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ABSTRACT 

 Tuberculosis (TB) in humans is the leading cause of death by a single infectious agent in 

the world today with approximately 2 billion individuals worldwide latently infected with the 

bacterium Mycobacterium tuberculosis (Mtb). Although the mortality rate for TB has been 

decreasing slowly in the last two decades, it still has not reached the levels set forth by the WHO 

End TB strategy. Currently, the most accepted method for eradication of disease is the 

Tuberculosis Directly Observed Treatment Shortcourse (TB-DOTS) program established by the 

WHO. Although this program has been finding and treating cases of active TB around the world, 

it is not a preventative method. Therefore, individuals with active disease may potentially pass 

on the disease before they have been diagnosed. Using Whole Genome Sequencing, Single 

Nucleotide Polymorphism analysis and examining transmission dynamics of TB in social 

networks outside of the home, we analyze the genome of clinical Mtb isolates to determine 

transmission between individuals. We show that using a threshold of < 12 SNPs as indicative of 

person-to-person transmission, clusters of transmission between individuals can be inferred.  



Incorporating this data with epidemiological data may provide a blueprint for the integration of 

public health interventions to prevent future TB transmission. In addition to transmission, TB 

latency is another major problem in the fight for eradication. During latency, individuals 

harboring Mtb show no clinical symptoms and before entering dormancy, the bacterium 

produces a protein called a-crystallin (Acr) which aids in survival while it’s in a metabolically 

inactive state. Acr is the dominant detectable cellular protein during hypoxia encompassing 25% 

of total proteins produced, however, not much is still understood about the mechanisms of the 

protein. The process by which Acr is transported outside of the cell is a major missing piece of 

the puzzle. Using constructed plasmids encoding different regions of the acr operon as well as 

determining the phosphorylation state of Acr, we further the understanding of the transport 

process. Altogether, this research will inform future research for the development of effective 

vaccines and antibiotics.  
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CHAPTER 1 

INTRODUCTION 

 Tuberculosis (TB) is a disease that has coexisted with humans for over 70,000 years and 

despite its long relationship, it is still an inherent part of overall disease burden today 1. 

According to the World Health Organization’s (WHO) Global Tuberculosis Report 2019, in 

2018, it is estimated that there were more than 1.2 million deaths among HIV negative 

individuals attributed to TB with 10 million overall new TB cases 2. The WHO also estimates 

that there are over two billion individuals currently infected with Mycobacterium tuberculosis 

(Mtb) living throughout the world. This global pathogen has surpassed HIV/AIDS as the leading 

cause of mortality by a single etiological agent 3. Due to its endemic and persistent prevalence in 

the world, the fight to eradicate this disease has been a public health problem for many years.  

One of the most successful programs used to combat TB disease burden has been the 

WHO’s Tuberculosis Directly Observed Treatment Shortcourse (TB-DOTS). Introduced 

worldwide in the 1990’s, the TB-DOTS program aims to identify those with TB disease and treat 

them with a course of the most effective antibiotics to try to reduce the overall disease burden in 

hopes of control and ultimate eradication 4. The term “directly observed” is used to describe an 

intervention in which patients are watched as the medicine is taken during the first three months 

of treatment, thereby ensuring the antibiotics are taken on time and in correct combination to 

help treat the disease and prevent the development of antibiotic resistance 4–6. In conjunction 

with TB-DOTS, the WHO implemented The End TB Strategy with a goal to end the TB 

pandemic 7. This program has set a target to have a 95% reduction in TB deaths and a 90% 

reduction in TB incidence rate by the year 2035. Despite these goals and treatments, the TB 
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eradication program has not seen as much of a decline in disease burden as hoped. This is 

evidenced by the aforementioned disease burden today; thus, new measures are needed to help 

control the process. One reason that TB-DOTS has not been as effective as hoped is that the 

program is based on finding active TB disease cases and treating them rather than employing a 

preventative model. Relying on a treatment model puts the program’s success mostly on the 

reporting of cases by individuals and governments which can result in major delays in diagnosis 

and treatment, increasing the probability of diseased individuals transmitting the pathogen. For 

example, many people in the areas of the world where TB is endemic do not have easily 

accessible healthcare and by the time a person is diagnosed with active disease and treatment is 

implemented, they could have potentially infected many other individuals in their household or 

social network, thereby perpetuating disease 8.  

Switching to a preventative method first requires a new system to identify individuals and 

locations within an area where transmission may occur most frequently and then using that 

information, implement targeted prevention methods. One new method used to confirm 

transmission among individuals is Whole Genome Sequencing (WGS) and Single Nucleotide 

Polymorphism (SNP) analysis. WGS has given epidemiologists and public health investigators 

the ability to decode an organism’s DNA and look at each nucleotide individually 9. A SNP is a 

nucleotide base variation at a single position in a DNA sequence. Generally, a nucleotide 

difference is considered a SNP when more than 1% of the population does not carry that specific 

nucleotide at the position 10. Using the bioinformatics data gathered from the bacterial genomes, 

it can be determined, based on the number and location of SNPs between two isolates, if the 

isolates potentially came from the same source; the smaller the SNP amount, the more related the 

isolates. The current gold standard used in the literature for relatedness of isolates based on SNP 
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difference is set at a threshold of <12 SNPs per genome 11. If enough transmission events are 

identified in a particular location, then prevention efforts can be specifically designed for that 

location to help prevent disease transmission.  

Another major barrier in the control of TB within the population is the latency stage of 

disease. Latent tuberculosis infection (LTBI) is defined as having evidence of Mtb infection via 

standard diagnostic tests, but not having clinical symptoms of active disease 12–14. During 

latency, the immune system cannot eliminate the infecting mycobacteria, so instead it attempts to 

control the spread of the organism by walling off the bacteria in a granuloma. Granulomas are 

aggregate structures, primarily in the lungs and lymph nodes, that form to contain the bacteria 

within a core surrounded by innate and adaptive immune cells 15–17. These cores can become 

hypoxic thus forcing the mycobacteria to shift their metabolism into a slowly replicative or 

dormant mode that can persist for decades or for the duration of a person’s lifetime 18. In hypoxic 

conditions one of the major proteins produced by Mtb is the 16 kDa, α-Crystallin (Acr, HspX, 

Rv2031c).  Acr belongs to the family of heat shock proteins and it is hypothesized that its 

primary job is to function as a chaperone to assist in the refolding of proteins and prevent auto-

aggregation 19–21. When the bacterium is in stationary phase, Acr is the dominant detectable 

cellular protein and can account for approximately 25% of total proteins present in culture 22.  

Studies have shown that Acr is essential for the survival of Mtb during LTBI. Deletion of the acr 

gene has been shown to produce a two-fold increase in the elimination of the bacteria using 

standard anti-tuberculosis antibiotics and a lower relapse rate than wild-type Mtb suggesting that 

treatments to eliminate the disease could be focused on Acr 23. The development of targeted 

therapeutics toward Acr, may help alleviate disease burden, especially those with LTBI.  
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This thesis will focus on two specific aims. The first will explore the issue of TB 

transmission between individuals with the use of WGS SNP analysis and the second will further 

our understanding of the function of Acr in LTBI.  

 

Specific Aim 1: Define molecular changes in Mtb bacilli transmitted among contacts in a 

Ugandan social network. In addition to host factors, it is likely that there are differences present 

in the genomes of some strains of Mtb that allow them to propagate disease more efficiently and 

transmit between hosts. Our working hypothesis is that there are sequence differences present in 

the genomes of Mtb that make the bacteria more infectious and enable more effective spread to 

more contacts. Using WGS and analysis of SNPs, we will help identify genetic changes in Mtb 

isolates causing active TB disease within a Ugandan social network. More specifically, we will 

determine if there are specific genetic variations occurring that allow the bacteria to propagate 

disease more effectively in humans. To test our hypothesis, we will perform two sub-aims. First, 

we will use WGS and SNP analysis to obtain interpretable data for comparison purposes of the 

active infections within the social network. Next, we will identify any SNPs between the 

genetically-related active TB cases and determine if the SNPs are correlated with a gene(s) 

needed for transmission of the bacteria or genes correlated with active disease and LTBI, 

including Acr.  

 

Specific Aim 2: Characterizing the mechanism of secretion of Acr from Mtb to the extracellular 

environment. Our working hypothesis is that when phosphorylated, Mtb Acr protein does not 

require co-transcribed gene products for secretion outside of the cell. Using bacterial plasmid 

cloning and site directed mutagenesis, we will further the understanding of the secretion 
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mechanism of Acr from the bacterium to the outside environment. To test our hypothesis, we 

will perform four sub-aims. First, we will clone the acr operon region in smaller segments into 

an M. tuberculosis genome-integrating backbone, starting with acr alone and subsequently 

adding upstream and downstream genes within the operon, resulting in a series of acr regional 

plasmids. Next, we will electroporate the constructed plasmids into M. smegmatis (a rapid 

growing commensal organism) to determine which regions of the operon are necessary for Acr 

secretion. Furthermore, we will determine the phosphorylation states of Acr from both a 

recombinant form of Acr isolated from E. coli and a native form from Mtb using mass 

spectrometry. Lastly, we will determine if the introduction of a Ser à Ala mutation in the 

determined phosphorylated serine residue effects the extracellular secretion of Acr.  
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 History of Mycobacterium tuberculosis 

 Mycobacterium tuberculosis (Mtb) is a facultative, intracellular pathogen that is the 

primary agent responsible for tuberculosis (TB) in humans. The bacterium is classified under the 

phylum Actinobacteria and family Mycobacteriaceae.  Phylogeographical analyses have 

determined that Mtb originated in Africa approximately 70,000 years ago, co-evolving with 

humans during their migration out of Africa and becoming an established pathogen due to the 

increase of the human population as time progressed 1.  Evidence of TB has been found in 

mummified remains from ancient Egypt and depicted in art from that era of more than 5000 

years ago, both showing evidence of characteristics of Pott’s disease, a form of TB that occurs 

outside the lungs causing fusion of two adjacent vertebrae 24. The writings of Hippocrates from 

ancient Greece also referenced the deadly disease referring to it as “Phthisis” 25. The infectivity 

of the agent was demonstrated in 1865 by Jean-Antione Villemin, a surgeon that worked with TB 

patients, when he inoculated a rabbit with liquified material from the tubercle lesion of a dead 

patient 25. Several months after inoculation, Villemin found that the rabbit had developed human-

like TB. Although Villemin had been able to show that material from tubercle lesions could 

produce disease, the organism itself was not identified as the etiological agent until 1882 by the 

pioneering microbiologist Robert Koch for which he won the Nobel Prize in Medicine in 1905 25.  

Several years after identifying Mtb as the causative agent, Koch presented the idea that he had 
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identified a substance, called tuberculin, from the bacteria that could help combat the disease. 

Subsequently, two other investigators, Clemens Freiherr von Pirquet and Charles Mantoux, 

developed a diluted form of tuberculin that could be used to diagnose the presence of latent TB. 

The current form of purified protein derivative (PPD) skin test used to diagnose potential TB 

today was developed by Florence Seibert in the 1930’s 25.  

 Despite its long history, TB is still one of the leading causes of death in the world today. 

According to the World Health Organization (WHO) global tuberculosis report, in 2018, it was 

estimated that there were more than 1.2 million deaths among HIV-negative individuals 

attributed to TB and 10 million overall new cases of TB disease 2.  Of the estimated 2 billion 

individuals infected with Mtb globally, it is estimated that 5-10% will develop active TB disease 

in their lifetime. There also are many factors that compound the occurrence of disease and 

complicate its treatment, such as the emergence of drug resistance and comorbid diseases like 

HIV/AIDS. Of the new cases of TB in 2017, 558,000 were multi-drug resistant (MDR-TB) and 

1.2 million individuals were co-infected with HIV/AIDS 3. The problem has reached such great 

proportions that tuberculosis has surpassed HIV/AIDS in global prevalence and as the leading 

cause of death by a single infectious agent in the world. The overall outlook of disease burden 

seems to be improving as the WHO reports that the incidence and mortality rate worldwide has 

been declining since 2000 by 2% and 3% per year, respectively. However, the ever-expanding 

burden to world public health, compounded with the threat of continuing emergence of drug 

resistance, compels us to propagate our knowledge to further advance the development of new 

treatments, vaccines and diagnostics.  

 Mycobacterium tuberculosis is the causative agent of the majority of human TB disease, 

however, the Mycobacterium tuberculosis complex (MTBC) group is composed of 9 
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mycobacterial species that cause a form of tuberculous or tuberculous-like disease in humans 

and/or other animals. The bacteria that cause disease in mainly humans are M. tuberculosis, M. 

africanum and M. canettii, M. microti is a pathogen of rodents, M. bovis, M. caprae, M. mungi, 

and M. orygis primarily target bovine species and M. pinnipedii mainly infect pinnipeds, such as 

seals and walruses 26.   Zoonotic transmission of M. bovis from cattle to humans occurs in 

approximately 1.4% of U.S. cases and likely significantly higher in animal TB endemic areas. 27 

with numbers as high as 76% of human TB shown to be M. bovis in areas of Tunisia 28. Zoonotic 

TB transmission can occur through close contact with infected cattle and other animals by 

aerosol inhalation or through the consumption of contaminated animal products such as 

unpasteurized milk. Non-tuberculous mycobacterial species have also been identified, many of 

which are environmental saprophytes or cause other forms of disease including lung infections in 

immunocompromised, elderly or those with genetic disorders that change the standard 

commensal-host relationship. Examples of non-tuberculous species include M. avium, M. 

abscessus and M. kansasii 29.  

 

The first, and only, approved vaccine against TB, the attenuated derivative of M. bovis is 

strain Bacille-Calmette-Guérin (BCG), which was developed in 1921. Albert Calmette and 

Camille Guerin in 1908 at the Pasteur Institute in Lille grew a virulent strain of an M. bovis 

isolate on bile, glycerin and potato medium. After passaging the bacteria 230 times over the next 

decade, they generated an attenuated form of the original isolate that no longer caused disease 

and thus could be used as a vaccine 30.  The vaccination efforts were almost stopped in 1930 in 

Lubeck, Germany, when company producing the BCG vaccine accidentally contaminated the 

stocks with a virulent M. tuberculosis strain resulting in the death of 73 children 30. The BCG 
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vaccine continued to be used, however, the route of vaccination was changed from oral to 

parenteral injection. This route is safer yet likely a less efficacious vaccination route, however, 

the injection route remains today. Despite its success, the BCG vaccine is most effective against 

preventing disseminated forms of disease in children and generally ineffective against pulmonary 

form in adults.  

Treatment of TB disease took great strides in the mid 1900’s. One of the first drugs used 

to combat TB was streptomycin in 1945. H. Corwin Hinshaw and Hugh Feldman used 

streptomycin in their Guinea pig model to show that the disease status of the infected animals 

improved when given the drug 31. Concurrently, Jorgen Lehmann, developed para-

aminosalicyclic acid (PAS), that also had the ability to kill M. tuberculosis bacilli during 

infection and improve disease outcome. Unfortunately, both streptomycin and PAS were only 

moderately effective, were prone to development of resistance and both had major side effects. 

Of the currently used drugs, isoniazid, was discovered in 1951 31 and rifampin, a derivative of 

rifamycin, was FDA approved in 1971 32. These latter two drugs, along with pyrazinamide and 

ethambutol, are components of the four drug, first line anti-Mtb cocktail given to treat active 

infection today.  

 

2.2 Tuberculosis Disease Control 

 In 1993, the WHO declared tuberculosis a global public health emergency and from then 

on have put forth efforts to eradicate the disease. To try to accomplish this, the WHO established 

the Tuberculosis Directly Observed Treatment Shortcourse (TB-DOTS) program 4 and The End 

TB Strategy 7. Introduced worldwide in the 1990’s, the TB-DOTS program is a “diagnose and 

treat” program aimed to identify those with TB disease and treat them with a course of the most 
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effective antibiotics to try to reduce the disease burden. TB-DOTS operates on five main 

principles: 1) Commitment from governments to sustain TB control activities 2) Detection of TB 

cases by sputum sample 3) A standardized treatment with antibiotics for those identified as 

having a positive smear test 4) A regular supply of antibiotics and 5) A reporting and 

documentation system for everyone in the program 4. One of the main components for success is 

the directly observed aspect in which patients are watched as they take their antibiotics. Despite 

success in some parts of the world, TB-DOTS has been deemed a failure in sub-Saharan Africa 

due to the lack of implementation, below average public health systems, poverty and the 

prevalence of HIV 33.  

 In conjunction with TB-DOTS, the WHO’s End TB Strategy is a global program with set 

goals and targets to achieve on the road to eradication. The program has been adopted by the 

members of the World Health Assembly and by the year 2025, the program has set a goal of a 

75% reduction in TB deaths and a 50% reduction in TB incidence worldwide. Furthermore, by 

the year 2035, the program would like to increase the previous numbers to a 95% reduction in 

TB deaths and a 90% reduction in incidence rate 7. The program is based upon three main pillars: 

1) Integrated, patient-centered care and prevention: Diagnosis and treatment of all individuals 

with TB disease 2) Bold policies and supportive systems: Political involvement and universal 

coverage of the program and 3) Intensified research and innovation: Continuing the research for 

new drugs and strategies to end disease.  These programs, working together, have only had 

moderate success in the fight against this deadly disease, however, with an increased effort, the 

tides will change for the positive in the near future.  
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2.3 Transmission and Pathogenesis of Disease 

Mycobacterium tuberculosis is primarily transmitted through the aerosol route when a 

person with an active infection coughs, sneezes or speaks forcefully, thus producing bacteria-

containing droplets that can be inhaled by another person. Once inhaled, the infection that 

follows is typically established in the lungs, however, the bacteria can spread to other organs 

such as the kidneys, spine and brain. In the airways the bacteria come in contact with dendritic 

cells (DCs), alveolar macrophages and lung epithelial cells. Although bacteria interact with all of 

these cell types, they are primarily internalized by the lung alveolar macrophages via 

phagocytosis. There are two ways that the bacteria are recognized for phagocytosis: either by 

activation of complement receptors on macrophages or recognition of bacterial mannose residues 

by macrophage receptors 34. Once the bacteria are internalized they may remain as intracellular 

pathogens and replicate there while evading the host immune system 35. The bacteria circumvent 

killing by the macrophages by possessing mechanisms that prevent the acidification of the 

phagosome, reduce damage from reactive oxygen species (ROS) and block recognition of 

infected macrophages by CD4+ T cells 36. The bacterium prevents the acidification of the 

phagosome by blocking the fusion of the phagosome and lysosome by interfering with normal 

phagosomal biogenesis. This may be done by inhibiting the function of phagosomal proteins 

Rab5, Rab7 and EEA1, all of which play a role in the maturation and recruitment of the 

lysosome 36.The prevention of damage by ROS is not yet well understood, however, it is 

believed that M. tuberculosis encodes a gene called ahpC whose translated protein catabolizes 

the produced oxidant, peroxynitrite (ONOO-), and prevents it from damaging the bacteria 34,36 

Once the innate immune system becomes inadequate and the adaptive immune system is needed, 

the bacteria further evade immune system recognition by interfering with antigen presentation 
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that is needed to activate an effective response. Studies have shown that the bacteria have the 

ability to reduce MHC-II presentation leading to a decreased ability of T-cells to recognize those 

foreign antigens and destroy the infected cells 37.  

 

2.4 Cell Wall Structure 

 The mycobacterial cell wall structure is complex and contributes to bacterial resistance to 

initial host innate defense systems, facilitating survival in inhospitable conditions in which other 

pathogens would not (Figure 1). Over 60% of the composition of the cell wall is made of lipids 

including mycolic acids 38,39. Immediately outside the cytoplasmic membrane are covalently-

attached layers of peptidoglycan, arabinogalactan and mycolic acids 38. The mycolic acids are 

long, branched fatty acids that contain between 70-90 carbons. These lipids are linked to 

arabinogalactan that together form the waxy coating of the M. tuberculosis bacilli 40. The outer 

cell wall layer is composed of free lipids, fatty acids and glycoproteins. The combination of 

proteins, sugars and lipids make the bacteria in this genus difficult to degrade in addition to 

preventing the entry of small charged molecules. This coating has been shown to be associated 

with the virulence of the pathogenic species by providing resistance to antibiotics, killing by 

acidic or alkaline substances and resistance to oxidation, allowing Mtb to survive in macrophages 

and establish infection 39.  



 

13 

 

Figure 1: Illustration of a mycobacterial cell wall composition 41 

 

2.5 Tuberculosis Disease 

 It is estimated that in approximately 90% of Mycobacterium tuberculosis infection cases, 

the bacteria do not cause infection and instead are completely cleared by the lung innate immune 

response. In the remaining 5-10% of exposed individuals, the bacteria are dormant or slowly 

replicating and establish a latent TB infection (LTBI). Once the bacteria have established 

infection in the lungs, it is hypothesized that the host’s immune system forms chronic 

inflammatory lesions, called granulomas, around the site of infection. In the early stages of 

granuloma formation, the cells that compose these structures are the innate immune cells 

recruited to the site of infection, including epithelial macrophages, neutrophils, multinucleated 

giant cells and foamy macrophages. However, as the adaptive immune system becomes 

involved, more specialized cells, including different variations of T and B cells, including Th1, 

Treg, B1 and B2 cells, aggregate with the macrophages and form a more defined structure (Figure 

2) 15. With time, the centers of the granulomas liquefy and can become necrotic with material 
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referred to as caseum 16.  During the latency period, an individual harboring the bacteria is 

asymptomatic and hypothesized to no longer be infectious. An individual with LTBI can remain 

in this state for decades; however, there is a 10% lifetime risk of disease reactivation usually 

associated with the decline of the individual’s immune status 18. The risk of reactivation of 

disease can also be increased due to factors like co-infection with other immune modifying 

diseases such as HIV/AIDs, or by non-infectious means including the use of steroids, 

malnutrition, smoking or diabetes 18. 

 

Figure 2: Depiction of the cellular structure of a granuloma 15 

 

 The approximately 100 genes identified as being involved in M. tuberculosis survival 

within the granuloma are part of the DosR regulon. The genes in the DosR regulon are activated 

when the bacilli are exposed to nitric oxide or to hypoxic conditions. The regulon is comprised 

of 48 co-regulated genes, including alternative electron transport pathways (fdxA) and nitrate 

metabolism (narX) 42,43. The DosR regulon is regulated through a three-component regulatory 

system composed of two sensor kinases, DosS and DosT, and a regulator, DosR. When the 
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bacteria sense their environment shifting toward a less oxygenated state, the DosR regulon genes 

are up-regulated. Studies have shown that Mtb deficient in DosR have a 10,000-fold decrease in 

survival rate during anerobic conditions 43. Furthermore, genes of the DosR regulon may be 

associated more with sensing environmental signals rather than virulence due to the fact that 

many of the genes also are conserved in non-tuberculous mycobacteria 42. The system is 

activated when DosT senses hypoxic conditions or elevated nitric oxide and activates DosR via 

transfer of a phosphate group to its aspartate residue. Following this event, DosS is activated, 

which fully initiates the regulon 44. Both DosS and DosT are needed for full activation of the 

regulon.  

 The study of Mtb pathogenesis, especially the latent stages, can be challenging due the 

difficulty in using physiologically appropriate animal models and the differences in 

environmental interactions with the bacteria when grown in vitro and in vivo. One method used 

to mimic hypoxic stress on the mycobacteria is the Wayne culture. The Wayne culture allows the 

study of hypoxic conditions without the use of long-term non-rodent mammalian animal models. 

In this method, the Mtb cultures are grown in a sealed flask containing a limited 0.5 head-space 

to liquid medium volume ratio while being slowly agitated during which time the oxygen levels 

are slowly depleted as the bacteria replicate thus providing a hypoxic niche 45. Another method 

for the study of Mtb in late stage disease is growth as a pellicle 46. The pellicles differ from the 

Wayne model as they are grown in a stationary phase, without agitation, forming a thick 

bacterial layer at the air-liquid interface of the medium. Pellicles have been shown to produce 

higher amounts of mycolic acids and several pellicle-specific proteins, including Rv0097 and 

FabG4 47,48. Furthermore, the pellicle-grown bacteria show less antibiotic sensitivity than wild 

type cultures indicating a protective factor of the biofilm for the bacteria 48. Some animal models 
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for studying LTBI exist, however, they are not completely representative of disease in humans. 

For example, the mouse model has been used due to the ease of manipulation, but the mouse 

model can be problematic because the formation of granulomas in mice and in humans differ due 

to the mice granulomas not becoming hypoxic, calcified, or caseous 49.  One of the more widely 

used models for LTBI has been the Guinea pig model. Although these animals do not develop 

human-like LTBI, they do develop granulomas with hypoxic cores. The development of these 

types of cultures and models may be essential for the study of Mtb survival during LTBI and for 

the development of new vaccine and drug targets against other stages of disease.  

 

2.6 Mycobacterium tuberculosis Genome 

 The Mycobacterium tuberculosis H37Rv genome is comprised of approximately 4.4 

million base pairs that potentially encode over 4,000 genes 50,51. The genome contains a 

relatively high G+C content of 65.6%. Furthermore, it has been shown to contain 50 genes 

encoding functional RNAs and over 3,900 open reading frames (ORFs) 50. Of the genes 

identified, the functions of approximately 40% are known or suspected. M. tuberculosis 

inherently contains some antibiotic resistance due to its outer cell wall layer previously 

described. However, some resistance is also found encoded in the genome of the bacterium.  For 

example, resistance to b-lactams is one of several resistances encoded in the genome 50. 

Furthermore, the M. tuberculosis genome encodes for a wide array of genes involved in lipid 

metabolism. It has been shown that there are over 250 known enzymes encoded by M. 

tuberculosis for the purpose of fatty acid metabolism. This accounts for five times as many 

enzymes as encoded in the genomes of other bacterial species such as E. coli 50.  The Mtb 

genome also encodes several virulence factors that the bacterium uses to establish itself in the 
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host. These include catalase-peroxidase to protect against reactive oxygen species, mce, which 

encodes macrophage colonizing factor and sigA, encoding the primary transcription sigma factor, 

which is needed intracellular and extracellular growth 52. 

 The genome of M. tuberculosis encodes the virulence factors, but it also provides a useful 

gauge for determining species-specific diversity. This latter trait is important because it provides 

another level of classification that can extend beyond host and environmental factors. Currently, 

seven global M. tuberculosis lineages have been identified: 1-Indo-Oceanic, 2-East Asian 

(Beijing), 3-East African Indian, 4-Euro-American, 5-West Africa I, 6-West Africa II and 7-

Ethiopia-Horn of Africa (Figure 3) 53. Lineages are important for implementing control measures 

because it has been shown that different lineages may correlate with different epidemiology and 

disease outcomes 54,55. One method of using genomics to determine lineage is by the detection of 

single nucleotide polymorphisms (SNPs). A SNP is a nucleotide base variation at a single 

position in a DNA sequence. Generally, a nucleotide difference is considered a SNP when 

approximately more than 1% of the population does not carry that specific nucleotide at the 

position10. SNPs can be found in both coding and non-coding regions of sequences and may or 

may not change the amino acid sequence depending on the nucleotide substitution. If a SNP 

occurs in a coding region, it can present in two forms, synonymous or non-synonymous. 

Synonymous SNPs are those that do not change the coding sequences due to the change in 

nucleotide; they are referred to as silent because they do not change the function of the protein 

that they encode 56. In contrast, non-synonymous SNPs are substitutions that do alter the amino 

acid sequence. Non-synonymous mutations can be further subdivided into two groups, missense 

and nonsense. A missense mutation occurs when a single nucleotide change encodes a different 

amino acid and a nonsense mutation occurs when the change encodes a stop codon. The 
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encoding of a stop codon usually renders the protein inactive. SNPs can alter the susceptibility to 

certain diseases. For example, it has been shown that certain SNPs in the human genome are the 

cause of cystic fibrosis 57. Furthermore, at the bacterial level, it has been shown that SNPs in 

certain M. tuberculosis genes like katG, mabA and Rv1772 encode drug resistance to one of the 

aforementioned primary TB drugs, isoniazid 58. Through genomic analyses, specific SNPs can be 

identified as unique to a particular lineage, giving one the ability to distinguish between lineages 

based on the presence or absence of the SNP. SNP analysis can be further used to identify sub-

lineages. Therefore, understanding SNPs and being able to identify differences between strains 

can help increase knowledge of how SNPs alter functions of the organism. This may potentially 

lead to early genomic identification systems for diseases like TB, during asymptomatic periods 

in order to help prevent or treat the disease and prevent transmission.  

 

Figure 3. M. tuberculosis Phylogenetic Tree*. Phylogenetic tree separating Mtb isolates into its 
7 lineages using SNP analysis. *Adapted from T. Stuber, USDA, Ames, IA 

Global MTBC 
Strains 
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2.7 Whole Genome Sequencing 

 Whole genome sequencing (WGS) has given us the ability to examine an organism’s 

genetic structure down to the single nucleotide. This ability has opened up a world of knowledge 

that humans did not have access to previous to this discovery. The pioneer of sequencing was 

two-time Nobel prize winner, Dr. Frederick Sanger. In 1977, Sanger developed his dideoxy 

method of sequencing that used radiolabeled dideoxynucleotides (ddNTPs) incorporated into 

DNA strands polymerized from plasmid, phage, or genomic sequences to determine the position 

of specific nucleotide bases in a genome 9. This method of sequencing is known as the Sanger 

method. One of the next great achievements in sequencing was developed in 1986 by Leroy 

Hood with the introduction of automated DNA sequencing 59. Hood showed that DNA sequences 

could be determined with a computer and without the use of gels. Fluorescently-labeled ddNTPs 

were used to detect the unknown base as it passed by a florescent detector in a machine and the 

information stored in a computer. This is still the basis of the current array of sequencers in use 

today. It was not until 1995 when the genome of the first living organism was sequenced. Craig 

Venter and colleagues used genomic sequencing to obtain the complete nucleotide sequence of 

the bacterium Haemophilus influenzae 60. This led to one of the biggest milestones in sequencing 

history which was achieved in 2001 when the Human Genome Project published its first draft of 

the complete 14.8 billion base pair human genome sequence 61. Capabilities for storing and 

analyzing the sequences also have been developing and improving culminating in 1982 with 

Walter Goad initiating the database called GenBank where all publicly available genomic 

sequences are stored and available for use. As of June, 2019, GenBank contains over 213 million 

sequences (NCBI, 2019). Sequencing genomes also has become less expensive as technology has 
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advanced. The human genome project had a budget of $3 billion dollars to sequence the human 

genome; this is in stark contrast to the estimated costs in 2017 of $0.014 per megabase, which 

would render most genome sequencing to be very inexpensive 63.  

 

2.8 α-crystallin (Acr) 

 The Mycobacterium tuberculosis α-crystallin (Acr, HspX, Rv2031c) protein is 16kDa in 

size and encoded by the acr/hspX gene in Mtb. The mammalian homolog of α-crystallin was first 

identified as a chaperone protein acting as a lens structural protein in the eyes of vertebrates 19. 

Its function in the eye has been identified to be part of the refractive element needed to produce 

the refractive index in the lens of the eye and maintaining lens clarity. When performing an 

alignment comparison, it is observed that human Acr and Mtb Acr contain only a 18% identity to 

each other 64. Both forms of the protein contain the core α-crystallin domain shared by all 

members of the heat shock-family of proteins. Upon further analysis, the mammalian homolog 

was also found in other tissues, including the heart and the brain 19. The Mtb Acr belongs to the 

family of heat shock proteins (HSP) whose primary job is to function as a chaperone; to assist in 

the refolding of proteins and to prevent auto-aggregation. Furthermore, HSPs also prevent the 

thermal denaturation of proteins as well as increase resistance to hydrogen peroxide 65. In Mtb, 

Acr is known to be expressed during LTBI. The acr gene is part of the aforementioned DosR 

regulon that is up-regulated following low oxygen stress or the presence of nitric oxide. The 

protein is highly up-regulated during stationary phase and is undetectable during logarithmic 

phase of the bacterium. The hypoxic environment induced during LTBI serves as a signal for the 

induction of the protein. When the bacterium is in stationary phase, Acr is the dominant 

detectable cellular protein and can account for approximately 25% of total proteins 22.  Studies 
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have shown that Acr is essential for the survival of Mtb during LTBI. Deletion of the acr gene 

has been shown to eliminate bacterial burden 2 weeks faster than wild-type using standard anti-

tuberculosis antibiotics and a lower relapse rate than infections with wild-type bacilli suggesting 

that treatments to eliminate the disease should be focused on acr 23. 

 The precise role for Acr in LTBI is not well understood, however, some preliminary 

studies have shown that Acr may contribute to latency by inhibiting several essential functions of 

antigen-presenting cells including dendritic cells (DC). First, a majority of cells of the adaptive 

immune system, including DCs, need both primary and co-stimulatory factors to activate the cell. 

For DCs, these factors include the molecules CD80, CD86 and CD40. It has been shown that Acr 

can stop the maturation of DCs by down-regulating the expression of these three molecules and 

thereby blocking DC activation of T cells 66. Next, DCs treated with Acr show an increase in the 

expression of PD-L1 and Tim-3, which are both associated with the DC’s ability to induce 

tolerance. Tolerance may allow the bacilli to hide from the host immune system and survive for 

longer periods of time 66. Furthermore, Acr has the ability to modulate the expression of 

suppressor of cytokine signaling (SOCS) genes. SOCS-1, SOCS-2 and SOCS-3 are negative 

regulators of cytokine signaling in the JAK/STAT pathway. The JAK/STAT pathway is used by 

the cell to transmit extracellular signals to target gene promoters in the nucleus to exert 

transcriptional regulation 67. Acr alters the function of the pathway by regulating the expression 

the SOCS genes, preventing signaling and weakening DC function 66. Finally, Acr has been 

reported to suppress DC maturation by inhibiting the activity of NF-kB (nuclear factor kappa 

light chain enhancer of activated B cells). NF-kB is a protein factor that controls several 

processes in the cell including transcription of DNA and cytokine production. The activity of 

NF-kB is regulated by the inhibitor IkBα. The IkBα/NF-kB complex together inhibits function of 
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NF-kB; however, when activation signals are received, IkBα is phosphorylated and degraded 

allowing NF-kB to enter the nucleus 68. To attenuate DC function, Acr down-regulates the 

activity of NF-kB, followed by a decrease in the amount of cytokine production and loss of 

activity for the DC 66. All of these factors together allow the bacteria to circumvent the host 

immune system and persist in the human body.  

 Phosphorylation is a type of post-translational modification in which addition of a 

phosphate group to a protein serine, threonine or tyrosine residues induces a conformational 

change that can either activate or deactivate the protein 69. Autophosphorylation occurs when the 

protein has a kinase function that phosphorylates its own amino acid and is most commonly used 

to convert extracellular signals into cellular functions. Acr has been shown to be a 

phosphoprotein that contains internal protein kinase activity that allows the autophosphorylation 

of the protein exclusively at a serine residue contained in the Acr genetic sequence 70. 

Autophosphorylation activity is conserved within the genus Mycobacterium and has been shown 

in M. smegmatis as well as in other proteins in Mtb. Studies have shown that when 

autophosphorylation is inhibited in proteins, like Mtb PknB, there is a decreased growth of the 

bacteria 71. From these results, it can be inferred that autophosphorylation may play a significant 

role in the physiology and metabolism of Mtb and may potentially be a target for future 

therapeutics. 
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CHAPTER 3 

Assessing Transmission of Mycobacterium tuberculosis in a Defined Social Network Using 

Single Nucleotide Polymorphism Threshold Analysis  
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Abstract 

 Tuberculosis (TB) in humans is the leading cause of death by a single infectious agent in 

the world today with approximately 2 billion individuals worldwide latently infected with the 

etiological agent Mycobacterium tuberculosis (Mtb). Although the mortality rate for TB has been 

decreasing slowly in the last two decades, it still has not reached the goals set forth by the World 

Health Organization (WHO) End TB strategy. Currently, the most accepted method for 

controlling this disease is the Tuberculosis Directly Observed Treatment Shortcourse (TB-

DOTS) program established by the WHO. Although this program has been finding and treating 

cases of active TB around the world, it is not a preventative method, and therefore, individuals 

with TB may potentially transmit disease before diagnosis. Uganda is one of the 30 high TB 

burden countries. Using whole genome sequencing, single nucleotide polymorphism (SNP) 

analysis and examining transmission dynamics of TB in social networks outside of the home, we 

analyzed the genomes of 113 Mtb clinical isolates and established that in the Rubaga Division of 

Kampala, Uganda, these isolates grouped into Mtb complex (MTBC) lineages 1, 2, 3 and 4, with 

the most isolates grouping into lineage 4. Possible transmission pairs containing < 12 SNPs 

between genomes were identified in lineages 1, 3 and 4 with dominant transmitters identified in 

lineages 3 and 4. Incorporating this analysis with epidemiological data may provide a blueprint 

for the integration of public health interventions to decrease future TB transmission in this area 

of Uganda.  
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Introduction 

 Tuberculosis (TB) in humans is caused primarily by infection with Mycobacterium 

tuberculosis (Mtb). Most TB disease is generated when the bacilli transmit person-to-person via 

the aerosol route from an individual with an active infection coughing, sneezing, or speaking 

forcefully. Once the mycobacteria-containing droplets are inhaled by an individual in close 

proximity, the infection that follows is typically established in the lungs; however, the bacteria 

can disseminate to other organs such as the kidneys, spine and brain 34,72. 

The World Health Organization (WHO) estimates that in 2018, there were 10 million 

new TB cases and 1.5 million deaths 2. TB is again the leading infectious cause of death in the 

world today due to a single agent. An estimated two billion individuals may be latently infected 

with approximately 5-10% being at risk for reactivation TB in their lifetime 2. Although the 

overall outlook for disease control has been reported to be trending positively, with incidence 

and mortality rates declining by 2% and 3%, respectively, since the year 2000, we are still below 

the goals set forth by the WHO End TB Strategy 2,7.  

 In an eradication effort begun in the 1990’s, the WHO established the Tuberculosis 

Directly Observed Treatment Shortcourse (TB-DOTS) program 4 aiming to identify individuals 

worldwide with active disease and administer a course of antibiotics for treatment. However, 

TB-DOTS is based on a passive, find-and-treat approach, meaning there is opportunity for new 

infections to occur before a positive confirmation of a diagnostic test is obtained. A more 

preventative approach would identify infected individuals early in the disease course, and thus 

preventing subsequent transmission and preventing disease 73. Despite success in some parts of 

the world, TB-DOTS has been significantly less effective in sub-Saharan Africa due to the lack 

of available rapid and sensitive diagnostic tests, below average public health systems and 
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manpower, systemic poverty and the high prevalence of HIV 33. In 2018, 24% of all new TB 

cases occurred on the African continent with 8.6% among individuals with HIV 2. Additionally, 

the lack of an effective vaccine is impeding global TB control efforts. The only globally 

approved vaccine is Bacille-Calmette-Guérin (BCG) 30 derived from Mycobacterium bovis 

almost a century ago. However, it is ineffective against pulmonary disease in adults and it is not 

recommended for general use in the United States due to invalidation of the Mantoux TB skin 

test in those receiving the vaccine. There are several new TB vaccines in development and 

clinical testing, but currently none have proven to more protective than BCG in clinical trials.  

 Uganda is one of the 30 high TB burden countries identified by the WHO with 86,000 

new TB cases and an incidence rate of 200/100,000 in 2018 2,74. The disease burden is 

compounded by comorbidity with HIV as 34,000 of the new cases were individuals who were 

HIV-positive74. Previous studies have demonstrated M. tuberculosis transmission between 

household contacts 75,76, which was long thought to be the primary means of dissemination. More 

recent epidemiological studies show however, that M. tuberculosis transmission is more likely to 

occur outside of the household 72,77. From outbreak investigations, research shows that 

transmission of M. tuberculosis bacilli can occur in social settings 78,79 and at other events in the 

community 80,81. However, the frequency of occurrence in these settings outside of the household 

is not known. 

Whole genome sequencing (WGS) has given researchers the ability to examine an 

organism’s genetic structure down to the single nucleotide. In M. tuberculosis, WGS also has 

allowed investigators to determine genetic diversity within the species and identify genomic 

variances potentially involved in pathogenesis 82. Another interwoven use of WGS is to highlight 

transmission patterns based on the detection of single nucleotide polymorphisms (SNPs). A SNP 
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is a nucleotide base variation at a single position in a common DNA sequence. Generally, a SNP 

is considered authentic when more than 1% of the population does not carry that specific 

nucleotide at the position 10. SNPs can be found in both coding and non-coding regions of 

sequences and may or may not change the amino acid sequence depending on the nucleotide 

substitution. In M. tuberculosis, it has been shown that single SNPs in certain genes like katG, 

mabA and Rv1772 can enable drug resistance to one of the primary TB drugs, isoniazid 58. In our 

study, using WGS and SNP analysis of M. tuberculosis isolates collected from active TB cases 

within a Ugandan social network study 83, we assessed transmission of disease by comparing the 

number of SNPs among the isolates using the SNP threshold method. The transmission data 

presented can be used to determine possible transmission hotspots within Ugandan social 

networks that can then be the target of public health intervention efforts in the future.  

 

Materials and Methods: 

Growth and DNA Isolation of Clinical Isolates 

Culturing and manipulation of M. tuberculosis isolates were performed in the College of 

American Pathologist (CAP)-accredited, Mycobacteriology (BSL-3) Laboratory in the 

Department of Medical Microbiology, Makerere University College of Health Sciences, 

Kampala, Uganda. Clinical isolates were sub-cultured on Middlebrook 7H10 agar (Becton and 

Dickinson, New Jersey), incubated at 37°C in a CO2 incubator (ThermoFisher Scientific, 

Massachusetts) set at 5%. Growth was observed daily for 28 days. The bacteria were harvested 

and suspended in absolute ethanol (Sigma Aldrich, Missouri) for inactivation by suffocation. 

After inactivation, chromosomal DNA was extracted using the protocol outlined in the ZR 

Fungal/Bacterial DNA Microprep kit (Zymo Research, California) with a slight modification. 
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Because a Bead-beater instrument was not available, bacterial cells in ZR BashingBead Lysis 

tubes were attached to a vortexer and shaken for 5 minutes for lysis. After elution of each 

sample, the DNA concentrations were measured using a Nanodrop spectrophotometer. The DNA 

extracts were then shipped at ambient temperature to the Department of Infectious Diseases, 

University of Georgia, College of Veterinary Medicine, Athens, GA.   

Sterility Testing 

 Sterility testing of the DNA samples was performed prior to WGS. Middlebrook 7H10 

agar (Becton and Dickinson, New Jersey) in 150 mm Petri dishes was spotted with 1 µL of each 

sample. One microliter of Mycobacterium bovis BCG was used as a positive growth control. 

Plates were incubated at 37°C/5% CO2 for six weeks and observed for growth. After the DNA 

samples were confirmed negative for growth, the remainder of the DNA samples were 

transferred to 96-well plates and stored at -20°C until processed for DNA sequencing. 

Whole Genome Sequencing (WGS) and Single Nucleotide Polymorphism (SNP) Analyses 

Sequencing libraries were prepared using Nugen Ultralow V2 or Nextera XT V2 

following manufacturer’s recommended protocol.  The libraries were sequenced on a NextSeq 

500 using mid output V2 chemistry (2 x 150bp) or on a Miseq using V2 chemistry (2 x 250bp). 

SNP analysis was conducted using BioNumerics 7.6.3 (Applied Maths NV). Reference guided 

assemblies were created using BioNumerics Reference Mapper 1.2.3 84 with M. tuberculosis 

H37Rv (NCBI NC_00962.3) used as the reference genome for alignment. The settings for base 

calling were set as follows: minimum total coverage =3, minimum forward coverage =1, 

minimum reverse coverage=1, Single base threshold = 0.75, double base threshold=0.85, triple 

base threshold=0.95, and gap threshold = 0.5. Isolates found with an average coverage of the 

genome of less than 50 were re-sequenced. Reference guided assemblies are compared using 
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Bionumerics 7.6.3 SNP analysis filters. For a SNP to be retained in the analysis, it had to meet 

the following criteria: Have a total coverage of 5 reads, not contain ambiguous bases, not contain 

unreliable bases, not contain gaps and not be within 12 base pairs of adjoining called SNPs. Non-

informative SNPs were also excluded from further analysis. The number of high-quality SNPs 

determined to be present between two isolates were recorded as the SNP distance. Using the SNP 

threshold method, we used the Walker et al. limit of < 12 SNPs being the determinant of 

relatedness between two isolates 11. 

Transmission Network Analysis 

 Transmission networks were created using R statistical software (Vienna, Austria) and 

data visualization package qgraph. SNP distance matrices outputted by the BioNumerics pipeline 

were supplied into qgraph and desired output settings (color and SNP ranges) were selected to 

create the transmission network.  

Mycobacterium tuberculosis gene SNP Search 

 SNPs present in M. tuberculosis isolates were searched using UNIX command line tools. 

When the position of each SNP was attained, specific codon mutations were visualized using 

Integrative Genomics Viewer (IGV) (Broad Institute, MA).  

 

Results:  

Study Design 

 This transmission study was conducted in the Rubaga Division of Kampala, Uganda, 

located in the western division of the city. According to the Uganda Bureau of Statistics’ 

National Population and Housing Census 2014, Rubaga has a population of approximately 

380,000 individuals 85. Tuberculosis is a growing problem in this area of the city with the 
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prevalence of positive TB smear tests estimated to be 1,025 per 100,000 individuals, with a third 

of cases also being HIV-positive 86. Adults, 15 years of age and older, presenting with TB 

symptoms and residing in the Rubaga Division were given a clinical test and acid-fast staining 

was performed on two sputum samples. Individuals were included in the study if they showed 

clinical symptoms of pulmonary TB in addition to two positive sputum smears.   

 

SNP Analysis 

The genome of M. tuberculosis provides a useful means of determining species-specific 

diversity. Currently, seven global M. tuberculosis complex (MTBC) lineages have been 

identified: 1-Indo-Oceanic, 2-East Asian (Beijing), 3-East African Indian, 4-Euro-American, 5-

West Africa I, 6-West Africa II and 7-Ethiopia-Horn of Africa 53. Lineages are important for 

implementing control measures because it has been shown that different lineages may correlate 

with different epidemiology and potential disease outcomes 54,55.  

Sequences from a total of 143 isolates were analyzed using the BioNumerics pipeline. 

Isolates were excluded from further analysis if they did not meet the inclusion criteria of >50X 

average read coverage. If a sample was initially found to not meet the inclusion criteria, it was 

analyzed a second time for thoroughness. Samples were fully excluded after failing to meet the 

criteria during both analyses. Of the 143 sequences analyzed, 25 sequences were excluded for 

not meeting inclusion criteria, one for failing the de novo assembly process, 3 were mixed 

samples and one for general sequencing failure. After exclusion, a total of 113 isolates were 

included in the final SNP analysis (Figure 4).  
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Lineage 1 

 Of the 113 isolates analyzed, 2 isolates, 17918 and 20850, grouped into MTBC lineage 1, 

Indo-Oceanic. SNP analysis determined that the two isolates were identical with 0 SNPs 

occurring between them; indicating a possible transmission pair transmitted from the same 

individual. 

Lineage 2 

 A single isolate, 28272, grouped into MTBC lineage 2, East Asian (Beijing). A second 

isolate forming a transmission pair was not identified thus indicating the single isolate was an 

isolated strain within the sampled population. 

Lineage 3 

 A total of 23 isolates grouped into MTBC lineage 3, East African Indian, separating into 

2 transmission clusters of interest (Figure 5). Isolates 16294, 20695, 20839, 19621, 20918 and 

22199 formed cluster 1 and isolates 20060, 20061 and 18346 formed cluster 2 (Table 1). The 

minimum spanning tree (MST) for lineage 3, cluster 1 (Figure 6) shows two sets of isolates are 

identical with 0 SNPs between isolates: 16294 and 20695 as the first pair, and 19621 and 20918 

as the second. Furthermore, each isolate from within each of these groups differs by a single SNP 

from each other. Finally, in regard to cluster 1, isolates 16294 and 20695 differ by one SNP from 

isolates 20839 and 22199. The MST for lineage 3 cluster 2 (Figure 7) shows that isolates 20060 

and 20061 are identical with 0 SNPs between each other and that those two isolates differ by 2 

SNPs from isolate 18346. All samples from the two clusters contain  < 12 SNPs that may 

indicate that isolates from cluster 1 have been transmitted from a single individual and all 

isolates from cluster 2 may have been transmitted from another single individual.  
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Table 1: Table of MTBC lineage 3 clusters showing possible transmission pairs with the number 
of SNPs between isolates.  

Cluster Number Isolate Pair IDs Number of SNPs 
Between Pairs 

1 

16294 
20695 0 

19621 
20918 0 

16294 
19621 1 

16294 
20918 1 

20695 
19621 1 

20695 
20918 1 

16294 
20839 1 

20695 
20839 1 

16294 
22199 1 

20695 
22199 1 

2 

20060 
20061 0 

20060 
18346 2 

20061 
18346 2 

 

Lineage 4 

 There was a total of 87 isolates grouped into MTBC lineage 4 Euro-American, separating 

into 19 clusters (Figure 8). Of the 19 clusters, we found transmission pairs containing < 12 SNPs 

in 17 of the 19 clusters; all clusters with the exception of clusters 2 and 9. Clusters with two or 

more, non-identical, isolates can be represented as a minimum spanning tree (MST) or a 

neighbor joining tree (NJT) (Figures 10-17). The number of SNPs between isolates in each 

cluster can be found in Table 2. The MST for cluster 1 shows isolates 19891 and 27889 
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containing 4 SNPs. Cluster 3 is defined by isolate 16607 differing by 6 SNPs from 21779 and by 

2 SNPs from 16608. Cluster 4 shows 7 SNPs between isolates 19034 and 26720. Isolates 14956 

and 19895 from cluster 6 differ by 2 SNPs. The greatest number of isolate pairs in lineage 4 were 

found in cluster 13. 19077 and 20606 are identical containing no SNPs. These two isolates each 

differ from 16732 by 9 SNPs and, finally, 16732 differs from 15634 by 8 SNPs. In the last 

several clusters of Table 2, we see that in cluster 15, isolates 17778 and 17782 have a 3 SNPs; in 

cluster 17, 18673 and 20148 are on the threshold of 12 SNPs and in cluster 18, 17085 and 14774 

are almost identical with 1 SNP. Clusters 5, 7, 8, 10, 11, 12, 14, 16 and 19 contain identical pairs 

with 0 SNPs.  
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Table 2: Table of MTBC lineage 4 clusters showing possible transmission pairs with the number 
of SNPs between isolates. 

Cluster Number Isolate Pair IDs Number of SNPs Between 
Pairs 

1 19891 
27889 4 

3 

16607 
21779 6 

16607 
16608 2 

4 19034 
26720 7 

5 22466 
22468 0 

6 14956 
19895 2 

7 15545 
15547 0 

8 23229 
26963 0 

10 

13577 
13578 0 

13577 
13579 0 

13578 
13579 0 

11 20574 
20603 0 

12 

19595 
19801 0 

19595 
19832 0 

19801 
19832 0 
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Table 2 (continued): Table of MTBC lineage 4 clusters showing possible transmission pairs 
with the number of SNPs between isolates. 

Cluster Number Isolate Pair IDs Number of SNPs Between 
Pairs 

13 

19077 
20606 0 

19077 
16732 9 

20606 
16732 9 

16732 
15634 8 

14 14158 
14159 0 

15 17778 
17782 3 

16 17549 
17551 0 

17 18673 
20148 12 

18 17085 
14774 1 

19 20253 
20634 0 

 
 

Isolates Visualized as a Transmission Network 

 Using the data generated by this study, we see that the isolates from each lineage form 

distinct transmission networks connected to each other based on the number of SNPs between 

isolate pairs. The isolates in lineage 3 (Figure 9A) and lineage 4 (Figure 9B) both form 

identifiable networks and can be visualized based on the number of SNPs separating the isolates. 

Each node is connected to another if they can be associated with each other within the network. 

Possible transmission pairs containing < 12 SNPs are highlighted in red to indicate where they fit 

in the transmission network. Sixteen of the 23 lineage 3 isolates and 67 of the 87 lineage 4 

isolates included in the analysis form their respective transmission networks.  
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SNPs Present in M. tuberculosis Virulence Genes 

  Virulence-associated genes of M. tuberculosis containing SNPs among the isolates in 

this study have been listed in Table 3. One hundred percent of isolates contained at least one 

SNP in genes htrA2, ctpV, pks12, and pstA1 when compared to the M. tuberculosis H37Rv 

reference genome. Furthermore, greater than half of all isolates also contained SNPs in the genes 

mce1, plcA, plcB, pks7, dosT and pks5. These top 10 genes were further evaluated to determine 

the specific SNP(s) present in each gene and to assess any potential problems that could be 

caused by the mutation(s) (Table 4). Of the SNPs found, the large number, and type of mutations 

present in the genes plcA and plcB showed the need for further evaluation. Both of these genes 

are translated in the reverse orientation in the M. tuberculosis genome, and therefore, the SNP 

positions occur early in the protein-coding sequence. In the sequence of plcB, position 2630173 

shows a nonsense mutation from a serine to a stop codon. This is potentially problematic as a 

stop codon at the early stages of the coding sequence may indicate the presence of a 

truncated/nonfunctional protein. Of the 8 SNPs present in plcA, half were found to be 

synonymous; however, some of the non-synonymous mutations can potentially cause protein-

folding and side-chain interaction problems.  
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Table 3: Table of 30 M. tuberculosis virulence genes containing SNPs among study isolates 
relative to reference strain H37Rv 

Gene name Rv 
Number Description 

Number of 
Isolates 

Containing SNP 

Percentage of 
Isolates 

Containing SNP 
htrA2 Rv0983 Serine protease and chaperone 113 100 
ctpV Rv0969 Copper efflux p-type ATPase 113 100 
pks12 Rv2048c Polyketide synthase 113 100 

pstA1 Rv0930 Inorganic phosphate ABC 
transporter 113 100 

mce1 Rv0166 Mammalian cell entry protein 105 93 
plcA Rv2351c Phospholipase C 92 81 
plcB Rv2350c Phospholipase C 87 77 
pks7 Rv1661 Polyketide synthase 66 58 
dosT Rv2027c Transcriptional regulator 63 56 
pks5 Rv1527c Polyketide synthase 62 55 

fadD26 Rv2930 Fatty acid CoA synthase 29 26 
RD1 Rv3868 Esx1 component 26 23 
dosR Rv3133c Transcriptional regulator 17 15 
pknD Rv0931c Protein kinase D 11 10 
pknE Rv1743 Serine/Threonine kinase E 11 10 
sigC Rv2069 Sigma factor C 8 7 
erp Rv3810 Exported repetitive protein 4 4 

esxB Rv3874 esx1 component 4 4 
mce2 Rv0586 Mammalian cell entry protein 4 4 
esxD Rv3874 Esx1 component 4 4 
sodC Rv0432 Superoxide dismutase C 3 3 
acg Rv2032 unknown 3 3 

ahpC Rv2428 Alkyl hydroperoxide reductase 
C 2 2 

mce4 Rv3501c Mammalian cell entry protein 2 2 
pcaA Rv0470c Mycolic acid synthase 1 1 
hspX Rv2031c Alpha Crystallin protein 1 1 
mce3 Rv1964 Mammalian cell entry protein 1 1 

hbhA Rv0475 Heparin binding hemagglutinin 
protein 0 0 

esxA Rv3875 Esx1 component 0 0 
katG Rv1908c Catalase peroxidase enzyme 0 0 
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Table 4: Top 10 M. tuberculosis virulence genes containing SNPs from study isolates 
showing SNP codon-specific changes. 

Gene Rv# SNP Position Codon Change AA Change 
htrA2 Rv0983 T à C 1100234 CCT àCCC Synonymous 
ctpV Rv0969 C à A 1079927 ACC àACA Synonymous 

pks12 Rv2048c 

G à C 2296042 GGT àCGT Gly àArg 
G à T 2297287 TGC àTTC Cys àPhe 
A à G 2300237 CCA àCCG Synonymous 
A à T 2300546 CGA àCGT Synonymous 
T à G 2300552 TGT àTGG Synonymous 

psta1 Rv0930 
C à T 1037911 GCG àGTG Ala àVal 
T à C 1037012 AAT àAAC Synonymous 

mce1 Rv0166 C à T 196642 ACC àATC Thr àIle 

plcA Rv2351c 

C à G 2631556 CCG àCGG Pro àArg 
T à C 2631565 ATG àACG Met àThr 
T à C 2631574 GTG àGCG Val àAla 
G à A 2631583 AGC àAAC Ser àAsn 
G à A 2631599 GGG àGGA Synonymous 
A à G 2631620 TAA àTAG Synonymous 
A à G 2631971 CAA àCAG Synonymous 
G à C 2631977 CCG àCCC Synonymous 

plcB Rv2350c 

C àG 2630158 ACC àAGC Thr àSer 
A à G 2630161 GAT àGGT Asp àGly 
C à G 2630173 TCA àTGA Ser àStop 
C à G 2630176 ACA àAGA Thr àArg 
G àA 2630182 CGA àCAA Arg àGln 
T àA 2630184 TGT àAGT Cys àSer 
C àT 2630188 GCT àGTT Ala àVal 
T àG 2630206 GTC àGGC Val àGly 
G àA 2630211 GGC àAGC Gly àSer 
A àG 2630215 AAG àAGG Lys àArg 

pks7 Rv1661 T àG 1875544 GTT àGGT Val àGly 
dosT Rv2027c C àT 2273627 CCC àCCT Synonymous 
pks5 Rv1527c G àA 1724120 AGG àAGA Synonymous 
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Discussion: 

            In this study we showed that possible transmission relationships do exist between 

numerous M. tuberculosis isolates collected from patients presenting with pulmonary TB 

symptoms in the Rubaga Division of Kampala, Uganda based on genome sequence comparisons. 

A total of 143 clinical isolates were processed using the BioNumerics pipeline; after 

implementation of the inclusion criteria, 113 isolates were included in the SNP analysis. Two 

isolates grouped into MTBC lineage 1, Indo-Oceanic, a single isolate grouped into lineage 2, 

East Asian (Beijing), 23 isolates grouped into lineage 3, East African Indian, and 87 grouped into 

lineage 4, Euro-American. According to the SNP analysis, using a threshold of < 12 SNPs as 

indicative of a transmission pair, we found transmission pairs in all lineages containing at least 2 

isolates, with lineage 4 having the highest frequency. Lineage 4 contained the most transmission 

pairs including the most isolates. This should be expected as lineage 4 is the dominant lineage 

present in Uganda.  

Among the patients with pulmonary TB in this region of Uganda, the predominant 

grouping of M. tuberculosis was lineage 4, Euro-American, followed by lineage 3, East African 

Indian. Furthermore, isolates were shown to be related as possible transmission pairs by 

containing < 12 SNPs between their genomes when sequenced. One possible transmission pair 

was identified from lineage 1, 13 possible transmission pairs were identified from a total of 23 

isolates grouping in lineage 3, and 25 possible transmission pairs were identified from a total of 

87 isolates grouping in lineage 4. Furthermore, the most-robust transmitter from lineage 3 was 

the identical pair of isolates 16294 and 20095 from cluster 1, which were potential sources of 

transmission for isolates 20839, 22199, 19621 and 20918. The best transmitter from lineage 4 

was shown to be isolate 16732 from cluster 13, which was shown to potentially be the 
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transmission source for isolates 15634, 19077, 20606 and 20824. The only caveat being that 

isolate 20824 contained 13 SNPs compared to isolate 16732, and our threshold is < 12 SNPs. It 

has yet to be determined how significant 1 SNP is in this type of analysis; subsequent 

overlapping epidemiological data may provide assistance in determining this answer. Analyzing 

the number of SNPs between isolate pairs also demonstrates that the pairs from lineage 3 have 

fewer numbers of SNPs as a whole with the majority of pairs containing 0 or 1 SNPs, with 2 

SNPs being the highest. This is in contrast to lineage 4 where isolate pairs contain SNPs up to, 

and including, the threshold of < 12 SNPs.  

When a pairwise SNP matrix is generated to visualize the isolates as a network, clear 

relationships can be seen by the connection of the isolates to each other with differing amounts 

of SNPs colored for easy visualization. These data not only show possible transmission of M. 

tuberculosis isolates between individuals, but the transmission networks identified, once 

combined with epidemiological data, will allow public health interventions to be implemented in 

the social gathering establishments that are frequented by the human TB transmitters.  

Multiple mutations in the genes plcA and plcB, especially a nonsense mutation in the 

latter, bring about the question of if there is a survival advantage to the bacteria by having certain 

mutations present given that the mutations occur early in the protein coding sequence. The 

plcABCD family of genes encode a phospholipase C, playing a role in pathogenesis by cleaving 

phospholipids during intracellular infection 87. Alteration and/or inactivation of those genes in 

our study isolates can potentially be advantageous for transmission or the establishment of 

infection in the host in this cohort of individuals. Further investigation needs to be performed on 

these mutations to obtain any correlations with these observations.   
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The success of these public health interventions can possibly aid in meeting the future 

goals and guidelines established by the WHO and introduce a more proactive method of early 

intervention prior to disease onset. This would possibly prevent TB far more effectively 

compared to the current passive programs like TB-DOTS.  

There are several future studies that can be performed based on the data generated in this 

study. For example, the project protocol required patients to give a minimum of two sputum 

samples; however, the relationship between the isolates found in samples from the same person 

were not analyzed. Therefore, future studies should consider analyzing SNP differences between 

isolates collected from the same patient to determine if there are any genetic differences between 

samples originating from the same donor. This would possibly determine if a person carries more 

than one strain of M. tuberculosis during infection in that region or if transmission occurred from 

multiple individuals.  One limitation of this study is that it was conducted in one division of 

Kampala, Rubaga: therefore, this type of analysis should be expanded beyond the Rubaga 

Division to determine more transmission networks where interventions can be incorporated and 

to make the data more generalizable to the entire country.  
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Figure 4. UPGMA tree of all isolates separated into color-coded MTBC lineages using SNP 
analysis after WGS. Branch numbers indicate SNP distance between isolates.  
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Figure 5: UPGMA tree of isolates grouped into MTBC lineage 3 and separated into possible 
transmission clusters. Branch numbers indicate SNP distance between isolates. 
 

 

Figure 6: MST of MTBC lineage 3, cluster 1. Numbers between branches indicate SNP 
distance. Two samples in one circle indicate identical isolates with 0 SNPs.  
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Figure 7: MST of MTBC lineage 3, cluster 2. Numbers between branches indicate SNP 
distance. Two samples in one circle indicate identical isolates with 0 SNPs. 
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Figure 8: UPGMA tree of isolates grouped into MTBC lineage 4 and separated into possible 
transmission clusters. Branch numbers indicate SNP distance between isolates.  
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Figure 9: Pairwise SNP matrix visualized as a network colored by number of SNPs: 0-12 SNPs 
(red), 13-50 SNPs (blue), 51-100 SNPs (green) and >100 SNPs (black). Each node represents an 
individual isolate A. Isolates grouping in MTBC lineage 3 forming a transmission network B. 
Isolates grouping in MTBC lineage 4 forming a transmission network.  

A B 
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Supplemental Figures: 

 

Figure 10: MST of MTBC lineage 4, cluster 1. Numbers between branches indicate SNP 
distance.  

 

Figure 11: MST of MTBC lineage 4, cluster 3. Numbers between branches indicate SNP 
distance. 
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Figure 12: MST of MTBC lineage 4, cluster 4. Numbers between branches indicate SNP 
distance. 

 

Figure 13: MST of MTBC lineage 4, cluster 6. Numbers between branches indicate SNP 
distance. 
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Figure 14: MST of MTBC lineage 4, cluster 13. Numbers between branches indicate SNP 
distance. Two samples in one circle indicate identical isolates with 0 SNPs. 
 

 

 

Figure 15: MST of MTBC lineage 4, cluster 15. Numbers between branches indicate SNP 
distance. 
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Figure 16: Neighbor Joining Tree (NJT) of MTBC lineage 4, cluster 17. Numbers between 
branches indicate SNP distance. 
 
 

 

Figure 17: MST of MTBC lineage 4, cluster 18. Numbers between branches indicate SNP 
distance.  
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CHAPTER 4 

CHARACTERIZATION OF MYCOBACTERIUM TUBERCULOSIS ALPHA-

CRYSTALLIN PROTEIN PHOSPHORYLATION AND TRANSPORT 

 

Background: 

The acr/hspX operon region of M. tuberculosis (Figure 18) is induced under hypoxic 

conditions or the presence of high levels of nitric oxide. These conditions not only induce the acr 

operon itself, but also the DosR regulon. After induction, the Acr protein must be exported to 

assist in its predicted dormancy functions and to modify the antigen presentation capabilities of 

innate immune components such as Dendritic cells. The process by which Acr is transported 

outside of the cell is still not well understood. Using plasmids encoding different regions of the 

acr operon as well as determining the phosphorylation state of Acr, we will try to further the 

understanding of the transport process. Acr has been reported to be a phosphoprotein that 

contains internal protein kinase activity that allows the autophosphorylation of the protein 

exclusively at a serine residue contained in the acr amino acid sequence 70. However, since this 

publication, no studies have determined which of the nine serine residues present in Acr is 

phosphorylated. As phosphorylation is a key factor in the activity of biological molecules, it is 

important that knowledge be advanced in the interaction between phosphorylation and protein 

transport.  
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Figure 18: Gene map of the hspX operon region including the upstream gene acg and 
downstream genes adjacent to the operon. Figure was generated using Cone Manager Software 
(Sci Ed, Colorado).  
 

Methods: 

 

Generating pMV306 Derivatives Encoding M. tuberculosis hspX Operon Genes 

 Plasmid pRK249 (Figure 19) was generated by incorporating the hspX gene into a 

pMV306 backbone encoding the mycobacteriophage L5 att/int region for chromosomal 

integration at the L5:attB site 88. A 649-bp hspX region was amplified by PCR using M. 

tuberculosis H37Rv genomic DNA and primers HindIII-up-hspx-193 and HindIII-down-acr (see 

Table 6 detailing primer sequences used in this study). Plasmid pMV306 and the PCR product 

were prepared for ligation by digestion with HindIII and subsequent dephosphorylation of the cut 

ends. The PCR product and the digested pMV306 plasmid were ligated and used to transform E. 

coli TAM1 cells. Plasmid DNA from transformants were digested with BglII, to determine insert 

orientation. Plasmids yielding bands of 2747 bp and 1881 bp were expected to have the hspX 

gene in the same orientation of other genes on the plasmid. A candidate with this banding pattern 

was confirmed by DNA sequencing using primer P1473 to have hspX inserted without 

mutations; this plasmid was named pRK129. 
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Figure 19. Plasmid map for pRK249 showing each individual plasmid component, including the 
kanamycin resistance gene, origin of replication of E. coli and the L5 chromosomal integration 
region. The blue arrow indicates the inserted hspX gene.  
 
 

Plasmid pRK251 (Figure 20) was generated by incorporating the hspX gene together with 

the divergently transcribed, adjacent gene acg into a pMV306 plasmid backbone. A 1648-bp 

acg-hspX region was amplified by PCR using M. tuberculosis H37Rv genomic DNA and primers 

HindIII-down-acg+1 and HindIII-down-acr. Plasmid pMV306 and the PCR product were 

prepared for ligation by digestion with HindIII and subsequent dephosphorylation of the cut 

ends. The HindIII-digested PCR product and the pMV306 vector were ligated to create plasmid 

pRK251. Correct orientation of the ligated PCR region was verified by digestion with EcoRI, 

yielding cut bands of 1479-bp and 4149-bp. pRK251 was confirmed for the presence of the 

inserted genes without mutations by DNA sequencing using primers P1473, P2022 and P1247.  
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Figure 20. Plasmid map for pRK251 showing each individual plasmid component, including 
kanamycin resistance gene, origin of replication of E. coli and the L5 chromosomal integration 
region. The blue and green arrows indicate the inserted hspX and acg genes, respectively. 
 

Plasmid pRK253 (Figure 21) was generated by incorporating the hspX gene together with 

upstream gene acg and downstream genes Rv2030c, pfkB and Rv2028c into a pMV306 plasmid 

backbone. A5592-bp acg-hspX-Rv2030c-pfkB-Rv2028c region was amplified by PCR using M. 

tuberculosis H37Rv genomic DNA and primers HindIII-down-acg+1 and HindIII-

downRv2028c#2. Plasmid pMV306 and the PCR product were prepared for ligation with the by 

digestion with HindIII and subsequent dephosphorylation of the cut ends. The PCR product and 

the digested pMV306 plasmid were ligated to create plasmid pRK253. Correct orientation of the 

ligated PCR region was verified by digestion of pRK253 with AgeI, yielding cut bands of 3670-

bp and 5902-bp. pRK253 was confirmed for the presence of the inserted genes without mutations 

by DNA sequencing using primers P1473, P2022, P1247, P1243, 166-Down-Acr-F, 950-Down-

Acr-F, 322uppfkB-F, P1797, P1557 and P1561.  
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Figure 21. Plasmid map for pRK253 showing each individual plasmid component, including 
kanamycin resistance gene, origin of replication of E. coli and the L5 chromosomal integration 
region. The blue, green and red arrows indicate the inserted hspX, acg and Rv2030c to Rv2028c 
genes, respectively. 
 

Plasmid pRK255 (Figure 22) was generated by incorporating the hspX gene together with 

upstream gene acg and downstream genes Rv2030c, pfkB, Rv2028c, dosT and Rv2026c into a 

pMV306 plasmid backbone. The 8285-bp acg-hspX-Rv2030c-pfkB-Rv2028c-dosT-Rv2026c 

region was amplified by PCR using M. tuberculosis H37Rv genomic DNA and primers HindIII-

down-acg+1 and HindIII-downRv2026c+2. Plasmid pMV306 and the PCR product were 

prepared for ligation by digestion with HindIII and subsequent dephosphorylation of the cut 

ends. The PCR product and the digested pMV306 plasmid were ligated to create plasmid 

pRK255. Correct orientation of the ligated PCR region was verified by digestion of pRK255 

with AclI and NheI, yielding cut bands of 7718-bp and 4547-bp. pRK255 was confirmed for the 

presence of the inserted genes without mutations by DNA sequencing using primers P1473, 

P2022, P1247, P1243, 166-Down-Acr-F, 950-Down-Acr-F, 322uppfkB-F, P1797, P1557, P1561, 

P1346, P1567, P1565, P1571 and P1569.  
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Figure 22. Plasmid map for pRK255 showing each individual plasmid component, including 
kanamycin resistance gene, origin of replication of E. coli and the L5 chromosomal integration 
region. The blue, green, red and magenta arrows indicate the inserted hspX, acg, Rv2030c to 
Rv2028c and dosT to Rv2026c genes, respectively. 
 

Electroporation of Plasmids into M. smegmatis 

 Five mL overnight cultures of E. coli recombinant clones containing each plasmid were 

grown in Luria-Bertani medium containing 50 µg/mL kanamycin. Plasmids were extracted using 

a miniprep kit (Zymo Research, CA). DNA concentration was measured using a NanoDrop 

spectrophotometer (ThermoFisher Scientific, CA). A 50 mL culture of M. smegmatis was grown 

in Middlebrook 7H9 medium (BD/Difco, NJ) supplemented with 0.5% glycerol, 0.05% Tween 

80 and 10% albumen-dextrose-saline (ADS) 89 until reaching OD600 = 0.8. Cells were 

centrifuged (3200 x g) for 10 minutes and washed twice with 10% glycerol solution. Cells were 

suspended in 5 mL 10% glycerol. For electroporation, 200 µL of cells were mixed with 100 ng 

of plasmid and transferred to an electroporation cuvette. Electroporation was performed using a 

BioRad GenePulser (BioRad, CA) with settings at 2500 V, 25 µF, 1000 Ohms with a 2 mm gap 

cuvette.  
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 Cells were rescued in 1 mL 7H9 medium and incubated 3 hours before plating on 

Middlebrook 7H10 agar plates (BD/Difco, NJ) supplemented with 0.5% glycerol, 0.05% Tween 

80, 10% ADS and 50 µg/mL kanamycin for candidate selection. Colonies were subsequently 

picked, bacteria lysed by boiling at 100oC for 10 minutes and plasmid content in the transformed 

colonies was verified via PCR with the following primer pairs: pRK249: P1420 and P1870, 

pRK251: P1473 and P2377, pRK253: P1473 and P2377, P1419 and P1841, P1553 and P1554, 

P1557 and P1558, pRK255: P1473 and P2377, P1419 and P1841, P1553 and P1554, P1557 and 

P1558, P1561 and P1562, P1565 and P1566.  

 

Electroporation of Plasmids into M. marinum 

A 50 mL culture of M. marinum was grown in Middlebrook 7H9 medium (BD/Difco, NJ) 

supplemented with 0.5% glycerol, 0.05% Tween 80 and 10% albumen-dextrose-saline (ADS) 89 

until reaching OD600 = 0.8. Cells were centrifuged (3200 x g) for 10 minutes and washed twice 

with 10% glycerol solution. Cells were suspended in 5 mL 10% glycerol. For electroporation, 

200 µL of cells were mixed with 100 ng of plasmid and transferred to an electroporation cuvette. 

Electroporation was performed using a BioRad GenePulser (BioRad, CA) with settings at 2500 

V, 25 µF, 1000 Ohms with a 2 mm gap cuvette.  

 Cells were rescued in 1 mL 7H9 medium and incubated overnight before plating on 

Middlebrook 7H10 agar plates (BD/Difco, NJ) supplemented with 0.5% glycerol, 0.05% Tween 

80, 10% ADS and 50 µg/mL kanamycin for candidate selection. Colonies were subsequently 

picked, bacteria lysed by boiling at 100oC for 10 minutes and plasmid content in the transformed 

colonies was verified via PCR with the following primer pairs: M. marinum pRK249: P1420 and 

P1870, pRK251: P1473 and P2377, pRK253: P1473 and P2377, P1419 and P1841, P1553 and 
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P1554, P1557 and P1558, pRK255: P1473 and P2377, P1419 and P1841, P1553 and P1554, 

P1557 and P1558, P1561 and P1562, P1565 and P1566. 

hspX Serine to Alanine Site Directed Mutagenesis Plasmids 

 Plasmids pEY1 – pEY9 (Table 5, Figure 23B) were generated by introducing specific 

mutations into the serine amino acid sequence and incorporating the generated sequence into the 

pET23bhspx plasmid (Figure 23A) from E. coli, strain BL21(DE3)/pLys5/pET23bhspx, 

encoding for the Acr protein with a C-terminal 6-His tag. The regions were amplified by PCR 

using M. tuberculosis H37Rv genomic DNA and specified primers. To prepare the substrate and 

plasmid backbone for ligation, both were enzymatically digested with specified enzymes and the 

plasmid subsequently were dephosphorylated. The PCR product and the digested plasmid were 

ligated together to generate each plasmid encoding the desired mutation. Candidates were 

screened for the hspX region by PCR using primers P2305 and P2306 yielding a band of 500-bp. 

Each plasmid was sequenced to confirm no unwanted mutations were present in the sequence.   

 

                                           

Figure 23. A. Plasmid map for pET23bhspX used as the backbone for the pEY1-pEY9 plasmids. 
The blue arrow indicates the hspX region B. Plasmid map for pEY-pEY9 with the blue arrow 
indicating the hspX region that has been mutated. Each plasmid contains a mutation at a unique 
serine residue.  
 

A B 
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Table 5: Serine to alanine site directed mutagenesis plasmids showing codon change at 
specific serine residues in hspX 

Plasmid Serine 
# Mutation 

Primers used for 
mutation and 

amplification (F/R) 

Enzymes used for 
ligation preparation 

pEY1 1 TCC à GCC P2391/P2383 SacII/XhoI 
pEY2 2 TCT à GCT P2392/P2383 SacII/XhoI 
pEY3 3 TCA à GCA P2393/P2383 SacII/XhoI 
pEY4 4 TCG à GCG P2384/P2377 BsiWI/HindIII 
pEY5 5 TCC à GCC P2378/P2383 BsiWI /XhoI 
pEY6 6 TCG à GCG P2379/P2383 BsiWI /XhoI 
pEY7 7 TCG à GCG P2380/P2383 BsmI/XhoI 
pEY8 8 TCGà GCG P2381/P2383 BsmI/XhoI 
pEY9 9 TCC à GCC P2384/P2382 XhoI/HindIII 

 

Purification of Serine to Alanine Mutated Recombinant Acr Protein  

Using methodology described earlier, each of the nine generated plasmids were 

introduced into E. coli BL21-Gold(DE3) expression strain via electroporation using a BioRad 

GenePulser electroporator (BioRad, CA) with settings at 2500 V, 25 µF, 1000 Ohms and a 2 mm 

gap cuvette (Agilent Technologies, CA). Ten mL overnight cultures of each transformant was 

grown in Luria-Bertani medium containing 50 µg/mL carbenicillin. Cultures were diluted 1:100 

in 2 L flasks and incubated at 37oC to reach OD600 = 0.5. Next, cultures were induced with 0.2 

mM IPTG and incubated an additional 2 hours. Cultures were centrifuged at 7000 x g for 10 

minutes to pellet bacteria and supernatant was removed. Bacterial pellets were re-suspended in 

Buffer C 90 without urea (1M Tris HCl pH 7.9, 2M KCl, 0.5M EDTA, 50% glycerol, 30mM 

ZnSO4, 0.035% BME), PMSF was added to prevent protease activity and the cells were lysed 

using a bacterial cell disruptor (Constant Systems, UK). After lysis, samples were centrifuged at 

21000 x g for 15 minutes and supernatants were collected for protein purification.  

Purification of recombinant protein was performed by Nickel affinity chromatography. 

Briefly, 5 mL Nickel columns were prepared per manufacturer instructions (ThermoFisher 
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Scientific, CA) containing 2 mL Ni-NTA His-Bind resin (Novagen, MA). Each column was 

equilibrated with Buffer C without urea and supernatant was then added to the column. Resin 

was washed with Buffer C without urea containing 10 mM imidazole to reduce non-specific 

binding and subsequently eluted using Buffer C without urea containing 250 mM imidazole. 

Elution fractions were analyzed for protein using SDS-PAGE and fractions containing protein 

were combined to maximize yield. Protein was dialyzed in 1x PBS and concentration was 

determined using Pierce BCA protein assay kit (ThermoFisher Scientific, CA).  

 

Demonstration of rAcr Function  

To determine if the rAcr protein can induce some of the same cytokines as the native Acr 

protein, we measured the production of two cytokines, CCL-2 (MCP-1) and TNF-a, that have 

been reported to be induced by native Acr in bone marrow-derived and J774 macrophages 91. 

MCP-1 is a class of chemoattractant cytokine (chemokine) that recruits monocytes, T –cells and 

dendritic cells to sites of inflammation and TNF-a is one of the key signaling factors in the 

inflammation process. RAW 247 and J774 macrophage monolayers were cultured in DMEM 

medium containing 10% FBS at 37oC/5% CO2 until approximately 90% confluent. 

Approximately 2x105 cells were transferred into wells of a 48-well plate. The cells were allowed 

to adhere overnight and subsequently rAcr was added to final concentrations of 1, 5 ,10, 15 and 

25 µg/ml to triplicate wells. Plates were incubated overnight. After 24 hours, supernatants were 

harvested, and sandwich ELISA performed to detect CCL2 and TNF-a levels produced.  
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Detection of Phosphorylation using pIMAGO Western Blot 

 Ten µg of protein was combined with kinase buffer (50 mM Tris-HCl, 10 mM MgCl2, 

0.1 mM EDTA, 2 mM DTT, 0.01% Brij35 at pH = 7.5), 10  mM DTT and 1mM ATP. The 

mixture was incubated for 2 hours at 30oC followed by 2 hours at 37oC at a final volume of 

500µL. After incubation, volume was reduced to 20 µL using a Speedvac concentrator and 

samples subsequently boiled in 1X NuPage-LDS sample buffer (ThermoFisher Scientific, CA) 

for 10 minutes. Samples were run on a 12% Tris-Glycine-SDS gel along with phosphorylation 

positive control provided in the pIMAGO biotin phosphoprotein detection kit (Tymora 

Analytical, Indiana). Protein was transferred to a nitrocellulose membrane (Bio-Rad, California) 

using Tris-Glycine buffer without SDS. Western blotting was performed according to the 

protocol in the pIMAGO kit. Bands were visualized using Luminata western HRP substrate 

(Millipore, MA)..  
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Table 6. Primers used in this study 
Primer Sequence 5’ to 3’ 
HindIII-up-hspx-193 GAG ACA AGC TTC AAC CTC CGC TGT TCG ATA 
HindIII-down-acr GCA TGA AGC TTC AGT TGG TGG ACC GGA TC 
HindIII-down-acg+1 GAT GAA GCT TGC TAC CGG TGA TCC TTA GC 
HindIII-downRv2028c#2 GTC TGA AGC TTA CCC AGC GGC ACA GTC AC 
HindIII-downRv2026c+2 CTC TGA AGC TTA CTA GCT GGG ACG GAC GA 
166-down-acr-F GGT CGC ATG GGA GGT TGC 
322-uppfkB-F CCA ACG CAA AGC GGT TCG G 
950-down-acr-f GGT CAA TCG GTA CGT TCG C 
P1243 aat CTC GAG aac tga cca ctg ggt ccg tg 
P1247 cgc GGA TCC aAT Ggc cac cac cct tcc cgt t  
P1346 TAG ATC CCG CCG CCG AG 
P1419 ggt ggt tGC TCT TCc aac gac gtc gac att atg gtc cgc 
P1420 ggt ggt tGC TCT TCc aac ggt cag ctg acc atc aag gc 
P1473 CTC ACA TGT TCT TTC CTG CGT TAT CCC 
P1496 GAT CCG GAA CAT AAT GGT GCA GG 
P1553 gaa cct ctc gag gtg acg agc c 
P1554 ggA CTA GTc cgc taa ccg cgg tca tcg 
P1557 ggg cag gat caa tac gtt tgg cac 
P1558 ggACTAGTcag ctc gcc gtg cac tg 
P1561 gac cag gag cat gtg gag caa c 
P1562 ggACTAGTccg tga ttc ctc gaa gag acg 
P1565 gtc gag aac atg ccg acc gg 
P1566 ggACTAGT cgg ata ctg ctc ttg cca gcc 
P1567 gaAGATCT agc gga acg tcg atc ggg 
P1569 cg gtg atc gtc gtc cgt ccc 
P1571 gaAGATCTc gtt ggc gtc gac gga tca g 
P1797 gtgAAGCTTaCAG CTC ATC CTT acc tcc cca ttt ggc ggc ttc ggc cg 
P1841 cgGGATCC aaa acg act cac cga c 
P1870 gag cct ttc gtt tta ttt gat gcc tgg cag 
P2305 g atc cgc atg ctt aat cgt cag gag gtc gac tgat ggc cac cac cct tcc cgt tca 

gcg 
P2306 ccaATGCAT cag tgg tgg tgg tgg tgg tgc tcg 
P2377 gaa ccg tac gcg aat tcT gCA cga ccg tcg aag tcc ttc tg 
P2378 tt cgc gta cgg tGc ctt cgt tcg cac ggt gtc g 
P2379 tt cgc gta cgg ttc ctt cgt tcg cac ggt gGc gct gcc ggt agg tgc tga cg 
P2380 Tga caa ggg cat tct tac tgt gGc ggt ggc ggt ttc gga agg 
P2381 Tga caa ggg cat tct tac tgt gtc ggt ggc ggt tGc gga agg gaa gcc aac 

cga aaa gc 
P2382 cactCTCGAGg ttg gtg gCc cgg atc tga atg tgc ttt tcg 
P2383 cactCTCGAGg ttg gtg gac cgg atc tg 
P2384 gtgAA GCT TAT GGC CAC CAC CCT TCC C 
P2391 cca ccc gcg gGc cct ctt ccc Aga gtt ttc tga gct gtt cg 
P2392 cca ccc gcg gtc cct ctt ccc Aga gtt tGc tga gct gtt cgc ggc 
P2393 cca ccc gcg gtc cct ctt ccc Aga gtt ttc tga gct gtt cgc Agc ctt cccAGc 

att cgc cgg act ccg g 
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Table 7. Plasmids used in this study 
Plasmid Relevant Features Source/Reference 
pMV306 oriE,aph, mycobacteriophage L5 att/int 

 
Kong & Kunimoto, 

1995 

pOSN20 pSR173 with lacZ promoter cloned upstream of 
Ptb21 to enhance expression tetR(B) 

 

Shey-Njila et al. 2019 
 

pRK247 pOSN20 with 6-His tagged Mtb hspX This study 
pRK249 pMV306 with Mtb hspX gene This study 
pRK251 pMV306 with Mtb hspX, downstream gene acg This study 
pRK253 pMV306 with Mtb hspX, downstream gene acg 

and upstream genes Rv2030c, pfkB and Rv2028c 
This study 

pRK255 pMV306 with Mtb hspX, downstream gene acg 
and upstream genes Rv2030c, pfkB, Rv2028c, dosT 

and Rv2026c 

This study 

pEY1 pET23bhspx containing TCC à GCC mutation in 
1st Serine of Mtb hspX gene  

This study 

pEY2 pET23bhspx containing TCT à GCT mutation in 
2nd Serine of Mtb hspX gene 

This study 

pEY3 pET23bhspx containing TCA à GCA mutation in 
3rd Serine of Mtb hspX gene 

This study 

pEY4 pET23bhspx containing TCG à GCG mutation in 
4th Serine of Mtb hspX gene 

This study 

pEY5 pET23bhspx containing TCC à GCC mutation in 
5th Serine of Mtb hspX gene 

This study 

pEY6 pET23bhspx containing TCG à GCG mutation in 
6th Serine of Mtb hspX gene 

This study 

pEY7 pET23bhspx containing TCG à GCG mutation in 
7th Serine of Mtb hspX gene 

This study 

pEY8 pET23bhspx containing TCGà GCG mutation in 
8th Serine of Mtb hspX gene 

This study 

pEY9 pET23bhspx containing TCC à GCC mutation in 
9th Serine of Mtb hspX gene 

This study 

 

 

Wayne Cultures 

 Mycobacterium tuberculosis strain MC2-6206 defective for leucine and pantothenic acid 

biosynthesis 92 was cultured in 20 mL of Middlebrook 7H9 medium (BD/Difco, NJ) 

supplemented with 0.5% glycerol, 0.05% Tween 80 and 10% albumen-dextrose-saline (ADS) 89, 
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plus 50 µM leucine and 50 µM calcium pantothenate in rubber-stoppered crimp-top vials. 

Methylene blue was added to the culture at a concentration of 1.5 µg/mL as an indicator of 

hypoxia and a rubber stopper was crimped on before incubation at 37oC for 30 days.  

Mycobacterium smegmatis mc2- 155 was cultured in 20 mL of Middlebrook 7H9 

medium (BD/Difco, NJ) supplemented with 0.5% glycerol, 0.05% Tween 80 and 10% albumen-

dextrose-saline (ADS) 89 in a rubber-stoppered crimp-top vial. Methylene blue was added to the 

culture at a concentration of 1.5 µg/mL as an indicator of hypoxia and a rubber stopper was 

crimped on before incubation at 37oC for 30 days. 

Mycobacterium smegmatis strains harboring plasmid pRK249, pRK251, pRK253 or 

pRK255 were grown in 20 mL of Middlebrook 7H9 medium (BD/Difco, NJ) supplemented with 

0.5% glycerol, 0.05% Tween 80 and 10% albumen-dextrose-saline (ADS) 89, plus 50 µg/mL 

kanamycin in a rubber-stoppered crimp-top vial. Methylene blue was added to the culture at a 

concentration of 1.5 µg/mL as an indicator of hypoxia and a rubber stopper was crimped on 

before incubation at 37oC for 30 days. 

Post incubation, cultures were centrifuged at 3500 x g for 15 minutes to pellet the 

bacteria and supernatant was harvested for western blot analysis. Supernatant was concentrated 

6X using 10 kDa cutoff centrifugal filtered tubes (Millipore, MA). Whole cell lysate from 

pelleted bacteria was harvested using Quick DNA fungal/bacterial kit (Zymo Research, CA).   

 

Express 6His-Tagged Acr from Tetracycline Inducible Promotor  

 Plasmid pRK247 (Figure 24B) was generated by incorporating the hspX gene containing 

a 6-His tag into a pOSN20 (Figure 24A) backbone encoding a tetracycline inducible promotor 

and origin of replication to be expressed in Mycobacterium spp. A 649-bp 6-His-hspX region 
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was amplified by PCR using DNA from E. coli, strain BL21(DE3)/pLys5/pET23bhspx and 

primers P2305 and P2306. The resulting product was enzymatically digested with enzymes SphI 

and NsiI. Plasmid pOSN20 was prepared for ligation with the PCR product by digestion with 

SphI and NsiI and subsequent dephosphorylation of the cut ends. Both digested products were 

ligated together and transformed into competent E. coli TAM-1 cells via electroporation as 

described previously. After selection of candidates, bacteria were lysed, and analytical restriction 

digestion was performed to confirm correct orientation of the ligated product. Candidate DNA 

was digested with enzyme AatII revealing expected bands of 4707-bp and 2533-bp. Candidates 

displaying correct band size were DNA sequenced to determine the presence of possible 

mutations using primer P1196 and -80oC freezer stocks of final candidate were created for future 

use.  

 

                                     

Figure 24. A. Plasmid map for pOSN20 used as the backbone to construct pRK247. The pink 
arrow indicates the region that was replaced with hspX to construct pRK247 B. Plasmid map for 
pRK247 showing replacement of myc tag and sigC gene with hspX indicated by a blue arrow.  
 

 

 

A B 
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Electroporation of pRK247 into M. tuberculosis, strain MC2 6206 

 Two 50mL cultures of M. tuberculosis, strain MC2 6206 defective for leucine and 

pantothenic acid biosynthesis 92 were grown to O.D600 = 0.6 in Middlebrook 7H9 medium 

(BD/Difco, NJ) supplemented with 0.5% glycerol, 0.05% Tween 80 and 10% albumen-dextrose-

saline (ADS) 89 , plus 50 µM leucine, 50 µM calcium pantothenate and 50 µg/mL hygromycin B 

to O.D600 = 0.6. Cultures were pelleted at 3500 x g for 4 minutes and pellets were subsequently 

washed 4x with room temperature wash buffer containing 10% glycerol and 0.05% Tween 80. 

Pellets were washed again with 10% glycerol and resuspended in a final volume of 300µL of 

10% glycerol. One hundred µL of cells were mixed with 100 ng of plasmid and transferred to 

electroporation cuvette. Electroporation was performed using BioRad GenePulser (BioRad, CA) 

with settings at 2500 V, 25 µF, 1000 Ohms and 2 mm gap cuvette.  

 Cells were rescued in 1 mL 7H9 medium supplemented with 0.5% glycerol, 0.05% 

Tween 80 and 10% ADS. Cells were then incubated for 24 hours before being plated on 

Middlebrook 7H10 agar plates (BD/Difco, NJ) supplemented with 0.5% glycerol, 0.05% Tween 

80, 10% ADS and 50 µg/mL hygromycin B for candidate selection. Colonies were picked, 

bacteria lysed and screened by PCR using primers P1196 and P1543. Freezer stocks (-80oC) 

were made with candidates containing the 583-bp band. 

 

Detection of 6His-Acr from pRK247 by Western Blot 

 A 1-mL freezer stock culture of pRK247 was inoculated into Middlebrook 7H9 medium 

(BD/Difco, NJ) supplemented with 0.5% glycerol, 0.05% Tween 80 and 0.025% tyloxapol, plus 

50 µM leucine, 50 µM calcium pantothenate and 50 µg/mL hygromycin B. After 2 week 

incubation at 37oC to OD600 = 0.6, the culture was induced with 100 ng/mL anhydrotetracycline 
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for 48 hours. Culture was centrifuged at 3200 x g for 10 minutes to pellet the cells and 

supernatant harvested for western blot analysis. Whole cell lysate was extracted using a Bead 

beater and lysis buffer from Quick DNA fungal/bacterial kit (Zymo Research, CA). PMSF (0.5 

mM) was added to prevent protein degradation. Western blot was performed using HRP 

conjugated anti-6His antibody (Abcam, MA). 

 

Results: 

Tested rAcr Functions are Comparable to Native Acr 

Results indicated that the rAcr induced RAW247 cells to produce MCP-1 at levels 

similar to those reported when using the native Acr protein 91. The level of MCP-1 produced in 

cultures increased in a dose-dependent manner with increasing amounts of rAcr (Figure 25). 

J774 cells were not shown as they produced large amounts of MCP-1 in untreated cells beyond 

the limits of assay detection. 

 

Figure 25. CCL-2 (MCP-1) and TNF-a cytokine panels of rAcr-treated macrophages. Left: 
RAW 247 macrophages treated with rAcr show increasing levels of MCP-1 as rAcr 
concentration increases. Right: RAW 247 and J774 macrophages treated with 10 µg/ml of rAcr 
show increased levels of TNF-a compared to untreated control.  
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Serine Phosphorylation Detection using pIMAGO  

Mycobacterium tuberculosis Acr contains nine serine residues. As discussed in the 

literature review section, it has been previously shown that Acr is phosphorylated at a serine 

residue; however, it has not been established which of the nine serines are phosphorylated. To 

determine the location of the phosphorylated residue, each serine present in Acr was individually 

mutated to an alanine via site-directed mutagenesis. Western blot analysis using  pIMAGO biotin 

phosphoprotein detection kit showed that phosphorylation of Acr was present in all constructed 

mutants except for pEY6 which contains a mutation at the sixth serine residue (Figure 26). From 

this preliminary information, we can infer that the sixth serine residue present in Acr is the 

potential site of phosphorylation for the protein.  

 

Figure 26. Western blot detection of the serine to alanine mutated residues of Acr using non-
radioactive pIMAGO biotin phosphoprotein detection kit. Phosphorylation bands can be seen in 
all lanes except for pEY6, suggesting a lack of phosphorylation at the that site. Phosphorylated 
beta-casein protein used as the positive control.  
 

Detection of Recombinant 6-His Acr from a Tetracycline-Inducible Promoter in M. 

tuberculosis strain MC2 6206 

 Transport of Acr after synthesis from the cytoplasm of the bacterium to the outside 

environment is still not well understood. To try to further elucidate the transport mechanism, we 

assessed the production of Acr via a tetracycline-inducible promoter using transformed plasmid 
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pRK247 and M. tuberculosis strain MC2 6206 and compared this to protein produced by the 

wild-type strain of MC2 6206. After performing western blot analysis on both the recombinant 

and wild-type protein we observed that both are almost exclusively located in the bacterial whole 

cell lysate and not secreted to the supernatant (Figure 27). Furthermore, the wild-type protein can 

be detected as both a monomer and a dimer, whereas the recombinant is only present as a 

monomer.  

 

Figure 27. A: Western blot analysis of tetracyline induced pRK247 plasmid producing a 
recombinant form of Acr. Protein is exlusivley found in the bacterial whole cell lysate fraction as 
a monomer and is not found in the supernatant. B: Western blot analysis on wild-type 
M.tuberculosis MC2 6206 and wild-type M. smegmatis. Protein is almost exclusivley located in 
the bacterial whole cell lysate as both a monomer and a dimer of M. tuberculosis. No protien is 
detected for M. smegmatis in any fraction.   
 

A 

B 



 

74 

Necessity of Adjacent Genes in hspX Operon for the Production of Acr Protein  

 Little is known regarding regulation and control within the hspX operon itself and 

whether all or some of the adjacent genes to hspX are needed for the protein to be produced and 

exported out of the cell during hypoxic growth conditions. To assess the roles of the adjacent 

genes, four plasmids were generated to encompass the operon, starting with hspX by itself and 

adding adjacent genes to hspX in each subsequent plasmid construct.  Each plasmid was 

electroporated into M. smegmatis, a species that inherently lacks the hspX operon, and grown in 

hypoxic Wayne cultures to mimic protein production within in vivo granulomas 45 . After a one-

month incubation period, the supernatant and whole cell lysates were harvested for western blot 

analysis using anti-Acr antibody. From the western blot we did not find any evidence of Acr in 

the supernatant or whole cell lysate fractions (Figure 28).   
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Figure 28. A: Western blot analysis of the Wayne culture supernatants of M. smegmatis 
containing pMV306 derivative plasmids after one-month incubation period. Samples were 
probed with anti-Acr antibody. Native Acr was used as a positive control. No Acr can be 
detected in any Wayne culture supernatant. B: Western blot analysis of Wayne culture bacterial 
whole cell lysate after one-month incubation period probed with anti-Acr antibody. Native Acr 
was used as a positive control. No Acr can be detected in any Wayne culture whole cell lysate.   
 

 Because we did not detect any protein from M. smegmatis containing tet-inducible hspX 

plasmids, we sought to determine if inserting the same plasmids into M. marinum may yield 

positive results as M. marinum has been shown to express similar dormancy and granuloma 

causing characteristics as M. tuberculosis 79,93. After electroporation of the plasmids, a western 

blot will be performed on both aerobically-grown and Wayne-cultured M. marinum cultures to 

determine the presence of Acr. At this time this experiment remains ongoing.  

A 

B 
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Acr Secretion Pathway Predictions 

 To try to further elucidate the pathway of Acr secretion from the bacterium to the outside 

environment, we attempted to use online prediction software to determine if the Acr genetic 

sequence contained any motifs or secretion systems that have historically been present in other 

secreted proteins. The first secretion method investigated was the presence of a Sec system. The 

Sec translocase, present in all bacteria, uses a chaperone protein to guide the protein of interest to 

a membrane channel which ultimately transports the protein across the bacterial outer membrane 

at the expense of ATP 94. The second method, the twin-arginine translocation (Tat) pathway, 

uses a specific signal motif, S/TRRxFLK, with x being a polar amino acid in the sequence, 

which interacts with a Tat docking system. Once in the interaction takes place, the docking 

system transports the protein across the membrane through a second pore forming protein 

complex using proton energy 95. The last method we investigated was the possibility of Acr 

being an autotransporter containing a Type V secretion system. Type V secretion systems consist 

of a protein to be secreted and a ß-barrel domain in the outer membrane that is used to transport 

the protein 96. The difference between this system and the Sec or Tet pathway is that the Type V 

does not use any exogenous energy source to move protein across the membrane. When the 

nucleotide sequence of M. tuberculosis Acr was uploaded into the two prediction software 

programs, Pred-Tat 97 showed that the sequence did not contain either a Sec signal peptide nor a 

Tat signal peptide (Figure 29A). Furthermore, the transmembrane helices predicting program 

TMHMM (DTU Bioinformatics, Denmark) also showed that there were no transmembrane 

helices predicted in the nucleotide sequence of Acr (Figure 29B). Taken together, these results 
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show that Acr is not secreted from the bacterium via a Sec, Tat or Type V secretion pathway and 

must use another less predominant pathway.  

 

Figure 29. A. Results from Pred-Tat program indicating the absence of both a Sec and a Tat 
sequence from M. tuberculosis Acr nucleotide sequence. B. Results from TMHMM program 
indicating the absence of transmembrane helices in the Acr nucleotide sequence.  
 
 
M. tuberculosis Phosphorylation via Mass Spectrometry  

Native Acr purified from wild-type M. tuberculosis H37Rv and a recombinant form of 

Acr purified from plasmid induced E. coli were sent for analysis via top-down, whole protein, 

mass spectrometry to determine the phosphorylation states of each type of Acr and to confirm 

the earlier site directed mutagenesis findings. Results from the analysis for the native form, 

showed no serine phosphorylation, however, the analysis did find a phosphorylated threonine 

residue at the T3 site. I addition to threonine phosphorylation, the analysis also showed 

methionine oxidation at sites M2, M5 and M15. Results for the recombinant Acr also showed no 

serine phosphorylation, however, it did show the same methionine oxidation sites as the native 

form. 
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CHAPTER 5 

CONCLUSIONS 

 

 Tuberculosis (TB) is currently responsible for more human deaths annually than any 

other single infectious agent 2. It’s ability to be successful in a host for decades without detection 

is attributable to the bacterium’s ability to evade the host immune system and remain undetected. 

The ability of Mycobacterium tuberculosis (Mtb) to survive in many host environments including 

granulomas and macrophages make it difficult to target treatments that can have adequate impact 

on all potential hiding areas at the same time. Another factor that contributes to the difficultly of 

detection is the fact that most individuals do not express any symptoms during the latent 

infection stage and do not know if they harbor the bacterium. It is because metabolically dormant 

bacteria in the latent stage are antibiotic resistant, it would be impractical to administer 

antibiotics to an individual. Antibiotics are given to individuals whom show signs of active 

disease and have a positive TB skin test, however, if the bacteria are encased in a tubercle, then it 

is possible that the drugs cannot reach the bacteria to induce their effects or if they would have 

any effect at all due to the metabolic inactivity of the bacteria itself. During active infection, 

individuals transmit the bacterium to others via the aerosol route when they cough, sneeze or 

speak forcefully. Delays in diagnosis of TB, especially in areas of the world with poor 

healthcare, may contribute to millions of new cases per year. A compounding effect to this issue 

is also the presence of HIV co-infection, as those co-infected have an increased chance of 

developing active TB disease due to a declining immune system. The current WHO eradication 

and treatment programs, The End TB Strategy 7 and TB-DOTS 4, are not meeting the set goals 
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and expectations of their respective programs due to their passive, find and treat, approach. If 

successful eradication is to be achieved, then the transmission of M. tuberculosis needs to be 

further studied to have an impact on future public health interventions.  

 Whole Genome Sequencing (WGS) has given researchers the ability to look at an 

organism at the DNA level. WGS has allowed the translation of countless species’ genomes to a 

level where each base pair in their DNA sequence can be looked at individually. When combined 

with Single Nucleotide Polymorphism (SNP) analysis, detecting mutations present at an 

individual base pair site in the genome, WGS can be a powerful tool that has the ability to 

decipher ancestry as well as person-to-person transmission and help elucidate who and where are 

responsible for transmission. In chapter 3 of this dissertation, we used the modified BioNumerics 

pipeline co-developed with the Centers for Disease Control and Prevention to determine the 

number of SNPs between isolates gathered from patients presenting with pulmonary TB 

symptoms in the Rubaga Division of Kampala, Uganda. DNA was extracted from each of the 

samples given by the patients and sequenced using an Illumina sequencer and the Illumina 

sequencing method. The sequenced genomes were then processed by the aforementioned 

BioNumerics pipeline to determine the number of SNPs in each genome as compared to M. 

tuberculosis H37Rv as a reference. Each genome was grouped into its proper MTBC lineage and 

the number of SNPs were then compared to others in the same MTBC lineage. Using a SNP 

threshold of < 12 SNPs as indicative of a possible transmission pair 98, we were able to 

determine which of the 113 isolates fit this criteria. The analysis resulted in 2 isolates grouping 

into MTBC lineage 1, Indo-Oceanic, 1 isolate in lineage 2, East Asian (Beijing), 23 isolates 

grouping into MTBC lineage 3, East African Indian, and 87 isolates grouping into MTBC 

lineage 4, Euro-American. Among the patients with pulmonary tuberculosis, the predominant 
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sub-strain of M. tuberculosis was lineage 4, followed by lineage 3. Furthermore, lineage 4 

contained the highest frequency of transmission pairs along with having the most isolates 

altogether. Lineage 4 having the higher frequency of transmitters may be indicative of that 

lineage possibly being more virulent in that region of the world. This was not surprising as 

previously mentioned studies have shown that the predominant lineage in Uganda is lineage 4. 

Isolates grouped into lineage 1 and 2 could not be included in frequency analysis as more 

samples falling into those lineages are needed.  

 The SNP analysis also showed which isolate(s) were likely transmitting to others in their 

specific lineages. In lineage 3, the identical pair of isolates 16294 and 20095, from cluster 1, 

were potential transmitters to isolates 20839, 22199, 19621 and 20918. The most robust 

transmitter from lineage 4 was shown to be isolate 16732, from cluster 13, which was shown to 

potentially transmit to isolates 15634, 19077, 20606 and 20824. Furthermore, a pairwise SNP 

difference matrix showing bacterial transmission between isolates as a network was also 

generated. From these matrices, we could see how the isolates grouped as a network which 

allows a visual representation of the data.  

The presence of SNPs in virulence associated genes of M. tuberculosis can reveal how 

some strains of the bacteria are more prone to cause disease than others. Numerous mutations 

were found in the plcA and plcB phospholipase C genes of the isolates in this study. These SNPs 

were of interest because they all occurred at the beginning of the protein coding sequence and 

because one mutation in plcB leading to a nonsense mutation. In our subset of isolates, the 

bacteria are able to establish infection, as evidenced by the patients in the study, meaning that the 

SNPs in those genes may be advantageous to the survival and pathogenesis of the bacteria. This 

is in agreement with a study by Talarico et al. who also found mutations in the plc group of 
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genes, in particular plcD in the Beijing strain of M. tuberculosis, a strain designated as one of the 

most virulent 87. Grasping a better understanding of transmission networks will allow public 

health interventions to be implemented in the social gathering establishments that are frequented 

by transmitters. The success of these public health interventions can possibly be more effective 

compared to the current passive programs like TB-DOTS.   

 Chapter 4 of this dissertation focused on furthering the understanding of the M. 

tuberculosis dormancy heat shock protein alpha-crystallin (Acr, HspX). This 16 kDa protein has 

been studied for many years, however, it remains unclear how the protein is exported. Acr has 

homology to the mammalian Acr protein found in the eye with the proteins having 

approximately 18% identity 64. Both belong to the family of heat shock proteins (HSP) whose 

primary job is to function as a chaperone and help re-fold proteins. Acr is the primary protein 

expressed during hypoxic conditions accounting for 25% of detectible protein 22. Although Acr 

has been hypothesized to contribute to dormancy, how or if the protein gets out of the bacterium 

after production is still not well understood. Phosphorylation is a type of post-translational 

modification that can induce conformational changes in a protein that can ultimately alter its 

function. Although there is limited evidence demonstrating the role of phosphorylation in Acr, 

there is no evidence to its effects on protein function. A previous study had shown that Acr was 

exclusively phosphorylated at a serine residue, however, it did not elucidate which of the nine 

serine residues in Acr was the phosphorylation site 70.  

 To try to further the understanding of Acr phosphorylation, we generated 9 hspX mutants 

that encoded a serine to alanine mutation at each of the individual Acr serine residues. Using 

pIMAGO western blot phosphorylation detection kit, we observed that Acr was phosphorylated 

at the 6th serine residue (amino acid 103 of 144) as that was the only mutant to not produce a 
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band during detection. To confirm this finding, the native form of Acr and a recombinant form 

were analyzed by mass spectrometry. Mass spectrometry results did not confirm the presence of 

serine phosphorylation; however, it did reveal multiple phosphorylated threonine residues in both 

the native and recombinant Acr. Looking further into threonine phosphorylation, research has 

shown that in other organisms such as Pseudomonas aeruginosa, threonine phosphorylation of 

the gene products of ppkA and pppA were associated with export of virulence factors via a Type 

6 Secretion System (T6SS)99. Since our aim was to elucidate Acr export, we wanted to determine 

if there were any homologues of ppkA and pppA present in M. tuberculosis whose gene products 

may potentially act in the same manner. A BLASTP search indicated a 39% identity between the 

gene products of ppkA and M. tuberculosis pknB, a serine/threonine kinase, and a 36% identity 

between the gene products of pppA and M. tuberculosis pstB, a serine/threonine phosphatase. 

PknB regulates aspects of cell growth and survival, while PstB is part of an ABC transporter 

complex. The role of these proteins in association with Acr is an area of further study that is 

beyond the scope of this dissertation.  

 Furthermore, to determine the effect of the adjacent genes in the hspX operon in the 

secretion of Acr, we generated four plasmids, each containing hspX and a range of adjacent 

genes as previously described in the methods section. After electroporating the plasmids into M. 

smegmatis, we did not find evidence of Acr production in aerobically-grown cultures nor in 

hypoxic Wayne cultures in 7H9 medium. The antibacterial resistance cassette incorporated into 

the plasmid was expressed, allowing the bacteria to replicate on agar with antibiotics, however, 

further experiments are needed to determine the reason why we did not detect Acr.  

 In conclusion, this dissertation, and the work presented, highlights the needs in two 

aspects of Mycobacterium tuberculosis pathogenesis, person-to-person transmission of the 
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bacteria and mycobacterial dormancy. Chapter 3 showed that using WGS and SNP analysis, we 

have the ability to detect possible transmission between pairs of clinical TB samples by looking 

at the number of SNPs present between the two isolates. All isolate pairs that contained < 12 

SNPs should be considered possible transmission pairs. Once these isolates have been identified, 

they can be clustered and a bacterial transmission network can be generated to visualize the 

transmission patterns present. When the transmission data is combined with the epidemiological 

data, the results will give researchers and public health officials the ability to direct preventative 

public health efforts toward eradication of this deadly disease.   

Chapter 4 showed that Acr still remains a protein that needs to be further studied with 

regard to export and post-translational modification. Due to the protein’s predicted role in 

dormancy, it is critical to the study of M. tuberculosis and its eradication, that scientists better 

understand how virulence factors are exported and the roles that proteins like Acr impact 

metabolic dormancy, especially since 1/3 of the world’s population harbors the bacterium as a 

latent infection. The question of whether or not phosphorylation plays any role in the export 

process also needs to be elucidated. If TB transmission and the export of Acr can be better 

understood, then targeted eradication efforts and potentially powerful drugs could be developed 

to combat the ability of M. tuberculosis to be transmitted or hide from a host immune system. 

These answers could facilitate development of faster and more efficient detection methods for 

active disease or for more-effective treatments for individuals, or prophylactic measures to aid in 

the struggle to eradicate TB.  
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CHAPTER 6 

FUTURE DIRECTIONS 

 

 When attempting to answer research questions in the course of a study, often times more 

questions and future experiments arise. This may be due to interesting findings in our data or 

other new developments within the literature. There are several future directions and studies that 

can be conducted based on the research presented in this dissertation.  

 Aim 1 of this dissertation focused on the transmission of Mycobacterium tuberculosis 

(Mtb) using whole genome sequencing (WGS) and single nucleotide polymorphism (SNP) 

threshold analysis. Based on the findings of the study, there are several future studies that can be 

pursued. First, the study protocol called for participants to submit at least two sputum samples 

which were cultured for growth and all bacteria recovered were sub-cultured for potential future 

analysis. One proposed future study would be to analyze the SNPs between isolates of the same 

person to determine if the isolates are genetically identical or if a person has been infected with 

multiple Mtb strains. This would help identify if a person has come into contact and transmission 

has occurred with multiple individuals. This information would contribute to the epidemiological 

side of the study and the aspect of social networks by contributing to the social mixing patterns 

of the individuals in the study. Second, this current study is limited to the Rubaga Division of 

Kampala, Uganda. To make the study findings more generalizable, the study should be extended 

to other parts of the country to incorporate more study individuals and increase the chances of 

finding potential transmission hotspots outside of the current geographical limitation. Lastly, 



 

85 

analysis of SNPs in genes present in the study isolates can potentially be expanded beyond 

virulence genes. The presence of the annotated SNP tables generated by the pipeline gives us the 

ability to look for any gene in the Mtb genome.  

 Aim 2 of this dissertation focused on the characterization and the determination of the 

role of protein phosphorylation in association with the secretion of Mtb Acr protein. Beyond the 

experiments completed in this study, there are several more studies and future directions that can 

be proposed on the subject. First, the detection of Acr expressed from plasmids transformed into 

M. marinum was not completed. The completion of this experiment would help further the 

understanding of the regulation, production and transport of Acr and the requirement of other 

factors and in particular those encoded by adjacent genes in the operon. Because M. marinum 

pathogenesis has similar virulence characteristics to Mtb, such as granuloma formation, and M. 

smegmatis does not, potentially at least some similar Acr regulation, production and transport 

mechanisms are present in Mtb and M. marinum. Second, further experiments need to be done to 

determine if the culture medium used in the Wayne cultures has any potential effect on the 

production of Acr. In this study, the cultures were grown in 7H9 medium, a mycobacterial 

medium that is rich in nutrients. However, the original Wayne cultures were grown in Dubos 

medium which is similar to 7H9 but is lacking some nutrients. This would rule out any 

possibility that the type of media had any effect on protein production.   

 Furthermore, a study conducted by Kruh-Garcia et al. showed that Acr can be detected 

from exosomes isolated from serum samples of tuberculosis patients 100. This can potentially add 

to our Acr transport data as we did not find any typical transport pathway motifs used for 

traditional secretion of a protein. A future experiment can be performed by isolating exosomes 

from Mtb cultures containing the serine-to-alanine mutations and probing the contents for the 
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presence of Acr. This would potentially help clarify if the Acr that is being detected in the whole 

cell lysates and supernatants are from the exosomes and if the mutation of Acr has any effect on 

the transport of the protein via an exosome.  

Lastly, the determination of the phosphorylation state of Acr needs to be confirmed by 

using a bottom-up mass spectrometry approach. The phosphorylation results presented in this 

study were conducted using a top-down approach by analyzing the entire protein. The bottom-up 

approach would cleave the protein and analyze the residues in smaller segments, potentially 

increasing the accuracy of the analysis. Another phosphorylation experiment that can potentially 

be beneficial would be to transform the Acr serine-to-alanine mutation plasmids into a Mtb strain 

that has a deletion in the acr gene. Performing growth curves and a western blot with these 

variants would determine any defects in growth or protein expression due to phosphorylation.     
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