Table 4.2. Primer sequences used for Crispr-Cas9 

Primer name Sequence 

hmox1a target 1 TAATACGACTCACTATAGGACTCCACCAAAAGCAAAGGTTTTAGAGCTAGAA 

hmox1a target 2 TAATACGACTCACTATAGGGTGTTTTCAGCTCTGACGGTTTTAGAGCTAGAA 

hmox1a target 3 TAATACGACTCACTATAGGAGATCTACCGAGCGCTGGGTTTTAGAGCTAGAA 

hmox1a target 4 TAATACGACTCACTATAGGTAAATGGGCTGCACTGCTGTTTTAGAGCTAGAA 

hmox1b target 1 TAATACGACTCACTATAGGGTCACTGTCGGTGATCTGGTTTTAGAGCTAGAA 

hmox1b target 2 TAATACGACTCACTATAGGAGCGTCACTCGGCCCCTCGTTTTAGAGCTAGAA 

hmox1b target 3 TAATACGACTCACTATAGGTCTACGAGGCGCTGGAGGGTTTTAGAGCTAGAA 

hmox1b target 4 TAATACGACTCACTATAGGTGGGAGCCACGGCATCATGTTTTAGAGCTAGAA 

hmox2a target 1 TAATACGACTCACTATAGGAGAAGTTCAAGCCCTCACGTTTTAGAGCTAGAA 

hmox2a target 2 TAATACGACTCACTATAGGTTACATGGGTGACCTATCGTTTTAGAGCTAGAA 
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hmox2a target 3 TAATACGACTCACTATAGGAGGTGGGTCGCGATGACCGTTTTAGAGCTAGAA 

hmox2a target 4 TAATACGACTCACTATAGGCATTGGTCCCCATGCACAGTTTTAGAGCTAGAA 

hmox2b target 1 TAATACGACTCACTATAGGCAGATCTGTCGGCCTGTAGTTTTAGAGCTAGAA 

hmox2b target 2 TAATACGACTCACTATAGGTCGGGGGGGCAGGTGCTCGTTTTAGAGCTAGAA 

hmox2b target 3 TAATACGACTCACTATAGGGCAGCGCATTCATCAGATGTTTTAGAGCTAGAA 

hmox2b target 4 TAATACGACTCACTATAGGGACGGAAGATGCTGCCAAGTTTTAGAGCTAGAA 

scramble target 1 TAATACGACTCACTATAGGCAGGCAAAGAATCCCTGCCGTTTTAGAGCTAGAAATAGC 

scramble target 2 TAATACGACTCACTATAGGTACAGTGGACCTCGGTGTCGTTTTAGAGCTAGAAATAGC 

scramble target 3 TAATACGACTCACTATAGGCTTCATACAATAGACGATGGTTTTAGAGCTAGAAATAGC 

scramble target 4 TAATACGACTCACTATAGGTCGTTTTGCAGTAGGATCGGTTTAGAGCTAGAAATAGC 

Scaffold  

 

AAA AGC ACC GAC TCG GTG CCA CTT TTT CAA GTT GAT AAC GGA CTA GCC TTA 
TTT TAA CTT GCT ATT TCT AGC TCT AAA AC 

T7 site is shown in blue and the tail annealing sequence is shown in green. The target sequence is in the 
middle in black. 

 

 

2.4.  Zebrafish Experiments 

y.~.z. Zebrafish Embryo Developmental Phenotyping  

Zebrafish embryos were collected from hmox1a+/mt1 in-cross and cultured in E3 

media. Embryos showing no eyes, severe cyclopisa, small eyes, small trunk 

somites and heart, reduced notochord or missing floor plate were described as 

‘abnormal’. Embryos showing no gross abnormalities were described as ‘normal’. 

After photography, embryos were used for genotyping. 

 

y.~.y. Mycobacterium marinum Infections  

M. marinum M strain expressing Wasabi or tdTomato fluorescent protein was 

cultured and frozen as single cell suspensions for infection experiments. 7H9 

medium was made by dissolving 4.7 g Middblebrook 7H9 powder (BD) in 900 mL 

water supplemented with 2 mL glycerol (Sigma). M. marinum was inoculated from 

frozen glycerol stocks into 7H9 supplemented with OADC and 50 µg/mL 

hygromycin, and grown at 28°C to an OD600 of approximately 0.6 before being 

washed and sheared by aspiration through a 32 G needle into single cell 

preparations that were then aliquoted and frozen in 7H9 at -80°C until needed. 
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7H10 medium was made by suspending 19 g of 7H10 Agar (BD) in 900 mL water 

containing 5 mL glycerol (sigma). The concentration of bacteria was quantified 

from thawed aliquots by CFU recovery on 7H10 supplemented with OADC and 

50 µg/mL hygromycin and grown at 28°C. Aliquots of 10 μl of single cell 

suspensions of fluorescent M. marinum stocks were defrosted from -80°C and 

diluted with phenol red dye (Sigma, 0.5% w/v) for infections. For larval infection, 

1-2 days-post fertilization (dpf) embryos were dechorionated using pronase (1 

mg/mL). Embryos were then anesthetized using 160 μg/ml of tricaine (Sigma) 

followed by the transfer onto a glass depression slide. About 100 CFU of M. 

marinum was injected into the caudal vein or trunk of each embryo in a bolus of 

5 – 15 nL using borosilicate microinjection needles. Infected larvae were 

transferred to a Petri dish with E3 and PTU for recovery and maintained in a 28°C 

incubator. 

 

For adult fish infection, adult zebrafish were anesthetized using 160 μg/ml of 

tricaine followed by the infection by intraperitoneal injection with approximately 

400 CFU M. marinum per fish in a bolus of 5 – 15 μL using a 32 G needle. For 

survival ratio analysis, approximately 200 CFU M. marinum was infected into 

each fish. Infected adults were transferred to system water for recovery and 

maintained at 28°C in an incubator fitted with a light set to 14 hours on:10 hours 

off. Adult zebrafish were maintained at a density of five fish per litre in all 

experiments. Infected adult fish were monitored and fed with 20% daily water 

changes. 

 

y.~.|. Bacterial Recovery from Infected Adults  

Adult zebrafish were euthanised by tricaine overdose. Dead infected adults were 

individually homogenised in PBS with a mechanical homogeniser. Homogenate 

was serially diluted by PBS and plated on Middlebrook 7H10 (Difco) 

supplemented with OADC, hygromycin (Sigma, 50 μg/l) and amphotericin B 

(ThermoFisher, 10 mg/l). Plates were incubated at 28°C for 10–14 days until 

fluorescent M. marinum colonies could be counted.  
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y.~.~. Tail Wounding 

4 dpf embryos were anesthetized in 160 μg/ml of tricaine in E3. The end of the 

tail was removed by a scalpel using the pigment gap as a reference. Wounded 

embryos were transferred to a Petri dish with E3 and PTU for recovery and 

maintained at 28°C until 6 or 24 hours post wounding for live imaging or qPCR. 

For embryos from hmox1amt1 heterozygous in-cross, the cut off piece of fin from 

each embryo was collected and used for genotyping. 

 

y.~.�. Drug Treatment 

Tert-butylhydoquinone (tBHQ. Sigma, 112941) was dissolved in 100% ethanol 

(Sigma, E7023) to a stock concentration of 5 mM.  5 µM final concentration of 

tert-butylhydoquinone was used to treat 5 dpf zebrafish larvae for 4 hours. 0.1% 

Ethanol was used in control group. For ethanol treatment, 5 dpf larvae were 

exposed to 4% ethanol for 4 hours. Larvae without treatment were used as control. 

 

Protoporphyrin IX (PPIX. Sigma, P8293), tin-protoporthyrin IX (SnPP. Frontier, 

Sn749), hemin (Sigma, 51280) were firstly dissolved in 0.05M NaOH and diluted 

in Tris-HCl solution to a stock concentration of 30 mM. Biliverdin hydrochloride 

(Frontier, B655), bilirubin (Frontier, B850), ferrostatin-1 (Sigma, SML0583) was 

dissolved in DMSO (Sigma, D2650) to a stock concentration of 30 mM. PPIX was 

used as a control for SnPP and hemin while DMSO was used as control for 

biliverdin hydrochloride, bilirubin and ferrostatin-1. Embryos were treated with 

drugs immediately after infection or tail wounding and drugs were changed every 

three days. 

 

y.~.�. Live Imaging  

Live embryos were anesthetized using 160 μg/ml of tricaine and mounted in 3% 

(w/v) methylcellulose (Sigma) dissolved in E3 media. A Leica M205FA 

fluorescence stereomicroscope or Leica DM6000B light and fluorescence 

microscope was used for fluorescent and colour microscopy. Image analysis was 

performed with ImageJ (NIH). Fluorescent pixel count and intensity 

measurements were performed as previously described [296]. 

 



 48  

y.~.�. Axenic Culture  

A midlog culture of M. marinum-tomato was diluted with fresh 7H9 medium 

supplemented with OADC and Tween. Diluted starter culture was aliquoted in 

200 μl volumes into each well of 96 well plate for drug treatment. Cultures were 

wrapped with foil to avoid light and maintained at 28°C in a static incubator. 

Bacterial fluorescence was measured daily in a plate reader.  

 

2.5. Staining 

y.�.z. Histological Analysis and Imaging 

Immunofluorescence antibody staining was performed on paraformaldehyde-

fixed 10 μm cryosections as described [293]. Slides were first dried at 23°C for 

30 min and then rinsed twice in PBS + 0.1% Tween-20 (PBT) for 5 min each. 

Slides were blocked with NCS-PBST (10% newborn calf serum, 1% DMSO, in 

PBST) for 60 min at 37°C and incubated with primary Hmox1 antibody (antibody 

1#, ADI-SPA-895-F, 1:100, Enzo life; antibody 2#, GTX61906, 1:100, GeneTex; 

antibody 3#, 610712, 1:100, BD; antibody 4#, ab13248, 1:100, Abcam) at 4°C 

overnight. Slides were washed four times in PBT for 5 min each wash and 

incubated with secondary antibody (Alexa Fluor 555 donkey anti-mouse, A31570, 

1:200, Invitrogen; Alexa Fluor 555 donkey anti-rabbit, A31572, 1:200, Invitrogen) 

at 37°C for 60 min. After washing with PBT four times, slides were rinsed with 

DAPI (D9542, 1:5000, Sigma) at room temperature for 10 min and mounted with 

mounting media (Fisher). Images were taken using a Zeiss AXIO imager M1 

microscope (Carl Zeiss AG, Oberkochen, Germany).  
 

y.�.y. In-situ Hybridization 

Whole mount in situ hybridisation was carried out as previously described [297]. 

Briefly, zebrafish hmxo1a (ZFIN ID: ZDB-GENE-030131-3102) was cloned from 

a cDNA pool constructed by isolating RNA from WT embryos as the templates 

for antisense in-situ probes. Primers used for cloning were: 5’–

TCCCCGCGGGTGAAACTGGCTCAACATTTTCACT and 5’–

CCATCGATACATACAGAAGACAACTCAAAGCGT. In-situ probes were 

generated using T7 RNA polymerase (NEB) in the presence of digoxygenin 
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(DIG)-labelled dNTPs (Roche). Then GeneJET RNA Cleanup and Concentration 

Micro Kit (ThermoFisher) was used to clean up DIG-labelled RNA probes. 

Embryos were fixed in 4% paraformaldehyde (PFA) at 4°C overnight, dehydrated 

through an incremental series of methanol (MeOH)/phosphate-buffered saline 

(PBS) with 0.1% Tween (PBST) washes and stored in methanol MeOH for up to 

one month. For in situ hybridisation, embryos were rehydrated in an incremental 

series of MeOH/PBST washes and a final 5 minute wash in PBST. Proteinase K 

was used to permeabilise embryos in PBST for 30 mins at room temperature, 

followed by glycine solution in PBST/DEPC (2 mg/ml) for 10 minutes. Embryos 

were post-fixed with PFA for 20 minutes at RT followed by three PBST washes. 

Embryos were incubated in hybridization buffer at 65°C for 3 hours followed by 

overnight incubation with DIG-labelled probes at 65°C. Unbound probe was 

removed by washing embryos in an incremental series of 2X SSC/hybridization 

buffer followed by the washes in an incremental series of PBST/2X SSC buffers. 

After this, embryos were blocked with 5% sheep serum. Probes were detected 

with an anti-DIG-alkaline phosphatase antibody (Roche) and the signal was 

developed using BM Purple AP (Roche). Images were taken using a Leica 

M205FA microscope. 

 

y.�.|. Perls’ Prussian Blue Reaction 

Cryosections were placed in acid ferrocyanide solution (equal amount of 5% 

aqueous potassium ferrocyanide and 5% HCl) for 30 min at room temperature 

followed by two washes in distilled water for 1 min. Sections were counterstained 

with 0.1% nuclear fast red for 1 min at RT followed by immediate washes in 

distilled water. Stained sections were mounted with clear DePex and allowed to 

dry before imaging. Images were taken using a Leica M205FA microscope. 

 

y.�.~. CellROX Staining 

Live embryos were incubated in E3 medium with 5 μM CellROX™ Orange 

Reagent (ThermoFisher) for 1 h in a dark incubator. Embryos were extensively 

washed prior to imaging on a Deltavision Elite (GE Health Care). Fluorescent 

pixel count and intensity measurements were performed as previously described 

[296]. 
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y.�.�. TUNEL Assay 

TUNEL assay was performed with a Click-iT TUNEL Alexa Fluor 488 Imaging 

Assay (ThermoFisher) according to manufacturer's directions. Briefly, embryos 

were fixed in 4% PFA buffer overnight at 4°C. Embryos were washed in PBS and 

permeabilised by digestion with 10 μg/mL proteinase K for 30 min. Following 

washes, embryos were post-fixed in 4% PFA for 5 min at RT. Then embryos were 

preincubated in Tdt reaction buffer for 10 min at 37°C. Cleaved DNA was 

detected by incubating embryos for 30 min at 37°C with Tdt reaction buffer 

containing Tdt enzyme and EdUTP, followed by rinsing in PBS.  Incorporated 

EdUTP was detected with the Click-iT™ plus TUNEL reaction cocktail for 

30 min at 37°C in the dark. Embryos were extensively rinsed in PBS prior to 

imaging. Images were taken using a Deltavision Elite microscope (GE Health 

Care). Fluorescent pixel count and intensity measurements were performed as 

previously described [296] 

 

 

2.6.  Statistical Analysis 

 

Statistical analysis was performed using GraphPad Prism software with built in 

tests for normal distribution of datasets used to determine appropriate statistical 

tests. The t test or Mann-Whitney test was used to compare two groups as 

appropriate. One-way analysis of variance (ANOVA) or Dunnett's post hoc test 

was used to compare data from more than two groups as appropriate. 

 

For qPCR experiments, three technical replicates were performed for each 

biological replicate to generate the displayed value and 3-6 biological replicates 

were collected. Each qPCR experiment was repeated in entirety at least twice. 

Error bars indicate standard error of the mean. 
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Chapter 3. Expression of zebrafish haem oxygenase-1 during 
development and in response to M. marinum infection  
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3.1.  Preface 

In mammals, Haem oxygenases are composed of HMOX1 and HMOX2 [231]. 

Both proteins degrade haem [90]. However, expression of HMOX1 is inducible 

by a variety of stimuli, such as hypoxia, inflammation, and oxidative stress, while 

Hmox2 is constitutively expressed in a restricted range of tissues. Infection-

induced expression of Hmox1 has been observed in mycobacterium infected 

mice [272]. 

 

Due to the whole genome duplication in zebrafish, four hmox paralogs have been 

identified: hmox1a, hmox1b, hmox2a and hmox2b [280]. Both hmox1a and 

hmox1b are inducible in zebrafish under oxidative stress conditions [280]. The 

hmox1a paralog is more widely studied than hmox1b as hmox1a is expressed at 

higher levels during early development and under oxidative stress [280, 281]. 

 

This leads us to two fundamental questions to interrogate the role of haem 

oxygenases in zebrafish. The first question is whether hmox1a or hmox1b is the 

main functional gene in zebrafish. The next, is whether the protective function of 

zebrafish hmox1a/hmox1b is conserved during mycobacterial infection. In this 

section, the amino acid sequences of hmox paralogs, including the functional 

domain similarity, were analyzed to predict their functions. Expression patterns 

of the hmox homologs were compared during embryogenesis and in response to 

M. marinum infection to investigate their roles during these processes. Each gene 

was subsequently knocked down by CRISPR-Cas9 mutagenesis to investigate 

their role in mycobacterial infections.  
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3.2.  Amino acid sequence analysis of zebrafish Hmox homologs 

The alignment of human HMOX1, mouse HMOX1, and zebrafish Hmox1a and 

Hmox1b indicates the conservation of Hmox1a and Hmox1b in zebrafish. This is 

demonstrated as the zebrafish Hmox1a amino acid sequence shares 44% 

pairwise identity and 88% pairwise similarity with the human HMOX1 sequence 

(Fig. 3.1A). The Hmox1b shows 47% pairwise identity and 75% pairwise similarity 

with the human HMOX1. The metal-binding domain-functional histidine is 

conserved in both Hmox1a and Hmox1b. The two zebrafish paralogs, Hmox1a 

and Hmox1b, share 71% pairwise amino acid sequence identity. Hmox2a, the 

homolog of human HMOX2 is also highly conserved in zebrafish, sharing 53% 

pairwise identity and 85% pairwise similarity with the human HMOX2 sequence 

(Fig. 3.1B).  
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Figure 3.1. Alignment of Haem oxygenases among human, mouse and zebrafish. A. 
Alignment of HMOX1 homologs. B. Alignment of Hmox2 homologs. Dark grey background 

indicates amino acid residues that are identical in all four proteins (Uniprot). Light grey 

background indicates amino acid residues that are similar in all four proteins (Uniprot). The purple 
background indicates the functional histidine. Similarity, identity and functional histidine were 

predicted by Uniprot database (https://www.uniprot.org/align/) 

 

 

3.3.  Expression of hmox1 paralogs in embryogenesis 

Many zebrafish homologues have undergone subfunction partitioning after the 

genome duplication event [298]. There is limited information about the functions 

of zebrafish hmox genes compared to their human counterparts [90, 299]. 

 

Hmox1 expression is required for the formation of erythroblastic islands, 

multicellular clusters formed during erythropoiesis consisting of bone marrow 

macrophages and associated erythroid cells, in mice [90, 300]. Studies using 

Hmox1-deficient mice demonstrated that Hmox1 deficiency reduces the number 

of macrophages in bone marrow and changes macrophage morphology. 
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Macrophages are essential to erythropoiesis as they return iron from cleared red 

blood cells to the bone marrow for recycling into new red blood cells [228]. 

 

Complementary evidence has been collected using a transgenic zebrafish line in 

which the expression of the mCherry fluorescent protein is driven by the promoter 

region of hmox1a [299]. With increased sensitivity of detection, hmox1a 

expression displayed spatial and temporal expression patterns consistent with 

the expression pattern of gata1, a classic marker of erythropoiesis during 

development [299]. Together, these studies demonstrate hmox1a expression is 

related to haematopoiesis. 

 

As a relatively recently identified gene in zebrafish, studies of the role of hmox1b 

gene are limited. Currently, only one published paper has investigated the 

expression of hmox1b finding the expression level of hmox1b was always much 

lower than hmox1a [280].  

 

I compared expression patterns of hmox1a and hmox1b by qPCR during 

embryogenesis. The value for 3 dpf was adjusted to 1 and the rest of the samples 

were calculated relative to this low baseline. The expression of hmox1a displayed 

a pattern of waves with peaks coinciding with primitive haematopoiesis 0.5-1 dpf, 

transfer of haematopoiesis from the CHT to kidney at 5 dpf and finally onset of 

functional thymopoiesis at 30 dpf in zebrafish development (Fig. 3.2A). hmox1b 

also demonstrated a wave-like pattern of expression, however these fold 

changes were smaller than seen for hmox1a (Fig. 3.2B). This suggests that the 

hmxo1b gene is unlikely to regulate haematopoiesis and that hmox1a may be 

more important than hmox1b in terms of haematopoiesis in zebrafish.  
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Figure 3.2. hmox1a and hmox1b expression during embryogenesis. Relative hmox1a (A) 

and hmox1b (B) expression during zebrafish developmental determined by qPCR (n=3-6). All 
values are normalized to the  level of expression at 3 dpf.  

 

 

3.4.  Hmox homologs in stress conditions 

I next examined the expression of hmox homologs in response to different cellular 

stresses. Tert-butylhydoquinone (tBHQ) is a synthetic aromatic organic 

compound that is normally used as quinone antioxidant. However, it also induces 

the production of reactive oxygen species (ROS) production via redox cycling 
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which results in cellular oxidative stress [301]. The expression of zebrafish hmox 

homologs have been reported to sensitive to tBHQ with higher hmox1a induction 

compared to hmox1b, hmox2a and hmox2b [280]. 

 

To confirm this observation, 120 hpf zebrafish larvae were exposed to 20 μM 

tBHQ for 4 hours and gene expression was analysed by qPCR. Consistent with 

the literature, tBHQ treatment increased the expression of hmox1a and hmox1b. 

Surprisingly, hmox1b showed a higher tBHQ-induced fold change than hmox1a 

(Fig. 3.3A). Expression of hmox2a and hmox2b were unchanged following tBHQ 

treatment (Fig. 3.3A). 

 

To better understand the transcriptional responsiveness of these genes to 

different stress conditions, 120 hpf zebrafish larvae were exposed to 4% ethanol, 

a non-oxidant, for 4 hours. Ethanol treatment increased the expression of 

hmox1a, hmox1b, and hmox2a, but did not affect hmox2b expression (Fig. 3.3B).  

 

In conclusion, these results reveal distinct expression patterns of hmox homologs 

in zebrafish in different stress conditions. Additionally, although hmox1 is 

generally considered to be the inducible isoform of haem oxygenases, zebrafish 

hmox2 also responds to some stress conditions. 
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Figure 3.3. Effects of pro-oxidant exposure on hmox paralog gene expression in larval 
zebrafish. Quantitative RT-PCR was used to quantify gene expressions in larvae following a 4 h 

exposure to either (A) tBHQ or (B) ethanol (n=5). All results normalized to the expression level of 

controls. 

 
 

3.5.  Expression of hmox homologs during M. marinum infection 

To investigate the potential contribution of each hmox homologs in response to 

M. marinum infection of zebrafish, I infected zebrafish larvae at 2 dpf via caudal 

vein infection. Uninfected and infected larvae were collected for qPCR analysis 

at 5 dpi. Only hmox1a expression was significantly induced by M. marinum 

infection. (Fig. 3.4).  
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Figure 3.4. Expression of hmox homologs in M. marinum-infected larvae. Relative 

expression of hmox1a, hmox1b, hmox2a and hmox2b in M. marinum infected and uninfected 
larvae at 5 dpi (n=5-6). All results were normalized to the expression level of uninfected larvae.  

 
To determine if the expression of hmox homologs responded the same way 

during chronic mycobacterial infection, I infected adult zebrafish by 

intraperitoneal injection with M. marinum and collected them for RNA extraction 

at 14 dpi. Adult zebrafish are better suited to mimic chronic human-M. 

tuberculosis infection because they can effectively contain infection for long 

periods [302]. Gene expression was analysed by qPCR. Infected adults had 

significantly increased expression levels of all four hmox homologs. Among them, 

hmox1b was induced most significantly by M. marinum infection (Fig. 3.5). This 

result indicates hmox homologs may have different function during early and 

chronic infections or between zebrafish embryos and adults. 
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Figure 3.5. Upregulation of hmox homologs in M. marinum-infected adult zebrafish. 
Relative expression of hmox1a, hmox1b, hmox2a and hmox2b in M. marinum infected zebrafish 

(n=3-6). All results were normalized to to the expression level of uninfected larvae.  

 

 

3.6. Role of hmox homologs during M. marinum infection 

To further investigate the role of these genes during mycobacterial infection, I 

used CRISPR/Cas9 technology to knockdown the expression of these genes in 

combination with the zebrafish larvae M. marinum infection model. Most crispant 

embryos were morphologically normal compared to the scramble controls (see 

section 4.6.2).  

 

Crispant embryos were collected at 7 days post fertilization (dpf) to analyse 

knockdown efficiency by qPCR. The knockout efficiency of hmox1a and hmox1b 

was about 90% while hmox2a and hmox2b transcript depletion was about 50% 

(Fig. 3.6A). 

 

Crispants were infected with M. marinum-tomato at 2 dpf. Bacterial burden was 

analysed at both 3 and 5 dpi by bacterial fluorescent pixel count. Of the four hmox 

homologs, only hmox1a crispants showed significantly increased bacterial 

burden at both 3 and 5 dpi, while no significant difference was seen in hmox1b, 

hmox2a and hmox2b crispants compared to their scramble gRNA injected 

controls (Fig. 3.6B). These results indicate hmox1a is the main functional gene 

in the regulation of M. marinum infection. 
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Figure 3.6. The impact of hmox homologs on M. marinum infection. A. qPCR analysis of 

hmox paralog expression in crispants (n=3). All results were normalized to the expression level 

of control larvae. B. Quantification of M. marinum bacterial burden in hmox paralog crispants at 

3 and 5 dpi (n=18-40).  
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3.7. M. marinum infection-induced hmox1a expression is spatially targeted to 

granulomas 

To investigate the transcriptional responsiveness of hmox1a across time during 

a mycobacterial infection, I analysed infection-induced gene expression changes 

in embryos at different stages of infection. Infected larvae showed significantly 

increased hmox1a expression compared to uninfected controls at 1 dpi. However, 

its expression was significantly decreased at 3 dpi in infected groups (Fig. 3.7). 

A trend towards increased hmox1a expression emerged at 5 dpi and the 

difference became statistically significant at 7 dpi.  

 

 

 

 

 
Figure 3.7. The time-course expression of hmox1a in M. marinum infection. qPCR 

quantification of hmox1a expression following M. marinum infection (n=5-6). Data was normalized 

to the 1 dpi uninfected control group. 

 

I next aimed to localize the expression of hmox1a during M. marinum infection. It 

has been reported that Hmox1 was upregulated in mouse-M. tuberculosis 

granulomas [272]. To explore whether hmox1a shows a similar expression 

pattern in the zebrafish-M. marinum system, I performed immunostaining and 

detected Hmox1 around granulomas from adult zebrafish (Fig. 3.8A). Since the 
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antibody was produced to bind mouse HMOX1 specifically, it could possibly 

detect both Hmox1a and Hmox1b in zebrafish. 

 

To visualise the spatial distribution of hmox1a expression within embryos more 

specifically, whole mount in situ hybridisation was performed. The caudal vein 

(CV) is the most common injection site because it results in granulomas in the 

vasculature enriched area within the caudal hematopoietic tissue at the ventral 

part of the tail, an area of embryonic haematopoiesis [35, 303]. Since hmox1a is 

highly expressed in the haematopoietic system around the CV (Fig. 3.8B), this 

injection site was not suitable for the detection of hmox1a expression in 

granulomas. Instead, I injected M. marinum into the trunk, a site with low basal 

hmox1a expression. Whole mount in situ hybridisation staining demonstrated 

increased hmox1a expression around granulomas in zebrafish embryos (Fig. 

3.8B).  

 

Finally, granulomas and unaffected adjacent tissues were collected by 

microdissection of 14 dpi adult zebrafish for qPCR analysis. Granuloma hmox1a 

expression was consistently higher than corresponding unaffected tissue (Fig. 

3.8C).  

 

In conclusion, these results demonstrate the conserved induction of hmox1a 

expression in response to mycobacterial infection in the zebrafish-M. marinum 

system. 
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Figure 3.8. hmox1a expression was co-localised to granulomas. A. Representative images 

of granulomas in WT adult zebrafish infected with M. marinum-tomato at 14 dpi. Sections were 

stained with DAPI (blue) and Hmox1 (green). B. Whole mount in situ hybridisation detection of 

hmox1a expression in representative uninfected larva and larva injected with M. marinum in the 

trunk. Blue staining indicates hmox1a expression. Red arrow indicates location of granulomas. 
Green arrow indicates caudal haematopoietic tissue staining. Images are representative of 10 

animals per treatment group. Scale bar represents 100 μm. C. qPCR quantification of hmox1a 

expression in granulomas and unaffected tissues (n=3-4). Data is normalized to one of the 

unaffected tissue samples. 

 

 

3.8. Chemical inhibition of Hmox1 is detrimental during M. marinum infection 

Detrimental effects of HMOX1 during mycobacterial infection have been revealed 

when a pharmacological inhibitor has been used. Inhibition of HMOX1 reduced 

bacterial load in human macrophages-like THP1 cells [274]. Moreover, in vivo 

treatment with a HMOX1 inhibitor reduced Mtb growth in mice [276]. 
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To determine if Hmox1 inhibition in zebrafish-M. marinum infections would also 

produce contrary evidence to Hmox1 gene depletion studies, I analysed the 

impact of HMOX1 inhibition on the zebrafish-M. marinum model. Tin 

protoporphyrin IX dichloride (SnPP) is a pharmacological inhibitor of human and 

mice HMOX1. SnPP is a type of metal-protoporthyrin IX chelatase containing tin 

in the middle of the protoporphyrin ring.  

 

Protoporphyrin IX (PPIX) was chosen as an appropriate control carrier treatment. 

I found an unexpected, but consistent, antibiotic effect of “mock” PPIX treatment 

on mycobacterial infection compared to untreated controls at 5 dpi (Fig. 3.9A). 

 

M. marinum-infected crispant larvae were immediately treated with SnPP or PPIX. 

Bacterial load was increased in SnPP treated scramble controls at both 3 and 5 

dpi compared to PPIX treated scramble controls, consistent with Hmox1 and 

hmox1a gene depletion studies (Fig. 3.9B). SnPP treatment did not further 

increase bacterial load in scramble control crispants compared to PPIX treated 

hmox1a crispants. No significant difference was apparent between PPIX and 

SnPP treated hmox1a crispants (Fig. 3.9B), further indicating hmox1b does not 

have a functional role during M. marinum infection and that SnPP inhibits Hmox1a.  
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Figure 3.9. hmox1a deficiency and SnPP inhibition of Hmox1 show similar effects on 
bacterial burden. A. Quantification of M. marinum bacterial burden in untreated or PPIX treated 

crispants at 3 (left) and 5 dpi (right) (n=29-36). B. Quantification of M. marinum bacterial burden 

in PPIX or SnPP treated crispants at 3 (left) and 5 dpi (right) (n=36-47). 

 

Cobalt protoporphyrin (CoPP) is normally used as an inducer of human and 

mouse HMOX1. I next exposed scramble control and hmox1a crispants to CoPP 

to determine if increasing Hmox1 is beneficial during infection. In contrast to 

expectation, CoPP further increased bacterial burden in hmox1a crispants but 

showed no significant impact on scramble controls at 5 dpi (Fig. 3.10). 
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These results further indicate zebrafish Hmox1 function is protective against M. 

marinum infection. 

 

 

 

 
Figure 3.10. CoPP increased bacterial burden in hmox1a crispants but not in scramble 
controls. Quantification of M. marinum bacterial burden in PPIX or CoPP treated larvae at 3 (left) 

and 5 dpi (right) (n=21-31).  

 

 

3.9.  Discussion 

In this chapter, the four homologs of haem oxygenases has been investigated. 

Comparing the alignment of amino acids of the four homologs revealed the 

potential conservation of these genes in zebrafish. Distinct expression patterns 

of hmox homologs were shown under different stress conditions. By using 

CRISPR/Cas9 technology, hmox1a was identified as the key functional haem 

oxygenase in M. marinum infection. The induction of hmox1a by M. marinum 

infection was also presented in zebrafish and it was co-localised to granulomas. 

 

Expression of hmox1a decreased from 1 dpf to 2 dpf. There were no big changes 

during the next four days. Meanwhile, the relative expression of hmox1b was 

slight reduced at 3 dpf compared to other time points when it was expressed 

roughly at the same level [280]. In this project, both hmox1a and hmox1b were 
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upregulated at 1 dpf compared to 0.5 dpf coinciding with primitive haematopoiesis 

0.5-1 dpf. hmox1a expression was strikingly reduced at 3 dpf while hmox1b 

reduction was moderate at 3 dpf. Both genes were slightly upregulated in the next 

four days coinciding with transfer of haematopoiesis from the CHT to kidney at 5 

dpf. They were downregulated at 11 dpf followed by the increased expression of 

both genes at 30 dpf which matched with the onset of functional thymopoiesis at 

30 dpf in zebrafish development. Both hmox1a and hmox1b displayed the lowest 

expression level in the adult samples, this result is consistent with the reported 

study but included more time points which could be helpful to increased out 

understanding of the function of hmox1a and hmox1b during embryogenesis. 

 

It has been demonstrated that both hmox1a and hmox1b are inducible by 

cadmium chloride, tBHQ, and hemin; but hmox2a and hmox2a transcription 

levels only respond to cadmium chloride [299]. In this study, the expression of 

zebrafish hmox1 homologs were examined in in different stress conditions 

including tBHQ, ethanol and mycobacterial infection. Although both hmox1a and 

hmox1b were induced by oxidative stress as expected, hmox1b was the most 

responsive paralog in our hands. This is different from the literature [299], but it  

might be caused by the relative quantification analysis used to analyse qPCR. 

Analysis of CoPP-induced gene expression changes would be a useful future 

study to understand the transcriptional regulation of the zebrafish Hmox family.. 

 

Exposure to ethanol and chronic infection with M. marinum caused the 

upregulation of all four hmox1a homologs, infection of zebrafish larvae with M. 

marinum only induced the expression of hmox1a. This difference compared to 

tBHQ treatment may be due to the different stress conditions that tBHQ, ethanol 

or M. marinum infections induced in cells. tBHQ increases cellular oxidative 

stress [301], ethanol may disrupt the physical structure of cell membranes and 

promote cellular apoptosis [304, 305]. M. marinum infection at different stages 

may lead to different systemic stress in terms of oxidative stress, cell death, 

limited nutrient availability, hypoxia, iron deprivation, low pH, and nitrosative 

stress [81-83]. The exact mechanisms that trigger upregulation of zebrafish 

hmox2 paralogs need further studies to be revealed. 
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Using the simplicity of CRISPR/Cas9 technology to rapidly knockdown zebrafish 

gene expression, each hmox1a paralog was targeted in zebrafish larvae followed 

by M. marinum infection to investigate the role of each gene on bacterial load in 

vivo. hmox1a was the only gene that affects bacterial burden significantly. 

Although hmox1b is reported as another homolog gene of human Hmox1 in 

zebrafish, the  lack of impact of hmox1b depletion on M. marinum infection may 

be due to its low level of expression or different gene functions in zebrafish [299]. 

As genes related to haematopoiesis, the expression patterns of hmox1a and 

hmox1b in embryogenesis also reveals hmox1a is potentially a more important 

gene than hmox1b in zebrafish. However, hmox1b was upregulated during 

chronic mycobacterial infection of adult zebrafish, suggesting it might yet have a 

role during mycobacterial infection. Analysis of the zebrafish Hmox family in adult 

infections through CRISPR-Cas9 knockdown is necessary to determine if there 

are differences between Hmox function in acute embryo infections and chronic 

adult infections. The double knockout of hmox1a and hmox1b in zebrafish in the 

future could be helpful to improve our understanding of the role of hmox1 in 

zebrafish during mycobacterial infection. 

 

hmox2a and hmox2b crispants showed no difference of bacterial burden 

compared to their scramble controls. This could be due to sub-optimal 

knockdown efficacy. The lack of efficacy could be confirmed with the use of a 

second amplicon and qualitative analysis of editing efficiency across individual 

embryos. The functional roles of hmox2a and hmox2b during mycobacterial 

infection could be further investigated using methods that generate higher 

knockdown efficiencies.  

 

Expression of Hmox1 was reported in the spleen, liver and lungs of M. 

tuberculosis-infected mice [272]. However, the time-course of Hmox1 expression 

has never been examined during mycobacterial infection. This study found 

decreased hmox1a expression at 3 dpi and increased hmox1a expression later 

in infection after 5 dpi. The 3 dpi timepoint represents the initiation of granuloma 

formation in zebrafish embryos during the formation of tight macrophage 

aggregates while there is much more host cell death and granuloma necrosis 

post-5 dpi [35, 167]. The expression of hmox1a was slightly increased at 5 dpi 
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and significantly increased at 7 dpi compared to uninfected controls, consistent 

with a role in protecting host cells from death at this more inflammatory stage of 

infection. 

 

Zebrafish-M. marinum granulomas develop hypoxic cores [86]. Since HMOX1 is 

known to be a hypoxic stress responsive protein [306], the local upregulation of 

Hmox1a may be caused by the hypoxia in granulomas. 

 

In addition, granuloma formation is intimately associated with a mycobacteria-

induced angiogenesis programme [86]. Since Hmox1 was reported to regulate 

angiogenesis [307-309], the induction of hmox1a within granulomas might be 

induced by mycobacteria to boost the vascularization, which provides benefits to 

bacteria growth and the spread of infection [86]. Therefore, future studies should 

determine if hmox1a controls the angiogenesis programme induced by 

mycobacterial infection. 

 

Studies using the SnPP HMOX1 inhibitor concluded mouse HMOX1 is a 

detrimental factor in mycobacterial infection both in vitro and in vivo [274, 276]. 

However, when Mycobacterium abscessus infected THP-1 cells were treated 

with SnPP, no control compound was used to treat the control group [274]. 

Similarly, untreated and SnPP treated mice in vivo to conclude SnPP treatment 

decreased bacterial load in Mtb infection [276]. These studies potentially 

demonstrate the antibiotic effect of the protoporphyrin ring scaffold component of 

SnPP in mycobacterial infection rather than inhibition of the enzymic activity of 

HMOX1. When the antibiotic effect of the protoporphyrin ring was controlled for 

in my study, the protection effect of Hmox1 was clearly demonstrated between 

PPIX and SnPP treated groups. 

 

Another possibility for the different inhibitor results between mice and zebrafish 

could be the timing of SnPP treatment post infection and different time point for 

bacterial-burden analysis. Mice treated with SnPP immediately post infection 

showed no difference of Mtb load between untreated and SnPP treated groups 

at 3 weeks post treatment, while later SnPP treatment from 4-7 wpi significantly 

reduced bacterial load [276]. These potentially indicate differential function of 
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Hmox1 during different stages of mycobacterial infection. More studies are 

necessary to demonstrate Hmox1 function at different stages of infection in the 

natural zebrafish-M. marinum model.  

 

CoPP is widely used as an HMOX1 inducer in mouse models. However, instead 

of showing the opposite impact of SnPP on bacterial load, it showed no impact 

on bacterial load in scramble controls and further increased bacterial load in 

hmox1a crispants. Cobalt has been demonstrated to promote mycobacterial 

growth suggesting metabolism of CoPP by M. marinum in the absence of host 

Hmox1a might increase burden [310]. Future efforts are required to confirm the 

induction of Hmox1a by CoPP in zebrafish. 
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3.10. Conclusion 

This chapter identifies hmox1a as the main functional hmox homolog in zebrafish. 

All four hmox paralogs were upregulated in response to stress and infection, but 

only hmox1a appeared to be dynamically regulated during embryo infections. 

Furthermore, only depletion of hmox1a correlated with changes to bacterial 

control. The generation of a gene knockout model is required to investigate the 

functions of hmox1a more specifically. 
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Chapter 4. Generation and characterization of hmox1a knockout zebrafish 
allele  
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4.1.  Preface 

The use of mutant animal models is of vital importance to studying human 

disease, and particularly for understanding the cellular and molecular 

mechanisms of related diseases. Recently, there have been dramatic advances 

in the science of genetic engineering. The availability of model organism genome 

sequences facilitates precise genetic modification in a variety of animals such as 

mouse, rat, rabbit, and zebrafish. 

 

Multiple techniques have been developed to modify specifically targeted genes. 

Transcription activator-like effector nuclease (TALEN) is one 

such technology used for precise and efficient gene editing (Fig. 4.1). 

 

Until now, no hmox1a mutant zebrafish allele has been generated to study the 

function of haem oxygenase in zebrafish. In our previous lab studies, we 

successfully generated a mutant zebrafish allele using the TALEN gene targeting 

method [311]. With the availability of this targeted mutagenesis method, we were 

able to target the zebrafish ortholog of human Hmox1, to generate mutant 

zebrafish alleles for the investigation of Hmox1 function in zebrafish. 

 

 

  
Figure 4.1. Representation of TALEN. The TAL targeting domain consists of a variable number 

of amino acid repeats (green, black, orange and purple). Each amino acid repeat contains 33–35 

amino acids. The only difference among these repeats was caused by two amino acids, the 
repeat-variable di-residue (RVD) which recognizes a single nucleotide. The FokI nucleases cut in 

the spacer region between two distinct TAL target sites. Normally, a restriction enzyme in the 

spacer region is considered to provide convenience for future experiments such as the test of 

TALEN efficiency and genotyping of mutant animals. 
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4.2.  Construction of TALEN assembles 

4.2.1. Prediction of TALEN assembles 

The general method to establish a mutant animal model is to induce a premature 

stop codon caused by nucleotide deletion. However, in several cases, 

phenotypes in mutant animals have been shown to lack specificity compared to 

antisense knockdown methods, such as RNAi, siRNAs and modified 

oligonucleotides [312-315]. Recently, it was determined that genetic 

compensation induced by a deleterious mutation can induce different phenotypes 

between knockout and knockdown methods [312]. Genomic editing with the 

induction of a premature stop codon shows a high probability of genetic 

compensation in established animal models. Under RNA surveillance, this 

abnormal mRNA is degraded by nonsense-mediated decay. Degraded mRNA 

can potentially bind to similar genomic areas and trigger the expression of related 

genes. However, animal models established with in-frame mutation or mutant 

targeting at the gene promoter area have a reduced probability of genetic 

compensation [312]; because the nonsense-mediated decay pathway is not 

triggered. To minimise the effect of genetic compensation caused by frameshift 

mutation [316], I decided to generate an in-frame mutation allele of hmox1a.  

 

First, hmox1a gene information was retrieved and compared from different 

databases. The DNA sequence of zebrafish hmox1a gene was obtained from 

NCBI database (Gene ID: 791518). Details of the gene transcript were searched 

through the Ensembl genome browser 94 database. Seven exons are found in 

hmox1a gene and the ATG start codon is located in exon 2 (Fig. 4.2A). The 

conserved functional histidine residue acting as the ligand for haem Fe is located 

in exon 3 (Fig. 4.2A). 

 

To determine the ‘functional domain’ of hmox1a gene that I should target to 

generate a non-functional allele, I compared the knockout strategies used to 

establish Hmox1-deficient mouse lines. One mutant line contains a mutation in 

exon 2 in murine Hmox1 where the functional histidine residue locates and the 

other Hmox1-deficient mouse models carry mutations after the functional 
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histidine residue, suggesting that it is not necessary to target the functional 

domain in order to generate a hmox1a-deficient zebrafish (Fig. 4.2B). 

 

To minimise the effect of mutant Hmox1a protein, we decided to target the ATG 

start codon in the exon 2 of zebrafish hmox1a to prevent translation of the mutant 

allele. An in-frame ATG was found in exon 3, which was predicted to be active 

when the initial ATG was deleted. The translated amino acid fragment from the 

second ATG start site in the mutant mRNA sequence was predicted to be non-

functional as the haem-binding histidine is excluded in the mutant sequence (Fig. 

4.2A). 

 

The CHOPCHOP web tool was used to predict TALEN assembles and identified 

16 TALEN pairs as potentially targeting hmox1a. Considering the availability of 

restriction enzymes in the spacer and the possibility of off-target binding, two 

TALEN pairs were chosen for this study (Table 4.1).  
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Figure 4.2. Schematic of zebrafish and murine Hmox1a. A. Schematic and annotations of 

zebrafish hmox1a. Black boxes with number present exons. B. Schematic of murine Hmox1a. 

Mutant strategies used in different murine Hmox1-deficient mouse are indicated as ‘target’ area. 

Information was collected from Mouse Genome Informatics (http://www.informatics.jax.org). 

 

Table 4.1: Information of chosen TALEN assembles 
Rank Target sequence Genomic 

location 

TALE 1 TALE 2 Off-

targets 

Restriction 

sites 

1 TTTCTTTACCTG

CCAG*TGTTCTC

TGCCGCTTTG*C

TTTTGGTGGAG

TCCA 

chr3:2588

6343 

NG NG NG HD 

NG NG NG NI 

HD HD NG NN 

HD HD NI NN  

NG NN NN NI 

HD NG HD HD 

NI HD HD NI NI 

NI NI NN  

0 Fnu4HI 

14 TGTTCTCTGCC

GCTTT*GCTTTT
GGTGGAGTCCA

*TCTCTAAAAAA

ACAGA 

chr3:2588

6359 

NG NN NG NG 

HD NG HD NG 
NN HD HD NN 

HD NG NG NG  

NG HD NG NN 

NG NG NG NG 
NG NG NG NI 

NN NI NN NI  

0 HinfI 
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4.2.2. Assembly and verification of TALEN constructs  

Each repeat-variable di-residue (RVD) in TALEN arms recognizes one certain 

nucleotide. The four most common RVDs preferentially associated bases are: HD 

targets cytosine, NI targets adenenine, NG targets thymine, and NN targets 

guanine. Because of this modular nature, it is possible to adjust the order of RVDs 

enable us to target practically any DNA sequence. Using the Golden Gate cloning 

method [317, 318], 16 modules were cloned into designed backbones in two 

steps. Firstly, the front 12 modules were divided into three groups, each group 

contained four amino acid repeats. Related module plasmids were used to 

subclone those modules in each group into intermediate array vectors (Fig. 4.3A). 

Then intermediate arrays were used to finish the final cloning which consists of 

16 amino acid repeats (Fig. 4.3B). 
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Figure 4.3. PCR confirmation of TALEN constructs. Agarose gel electrophoresis revealed 

results of TALEN construction. A. Positive constructs showed band at the size of 480 bp while 

negative constructs displayed the band at the size of 540 bp. Clone number for each construction 

was indicated on the top of gel pictures. B. For the second step of the construction, samples 

showed band at the size of 1400 bp were treated as positive colonies. 

 

 

 

To confirm the alignments of those ‘positive’ constructs were correct, verification 

was performed by restriction enzyme digestion. Two restriction enzymes used in 

this system are MscI and NruI. Based on our previous lab studies, MscI site is 

usually in the NI module and NruI site is normally in the NN module. However, 

the number of each restriction enzyme sites and predictions of the sizes of DNA 

fragments in the digests were checked with predicted TAL effector array 

sequences in silico with SnapGene. Digests were checked by agarose gel 

electrophoresis (Fig. 4.4). The result indicated all tested constructs were correct.  
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Figure 4.4. The confirmation of TALEN constructs by restriction enzyme digests. Agarose 

gel electrophoresis revealed the confirmation of all selected TALEN constructs. Digest patterns 
was used to indicate the number and locations of MscI and NruI in each TALEN construct. 

 

 

4.3.  TALEN RNA synthesis and establishing TALEN efficiency 

4.3.1. TALEN RNA synthesis and quality control 

After all selected TALEN constructs were confirmed to be correct, each construct 

was linearized by EcoRI digestion, purified by Phenol Chloroform extraction 

procedure, and DNA concentration and quality were measured by NanoDrop. 

Purified linearized DNA samples were used as templates to synthesise mRNA 

under the control of T7 promoter. Synthesized mRNA was purified using an RNA 

RNeasy Mini Kit and the purity of mRNA was examined by agarose gel 

electrophoresis (Fig. 4.5). Because the efficiency of the polyA site, used to stop 

the synthesis of mRNA, is not completely effective, some mRNA synthesis 

continued and stopped at the EcoRI cut site marking the end of the fragment 

resulting in a second band larger band in each sample (Fig. 4.5). 
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Figure 4.5. The examination of the quality of TALEN RNA. Agarose gel electrophoresis 

revealed two sizes of synthesized TALEN RNA which was caused by two stopping sites. One is 

pA site (~3200 bp) and the other one is the physical end of DNA template ( ~4500 bp). 

 

4.3.2. The examination of TALEN efficiency  

Based on our experience from previous studies [293], the efficiency of TALENs 

to induce DNA cleavage in genomic DNA should be approximately 5%, which is 

critical to secure the success of the generation of a gene mutant zebrafish allele. 

Synthesized TALEN mRNA was microinjected into zebrafish embryos at the one-

cell stage. One day after injection, 10 embryos were randomly pooled for DNA 

extraction. Primers targeting upstream and downstream of the TALEN 

recognition site were used to amplify target regions by PCR. The restriction 

enzymes Fnu4HI and HinfI were then used to digest PCR products. The 

uncleaved band from the digests represents a mutant allele while the presence 

of smaller DNA fragments indicates the WT allele. Pictures from agarose gel 

electrophoresis were analysed by densitometry in ImageJ to calculate the 

efficiency of TALENs. As the result revealed, TALEN pair No. 14 displayed 

13%efficiency (Fig. 4.6A), while the efficiency of TALEN pair No.1 wa only 3.3% 

(Fig. 4.6B), so we decided to use TALEN pair No.14 for our further study.  
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Figure 4.6. Efficiency of TALEN constructs.  TALEN mRNA injection introduces DNA double-

strand breaks (DSBs) in the target spacer region. A. HinfI digestion of target site 14 PCR products 

amplified from the genomic DNA of embryos injected with TALEN mRNAs. The efficiency of the 

TALEN pair to induce DSBs (13%) was quantified from gel images using ImageJ software [293]. 

B. Fnu4HI digests of target site 1 PCR products amplified from the genomic DNA. 

 

 

4.4.  Identification of hmox1a mutant zebrafish allele 

To generate the mutant allele, TALEN 14 mRNAs were microinjected into the cell 

of one-cell stage zebrafish embryos. Injected embryos were raised to adulthood 

and were then outcrossed with wild-type (WT) fish. A small piece of fin was 

clipped from adult zebrafish followed by genome DNA extraction process to 

obtain DNA from individual zebrafish. Using the same method as for testing the 

DNA cleavage efficiency of TALEN pairs, three potential founders were identified 

as producing uncleaved bands following HinfI digestion (Fig. 4.7). Uncleaved 

bands were cut out from gel, purified, and cloned for sequencing into pGEM 

plasmids (pGEM®-T Easy Vector Systems; PROMEGA). 

 

In TALEN-injected F0 zebrafish founders, DNA cleavage at the target site by 

TALEN could result in a number of different mutants in one founder. To isolate 

those mutations, F0 founder fish were mated with EK zebrafish. F1 embryos were 

raised to adulthood and rescreened to identify heterozygous mutants. 

 

After sequencing of F1 fish, we identified an in-frame 27 bp deletion mutant allele 

with deletion of the original start codon, resulting in a predicted mutant protein 

lacking the functional Hmox1a histidine (Fig. 4.7A). The mutant allele was 

designated as hmox1amt1, and offspring were propagated for analysis. 
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F2 zebrafish were rescreened by from PCR amplification of the TALEN cut site 

from genomic DNA and HinfI digestion. The WT genotype presented two small 

completely cleaved bands, the heterozygous genotype showed half uncleaved 

and cleaved bands and the homozygous genotype showed only one uncleaved 

band (Fig. 4.7B). These results demonstrate the successful modification of 

hmox1a gene in the genome. 

 

 

 

 
 

 
Figure 4.7 Screening of hmox1amt1 founder. A. Partial sequence of TA clones. TALEN mRNA 

recognition sequences are blue, and the HinfI site in the spacer region is highlighted in green. 

Mutant sequence was confirmed by sequencing. Black pick indicates guanine, blue pick indicates 

cytosine, green pick indicates adenine and red pick indicates thymine. B. Representative results 

from PCR-based genotyping using DNA extracted from the fins or larvae followed by HinfI digests. 

 

 

4.5.  Verification of hmox1amt1 expression 

Following the confirmation of heritability and sequence of the hmox1amt1 mutation 

in the genome, I investigated the mutation-induced changes to the hmox1a 

transcript. Accurate RNA splicing requires a donor site at 5' end of the intron and 

a branch site at the 3' end of the intron to recognize intronic sequence. The splice 

donor site is normally recognized as an invariant sequence GU which is less 
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highly conserved. In most cases, the splice acceptor site terminates the intron 

with an almost invariant AG sequence [319]. The genomic sequencing revealed  

the ‘AG’ splice acceptor site before the hmox1a exon 2 was deleted in hmox1amt1. 

Because there was no splice acceptor attached at the beginning of exon 2 to 

define the termination of an intron in front of it, the mutant exon 2 would be treated 

as a part of a long intron till the next splice acceptor before exon 3 (Fig. 4.8A). 

Thus, I hypothesised that mature mutant hmox1a mRNA would be formed without 

exon 2 sequence in the hmox1a mutant. 

 

To explore this hypothesis, RNA was isolated from homozygous mutants and WT 

zebrafish as control. Then cDNA was synthesized from isolated RNA via reverse 

transcription. Primer F1 targeting the start of exon 1 was used as forward primer 

and primer R1 targeting the end of exon 7 was used as reverse primer (Fig. 4.8A). 

The size of amplified fragments was visualised by agarose gel electrophoresis. 

The mutant hmox1a exon 1-7 amplicon was slightly smaller than WT which 

matched our expectation as exon 2 is quite short with only 41 bp (Fig. 4.8B). The 

mutation of hmox1a mRNA was further confirmed by sequencing (Fig. 4.8C). 

 

To further characterise the effect of the hmox1amt1 allele on hmox1a transcripts, 

qPCR analysis was performed to examine the expression of sections of the 

hmox1a mRNA. Primers targeting the exon 2 junctions were chosen for the first 

analysis (F2/R2; Fig. 4.8A). As expected, hmox1a exon 2 junction-containng 

mRNA was almost undetectable in the mutants (Fig. 4.8D). 

 

Conversely, it was hypothesised that other exon sequences, including exon 1 and 

exon 3-7, should still maintained in hmox1amt1 transcripts. To investigate this 

hypothesis, primers (F3/R3; Fig. 4.8A) targeting exon 4 and exon 5 regions were 

used for qPCR analysis at the same time. Mutant exons 4 and 5 of hmox1a 

mRNA were sustained and not degraded (Fig. 4.8E), indicating that nonsense 

mediated decay was not triggered by the mutation in hmox1amt1 allele.  
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Figure 4.8. Characterisation of hmox1amt1 mRNA transcript. A. Schematic diagram of the 
(predicted) splicing process. Primers used for whole-transcript PCR amplification are indicated as 

F1 and R1. Primers F2/R2 and F3/R3 were used for qPCR analysis. B. DNA gel electrophoresis 

visualisation of the exon 1-7 amplicon of mutant hmox1a mRNA. C. Alignment of the mRNA 

transcript of the mutant hmox1amt1 allele sequence (bottom) with WT zebrafish hmox1a sequence 

(top). D. Quantification of hmox1a exon 2 mRNA by RT-qPCR analysis. E. Quantification of 

hmox1amt1 exons 4-5 mRNA by RT-qPCR analysis (n=5). All results were normalized to the 

expression level of hmox1a+/+ larvae. 
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4.6.  Morphologic analysis of hmox1a knockdown zebrafish 

4.6.1. Morphologic analysis of hmox1amt1/mt1 embryos 

The Mendelian inheritance of the hmox1amt1 alele was analysed since 

hmox1amt1/mt1 larvae generated by the mating of two hmox1a heterozygous 

parents always showed a slightly reduced number compared to their WT 

clutchmates from 3 dpf. Embryos (n=60) showed a near Mendelian distribution of 

hmox1a genotypes among hmox1a homozygous (23%, n=14), heterozygous 

(49%, n=29) and WT (28%, n=17) zebrafish at 3 dpf (Table 4.2). The percentage 

of homozygous embryos slightly decreased at 7 dpf and further gradually 

decreased at 30 dpf; from 30 dpf onwards, the percentage of homozygous 

embryos was maintained until adulthood (Table 4.2). 

 

To investigate the reason for this loss of homozygous mutants, 3 dpf embryos 

were collected for morphologic analysis. Embryos showing no eye, severe 

cyclopisa or small eyes, trunk somites and heart, reduced notochord and missing 

floor plate were described as ‘abnormal’ (Fig. 4.10A). Embryos that showed no 

gross abnormalities were described as ‘normal’. While WT embryos rarely 

displayed abnormal morphology, around 20% of hmox1amt1/mt1 embryos 

displayed an abnormal phenotype with shorter length at 3 dpf (Fig. 4.10B). 

 

To further analyse the 20% reduction in survival of homozygous mutants, the 

number and percentage of morphological changes of embryos were tracked from 

3 dpf. The percent of dead hmox1amt1/mt1 embryos at 11 dpf matched the 

proportion of abnormal hmox1amt1/mt1 embryos at 3 dpf (Fig. 4.10C, Table 4.3). 

This analysis suggests that abnormal hmox1amt1/mt1 embryos underwent an 

aberrant morphogenetic process and were unable to survive more than two 

weeks after fertilization. 
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Table 4.2. Mendelian distribution of hmox1amt1 in embryos from an hmox1a+/mt1 

in-crosses.  

 
 

    

    

 
Figure 4.10. Morphologic analysis of hmox1amt1/mt1 embryos. A. Images of 3 dpf embryos 

from a hmox1a+/mt1 intercross. Abnormal embryos displayed apparent shorter lengths. Scale bar 

represents 0.5 mm. B. Graph of the lengths of embryos at 3 dpf. normal and abnormal embryos 

were from a hmox1amt1/mt1/WT intercross. C. Proportions of abnormal embryo morphology and 
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death during development. Statistical testing was performed using Chi-squared test on raw counts 

with abnormal and dead embryos treated as one group. 

 
Table 4.3. Morphology analysis of hmox1amt1/mt1 embryos in development 

 
Embryos were collected from several WT intercross and hmox1amt1/mt1 intercross. Embryos were 

allowed to develop in well maintained conditions. Values are percentages of abnormal and dead 

embryos. The total number of embryos were listed under each cross. 

 

4.6.2. Morphologic analysis of hmox1a/hmox1b crispants 

Based on the genetic modification for the generation of hmox1amt1 allele, the 

second in-frame start codon in exon 3 which is located after the functional 

histidine (Fig. 4.2A) should result in the production of a Hmox1a protein fragment 

without the capacity for haem degradation. To exclude the possibility that the 

mutant Hmox1a fragment has a functional role on embryogenesis, CRISPR/Cas9 

technology was used to knock out hmox1a in zebrafish embryos. To investigate 

the role of hmox1b during embryogenesis, the hmox1b gene was also knocked 

down by CRISPR/Cas9 technology.  
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Knockdown of hmox1a caused the appearance of visually similar developmental 

defects to those seen in homozygous hmox1avcc42/vcc42 embryos however there 

was a basal rate of pre-3 dpf embryo death caused by the microinjection that 

obscured any statistically significant difference in rate of developmental defects 

in hmox1a crispants (Fig. 4.11, Table 4.4). Knockdown of hmox1b also caused 

some developmental defects similar to the loss of hmox1a but at a statistically 

similar rate to the embryo death in scrambled controls and overall developmental 

defects in hmox1a crispants (Fig. 4.11, Table 4.4). Double knockdown of hmox1a 

and hmox1b by CRISPR-Cas9 increased the rate of developmental defects 

compared to scramble control embryos across 3-7 dpf and increased the rate of 

developmental defects compared to hmox1b knockdown embryos at 3 dpf (Fig. 

4.11, Table 4.4). 

 

 

 

 
Figure 4.11. Proportions of abnormal embryo morphology and death during the 
development of crispants. Statistical testing was performed using Chi-squared test on raw 

counts with abnormal and dead embryos treated as one group. 
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Table 4.4, Morphology analysis of hmox1a/hmox1b crispants in development 

 Number of normal embryos; abnormal embryos; dead 
embryos 

Experimental 
condition 1dpf 3dpf 5dpf 7dpf 9dpf 

Scramble 
controls 33;-;- 31;0;2 31;0;2 31;0;2  

hmox1a crispants 32;-;- 27;3;2 26;3;3 26;1;5  
hmox1b crispants 81;-;- 72;3;6 68;7;6 68;4;9  
hmox1a+1b 
crispants 74;-;- 57;14;3 56;2;16 56;1;17  

CuPP 97;-;- 96;0;1 95;0;2 95;0;2 95;0;2 
SnPP 97;-;- 95;0;2 93;0;4 90;0;7 83;0;14 

 

4.6.3. Morphologic analysis of SnPP treated embryos 

To further analyse the function of hmox1 during zebrafish development, WT 

embryos were treated with the Hmox inhibitor tin protoporphyrin (SnPP) causing 

increased mortality after 9 dpf compared to copper protoporphyrin (CuPP) 

controls (Fig. 4.12, Table 4.4).  

 

Together, these results demonstrate a conserved role for zebrafish Hmox1a and 

Hmox1b in embryonic development. 
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Figure 4.12. Proportions of abnormal embryo morphology and death in CuPP/SnPP treated 
embryos. Statistical testing was performed using Chi-squared test on raw counts with abnormal 

and dead embryos treated as one group. 

 

4.6.4. Morphologic analysis of hmox1amt1/mt1 adults 

The 20% of surviving Hmox1-deficient mice that survive until adulthood display 

smaller size and less body weight [242]. To investigate whether zebrafish 

hmox1a deficiency also affects adult morphology, hmox1amt1/mt1 adult zebrafish 

were assessed for morphology, body length and weight. Different from hmox1-/- 

mice, hmox1amt1/mt1 adults developed without gross abnormalities compared to 

their WT clutchmate (Fig. 4.13). Body length and weight was also comparable 

between hmox1amt1/mt1 and WT clutchmate adults. These results indicate 

zebrafish hmox1a may have different impact on embryogenesis and development 

compared to mouse Hmox1, or that hmox1b plays an important compensatory 

role during the development of hmox1amt1/mt1 zebrafish.  

 

    

 

 
Figure 4.13. Morphological analysis of hmox1amt1/mt1 adult. A. Representative images of adult 

(90 dpf) WT and hmox1amt1/mt1 zebrafish from an hmox1a+/mt1 intercross. Scale bar represents 0.5 

cm. B. Graphs of the length (left) and weight (right) of adult (90 dpf) hmox1amt1 zebrafish from an 

hmox1a+/mt1 intercross (n=19).  
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4.6.5. Determination of maternal control  

It is known that embryo morphogenetic development is not only affected by gene 

expression but also depends on maternal factors that are required for processes 

prior to the activation of the zygotic genome. In order to identify whether hmox1a 

is a maternal factor, I screened embryos from hmox1amt1/mt1 females crossed with 

hmox1a+/mt1 males and hmox1a+/mt1 females crossed with hmox1amt1/mt1 males 

separately. No differences were observed between these crosses (Fig. 4.14), 

suggesting that the morphological phenotype was independent of the maternal 

genotype. 

 

 

 

 
Figure 4.14. Estimation of maternal hmox1a effect. Percentage of abnormal embryos scored 

at 3 dpf from female hmox1a+/mt1; male hmox1amt1/mt1 (F: +/mt1; M: mt1/mt1) and female 

hmox1amt1/mt1; male hmox1a+/mt1 (F: mt1/mt1; M: +/mt1) crosses (n=7).  

 

4.6.6. Genetic compensation 

The reported survival rate of hmox1-/- mice to adulthood is about 20% [242]. The 

discrepancy in survival rate between hmox1-/- mice and hmox1amt1/mt1 zebrafish 

suggests genetic compensation may increase the survival of homozygous mutant 

zebrafish. Due the whole genome duplication in zebrafish, hmox1b may play a 

role in embryonic development to complement the loss of hmox1a. hmox2a and 

hmox2b may also participate as compensative genes when hmox1a is deficient.  
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I first examined the expression of hmox1b, hmox2a and hmox2b by qPCR. 

Significant upregulation of hmox1b was detected in phenotypically normal 

hmox1amt1/mt1 embryos, and hmox1b expression was even higher in abnormal 

hmox1amt1/mt1 embryos (Fig. 4.15A). Because the previous data suggested 

nonsense mediated decay is not triggered by the mutation of hmox1a in 

hmox1amt1 allele, I hypothesised the upregulation of hmox1b could be caused by 

the stress which was induced in the absence of hmox1a. 

 

The constitutive zebrafish hmox2 genes, hmox2a and hmox2b, showed only 

slightly higher expression in abnormal hmox1amt1/mt1 embryos relative to the 

transcriptional induction of hmox1b, and there was no change in the expression 

of hmox2 genes in normal homozygous hmox1amt1embryos (Fig. 4.15A). 

Upregulation of hmox1b, but not of hmox2a or hmox2b, was also seen in hmox1a 

crispants (Fig. 4.15B). 
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Figure 4.15. qPCR analysis of hmox1a homologs in hmox1a knockdown larvae. (A) and 
hmox1a crispants (B). Quantification of hmox1b, hmox2a and hmox2b expressions in embryos 

at 3 dpf (n=5). Data were normalized to the scramble controls.  

 
 

4.7. Discussion 

In this chapter, a hmox1a mutant zebrafish line was generated and characterised. 

DNA sequencing results confirmed the mutation of hmox1a gene in the genome 

and transcript. The analysis of Mendelian inheritance uncovered approximately 

20% lethality of hmox1amt1/mt1 zebrafish during embryonic development. 

Morphologic analysis of hmox1amt1/mt1 revealed the occurrence of developmental 

disorder from 3 dpf that progressed to lethality within 14 dpi accounting for the 

20% reduction in hmox1amt1/mt1 embryo survival. About 80% of hmox1amt1/mt1 

larvae survived until adulthood without gross abnormalities. This hmox1amt1 allele 

provides a platform to investigate the role of hmox1a in different contexts in 

zebrafish.  

 

The first Hmox1-/- mouse model was established by Poss in 1997 with the deletion 

including exon 3, 4 and partial exon 5. About 80% of Hmox1-/- mice showed 

prenatal lethality and premature mortality [242]. The homozygosity of the 

hmox1amt1 allele which only contains deletion of exon 2 caused disorders of 

development and premature mortality in about 20% of hmox1amt1/mt1 embryos. 

The different survival rates between Hmox1-/- mice and hmox1amt1/mt1 zebrafish 

could be caused by the different knockout strategies. Although the functional 
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histidine is reported as the only functional domain, the remaining fragment of the 

hmox1a mt1 transcript may produce a protein with the ability to act as a scaffold 

for the formation of protein-protein complexes and thus perform biological 

functions. Another explanation for the difference is possibly the high expression 

of hmox1b, which exists in zebrafish but not in mice. The double knockdown 

experiment where depletion of hmox1a and hmox1b by CRISPR-Cas9 

mutagenesis increased the rate of developmental abnormalities compared to 

control and hmox1b-depleted, but not hmox1a-depleted, embryos suggest 

hmox1a has a more important role in zebrafish development than hmox1b. 

 

The induction of hmox1b in hmox1amt1/mt1 embryos might be caused by genetic 

compensation resulting from the genomic editing in the hmox1a gene locus. 

Although the occurrence of genetic compensation has been described for a long 

time [320, 321], the responsible mechanisms have only been recently described 

as acting through the nonsense-mediated decay pathway [312]. Normally, 

genomic editing induces a premature stop codon in the targeted gene which is 

then degraded by nonsense-mediated decay after RNA surveillance. Degraded 

mRNA fragments can potentially bind to similar genomic areas and activate the 

expression of genes in those regions [322]. Mutant alleles that avoid induction of 

the premature stop codon, such as missense or in-frame mutations, have been 

reported to have a reduced probability of genetic compensation [323, 324]. The 

hmox1amt1/mt1 allele was selected with in-frame mutation to minimise the 

probability of genetic compensation. However, this knockout strategy could not 

ensure the avoidance of nonsense-mediated decay since the trigger of 

nonsense-mediated decay is not fully understood.  

 

While the nonsense-mediated decay pathway is the only clearly determined 

mechanism involved in genetic compensation to date, the involvement of 

chromatin remodelling in genetic compensation has been suggested in several 

studies [325, 326]. Chromatin remodelling can be triggered by the occurrence of 

a DNA lesion through genomic editing [327, 328]. In one study, the incomplete 

penetrance of intestinal phenotypes in skn-1 mutants was due to the high 

variability in expression of the compensating gene end-1 [325, 329]. This 

variability in end-1 expression was attributed to differences in chromatin 
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remodelling at loci controlling end-1 expression. Later studies demonstrated the 

involvement of small non-coding RNAs in DNA-damage repair and chromatin 

remodelling as a potential mechanism for genetic compensation [326, 330]. 

Taken together, these findings suggest that chromatin remodelling caused by a 

DNA lesion can lead to genetic compensation, even when DNA is intact after 

DNA-damage repair [326]. To ascertain the involvement of chromatin remodelling, 

RNA-seq analysis could be performed to estimate the network expression of 

chromatin regulators in hmox1amt1/mt1 zebrafish; further knockdown of certain 

regulators would then be necessary to determine whether chromatin remodelling 

is the trigger for genetic compensation. 

 

Since hmox1b is identified as a paralog of human stress-responsive gene Hmox1 

in zebrafish, the high expression of hmox1b in hmox1amt1/mt1 zebrafish could be 

caused by the stress within embryos secondary to the loss of Hmox1a function. 

The developmental defect of hmox1amt1/mt1 embryos indicates the development 

of a stress condition in homozygous mutant embryos, and the expression of 

hmox1b gene in ‘abnormal’ hmox1amt1/mt1 larvae was correspondingly higher than 

in ‘normal’ hmox1amt1/mt1 larvae. 

 

Although no published data has directly demonstrated the natural oxidative stress 

in zebrafish embryos, a number of studies suggest that zebrafish embryos are 

under oxidative stress even under basal conditions. Previous studies have 

reported that aerobic metabolism involves the production of reactive oxygen 

species (ROS) [331], and several exogenous factors have been identified to 

enhance the production of ROS by embryos, including oxygen concentration [332, 

333] and visible light [334]. Currently, intra-oviducal oxygen tension remains 

unknown in zebrafish. However, in utero oxygen tension in the eastern fence 

lizard, Sceloporus undulates, is thought to be hypoxic, and oxygen tension in 

hamsters is reported to be one-quarter of atmospheric tension [335]. These 

findings suggest that oxygen tension within the oviduct of zebrafish is likely to be 

different from the medium in which they are raised; this could possibly induce 

stress to embryos as a result of the change in oxygen concentration. Visible light 

has also been demonstrated to increase ROS production and cause cellular 

damage, such as oxidation of bases [334]. Light exposure of more than 5 min 
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results in an extreme increase of H2O2 in embryos [332]. In contrast to mouse 

embryos which develop within the uterus, zebrafish embryos develop ex-utero, 

which easily leads to visible light exposure and the potential introduction of 

oxidative stress to the embryos. Other environmental factors that have been 

reported to induce ROS generation by embryos include metallic ions [336], 

ionising radiation [331] and pollutants [337]. Oxidative stress is also correlated 

with aging [338].  

 

Taken together, these findings suggest that the induction of hmox1b could be 

caused by genetic compensation or oxidative stress in embryos. To ascertain 

whether internal oxidative stress is the reason for the increased hmox1b 

expression in the future, a morpholino knockdown of hmox1a could be applied in 

WT zebrafish embryos followed by the analysis of hmox1b expression. 

Morpholino knockdown should allow the exclusion of genetic compensation as a 

source of hmox1b upregulation [312]. 

 

Discriminant gene essentialities in different species could also contribute to the 

phenotypic discrepancy between Hmox1-/- mice and hmox1amt1/mt1 zebrafish. 

Homologs are evolutionarily conserved at different levels of gene function and 

they show different phenotypic effects on gene deletion in different species. The 

difference in the protein-sequence, not the gene-expression level, is associated 

with adaptive evolution, leading to a change in gene essentiality [339]. Although 

knowledge of this change is quite limited, one previous study reported that more 

than 20% of genes showed different phenotypic effects in humans and mice when 

compared to documented phenotypes of null mutations in humans and mice [339]. 

This finding suggests that the essentiality of hmox1a in zebrafish may be different 

from the gene essentiality of Hmox1 in mice, contributing to the phenotypic 

discrepancy in mutant survival.  

 

Most Hmox1-deficient mice exhibited premature mortality [242]. In a human case 

of Hmox1-deficiency, the patient reportedly presented with severe growth 

retardation from two years of age and only lived until the age of 6 years [260]. 

Consistently, most of the ‘abnormal’ hmox1amt1/mt1 zebrafish embryos died within 
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14 dpf, demonstrating conserved sexually premature mortality of hmox1amt1 

homozygote. 

 

About 80% of hmox1amt1/mt1 larvae survived until adulthood without gross 

abnormalities at 90 dpf. This is in accordance with the mouse study where no 

difference in body weight was reported between Hmox1-deficient homozygous 

and heterozygous mice until the age of 20 weeks [242]. Additionally, in a human 

case of Hmox1 deficiency, the patient was reported to have no growth or 

developmental delay, and lived until the age of 15 years [340], indicating normal 

development in an Hmox1-deficient individual. However, Hmox1-/- mice started 

to reduce body size from 20 weeks old when compared with their heterozygous 

counterparts. Further morphological analysis of hmox1amt1/mt1 zebrafish over 90 

dpf is necessary to investigate the conservation of this effect in zebrafish.  

 

4.8.  Conclusion 

In a summary, TALEN technology was used to induce mutation in zebrafish 

hmox1a gene followed by the identification of hmox1amt1 zebrafish allele. This 

study revealed that a high percentage of hmox1amt1/mt1 zebrafish appear healthy 

under physiological conditions allowing the analysis of hmox1a function under 

pathological conditions with a manageable number of experimental animals. The 

induction of hmox1b might be the main reason for the different survival rate of 

Hmox1-/- mice and hmox1amt1/mt1 zebrafish, which could be due to genetic 

compensation or internal oxidative stress within embryos. Future investigations 

are necessary to demonstrate the reason for the induction of hmox1b in hmox1a 

mutants and hmox1b function during embryogenesis.  
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Chapter 5. hmox1a deficiency promotes M. marinum infection and 
disturbs granuloma formation 
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5.1.  Preface 

The protective role of Hmox1 has been demonstrated in a variety of diseases 

including TB [256-259, 271, 272]. However, knowledge of the mechanisms that 

Hmox1 protects against mycobacterial infection is limited. Previous studies using 

mouse models have identified Hmox1 as a protective gene in mice in response 

to mycobacterial infection. Hmox1-deficient mice were more susceptible to 

intravenous mycobacterial infection and showed higher mortality than WT mice 

[271, 272]. Bacterial burden was significantly higher in the liver, spleen, and lung 

of Hmox1-dificient mice as compared to WT mice [271, 272].  

 

However, the impact of Hmox1 on mycobacterial infection is still controversial 

and incompletely understood as there are also some reports that it is detrimental 

to the host during infection. Pharmacological inhibition of HMOX1 decreased 

mycobacterial burden in vivo [276] and in vitro [274]. These conflicting effects 

might be due to the use of different experimental models, which prompts us to 

use the natural zebrafish-M. marinum infection system to examine the role of 

Hmox1 in mycobacterial infection. 

 

In this chapter, the hmox1amt1 zebrafish allele was used to demonstrate the role 

of hmox1a in mycobacterial infection in zebrafish. First, I investigated whether 

hmox1a is protective against M. marinum infection. Second, I examined the 

hypothesis that hmox1a regulates the formation of mycobacterial granulomas via 

controlling macrophage migration.  
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5.2. hmox1a protects zebrafish from M. marinum infection 

To determine whether hmox1amt1 allele is a suitable model to investigate the 

functions of hmox1a in mycobacterial infection. Embryos from hmox1amt1 

heterozygous in-crosses were collected followed by M. marinum-tomato infection 

via caudal vein injection at 2 dpf. Bacterial burden of individual larvae was 

analysed by fluorometry at 3 and 5 days post infection (dpi). Following live 

imaging at 5 dpi, larvae were used for genotyping. In consistent with our previous 

data from hmox1a crispants, hmox1amt1/mt1 zebrafish embryos displayed a 

significantly increased bacterial burden when compared to their WT clutchmates 

(Fig. 5.1). The heterozygous zebrafish embryos showed significant increased 

bacterial burden at 3 dpi but no significant change of bacterial load at 5 dpi 

compared to their WT clutchmates (Fig. 5.1). This suggests the hmox1amt1 allele 

is well established for the study of mycobacterial infection. 

 
 
 

          
Figure 5.1. Increased bacterial burden in hmox1amt1/mt1 zebrafish. M. marinum burden was 

analysed at 3 (left) and 5 (right) days post infection (n=27-64).  

 

Due to the lack of adaptive immunity in zebrafish embryos, infection of adult 

zebrafish is used to model chronic TB [302]. To investigate hmox1a protection in 

host defence against chronic mycobacterial infection, adult zebrafish from 

hmox1amt1 heterozygous in-crosses were infected with M. marinum by 
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intraperitoneal injection. Animals were euthanized at 14 dpi for bacterial load 

analysis. No statistically significant difference of bacterial load was detected in 

hmox1amt1 homozygous zebrafish compared to their WT clutchmates (Fig. 5.2A). 

 

Survival ratio analysis was also performed with low-dose M. marinum infection. 

Infected adults were monitored every day until no dead fish were recorded for 

three consecutive days. Mortality was significantly higher in hmox1amt1/mt1 adults 

compared to WT clutchmates (Fig. 5.2B). The heterozygous hmox1a+/mt1 

zebrafish showed an intermediate phenotype between hmox1amt1/mt1 and WT 

clutchmates (Fig. 5.2). This result indicates hmox1a confers host protection 

during chronic infection. 

 

In summary, the protective role of hmox1a in the control of bacterial growth is 

conserved in zebrafish. 

 

 
 

 
Figure 5.2. hmox1a deficiency promotes M. marinum infection. A. Bacterial burden in 14 dpi 

hmox1amt1/mt1 , hmox1a+/mt1 and WT adult zebrafish (n=4-5). B. Survival analysis of hmox1amt1 

homozygous, heterozygous and WT adults infected with M. marinum. Total number of zebrafish 

analysed = 13 (hmox1amt1/mt1), 13 (hmox1a+/mt1), 12 (WT). Statistical testing was performed using 

Log-rank test. 
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5.3. Dysregulated immune and inflammatory responses in infected 

hmox1amt1/mt1 zebrafish 

Next, to determine the differences in immune responses between M. marinum-

infected hmox1amt1/mt1 and WT clutchmates, I measured cytokine levels 

associated mycobacterial infection.  

 

IFNγ is identified as an essential factor in resistance to Mtb infection [341-343]. 

HIF1α is a key transcription factor which upregulates Hmox1 under hypoxia [237] 

and it mediates IFNγ-dependent immunity to Mtb infection [342]. TNFα is required 

in the protective immunity against Mtb infection [76] and it is critical for the 

maintenance of granulomas [75]. IL-6 contributes to host resistance to Mtb 

infection [344] and it inhibits IFNγ-induced autophagy in Mtb infection [345]. It is 

reported that HMOX1 inhibites IL-6 expression [255]. IL-10 is one of the main 

negative regulators which impairs granuloma formation by suppressing immune 

cell activation [79, 80]. 

 

Chemokine production also plays a crucial role in the recruitment of leukocytes 

to the focus of infection, particularly, monocyte chemoattractant protein-1 (MCP-

1) and its receptor CCR2 [346]. cxcl8 is the zebrafish ortholog of human CXCL8, 

a neutrophil chemotactic factor which encodes the CXC chemokine IL-8 guiding 

the neutrophils to the infection site [347]. 

 

Both hmox1amt1/mt1 and WT larvae were infected with M. marinum at 2 dpf 

followed by the qPCR analysis at 5 dpi. There was no difference in the expression 

of ifnγ and hif1α between WT and hmox1amt1/mt1 larvae, while il6 and tnfα were 

upregulated in hmox1amt1/mt1 larvae compared to WT controls. il-10 expression 

was increased in hmox1amt1/mt1 larvae (Fig. 5.3A) . mcp-1 was induced by hmox1a 

deficiency in M. marinum infected larvae but its receptor ccr2 was upregulated. 

The neutrophil chemotactic factor cxcl8 was significantly decreased in infected 

hmox1amt1/mt1 larvae than in WT controls. These results indicate the functional 

disorder of immune responses in hmox1amt1/mt1 larvae during mycobacterial 

infection. 
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Since macrophage migration is important in the formation of TB pathologic 

hallmark granuloma [35], mcp-1 and ccr2 were further examined in dissected 

granulomas from infected hmox1amt1/mt1 and WT adults at 14 dpi. No differences 

in mcp-1 and ccr2 gene expression were detected between hmox1amt1/mt1 and 

WT fish (Fig. 5.3B). 

 

 

 

 
Figure 5.3. Dysregulated immune and inflammatory responses in infected hmxo1amt1mt1 
zebrafish. A. RT-qPCR analysis determined relative hif1α, il6, il10, tnfα, ifnγ, mcp-1, ccr2, cxcl8 

expressions in M. marinum infected WT/hmox1amt1mt1 larvae at 5 dpi (n=3-6). B. Relative 

expression of mcp-1 and ccr2 in granulomas of WT and hmox1amt1mt1 adults at 14 dpi (n=4-5). 

Data were normalized to the WT controls.  

 

 



 105  

5.4.  The role of hmox1a in macrophage migration  
Studies using mouse models have reported Hmox1 regulates haematopoiesis 

[300] and macrophage migration in mycobacterial infection [271]. After confirming 

the disorder of immune responses in hmox1amt1mt1 larvae during M. marinum 

infection, next I planned to use the transgenic zebrafish line Tg(mpeg:GFP), in 

which macrophages are marked by GFP expression, to visualise macrophages 

migration towards the wound site (Fig. 5.4A). The hmox1amt1 allele was crossed 

with the Tg(mpeg:GFP) line to generate a mpeg:GFP;hmox1amt1 line.  

 

Before performing live imaging, chemokines mcp-1 and ccr2 were examined in 

the context of tail wounding to investigation whether hmox1a potentially regulates 

macrophage migration in the context of both M. marinum infection and tail 

wounding. hmox1amt1mt1 and WT larvae were performed with tail wounding at 4 

dpf followed by the qPCR analysis at 6 hours post wounding (hpw). In consistent 

to M. marinum infection, mcp-1 was downregulated while ccr2 expression was 

upregulated significantly in hmox1amt1/mt1 larvae than in WT clutchmates (Fig. 

5.4B). 

 

 

 

 
Figure 5.4. Dysregulated chemokines in tail wounded hmxo1amt1mt1 zebrafish. A. Images 

represent embryos at 4 dpf (top) and macrophage recruitment to wound site (bottom) at 6 hpw. 

B. Relative fold change of mcp-1, ccr2 were analysed by RT-qPCR at 6 hpw (n=5). Data were 

normalized to the WT controls.  

 

As Hmox1 has been reported to be necessary to support haematopoiesis [348, 

349], the amount of macrophages in whole larvae at 4 dpf was measured by 
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fluorescence of mpeg:GFP+ cells to quantify steady state macrophage 

haematopoiesis. No difference was observed between the WT control and 

hmox1amt1/mt1 larvae (Fig. 5.5A). Next, to investigate whether hmox1a regulates 

macrophage migration, tail wounding was performed with larvae at 4 dpf following 

by live imaging to analyse macrophage migration to the wound site. On the 

contrary to our expectation, no difference of macrophage accumulation at wound 

area was detected in hmox1amt1 homozygous larvae compared to their WT 

clutchmates at 6 hpw and 24 hpw (Fig. 5.5B).  

 

 

 

 
Figure 5.5. The analysis of macrophage migration in hmox1amt1/mt1. A. Quantification of total 

macrophages of hmox1amt1/mt1, hmox1a+/mt1 and WT larvae (n=24-39). B. Quantification of 

macrophage accumulation at wound site by area of fluorescence at both 6 and 24 dpi (n=24-39). 
 

Macrophage migration was further investigated by time-lapse microscopy. 

Interestingly in this smaller subset of specimens, mpeg:GFP+ cells in WT larvae 

moved towards the wounded site and migrated back to the body at a rate that 

maintained a stable number of cells at wound site (Fig. 5.6A). However, the 

migration of macrophages in hmox1amt1/mt1 larvae was delayed by 8 hours (470 

minutes) post wounding (Fig. 5.6A). Once reaching the wound site, mpeg:GFP+ 

cells in hmox1amt1/mt1 larvae were retained, resulting in more macrophages 
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accumulating in the wound area (Fig. 5.6B). These results indicate macrophage 

migration is regulated by hmox1a in zebrafish. 

 

 

 

 
Figure 5.6. Time-lapse photography of macrophages at wound site. A. Quantification of 

mpeg:GFP+ cells at wound area in each photograph of hmox1amt1/mt1 and WT larvae (n=4-5). B. 
Representative images of detected mpeg:GFP+ cells at wound site. 
 

Based on the genetic modification for the generation of hmox1amt1 allele, the 

second in-frame start codon in exon 3 which is located after the functional 

histidine (Fig. 4.2A) should result in the production of a Hmox1a protein fragment 
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without the capacity for haem degradation. To exclude the possibility that the 

mutant Hmox1a fragment directly regulates macrophage migration, 

CRISPR/Cas9 technology described in section 3.6 was used to knock out 

hmox1a in Tg(mfap4:Turquiose) zebrafish embryos, where the mfap4 promoter 

drives macrophage-specific expression comparable to the mpeg1 promoter [350]. 

Following gRNA injection, these larvae were subjected to tail wounding at 4 dpf. 

mfap4:Turquiose+ cells were significantly reduced in hmox1a crispants compared 

to scramble control larvae at both 6 and 24 hpw (Fig. 5.7A).  

 

Considering the possibility that Hmox1b enzymic activity might compensate for 

Hmox1a deficiency, the HMOX inhibitor SnPP was used to treat tail wounded WT 

larvae while PPIX was used as control drug. SnPP decreased macrophage 

number at the wound site significantly at both 6 and 24 hpw (Fig. 5.7B). 

 

In conclusion, these results confirm hmox1a support macrophage migration in 

zebrafish.  
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Figure 5.7. hmox1a/hmox1 inhibition led to the reduction of macrophage migration. A. 

Quantification of macrophages at wound site by area of fluorescence in scramble control larvae 

and hmox1a crispants at both 6 and 24 dpi (n=32-36).  B. Quantification of macrophages at wound 

site by area of fluorescence in PPIX or SnPP treated zebrafish larvae.  

 

 

5.5. The role of hmox1a in neutrophil migration 

Neutrophils, as another type of innate immune cells, are also implicated in the 

killing of Mtb at the early stage of infection [351]. The zebrafish transgenic 

neutrophil reporter line Tg(mpx:GFP) was used to visualise neutrophils in vivo. 

Similar to the macrophage reporter line, hmox1amt1 allele was crossed with 

Tg(mpx:GFP) line to generate mpx:GFP;hmox1amt1 line. To determine if hmox1a 

is also involved in the regulation of neutrophil haematopoiesis, the total number 

of neutrophils was measured by the area of fluorescence throughout the embryos 

from hmox1amt1 heterozygous in-crosses. No difference was observed between 

the WT control and hmox1amt1/mt1 larvae (Fig. 5.8A). 

 

Next, tail wounding was performed with hmox1amt1/mt1 and WT larvae. The 

number of mpx:GFP+ cells at wound site was analysed by fluorescence area at 

6 and 24 hpw. No difference in mpx:GFP+ cells was observed between WT and 

hmox1amt1/mt1 larvae (Fig. 5.8B). These results suggest neutrophil migration is 

independent of hmox1a.  
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Figure 5.8. The analysis of neutrophil migration in hmox1amt1/mt1. A. Quantification of total 

neutrophils of hmox1amt1/mt1, hmox1a+/mt1 and WT larvae (n=14-27). B. Quantification of neutrophil 

accumulation at wound site by area of fluorescence at both 6 and 24 dpi (n=14-27).  

 

Similar to the investigation of macrophage migration, CRISPR/Cas9 technology 

was used to knock out hmox1a in Tg(lyzC:GFP) zebrafish embryos, where the 

lysozyme C promoter drives neutrophil-specific expression [287]. Injected 

lyzC:GFP+ embryos were wounded at 4 dpf. There was no significant difference 

between the number of lyzC:GFP+ cells at wound site in scramble control and 

hmox1a crispant larvae (Fig. 5.9A).  

 

Hmox inhibition with SnPP treatment reduced the number of tail wound-recruited 

neutrophils at 24 hpw (Fig. 5.9B), which was different from the gene ablation 

results. The results suggest Hmox1b is either directly involved in neutrophil 

migration or compensates when hmox1a is ablated.  

 

In conclusion, these results suggest neutrophil migration is not regulated by 

hmox1a in zebrafish.  
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Figure 5.9. Neutrophil migration in hmox1a crispant/SnPP treated larvae. A. Quantification 

of neutrophils at wound site by area of fluorescence in scramble control larvae and hmox1a 

crispants at both 6 and 24 dpi (n=24-31). B. Quantification of neutrophils at wound site by area 

of fluorescence in PPIX or SnPP treated zebrafish larvae (n=13-15).  

 

 

5.6.  The role of hmox1a in granuloma formation 

Since hmox1a regulated macrophage migration, it is logical to next examine the 

association with granuloma formation. Two publications using Hmox1-/- mice 

described loss of granuloma formation in Hmox1-deficient mice infected with 

mycobacteria [271, 272]. To investigate the impact of hmox1a on granuloma 

formation in zebrafish, histological analysis was performed with sections of 14 dpi 

M. marinum infected WT and hmox1amt1/mt1 adults. Different from Hmox1-/- mice 

in which the capacity of granuloma formation was completely abolished [271], 

some organized granulomas were observed in hmox1amt1/mt1 mutants (Fig. 

5.10A). However, quantification of granuloma organisation phenotype revealed 

the presence of more unorganised loose granulomas in hmox1amt1/mt1 adults than 

in the WT adults (Fig. 5.10B), demonstrating hmox1a is involved in granuloma 

formation or maturation. 

 

The incomplete penetrance of the granuloma formation phenotype in and 

hmox1amt1 zebrafish compared to Hmox1-/- mice could be explained by the 

existence of hmox1b in zebrafish or variable gene essentialities in different 

species. In conclusion, hmox1a-regulated macrophage migration and granuloma 
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formation may be responsible for the increased bacterial load and mortality in 

hmox1amt1 allele zebrafish.  

 

 
 

 
Figure 5.10. Granulomas in hmox1amt1/mt1 adults. A. Images represent the properly formed 

granulomas in hmox1amt1/mt1 at 2 dpi. B. Representative of organized and loose granulomas in 

infected WT and hmox1amt1/mt1 adults (left). Quantification of two types of granulomas (right). 

Statistical testing was performed using fisher's exact test. 
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5.7.  The role of hmox1a in non-granuloma forming mycobacterial infections 

The initiation of macrophage epithelisation, which is the initial step of granuloma 

formation, occurs at 3 dpi in zebrafish-M. marinum model coincident with the 

detection of significantly increased bacterial burden in hmox1amt1/mt1 embryos 

(Fig. 5.1). This suggests there may be non-granuloma mechanisms responsible 

for increased infection susceptibility in hmox1amt1/mt1 zebrafish. To further 

investigate the association between granuloma formation and increased bacterial 

load in hmox1amt1/mt1 embryos, an ESX1-deficient M. marinum strain (ΔESX1) 

deficient for granuloma formation was used to infect hmox1amt1/mt1 embryos. 

ΔESX1 load was significantly increased in hmox1amt1 homozygous larvae at both 

3 and 5 dpi (Fig. 5.11). This suggests apart from granuloma formation, hmox1a 

is also involved in other mechanisms that control mycobacterial burden. 

 

 

 

           
Figure 5.11. hmox1a deficiency increased ΔESX1 burden. ΔESX1 burden was analysed at 3 

(left) and 5 (right) days post infection by fluorescence area (n=30-35).  

 

 

5.8.  Discussion 

In this chapter, I have demonstrated that hmox1a protects zebrafish from M. 

marinum infection using the hmox1amt1 zebrafish allele. I present a range of live 
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imaging and gene expression data linking hmox1a to macrophage migration and 

granuloma formation. Conversely, neutrophil migration was not closely 

associated with hmox1a, indicating hmox1a is a specific regulator of macrophage 

migration. Although granuloma formation was compromised in hmox1amt1 

zebrafish, I demonstrated that the defect in control of mycobacterial infection is 

upstream of granuloma formation using a mutant strain of M. marinum. 

 

In mouse models, the protective effects of HMOX1 against mycobacterial 

infection have been investigated with the use of Hmox1-/- models [272]. Hmox1-/- 

mice were more susceptible to mycobacterial infection since significantly 

increased bacterial burden was detected in liver, spleen and lung of M. avium 

infected Hmox1-/- mice. Additionally, higher mortality was displayed in Hmox1-/- 

mice than in infected WT controls [272]. Using the hmox1amt1 zebrafish allele, I 

have demonstrated a protective role for hmox1a in mycobacterial infection since 

hmox1amt1/mt1 embryos/adults displayed increased bacterial burden when 

compared to their WT clutchmates. 

 

It has been reported that Hmox1+/- mice carried a similar bacterial load as WT 

control mice [272]. However, the hmox1amt1 heterozygous zebrafish had an 

intermediate bacterial burden between hmox1amt1/mt1 and WT groups at both 3 

and 5 dpi. In addition, hmox1a+/mt1 adults showed an intermediate mortality rate 

when infected with a lethal dose of M. marinum. These findings suggest the 

functions of hmox1a in zebrafish might be more reliant on gene dose than Hmox1 

in mice. The increased bacterial burden might be due to the disfunction of 

immune system in hmox1a mutants since expression of immune genes related 

to mycobacterial infection were changed by hmox1a deficiency during 

mycobacterial infection, which is consistent with reported studies [275, 278]. 

 

In mycobacterial infection, TNFα is a protective gene that is required for host 

immune control [76, 341-343]. In a study performed with Mtb infected U937 cells, 

the production of TNFα was downregulated by SnPP inhibition of HMOX1 [275]. 

In this study, tnfα was significantly upregulated during M. marinum infection of 

Hmox1a-deficient zebrafish. The different result might be due to the different 

materials used since one used cell line model treated with an inhibitor and this 
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project used an intact animal mutant model or a function of the increased bacterial 

burden in Hmox1a-deficient zebrafish. The improper control in published study 

may also lead to different results as SnPP treatment was compared to NaOH 

vehicle rather than PPIX scaffold treatment [275].  

 

It has been demonstrated that overexpression of Hmox1 decreased the pro-

inflammatory cytokine IL-6 [255]. However, il6 expression was downregulated in 

hmox1a mutants which might be caused by M. marinum infection, suggesting a 

complicated interaction between hmox1a and il6 in different conditions. 

 

Since IL-10 is an anti-inflammatory cytokine which impairs protective granuloma 

formation, the decreased expression level of il10 in M. marinum infected 

hmox1amt1/mt1 larvae suggests granuloma formation may be disturbed in hmox1a 

mutants [79, 80]. This was confirmed by the histological analysis of granulomas 

of infected hmox1a mutants and WT adults in this study. 

 

It has been reported that MCP-1 expression was significantly increased in the 

liver, spleen, bronchoalveolar lavage fluid (BALF) and serum samples of M. 

avium infected Hmox1-/- mice compared to WT controls [271, 272]. However, 

HMOX1 inhibition reduced the expression of MCP-1 in M. avium infected RAW 

264.7 cells compared to untreated cells, whilst CCR2 was upregulated [271]. The 

different results from reported studies may be due to the examination of MCP-1 

expression at different levels. Since in the two experiments using Hmox1-/- mice, 

MCP-1 expression was analysed at protein level [271, 272], but in the inhibitor 

treatment, the transcript of MCP-1 was analysed [271]. In this study, 

downregulation of mcp-1 transcript was detected in M. marinum infected and tail 

wounded hmox1amt1/mt1 larvae, which was consistent to the study linking MCP-1 

transcription to functional HMOX1 [271]. Taken together, these results suggest 

that MCP-1 expression is dependent on hmox1a expression in zebrafish. 

 

Using live imaging in zebrafish embryos, I have provide direct evidence linking 

Hmox1a to the regulation of macrophage migration by hmox1a. I demonstrated 

a macrophage migration defect to a tail wounding in hmox1amt1/mt1 larvae with 

slower migration early after wounding but more retention at the wound site later 
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in the response. To better understand hmox1a regulated macrophage migration 

in the context of mycobacterial infection, future experiments are required to 

analyse macrophage migration to mycobacterial infection. 

 

In this study, I found the reduced macrophage migration phenotype of 

hmox1amt1/mt1 mutants was enhanced in hmox1a crispants and SnPP-treated 

larvae. The difference may be due to the different methods to introduce the 

mutation in hmox1a gene. Based on the characterization of hmox1amt1 allele, the 

mutation ends with the deletion of exon 2 in the transcript but the other 6 exons 

are remained. Since an in-frame start codon exists in exon 3 located after the 

functional histidine, it is possible that the mutant transcript results in the 

production of a Hmox1a truncated protein fragment without the capacity for haem 

degradation but retaining protein-protein scaffolding ability. However, the four 

target sites of gRNAs were chosen throughout hmox1a gene, which is likely to 

have mutated the hmox1a gene more completely compared to hmox1amt1 allele. 

The difference between hmox1amt1/mt1 larvae and hmox1a crispants indicates 

mutant hmox1a in hmox1amt1 allele may have a role in macrophage migration. 

 

It is also possible that these two methods of genetic modification have different 

relevance to genetic compensation. An analysis of hmox1b expression in 

hmox1amt1/mt1 larvae and hmox1a crispants is necessary to explore whether 

hmox1b is responsible for the difference between hmox1amt1/mt1 larvae and 

hmox1a crispants in terms of macrophage migration. Comparing the phenotypes 

between hmox1amt1/mt1 larvae and hmox1a crispants can be used to further our 

understanding of the role of Hmox1a in zebrafish biology in the future. 

 

In this chapter, neutrophil migration was found to not be associated with hmox1a 

by using between hmox1amt1/mt1 larvae and hmox1a crispants. However, SnPP 

treatment significantly decreased neutrophil accumulation at a tail wound 

compared to the control PPIX treatment. It has been reported that HMOX1 

downregulates neutrophil migration in acute inflammation in vivo [352, 353]. 

Taken together, all these indicate the function of hmox1a is not conserved in 

zebrafish in terms of neutrophil migration. hmox1b might be the homolog gene 

involved in neutrophil migration in zebrafish. An experiment knocking out hmox1b 
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in zebrafish is required to interpret hmox1b function in neutrophil migration in the 

future. 

 

HMOX1 has been hypothesised to protect against mycobacterial infection by 

driving granuloma development during M. avium infection [271, 272]. The size 

and number of granulomas was significantly reduced in lungs and dissemination 

of M. avium was detected in other vital organs in Hmox1-/- mice but not in WT 

controls [271]. Consistent with mouse studies, M. marinum infected hmox1amt1/mt1 

adults also showed a defect of granuloma formation since the percentage of 

organized granulomas was decreased to about 30% compared to over 70% in 

infected WT controls. Granulomas have long been considered a host defence 

against Mtb because they restrict infection by “walling off” bacteria and physically 

prevent dissemination [55, 56]. The defect of granuloma formation could lead to 

the dissemination of bacteria resulting in increased bacterial load. The distinct 

phenotypes between Hmox1-/- mice and hmox1amt1/mt1 zebrafish may be due to 

the existence of paralog gene of hmox1a-hmox1b in zebrafish or varied gene 

functions in different species or may reflect a greater propensity for zebrafish to 

form granulomas in response to natural mycobacterial infections.  

 

It has been reported that extra haem inhibits the initiation of granuloma formation 

in the mouse-M. avium infection model and increased bacterial load ex vivo [272]. 

Since the main function of hmox1a is haem degradation, it suggests hmox1a 

deficiency may increase bacterial load not only through affecting macrophage 

migration, but also upstream through regulating intracellular iron homeostasis. In 

agreement with this hypothesis, hmox1amt1/mt1 larvae were more susceptible to 

infection with ΔESX1 mutant M. marinum compared to WT controls, 

demonstrating that the susceptibility to mycobacterial infection in hmox1a 

mutants is independent of bacterially-driven granuloma formation. 

 

Based on the results from this chapter, both hmox1a crispant and hmox1amt1/mt1 

mutant zebrafish showed a similar defect in macrophage migration suggesting 

they are both suitable for the investigation of mycobacterial infection, so they 

were interchangeably used in the following studies.  
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5.9.  Conclusion 

This chapter describes the protective role of hmox1a in zebrafish using a hmox1a 

mutant zebrafish allele. hmox1amt1/mt1 are more susceptible to M. marinum 

infection and succumb faster when challenged with a lethal infection dose. 

Macrophage migration was regulated by hmox1a while neutrophil migration is 

unaffected by hmox1a expression. Granulomas can be formed in M. marinum 

infected hmox1amt1/mt1 zebrafish but at a reduced percentage compared to WT 

controls. Use of a M. marinum mutant that is deficient in granuloma formation 

suggests the mechanism of susceptibility in hmox1a deficient zebrafish is 

upstream of granuloma formation. 
  



 119  

 
 
 
 
 
Chapter 6. Hmox1a-regulated iron homeostasis is essential for the control 

of mycobacterial infection  
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6.1.  Preface  

Iron is essential for virtually all living organisms including both host and pathogen. 

Host cells and pathogens have competing strategies to compete for iron 

availability to sustain their survival and cellular replication. The mechanisms of 

iron acquisition by mycobacteria are well described [354-356]. However, the host 

control of iron availability in response to mycobacterial infection is rarely 

discussed yet may underlie important aspects of infection biology. Hmox1 is a 

key regulator of iron homeostasis which catalyses haem into carbon monoxide, 

biliverdin and ferrous iron. A protective role for mouse HMOX1 has been inferred 

with the addition of haem in M. avium infected mouse in vivo and ex vivo resulting 

in increased production of reactive oxygen species. Additionally, a role for mouse 

HMOX1 in preventing infection-induced host cell death has been identified in vivo 

[272]. 

 

There are three aims in this chapter. The first one is to determine if iron is 

dysregulated in hmox1amt1/mt1 zebrafish during M. marinum infection. The second 

is to determine the role of iron availability on the control of mycobacterial infection 

in vivo. The third is to identify the mechanism(s) by which iron availability in 

granulomas affect the pathogenesis of mycobacterial infection. 
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6.2.  The importance of iron for mycobacterial growth 

The main function of HMOX1 is the degradation of haem into iron, CO and 

bilirubin. Bilirubin is rapidly converted to biliverdin by bilirubin reductase [229]. All 

these products from HMOX1 mediated haem degradation have been described 

to participate in essential biological processes [174-176, 262-266]. 

 

Iron is an essential element for virtually all living organisms since it acts as a 

cofactor of many enzymes in a variety of vital conserved biological processes 

[174-176]. Bilirubin modulates the activities of regulatory protein kinases of the 

MAP kinase and phosphatidylinositide 3-kinase (PI3K) pathways which lead to 

their involvement in the regulation of cell growth, differentiation and survival [264]. 

The conserved bilirubin was reported to be an effective lipid-soluble antioxidant 

[262]. CO has been described to have anti-inflammatory properties [265], and it 

stimulates the induction of the dormancy regulon of Mtb [268, 269]. 

 

To determine if the iron, biliverdin and bilirubin breakdown products of haem 

affect M. marinum growth, they were first supplemented into in vitro culture of 

fluorescent M. marinum-tdTomato. Hemin was supplied as an extra source of iron 

and biliverdin hydrochloride was supplied as an external source of biliverdin. 

Supply of biliverdin showed no obvious impact on bacterial growth (Fig. 6.1A). 

Bacterial proliferation was slightly inhibited by the addition of bilirubin. However, 

hemin supplementation promotes M. marinum growth significantly (Fig. 6.1B). 

These results indicate increased iron availability may accelerate mycobacterial 

proliferation in vitro while the breakdown products biliverdin and bilirubin have 

little effect on mycobacterial growth. 
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Figure 6.1. M. marinum-tomato growth in vitro. A. Growth curves of M. marinum-tomato 
cultures into 7H9+10% OADC, with DMSO, biliverdin hydrochloride or bilirubin (n=4). B. Growth 

curves of M. marinum-tomato cultures into 7H9+10% OADC, with PPIX or hemin (n=4). Bacterial 

growth was reflected by the intensity of tdTomato fluorescence. 

 

To investigate the impact of iron supplementation on mycobacterial infection in 

vivo, hemin was used as an extra source of iron in the water of infected scramble 

control or hmox1a crispant larvae immediately after infection. PPIX carrier was 

used as the control drug to treat infected larvae as well. No obvious difference of 

bacterial load was shown between scramble control groups or hmox1a crispant 

groups at 3 dpi. However, hemin increased bacterial load only in hmox1a 

crispants compared to PPIX treated hmox1a crispants at 5 dpi but this effect was 

not seen in the scramble controls (Fig. 6.2).  
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Figure 6.2. Hemin increased M. marinum load in vivo.  Bacterial load in PPIX/hemin treated 

scramble and hmox1a crispant larvae at 3 and 5 dpi (n=29-32).  

 

To further investigate how iron level affects mycobacterial growth, Dexrazoxane, 

an iron chelator, was used to treated crispants following infection at 2 dpf. On the 

contrary to expectation, dexrazoxane increased bacterial burden in hmox1a 

crispants at 3 dpi but not in scramble control at both 3 and 5 dpi (Fig. 6.3). 
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Figure 6.3. The impact of dexrazoxane on M. marinum load in vivo.  Bacterial load in DMSO/ 
dexrazoxane treated scramble control and hmox1a crispant larvae at 3 and 5 dpi (n=28-31).  

 

 

6.3.  Iron disorder in hmox1amt1/mt1 mutants 

Since iron disorder was observed in Hmox1-/- mice [242], I investigated the 

possibility that iron accumulation exacerbates mycobacterial infection in 

hmox1amt1/mt1 mutant zebrafish. Firstly, the expression of essential iron regulation 

genes was analysed by quantitative PCR. The iron regulatory proteins (IRPs)-

aco1 and ireb2 are two central regulators of iron metabolism in zebrafish. aco1 is 

the homolog gene of human IRP1 while ireb2 is the homolog gene of human IRP2. 

They regulate the expression and translation of iron-related genes via binding to 

specific non-coding stability sequences [193]. Whereas Aco1 functions as either 

an RNA-binding protein or a cytosolic aconitase, Ireb2 operates solely as an 

RNA-binding protein [357]. slc40a1 is a homolog gene of human Ferroportin-1 

which is the only known iron exporter in macrophages [203]. The homolog gene 

of human DMT1, a major iron transporter, was identified as slc11a2 in zebrafish 

[358]. cp is orthologous to human CP gene which encodes ceruloplasmin in cells. 

Ceruloplasmin is a ferroxidases that oxidizes ferrous to ferric iron [201]. 

Ceruloplasmin provides benefits to the host from two aspects. First, it is an 

important regulator of iron metabolism because it promotes iron sequestering 

from pathogens [217]. Second, the conversion from ferrous to ferric iron serves 

an effective antioxidant function that can prevent oxidative damage to proteins, 

lipids, and DNA [359]. Glutaredoxin 3 (Glrx3) is a member of monothiol 

glutaredoxins that can bind and effectively transfer [4Fe–4S] cluster to apo-IPR1 

[360].  

 

Expression analysis revealed aco1 and slc40a1 were significantly downregulated 

in hmox1amt1/mt1 larvae in response to M. marinum infection. ireb2 and glrx3 

expressions were not altered significantly by hmox1a deficiency in M. marinum 

infection. However, the iron transporter slc11a2 was significantly upregulated in 

infected hmox1a mutants than in WT controls (Fig. 6.4). This result indicates the 
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dysregulation of iron metabolism in hmox1amt1/mt1 zebrafish during M. marinum 

infection. 

 

 

 

 
 

Figure 6.4. Expression of iron regulators in infected larvae. Relative expression of host iron 

regulators in M. marinum infected WT and hmox1amt1/mt1 mutants at 5 dpi (n=3-5). Data was 

normalized to WT controls.  

 

To visualise iron accumulation, Perls’ Prussian Blue reaction was used to 

examine iron level in tissue sections from 14 dpi WT and hmox1amt1/mt1 adults. 

Consistent with qPCR result, a detectable accumulation of iron was observed in 

hmox1amt1/mt1 granulomas but not in WT granulomas (Fig. 6.5A).  

 

The transcriptional profile of iron regulatory genes were examined in granulomas 

(Fig. 6.5B). The levels of aco1, ireb2, slc40a1 and slc11a2 were not changed in 

granulomas of hmox1amt1/mt1 adults. cp was consistently downregulated in 

hmox1amt1/mt1 mutants. 

 

In summary, these results suggested increased bacterial burden could be due to 

the iron disorder in hmox1a mutants.  
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Figure 6.5. Iron accumulation in granulomas of hmox1amt1/mt1 adults. A. Representative 

images of granulomas in infected WT and hmox1amt1/mt1 adults at 14 dpi and quantification of iron 
stained granulomas (n=3). Nuclei was detected by nuclear fast red in red. Iron staining was shown 

in dark blue and is indicated by arrows. B. Relative expression of host iron regulators in 

granulomas of infected WT and hmox1amt1/mt1 adults at 14 dpi (n=4-5). Data was normalized to 

WT controls.  

 

 

6.4. hmox1a deficiency altered iron metabolism in M. marinum  

Since iron metabolism of host cells was altered in hmox1amt1/mt1 zebrafish during 

M. marinum infection, I next sought to determine if iron metabolism of M. marinum 

corresponds to this ‘abnormal’ microenvironment. Ferritin is an iron-storage 

protein that displays ferroxidase activity which catalyses the oxidation of Fe2+ into 

Fe3+ indicating increased utilisation of iron [215]. bfrB is the homolog gene of 

human ferritin in Mycobacterium [361]. To demonstrate the impact of additional 

iron on the iron metabolism of M. marinum, hemin was added into the medium of 

cultured M. marinum in vitro as an exogenous iron source. As expected, hemin 

increased the expression of bfrB significantly compared to the control treatment 

(Fig. 6.6A).  
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Next, the level of bfrB was examined in dissected granulomas from M. marinum-

infected WT and hmox1amt1/mt1 adults at 14 dpi. qPCR analysis revealed the 

increased expression of bfrB in the granulomas of hmox1amt1/mt1 adults which is 

consistent with increased bacterial metabolism of iron (Fig. 6.6B). 

 

To further investigate the timing of changes to iron metabolism in M. marinum, 

the time-course of bfrB expression was examined in infected scramble controls 

and hmox1a crispants (Fig 6.6C). The level of bfrB was increased in both groups 

after 1 dpi. No significant difference was shown between these two groups 

between 0-3 dpi. At 5 dpi bfrB was upregulated in hmox1a crispants compared to 

the scramble controls. 

 

In conclusion, these results demonstrate increased utilisation of iron by M. 

marinum in hmox1amt1/mt1 fish. 
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Figure 6.6. Iron storage gene bfrB was increased in hmox1a deficient larvae. A. Relative 

expression of bfrB in bacteria treated with hemin in vitro (n=3). Data was normalized to control 

sample. B. qPCR analysis demonstrated the mRNA levels of bfrB in granulomas dissected from 
infected WT/hmox1amt1/mt1 adult zebrafish at 14 dpi (n=4-5). Data was normalized to WT control. 
C. The time course expression of bfrB in M. marinum infection (n=2-5). Data was normalized to 0 

dpi scramble controls. All values are normalized to bacterial housekeeping gene 18s.  

 

 

6.5. Hmox1a reduces oxidative stress and ferroptosis 

Since excess iron promotes the generation of deleterious reactive oxygen 

species (ROS) [362], trunk infected larvae were stained with CellROX to assess 

ROS production in granulomas at 5 dpi. As expected, hmox1a crispants showed 
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more ROS signal compared to scramble controls indicating increased oxidative 

stress in hmox1a crispants (Fig. 6.7). 
 
 
 

 
Figure 6.7. hmox1a deficiency led to increased ROS in mycobacterial granulomas. A. 
Representative images of CellROX staining (red) for oxidative stress in granulomas from M. 

marinum-wasabi infected scramble control and hmox1a crispant larvae at 5 dpi. B. Quantification 

of total ROS fluorescence per granuloma (n=24-30). C. Quantification of ROS fluorescence 

divided by the bacterial fluorescence area per granuloma (n=24-30).  

 

Ferroptosis is recently described mode of iron-dependent cell death which is 

usually accompanied by a large amount of iron accumulation and ROS 
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production resulting in lipid peroxidation [363]. TUNEL (terminal deoxynucleotidyl 

transferase dUTP nick end labeling) assay is generally used to detect cells in the 

final phase of apoptosis when DNA break occurs and DNA fragmentation takes 

place [364], it can also be used for the investigation of ferroptptic cells [365, 366]. 

Our lab has previously connected excessive mitochondrial ROS production to 

host cell death in the zebrafish-M. marinum infection model [367].  

 

To examine the impact of hmox1a deficiency on host cell death, TUNEL staining 

was performed with trunk infected scramble control or hmox1a crispant larvae at 

5 dpi. More TUNEL signal was detected in granulomas of hmox1a crispants than 

in scramble control, suggesting increased cell death in hmox1a deficient larvae 

in M. marinum infection (Fig. 6.8A and B). When TUNEL signal was divided by 

per unit of M. marinum fluorescence in each granuloma, the increase of TUNEL 

was shown in hmox1a crispants but the difference was not significant (Fig. 6.8C). 

This suggests hmox1a deficiency promotes cell death that this is largely 

coincident with increased bacterial burdens in granulomas. 

 

Next, infected scramble control and hmox1a crispants were treated with hemin 

followed by the performance of TUNEL assay to investigate the importance of 

iron in ferroptosis induction. Cell death in scramble controls was not affected by 

hemin but it was further increased in hmox1a crispants with the addition of hemin 

(Fig. 6.8D). Different from no drug treatment, cell death in PPIX treated scramble 

controls and hmox1a crispants was equivalently detected (Fig. 6.8D) indicating 

the unknown involvement of protoporphyrin ring in immune response. 
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Figure 6.8. hmox1a deficiency promotes death in mycobacterial granulomas. A. 
Representative images of TUNEL staining for apoptotic and necroptotic cells in granulomas from 

M. marinum-tomato infected scramble control and hmox1a crispant larvae at 5 dpi. B. 
Quantification of total TUNEL fluorescence per granuloma (n=49-61). C. Quantification of TUNEL 

fluorescence divided by the bacterial fluorescence area per granuloma (n=49-61). D. 
Quantification of total TUNEL fluorescence per granuloma (n=25-40).  

 

Ferrostatin-1 is a specific ferroptosis inhibitor that functions as a radical trapping 

antioxidant within lipid bilayers [368, 369]. Ferrostatin-1 significantly reduced 

bacteria burden, CellROX staining in granulomas and the number of TUNEL 

positive cells per granuloma in hmox1a crispants at 5 dpi (Fig. 6.9), suggesting 

hmox1a deficiency-induced ferroptosis was the key reason responsible for these 

phenotypes in hmox1a-deficient zebrafish during mycobacterial infection. 
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Figure 6.9. Ferrostatin-1 decreased bacterial load, cell death and ROS production in vivo. 
A. Quantification of M. marinum in DMSO/Ferrostatin-1 treated scramble control and hmox1a 

crispant larvae at 3 and 5 dpi (n=26-38). B. Quantification of CellROX staining in 5 dpi hmox1a 

crispants treated with ferrostatin-1. C. Quantification of TUNEL staining in 5 dpi hmox1a crispants 

treated with ferrostatin-1 (25-40). 
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6.6.  Discussion 

In this chapter, I have identified increased accumulation of iron at the site of M. 

marinum infection in hmox1amt1/mt1 zebrafish. I have demonstrated iron-mediated 

promotion of M. marinum proliferation in vitro and in vivo, and connected elevated 

host ROS production to increased host cell death.  

 

Hmox1-/- mice were more susceptible to M. avium infection and ultimately 

developed higher bacterial load and mortality than WT mice [272]. The 

mechanism responsible for the phenotype was hypothesised to be due to haem 

accumulation caused by Hmox1 deficiency. It has been demonstrated that Mtb 

can utilize haem as an iron source in vitro [370]. Here I present convincing 

evidence linking Hmox1a-deficiency to increased iron in mycobacterial 

granulomas resulting in the induction of host cell ferroptosis and mycobacterial 

iron accumulation in vivo system for the first time. 

 

Iron is a messenger inducing stress responsive programmed cell death termed 

ferroptosis [371]. Ferroptosis is an iron-dependant and ROS-reliant cell death 

[372]. HMOX1-deficient mice have increased oxidative damage and increased 

cell death when with M. avium [272], however the mechanism linking HMOX1 to 

these phenotypes had not been reported. My novel data using hemin 

supplementation and ferrostatin-1 to link Hmox1a-deficiency to ferroptosis 

provides a mechanism to explain the protective role of Hmox1 through resisting 

oxidative stress and cell death [260, 272, 373, 374]. 

 

Hemin supplementation increased M. avium growth in vitro but not in vivo in WT 

mice [272]. Consistently in my study, the bacterial load of scramble controls was 

not affected by additional hemin, hemin treatment only increased bacterial load 

in hmox1a crispants at 5 dpi. The different phenotypes between scramble and 

hmox1a crispants could be due to the different capacity of iron regulation 

between these groups. I hypothesise that the functional iron regulatory system in 

scramble groups maintains iron homeostasis and sequesters the extra iron when 

challenged with exogenous hemin. Only when iron homeostasis was 

compromised in hmox1a crispants did the exogenous hemin saturate the 

remaining iron homeostasis systems providing extra iron which increased M. 



 134  

marinum growth and host cell death. This hypothesis is supported by the 

ferrostatin-1 data as inhibition of ferroptosis was only effective in the hmox1a-

depleted background. 

 

Increased iron storage was exhibited in the bacteria in the granuloma of hmox1a 

mutants compared to in WT controls through induction of bfrB transcription. This 

was consistent with the bfrB induction seen in the in vitro culture experiment when 

hemin was added as an extra source of iron. Interestingly, more iron storage 

occurs at 5 dpi than 1 or 3 dpi in control and hmox1a-depleted hosts. This likely 

reflects a relationship between the amount of iron available to bacteria and the 

host immune response. As 3 dpi is the initiation of granuloma formation, the 

increase in bfrB expression from 3 dpi to 5 dpi could be associated with 

granuloma enlargement and host cell death. Future studies with the ΔESX1 

mutant M. marinum are necessary to test this link between iron availability and 

granuloma maturation. 

 

hmox1a-deficiency induced a transcriptional profile of iron regulator expression 

indicative of iron accumulation. The significant downregulation of aco1 indicates 

iron homeostasis is interrupted in hmox1amt1/mt1 zebrafish in M. marinum infection. 

slc40a1 level was significantly decreased suggesting less iron would be released 

out of macrophages. Since M. marinum is intracellular pathogen, increased 

intracellular iron storage facilitates the delivery of iron to the bacterial niche. The 

increased expression of iron transporter slc11a2 also facilitates the iron 

acquisition by pathogen since it promotes the flow of bioavailable iron rather than 

sequestration in ferritin. As a key factor required for iron sequestering molecule 

expression, downregulated cp would be expected to increase systemic iron levels 

which would be accessible to the bacteria. The maintained expression of glrx3 

indicates the hmox1a-mediated iron disorder is not associated with Fe-S transfer. 

All these results demonstrate an abnormal iron metabolism transcriptional 

signature in M. marinum-infected hmox1amt1/mt1 zebrafish that would favour 

bacterial iron acquisition. 

 

The microenvironment of granuloma is described as iron starving [81], providing 

benefits to the host for bacterial control during chronic infection. The observation 
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that iron accumulated in granulomas from M. marinum-infected hmox1amt1/mt1 

adults more than in granulomas from WT hosts provided the opportunity for a 

more focused analysis of transcriptional changes at the site of infection in 

hmox1a-deficient zebrafish. Different from the systemic downregulation seen in 

embryos, only cp was significantly downregulated in granulomas of hmox1amt1/mt1 

adults. Future exploration is necessary to reveal how hmox1a affects the 

transcriptional profile of iron regulators in granulomas.  

 

Dexrazoxane increased bacterial burden in hmox1a crispants at 3 dpi which was 

unexpected as my hypothesis is that dexrazoxane would scavenge the excess 

iron in hmox1a crispants. It is possible that dexrazoxane-mediated chelation of 

iron impedes host cellular processes early in infection and that the hmox1a 

crispants are more sensitive to this effect. Future studies may require the use of 

alternative iron chelators or later initiation of iron chelation to lessen effects on 

host physiology. 

 

The Hmox products biliverdin and bilirubin are antioxidants [262], and the 

protective effects of biliverdin and bilirubin have been described in a variety of 

diseases [375-378]. However, both biliverdin and bilirubin have been 

demonstrated to enhance M. abs growth in human macrophages-like THP-1 cells 

in vitro [274]. My experiments showed bilirubin inhibited M. marinum growth in 

vitro. The distinct results suggest possibility that biliverdin and bilirubin have 

different roles in different conditions of mycobacterial infections. Zebrafish are an 

excellent host for M. abscessus and my laboratory has recently described a new 

model of persistent M. abscessus infection in adult zebrafish. Future research 

should be carried out to study the comparative effects of biliverdin and bilirubin 

on the outcome of infection by divergent mycobacterial species in vivo. 

 

6.7.  Conclusion 

This chapter describes ferroptosis, triggered by iron accumulation, as a 

mechanism linking Hmox1a deficiency to increased M. marinum proliferation in 

vivo. Iron accumulation was characterised in hmox1a mutants during M. marinum 

infection by transcriptional analysis of host and bacterial iron responsive genes 
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and visualised by histological staining. Iron level is positively correlated with M. 

marinum proliferation both in vitro and in vivo. ROS production is elevated by 

hmox1a-defiency and is closely linked to cell death. 
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Chapter 7. Final discussion and conclusions  
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Mycobacteria have complex interactions with their hosts. The hallmark 

granuloma is a unique battlefield between the host immune response and 

bacterial virulence. Beyond the development of granulomas, infected hosts 

mediate their metabolism to restrict bacteria proliferation and survival. However, 

as an ancient pathogen, Mycobacterium has evolved virulence strategies to 

invade host immunity, adapt to the altered microenvironment and persist within 

the host.  

 

The first Hmox1-/- mouse model was established by Poss in 1997 [242]. Since 

HMOX1 is the initial and rate-limiting enzyme of haem catabolism [229], Hmox1-

/- mice were found to have severely reduced serum iron and iron saturation as 

well as iron accumulation in tissues [242]. Increased oxidative stress was 

detected in Hmox1-/- mice including oxidized proteins and lipid peroxidation. In a 

separate report, Poss described a role for Hmox1 in cellular antioxidant defence 

as Hmox1-/- mice were more susceptible to the accumulation of free radicals and 

to oxidative injury [244]. These two studies emphasise the importance of Hmox1 

in iron reutilization and antioxidant defence.  

 

HMOX1 protection in mycobacterial infection has been described in studied using 

Hmox1-/- mice and linked to granuloma formation and haem catabolism [271, 272]. 

However, recent study using HMOX1 inhibition demonstrated that HMOX1 

expression is detrimental in mycobacterial infection [274-276]. The controversial 

opinions about HMOX1 in mycobacterial infection promote more studies to 

increase our understanding of the mechanism.  

 

In this project, the generation of a hmox1a mutant line, the hmox1amt1/mt1 allele, 

has allowed the investigation of hmox1a in protection against mycobacterial 

infection. Specifically providing insight into the host response to infection control 

and the conditions necessary for mycobacterial proliferation within the host. This 

study has uncovered novel links between hmox1a-regulated iron homeostasis 

and mycobacterial infection that include the physiology of the host and M. 

marinum. 
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In this project, other Hmox1 inhibition methods were used to conclude the 

protection of hmox1a during mycobacterial infection, such as the inhibition by 

pharmacological inhibitor and knockout by CRISPR/Cas9 technology. 

Comparably, all these methods led to consistently increased bacterial growth in 

the zebrafish-M. marinum platform. 

 

The universal knockout of hmox1a in hmox1amt1 allele provides a relatively ‘clean’ 

environment for hmox1a study. However, truncated Hmox1a may have unknown 

functions which needs more exploration. CRISPR/Cas9-mediated knockdown of 

hmox1a is supposed to induce more complete Hmox1a deletion, but conclusions 

from chimeric crispants are more relied on gene knockout efficiency in each 

experiment. The inhibitor facilitates the study of hmox1b in hmox1a mutants but 

it is less specifically targeting Hmox, and the antibiotic protoporphyrin ring may 

have biological functions rather than just because it is toxic to bacteria during 

mycobacteria infection. 

 

The expression of zebrafish hmox orthologs have been analysed in different 

stress contexts. In 2016, a study investigated hmox1a, hmox1b, hmox2a and 

hmox2b expression during development and in response to challenge with pro-

oxidants. The expression of hmox1a was higher than hmox1b during 

embryogenesis, and both genes showed a cyclic expression pattern during 

development which correlated with hematopoietic waves during development. 

The expression of all hmox orthologs was induced to some extent by 

combinations of pro-oxidants [280]. My study has increased our knowledge of the 

expression of the four hmox orthologs during embryo development and in stress 

conditions. I confirmed all four hmox orthologs are responsive to various stress 

conditions including mycobacterial infection. Using CRISPR-Cas9 knockdown, I 

show only hmox1a has a function during infection. Zebrafish hmox1a provides 

protection against infection as hmox1a mutants showed increased pathogen load 

and mortality.  

 

Through live imaging, I identified reduced macrophage migration in hmox1a 

mutants, which was proposed in the mouse study when the capacity of 

granuloma formation was inhibited in M. avium infected Hmox1-/- mice [271]. 
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Although I did not find any difference in mcp-1 and ccr2 expression within 

hmox1amt1 granulomas, this could be due to the limited samples and poor quality 

of samples collected.  Further efforts are required to determine the if hmox1a 

controls mcp1 expression. 

 

As a key regulator of haem degradation, Hmox1 may affect cellular biological 

processes through controlling the production of haem breakdown products. In 

2008, a study delineated the association between Hmox1-derived CO and 

mycobacterial infection. The study used Mtb to infect Hmox1-/- mouse bone 

marrow-derived macrophages ex vivo, demonstrating Hmox1-derived CO in 

macrophages stimulates the induction of the dormancy regulon of Mtb [268]. 

Later in 2013, Silva-Gomes and co-workers reported haem administration 

hampered granuloma formation in WT mice linking haem catabolism, oxidative 

stress, and increased cell death to mycobacterial infection [272]. My study has 

contributed vital information about how hmox1a mediated iron homeostasis is 

linked to mycobacterial infection. I identify a direct effect of hemin increasing 

mycobacterial growth in vitro as a potential mechanism of susceptibility to 

infection in hmox1a depleted animals in vivo. My study demonstrates that 

mycobacterial iron metabolism adapts to the iron-rich environment in hmox1a 

mutants. Interestingly, the time-course analysis of bfrB expression revealed it 

was dramatically increased at 5 dpi, the time point when hmox1a was also most 

upregulated in infected host, illustrating dynamic iron competition between the 

host and the bacteria during this stage of infection.  

 

Analysis of the systemic expression of host iron regulatory genes in hmox1a 

mutants revealed a failure of the host iron sequestration defence strategy against 

infection. The profile of gene expression suggests reduced iron release from 

macrophages and increased iron transport facilitating iron acquisition by 

intracellular M. marinum. However, the focused analysis of transcriptional 

changes within granulomas suggests hmox1a mutant granulomas have 

increased iron release from macrophages representing a localised failure in the 

iron restriction response to mycobacterial infection.  
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The oxidative stress in M. marinum infected hmox1a mutants was consistent with 

non-infected or M. avium infected Hmox1-/- mice [242, 272]. Similar to M. avium 

infected Hmox1-/- mice [272], iron accumulation correlated with ROS production 

in M. marinum-infected hmox1a mutants, providing a mechanism to explain the 

protective role of Hmox1 through resisting oxidative stress and ferroptotic cell 

death.  

 

In the study published by Poss in 1997, Hmox1-/- mice had reduced body weight 

and 80% prenatal lethality [242]. In a human case of Hmox1-deficiency, the 

patient reportedly presented with severe growth retardation from two years of age 

and only lived until the age of 6 years [260]. This indicates the essential role of 

Hmox1 during embryonic and postnatal development. My characterization of 

hmox1amt1 allele improved our understanding of hmox1a in embryogenesis and 

provides a platform to further study the role of hmox1a in development. Although 

at a lower rate than Hmox1-/- mice, 20% of hmox1amt1/mt1 embryos displayed 

developmental disorders and died within 14 dpf. The majority of hmox1amt1/mt1 

embryos survived with no evident morphological defects at the early adulthood 

stage which is in accordance with surviving Hmox1-/- mice as no different body 

weight was reported until the age of 20 weeks [242]. Further studies are required 

to understand the reason for the difference in phenotypes between Hmox1-/- mice 

and hmox1amt1/mt1 zebrafish. 

 

In summary, the interaction between mycobacteria and host haem oxygenase 

spans many points of contact. This study has provided novel insight into HMOX1 

protection against mycobacterial infection, which will inform efforts to target 

HMOX1 function as a host-directed therapy against TB. 
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