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ABSTRACT 
 
 
 

INVESTIGATION OF RELBE1 TOXIN-ANTITOXIN FUNCTION IN THE CARBON-

DEPENDENT METABOLIC ADAPTATION OF MYCOBACTERIUM TUBERCULOSIS 

 
 
 

 Tuberculosis (TB) is a devastating disease with suboptimal treatment regimens and a single 

vaccine with variable efficacy. Reducing the global burden of TB requires a refined arsenal of 

methods to prevent and treat the disease, which necessitates a better understanding of M. 

tuberculosis (Mtb) pathogenesis during infection. Mtb undergoes continuous metabolic 

reprogramming throughout acute and chronic stages of infection in order to survive and persist 

harsh host conditions, and the regulatory network responsible for mediating metabolic adaptation 

has not been fully defined. Mtb harbors at least 88 Toxin-antitoxin (TA) loci that have been 

proposed to function as regulatory modules in response to stress. TA systems are uniquely 

abundant in Mtb, making them viable targets for the treatment of both active and latent infection. 

Several RelBE TA systems are present in Mtb, and the RelE toxins function as ribonucleases to 

inhibit translation when not bound to RelB antitoxins. The genes encoding relBE1 are adjacent to 

a gene that encodes an enzyme involved in central carbon metabolism, which could suggest a 

regulatory role for RelBE1 in carbon metabolism. 

We aimed to explore the relationship between the RelBE1 TA system and carbon-mediated 

metabolic adaptation. This work incorporated in vitro transcriptional and genetic studies under 

defined carbon sources to investigate the activity of RelBE1 and the requirement of RelE1 in Mtb 

metabolism, growth, and viability in the presence of different carbon sources. We observed 

transcriptional and physiological trends consistent with the hypothesis that RelBE1 contributes to 
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adaptation of Mtb metabolism in the presence of cholesterol and oleate. Additionally, we found 

evidence that supports the necessity of RelE1 in Mtb metabolism under conditions depleted of 

nutrients. To investigate if multiple RelBE systems work redundantly or cooperatively in Mtb 

metabolic adaptation, we applied CRISPRi to simultaneously silence three RelBE TA loci. 

CRISPRi construction of knockdown mutants resulted in variable success but did not fully resolve 

the question regarding the cooperative or redundant functions of RelBE systems in Mtb 

metabolism. Nonetheless, the study provided the building blocks for efficient genetic manipulation 

of multiple TA systems in Mtb that are essential for exploring the coordination of TA systems in 

their contribution to Mtb pathogenesis.  

This thesis work contributes to the debate regarding TA system function in Mtb stress 

response and adaptation during infection. Given the limitations of the presented studies, further 

work is warranted to elucidate the relationship between TA systems and Mtb pathogenesis. 

Expanding our understanding of TA systems in TB disease would provide novel avenues in 

research to improve treatments against TB.  
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CHAPTER 1: TOXIN-ANTITOXIN SYSTEMS AND METABOLIC ADAPTATION IN 
MYCOBACTERIUM TUBERCULOSIS: A LITERATURE REVIEW 

 
 
 

1.1 Introduction 

Tuberculosis (TB) is an ancient disease, yet it is one of the leading causes of death 

worldwide due to a single infectious agent. TB affects around 10 million people globally, killing 

more than one million each year (1). While efforts to control TB disease have been in motion for 

years, progress is slow and a continuous challenge. The causative agent of TB, Mycobacterium 

tuberculosis (Mtb), is a bacterium that has evolved to lay clinically dormant in its human host for 

up to decades before spreading to the next host. Most individuals infected with TB are able to 

develop a sufficient immune response to control and suppress Mtb, but the immune system often 

fails to kill all tubercle bacilli in the body (1–7). The bacilli that survive attacks from the immune 

system undergo persistence, resulting in latent, asymptomatic disease. It can be years before the 

pathogen finds an opportunity to attack the host and establish active disease (1, 7–9). Current 

treatments are effective against TB disease but require extensive regimens that often come with 

adverse side effects (2). Additionally, drug-resistant TB infections are a growing concern, 

especially in regions of the world with high disease burden (1, 10). Global TB incidence rates have 

gradually declined over the last century thanks to efforts led by the World Health Organization 

(1). However, the continual global burden of TB requires further action on all fronts, including the 

detection, treatment, and prevention of disease.  

To better manage TB disease burden and associated fatalities, it is critical to build upon 

existing knowledge of the pathogen and molecular mechanisms behind Mtb pathogenesis. The 

collective understanding of how Mtb establishes disease, evade host immune responses, and 
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reactivates to cause symptomatic infection allows for the development of novel diagnostic and 

treatment strategies against active and latent TB disease. 

1.2 The History of Tuberculosis: “Captain Among these Men of Death” 

Tuberculosis has an extensive history with humans. While many of its Mycobacterium 

relatives are common environmental microorganisms, M. tuberculosis has solely relied on humans 

to survive, replicate, and spread for centuries (11). Mtb co-evolved with humans for an estimated 

15,000 years and, in that time, adapted a variety of mechanisms to avoid and manipulate host 

immune defenses to survive (11). While Robert Koch initially characterized the agent in 1882, 

archeological evidence dates tuberculosis back more than 5,000 years ago in ancient Egypt (12, 

13). Throughout the 19th century, TB devastated global populations, particularly children and 

soldiers, which ignited rigorous studies to understand the disease and its etiology (11). French 

clinician Jean-Antoine Villemin tested the infectivity of TB in rabbits using infected fluid extracted 

during an autopsy in 1865, finding obvious signs of infection in the rabbits a few months following 

inoculation (14). Robert Koch was the first to introduce tuberculin as a diagnostic in 1890 (15), 

which soon became the standard for detecting TB in patients. By 1907, Clemens Freiherr von 

Pirquet established intracutaneous injections of tuberculin and subsequent reactions that indicate 

latent tuberculosis in children (16). 

The development of TB diagnostic tools was a step in the right direction for managing TB 

disease worldwide. TB mortality gradually declined in developing parts of the world as living 

conditions improved over time (17). Unfortunately, TB cases persisted in younger and older 

generations, and major wars caused spikes in the number of cases amongst soldiers (18). Countries 

around the world began developing public health programs to track TB cases within populations 

and establish resources to treat and prevent infections (11). Sanatoriums were established to house 
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infected persons, and experimental surgeries attempted to remove and sterilize lungs burdened 

with tubercle bacilli. Based at the Pasteur Institute in Paris, Albert Calmette and Camille Guérin 

worked to find a vaccine against TB by attenuating M. bovis (19, 20). Their BCG (Bacille 

Calmette-Guérin) vaccine was ready for clinical testing by 1921 and administered to hundreds of 

thousands of children across Europe. During World War I, France developed comprehensive 

public health campaigns in attempt to mitigate the burden of TB in soldiers (21).  The first-ever 

disease control program under the WHO tested 30 million individuals in Europe in 1948 and 

administered the BCG vaccine in roughly 14 million in the span of a few years (22).  

TB-centered committees within the WHO began issuing reports that enacted long-term 

policies for controlling TB disease and continue to do so today. The WHO declared tuberculosis a 

global health emergency in 1993, which ignited streamlined funding and resources towards better 

detecting, treating, and controlling TB disease. The WHO established the End TB Strategy in 2014 

with targeted goals of reducing TB incidences and deaths by 80% and 90%, respectively, by the 

year 2030 (23). Recent reports demonstrate a decrease in disease incidence by roughly 2% per year 

with a total reduction of 11% since 2015 (1).  

Unfortunately, TB continues to decimate populations in developing regions of the world, 

including India, Africa, and Southeast Asia. Factors such as poverty, overcrowding, and lack of 

education have been associated with areas of high TB cases (1, 10). Additionally, many developing 

nations are overwhelmed with other diseases like HIV/AIDS that make individuals more 

susceptible to TB infections. The recent COVID-19 pandemic especially impacted TB disease 

control as fewer people had access to TB diagnostics and treatments (1). Despite decades of 

research, funding, and coordinated efforts to tackle TB on a global scale, we are far from reaching 

our goals to end the TB epidemic.  
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1.3 TB Epidemiology 

Tuberculosis, a treatable and curable disease, inflicts all regions of the world and affects 

all age groups. The WHO estimates that about one-quarter of the world population harbors Mtb 

(1). However, only eight countries in the world accounted for two-thirds of the total number of TB 

cases in 2020, including India, China, South Africa and countries in Southeast Asia (Figure 1).  

Figure 1.1 2020 TB incidence for countries with highest number of cases. Countries that 
ranked highest for the number of cases in 2020. Taken from WHO Global Tuberculosis Report 
2021 (1).  

 
TB cases continue to put a significant strain on public health services in every country despite low 

incidence rates in many first-world countries. In 2019 alone, the US recorded 8,916 cases and 

estimated that 13 million people are living with latent TB (24).  

TB is acquired by aerosolizing Mtb from an individual with active disease. Persons with 

active TB transmit Mtb bacteria via aerosols produced when speaking or coughing, which 
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contributes to the overall transmission of TB. Mtb primarily infects the lungs and causes 

pulmonary disease, but the pathogen can spread to other regions of the body, including the brain 

and kidneys (2). Common symptoms of pulmonary TB include coughing, chest pain, weight loss, 

and fever. However, a majority of those infected with Mtb develop latent TB infection (LTBI) that 

does not produce any symptoms. LTBI thus does not result in the spread of Mtb but can be fatal if 

not properly treated. Individuals with LTBI have a 5-10% chance of developing active disease at 

some point in their lives that increases with the presence of preexisting conditions or other risk 

factors (2).  

External factors like occupational risks, malnutrition, alcohol use, and smoking increase 

the risk of acquiring TB (1, 2, 24). Weakened immune systems, which occur naturally with age, 

can also lead to the development of active TB disease in infected individuals. Medical conditions, 

including diabetes, chronic infections, and cancers, often result in compromised immune systems 

that have a harder time fighting off TB infections. HIV-infected individuals are 18 times more 

likely to contract TB, and without proper treatment, mortality rates from the co-infection is 

extremely high (24).  

1.4 Treatment of Active and Latent TB  

Over 66 million lives have been saved by TB management efforts from 2000 to 2020, but 

the WHO estimates that one-third of all infected individuals do not get diagnosed in time to receive 

proper treatment (1, 2). Some of the many challenges in tackling the TB epidemic revolve around 

this large percentage of cases. Treatment of tuberculosis involves the use of first-line antibiotics 

over the course of six to nine months: isoniazid (INH), rifampin (RIF), ethambutol (EMB), and 

pyrazinamide (PZA). Treatment regimens may vary depending on the stage of disease and 

individual’s health status (25). LBTI treatment can also incorporate rifapentine (RPT) and short-
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course regimens to reduce toxicity in patients (26). Anti-TB drugs possess moderate side effects 

and toxicity levels that often lead to noncompliance of regimens by patients.  

Frequent use and mismanagement of TB antibiotics over time has contributed the rise of 

drug resistant Mtb strains that require alternative treatments. Mtb strains classified as multidrug-

resistant TB (MDR TB) present resistance to the most effective drugs, INH and RIF. 

Fluoroquinolones can be substituted for treatment of MDR TB, but serious adverse reactions are 

common and not recommended for those with other treatment options available (27). Although 

rare, extensively and extremely drug-resistant TB (XDR/XXDR TB) has developed over the last 

few decades in which the patient does not respond to treatment of most anti-TB drugs, including 

INH, RIF, fluoroquinolones, and common second-line antibiotics like kanamycin (28). XXDR TB 

strains present resistance to all current first- and second-line TB drugs. Countries with high TB 

burden experience more cases of drug-resistant TB that contribute to the transmission of 

untreatable strains around the world (2). Few cases of XDR TB have been reported in the US, but 

those numbers could increase with the continued prevalence of TB worldwide (1). The steady rise 

of multidrug resistance in Mtb increases the need for more effective yet accessible treatment 

options. Research continues to pursue the optimization existing drugs and develop efficient drug 

discovery pipelines to help establish improved treatment regimens that are effective against all 

strains of Mtb (1, 2).  

The BCG vaccine stands as the only licensed vaccine available for preventing TB disease. 

While the vaccine helps prevent the development of active TB in newborns, efficacy in adults is 

more variable for unknown reasons. Previous studies have reported a decline in protection in 

children as they age following vaccination (29, 30). The BCG vaccine is thus widely implemented 

in high TB burden countries but not offered in countries with low case rates, including the US.  
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Regardless, the BCG vaccine provides substantial evidence that vaccine-mediated protection 

against TB is achievable. In addition to improving TB treatment, ongoing studies aim to develop 

a novel vaccine effective against both active and latent TB. One vaccine currently being tested is 

VPM1002, a live vaccine candidate that functions to broaden the adaptive immune response to 

Mtb (20). This candidate has been shown to stimulate CD8+ lymphocytes, CD4+ TH1, and 

memory T cells specific to the mycobacterial antigen, Ag85B. Positive findings have been reported 

in preclinical models compared to BCG in conjunction with the completion of phase I-II trials in 

South Africa (20).  

1.5 Challenges of the TB Epidemic 

The COVID-19 pandemic has significantly dampened global efforts to control tuberculosis 

as it stretched public health facilities, resources, and services thin since its arrival in early 2020. 

The WHO reports that an 18% drop in TB diagnosis worldwide followed the onset of the 

pandemic. Due to struggles in controlling the spread of COVID-19, India had the largest reduction 

in the number of reported TB cases, accounting for over 40% of the global decline in notifications 

(1). Fewer reported cases globally indicates that fewer patients are getting the proper treatment 

and more people are facing increased risks of TB-related death.  

The WHO set the goal to have TB rates under control by 2030, but several hurdles currently 

stand between us and TB eradication: (1) undiagnosed LBTI cases that go untreated, (2) a rise in 

drug resistance that decreases the efficacy of current treatments, (3) a vaccine with suboptimal 

efficacy in adults, (4) a lack of appropriate and consistent funding and resources, and (5) gaps in 

knowledge surrounding the disease. Goals established by the WHO in their End TB Strategy may 

be reached over the next decade if the current issues can be efficiently addressed. Despite decades 

of extensive research, scientific understanding of the underlying mechanisms of TB disease is 
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lacking insight critical to effectively tackle the TB epidemic. Numerous questions regarding Mtb 

pathogenesis and TB immunity remain, and efforts to improve TB treatment and prevention 

require extensive comprehension of this complex disease.  

1.6 Mechanisms of TB Disease 

When an individual is exposed to Mtb, the bacilli enter their host via the respiratory tract 

and colonize the lungs. Various cells that encounter the invading bacteria, immune or otherwise, 

elicit responses to activate the host’s innate immune defenses. In about 90% of individuals exposed 

to TB, the immune response is effective in initially suppressing the proliferation of Mtb. Alveolar 

macrophages and other phagocytes activated by pro-inflammatory cytokines like IFN-γ engulf the 

invading bacteria and initiate intracellular responses that target and kill the pathogen. However, 

Mtb can survive macrophage-driven attacks and persist within the host. Mtb virulence revolves 

around transmission and thus harbors various mechanisms essential for immune evasion and 

modulation of the bacterium’s own cellular processes that enable long-term survival (31). For 

instance, secretion systems expressed by the pathogen can help prevent the toxicity of volatile 

compounds or modulate the macrophage’s immune phenotype. Mtb also possesses various 

regulators that control the expression of factors involved in stress adaptation, nutrient uptake, and 

avoiding host immune attacks (32). The evasion of phagocytic defenses elicited by the host allows 

Mtb to replicate and disseminate, eventually reaching the local draining lymph node that further 

stimulates adaptive immune responses.  

The host immune system attempts to combat the spread of infection by directing various 

immune cells to localized regions with the lung that ultimately form granulomas (6, 33–35). These 

granular regions trap Mtb in an aggregate of macrophages and lymphocytes following activation 

by TNF-α and prevent dissemination of bacteria to the rest of the body (35, 36). Mtb bacteria often 
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persist within granulomas, even as they face nutrient starvation, oxygen depletion, and lowered 

pH (Figure 1.2). Transcriptional studies of Mtb have long established that the bacterium undergoes 

transcriptional reprogramming to improve metabolic efficiency in low-nutrient environments and 

produce proteins that aid in host immune modulation (34, 37–39). Over time, the granuloma can 

necrotize and eventually fail to contain Mtb, allowing the pathogen to re-initiate growth following 

extended periods of persistence. This sequence of events result in active disease, in which bacteria 

are expelled from the lungs and transmitted to the next host (7, 9).  

 
Figure 1.2 Mtb adaptation to host-mediated microenvironments during infection. At different 
stages of TB infection, host immune responses to Mtb result in microenvironments that are 
typically lethal to microbial pathogens. Mtb has evolved to navigate and survive these conditions 
by continuously reprogramming its metabolic network. Metabolic adaptation allows Mtb to initiate 
molecular mechanisms that aid in evading host immune responses, establish persistence, and 
eventually escape granulomas. Figure created with Biorender.com. 

 
1.7 Mtb Adaptation to its Host 

Mtb evolved to adapt to the stringent host conditions encountered during infection and take 

advantage of resources provided by the host to survive, persist, and eventually move on to its next 
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host (40). For instance, Mtb relies on its unique cell envelope to tolerate and resist antibiotic 

exposure. Its elaborate cell envelope composed of peptidoglycan, mycolic acids, and other lipid 

structures harbor a range of proteins essential for Mtb pathogenesis (40–42). Some proteins 

manipulate the permeability of the cell wall following antibiotic exposure, and others are 

intricately involved in the direct inactivation of various drugs like INH (43, 44). Components of 

the Mtb envelope, including the ESX type VII secretion system, have been implicated in arresting 

phagosome acidification and other immunomodulatory activities (45).  

 The key to successfully surviving the host environment as a pathogen is to acquire nutrients 

essential for growth and replication. Broad transcriptional reprogramming that allows the pathogen 

to adapt to growth-restrictive microenvironments during infection has been repeatedly 

characterized in Mtb (7, 38, 40, 46–49). Mtb has been shown to require numerous metabolic 

enzymes for survival under in vitro stress conditions and in vivo, suggesting that metabolic 

modulation is critical for persistence during infection (47, 50–55). A collection of evidence 

suggests that Mtb primarily relies on cholesterol and fatty acids as carbon and energy sources 

during infection (47, 56–59). Interestingly, a combination of metabolite labeling and genetic 

studies support the hypothesis that Mtb can take up different carbon sources and shunt the 

substrates through the appropriate pathways concurrently towards different metabolic fates (60). 

This finding led to an alternative hypothesis that Mtb does not solely rely on lipid and fatty acids 

as carbon sources throughout infection (61, 62). Serafini and others argued that Mtb likely takes 

up lactate and pyruvate since they’re abundant in human cells during inflammation. Their work 

revealed that lactate and pyruvate metabolism produces propionyl-CoA, which is essential for 

synthesizing odd-chain fatty acids comprising the cell envelope (62). The unusual nature of carbon 
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utilization in Mtb relative to other bacterial pathogens points to metabolic adaptation as a critical 

component for pathogenesis throughout infection.  

 Given that Mtb must continually adapt its metabolism in response to dynamic host stresses 

throughout infection, defining the regulatory mechanisms responsible for metabolic 

reprogramming are key to understanding overall persistence and pathogenesis. For instance, work 

by Abramovitch’s research group has shown that growth arrest in low pH conditions depends on 

the carbon sources available, which is controlled by the two-component regulatory system, phoPR 

(54). Studies in E. coli and other intracellular pathogens have described the importance of the 

signaling molecule, (p)ppGpp, in mediating metabolic reprogramming under stress (63–65). Mtb 

likely relies on RelMtb (Rv2583c) to metabolize (p)ppGpp and initiate the stringent response, 

characterized by altered metabolomic networks following nutrient starvation, that enables long-

term survival during infection (63, 66). Given the variety of stresses and microenvironments Mtb 

encounters throughout infection, there are likely vast networks of regulatory mechanisms essential 

for Mtb persistence that have yet to be characterized.  

1.8 Toxin-Antitoxin Systems  

 Many prokaryotes, particularly pathogenic E. coli, Pseudomonas aeruginosa, Listeria 

monocytogenes, and Mycobacterium tuberculosis possess various molecular tools to enhance their 

growth and survive otherwise lethal conditions (67). Toxin-antitoxin (TA) systems are one of 

many virulence factors that have been of great interest when dissecting bacterial pathogenesis (68, 

69). TA systems consist of a protein toxin and a cognate (RNA or protein) antitoxin that neutralizes 

the toxin’s activity. Often referred to as “poison-antidote” gene pairs, TA systems are ubiquitous 

in prokaryotes and possess a diverse range of types and proposed biological functions (68–70).  
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 The first TA system was discovered in E. coli and found to stabilize plasmids via post-

segregational killing in which cells that do not possess the plasmids encoding the TA system were 

killed (71). Over time, thousands of putative TA systems were discovered, both on plasmids and 

chromosomes, in numerous prokaryotes. Many characterized TA systems encode toxins with 

biochemical functions that target integral structures or pathways involved in cell replication, 

transcription, and translation (68). TA systems are typically encoded within a single operon, but 

toxin proteins are generally more stable than their antitoxin counterpart. Thus, antitoxins are 

preferentially degraded by proteases or RNases under certain conditions (68, 72). Degradation of 

the antitoxin allows the cognate toxin to elicit its activity on the cell until conditions favor the 

production of antitoxin to neutralize the cognate toxin.  

 TA systems are grouped into eight types based on the toxin’s biochemical activity and the 

antitoxin’s neutralizing mechanism (Figure 1.3). Some types of TA systems, including type II and 

III systems, involve antitoxins physically interacting with their cognate partner to inhibit toxin 

activity (73). However, antitoxins belonging to other types of TA systems use different 

mechanisms of toxin inhibition (Figure 1.3). Type II TA systems are the most extensively studied 

due to their prevalence in E. coli and common bacterial pathogens. Both the toxin and antitoxin 

are proteins that interact, forming an inert protein complex. The antitoxin additionally possesses a 

DNA-binding domain that allows it to autoregulate the TA operon. TA protein complexes also 

influence the TA operon’s transcription, and the stoichiometric ratio of antitoxin to toxin within 

the TA protein complex defines the level of transcriptional repression (74). Known as conditional 

cooperativity, it is thought that this mechanism allows for controlled production of TA systems 

under dynamic environmental conditions (68, 75, 76).  
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Figure 1.3 Toxin-antitoxin systems in prokaryotes. Different types of TA systems defined by 
toxin activity and antitoxin mechanisms of regulation. (a) Type I systems incorporate an RNA 
antitoxin that interacts with toxin mRNA to inhibit the translation of the toxin. (b) Type II systems 
involve a protein antitoxin that physically binds to the toxin. (c) Antitoxins in type III systems 
exist as RNA molecules that interact with toxins to inhibit its activity. (d) Type IV antitoxins 
interact with the targets of the toxin to prevent toxin binding. (e) Antitoxins in type V systems 
cleave mRNA encoding the toxins to prevent toxin translation. (f) Type VI systems possess 
antitoxins that interact with toxins and promote targeted degradation by proteases. (g) Antitoxins 
from type VII systems inhibit toxin activity via post-translational modifications. (h) Type VIII TA 
systems encode RNA antitoxins that use Cas proteins to target toxins for transcriptional repression. 
Taken from Jurénas et al. 2022 (73). 

 

Numerous type II TA systems have been associated with bacterial persistence and response 

to stress conditions. Many toxins have been shown to induce growth arrest or cell dormancy when 

not inhibited by its cognate antitoxin (69, 77). While previous studies have provided evidence of 

TA systems contributing to genome stabilization, defense against phages, and persister cell 

formation, there is still debate surrounding the true roles of these systems in stress response and 

persistence. Previous studies have developed mutants with multiple TA system deletions, but 

follow-up work with these strains have yielded contradictory results (78–80).  
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1.9 TA Systems in Mycobacterium 

Species of Mycobacterium, mostly members of the Mycobacterium tuberculosis complex 

(MTBC), harbor TA systems (81). Unlike most prokaryotes carrying TA systems, Mtb possesses 

a highly expanded repertoire of chromosomal TA systems. Up to 88 TA systems have been 

identified in Mtb, either through biochemical studies or bioinformatic predictions (81, 82). This 

expansion of TA systems is not observed in mycobacteria outside of the MTBC, including non-

tuberculosis mycobacteria that can cause infections in immunocompromised individuals (Figure 

1.4). It is thought that TA expansion occurred with or after the diversion of the MTBC, and a 

growing collection of evidence points to TA systems being intricately involved in Mtb 

pathogenesis (81, 83–87).  

 

Figure 1.4 Conservation of toxin-antitoxin systems across the Mycobacterium genus. 

Phylogenetic tree showing TA system conservation in species of Mycobacterium with Nocardia 

farcinica (Nfa) as the outgroup. TA systems are arranged according to family. Orange = orthologs; 
yellow = homologs; blue/green = pseudogenes residing in similar/different genomic contexts; 
black = no BLAST hits. Taken from Ramage et. al 2009 (81). 
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Most TA loci fall under Type II systems, which includes the VapBC, MazEF, and RelBE 

families. While Mtb harbors dozens of VapBC and MazEF loci, only five RelBE loci have been 

identified (two additional loci were detected using computational analysis but have not been 

experimentally confirmed) (81, 88). RelE toxins function as ribosome-dependent ribonucleases 

that selectively cleave coding RNA when not bound to antitoxins (89, 90). RelB antitoxin proteins 

directly interact with RelE toxins to inhibit the toxin’s biochemical activity and autoregulate 

further transcription of the relBE operon (Figure 1.5). Under conditions that promote the activity 

of Clp or Lon proteases, RelB proteins are preferentially degraded. Targeted degradation of RelB 

induces RelE activity and transcription of relBE. Stoichiometric ratios of RelB and RelE proteins 

defines the level of regulation: a low RelE:RelB ratio enables the binding of RelB to the operon, 

while a high ratio changes the conformation of the RelB DNA-binding domain and results in the 

release of the complex from the operon (75, 76). 

 

Figure 1.5. Schematic of RelBE toxin-antitoxin system function and interactions. Genes 
encoding relB and relE comprise a single operon. RelB and RelE proteins are translated and 
interact to inhibit RelE activity and negatively regulate expression of the operon. Stress-induced 
proteases can cleave RelB antitoxins, allowing RelE toxins to undergo ribosome-dependent 
mRNA cleavage. Figure created with Biorender.com. 
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Previous work detected transcriptional activity of a select number of Mtb TA systems under 

in vitro stress conditions (81, 87, 88). However, most studies rely on toxin overexpression and 

transcription to make the argument that TA systems play a role in pathogenesis. No current Mtb 

research shows evidence of the native production and activity of toxin proteins following stress 

exposure or the cooperation of numerous systems in Mtb persistence or virulence. Such evidence 

is essential to claim TA systems directly Mtb pathogenicity. Foundational studies of RelBE TA 

systems in Mtb observed translation inhibition and global proteomic changes following the 

overexpression of RelE toxins (87–89). Specific in vitro stresses have been previously shown to 

induce transcriptional activity of relBE1, -2, and -3, but their precise roles in Mtb growth and 

survival during infection have yet to be fully characterized.  

The bi-cistron encoding RelBE1 (Rv1246c-1247c) is adjacent to Rv1248c, a multi-

functional alpha-ketoglutarate decarboxylase (Kgd) required for Mtb survival. This genomic 

organization suggests potential involvement of RelBE1 in the adaptive regulation of metabolism 

in response to changes in carbon availability. Other instances of “regulator-regulated gene 

neighbors” have been observed in Mtb, including members of the VapBC TA family and MadR1, 

a cell cycle regulator genomically adjacent to an enzyme involved in pyruvate catabolism (91). 

Given (1) the large number of TA systems in Mtb, (2) the critical importance of adaptation to stress 

during infection, and (3) the current debate regarding TA system function, it is essential to 

thoroughly assess their potential roles in pathogenesis.  

1.10 Thesis Objectives 

Due to the prevalence of TA systems in Mtb, we hypothesize that TA systems, including 

RelBE1, contribute to Mtb adaptation to stresses like nutrient limitation during infection. This 

thesis aims to investigate the relevance of the RelBE1 TA system in Mtb metabolic adaptation 
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following exposure to defined carbon sources. RelBE1 is hypothesized to differentially regulate 

Mtb adaptation to carbohydrate and glycolytic versus cholesterol and fatty acid carbon sources. A 

combination of transcriptional, genetic, and physiological studies were implemented to elucidate 

carbon source dependent relBE1 expression and function in Mtb. Additionally, we sought to utilize 

CRISPRi gene silencing to knock down the expression of relBE1, relBE2, and relBE3 

simultaneously as a technique to dissect potential the cooperation or functional redundancy of TA 

systems in Mtb.  

 Defining the roles RelBE1 play in Mtb adaptation and persistence will bridge significant 

gaps in knowledge regarding the biological relevance of TA systems in Mtb pathogenesis. The 

research described here can help to answer why Mtb uniquely possesses such an extensive 

repertoire of TA systems, one of the most pressing questions in the field of TA systems. TA 

systems pose as novel targets for treatment against tuberculosis and other prokaryotic pathogens 

that harbor TA systems, but first we must understand how they contribute to the pathogenic traits 

observed during infection.  

 

 

 

 

 

 

 



18 

CHAPTER 2: CHARACTERIZION OF RELBE1 IN THE CARBON-MEDIATED 
ADAPTATION OF MYCOBACTERIUM TUBERCULOSIS 

 
 
 

2.1 Introduction 

Tuberculosis persists within the human population as one of the deadliest infectious 

diseases despite decades of research and public health initiatives. The success of Mtb stems from 

the pathogen’s ability to adapt and survive stringent conditions elicited by the host for extended 

periods (92–95). Intracellular bacilli must survive the engulfment of macrophages and other 

phagocytes early on during infection, and the remaining bacteria during later stages of disease have 

to endure the stringent and dynamic extracellular environments within necrotic granulomas (7, 95–

98). Mtb likely experiences stressful conditions, including nutrient limitation, low pH, hypoxia, 

and antibiotic treatment, during infection. Depending on the physiological conditions present, the 

pathogen either rapidly divides to disseminate throughout the host or enters a state of non-

replicative persistence that ensures long-term survival (7, 92, 93). The ability to undergo metabolic 

reprogramming and adaptation is critical to Mtb survival the ever-shifting host microenvironment 

throughout infection (40, 46, 99–101).  

Given Mtb’s restricted ecological niche, it’s not surprising that the pathogen has evolved 

unique strategies to navigate and adapt to stress conditions elicited by its host. Key pathways and 

enzymes in carbon metabolism have been demonstrated for Mtb survival under stress conditions 

and virulence (53, 96, 100, 102, 103). Under low pH conditions, Baker and others found that some 

carbon sources, including pyruvate and cholesterol, enable Mtb growth in vitro, while other 

substrates, like glycerol and lactate, result in non-replicating persistence (54). The tricarboxylic 

acid (TCA) cycle is positioned in the center of carbon metabolism and provides the bacterium with 
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NADH along with lipid and amino acid precursors. Mtb possesses an enzyme within the TCA 

cycle termed alpha-ketoglutarate decarboxylase (Kgd) rather than the traditional alpha-

ketoglutarate dehydrogenase found in other organisms. Kgd is proposed to offer an alternative 

pathway for synthesizing succinate under stringent conditions (52, 104).  

Within the TCA cycle lies the glyoxylate shunt, which functions as a shortcut for carbon 

metabolism when the organism relies on fatty acids instead of carbohydrates for growth. Lipids 

have long been proposed as primary carbon sources for Mtb during infection, and studies point to 

cholesterol utilization as a key factor for persistence (37, 47, 57, 105–107). The first enzyme of 

the glyoxylate shunt, isocitrate lyase (Icl), was previously shown to be required for the persistence 

and virulence of Mtb in vivo, particularly during latent infection (51, 108). Interestingly, Mtb 

mutants lacking icl were attenuated in immune-competent mice yet lethal in IFN-γ–/– mice (51). 

Additionally, Mtb has been uniquely shown to co-catabolize substrates rather than sequentially 

utilizing carbon sources (60, 109). Given these findings, some studies argue that carbohydrates 

and glycolytic products are important carbon substrates during infection (62, 101). Lactate and 

pyruvate metabolism rely on the glyoxylate shunt and methylcitrate cycle, both of which require 

Icl. The methylcitrate cycle was found to function in reverse for Mtb to metabolize lactate and 

pyruvate efficiently (62).  

While Mtb metabolism has been extensively studied, the regulatory mechanisms 

underlying metabolic adaptation under clinically relevant stress conditions have yet to be fully 

elucidated. Griffin et al. demonstrated in a 2012 study the requirement of Rv1129c in the growth 

of Mtb with cholesterol as a single carbon source, which regulates the genomically adjacent genes, 

prpD and prpC, involved in the methylcitrate cycle (47). Additionally, Mtb was shown to regulate 

growth in the presence of certain carbon sources in low pH conditions using the phoPR two-
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component system, leading to metabolic reprogramming and increased virulence in vivo (54). Even 

with the growing evidence of metabolic regulatory mechanisms, Mtb and other pathogenic 

members of the Mycobacterium tuberculosis complex (MTBC) possess other regulatory elements 

that may play pivotal roles in stress response and metabolic reprogramming. Mtb harbors a 

particularly extensive and elusive repertoire of small genetic elements known as toxin-antitoxin 

(TA) systems. 

Mtb possesses at least 88 stable TA loci in its genome, suggesting that they likely play 

critical functions in pathogenicity (69, 81). A majority of the pathogen’s repertoire consists of type 

II systems, including members of the MazEF, VapBC, and RelBE families. The RelE toxin, when 

not inhibited by the RelB protein antitoxin, functions as a ribonuclease to establish translation 

inhibition (89, 110). Previous studies have revealed that relBE loci are transcriptionally activated 

following exposure to stress, and the overexpression of relE toxins results in global proteomic 

changes and bacterial growth arrest (87, 88, 110). Interestingly, the genes encoding relBE1 

(Rv1246c-47c) are adjacent to the gene that encodes Kgd (Rv1248c). Since TA systems are 

proposed to function as stress response modules in Mtb, we hypothesize that RelBE TA systems 

contribute to metabolic adaptation during infection by regulating kgd expression in the presence 

of lipids.  

This study explores the role of the relBE1 TA system in the metabolic and physiological 

response of Mtb to carbon source exposure. Differences in bacterial transcription, growth, and 

viability following exposure to different carbon sources were assessed between wildtype (WT) M. 

tuberculosis and MtbΔrelE1. RelBE1 is hypothesized to demonstrate differential expression in the 

presence of different carbon sources and be required for survival in lipid conditions. If RelE1 

functions to negatively regulate kgd in the presence of lipids or fatty acids, RelE1 toxins 
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presumably (1) regulate kgd via transcriptional coupling or (2) cleave neighboring kgd transcripts 

to help shift the carbon flow through the glyoxylate shunt of the TCA cycle. Mtb TA systems 

would be promising targets for novel therapeutics against TB and other pathogens that harbor TA 

systems. Thus, gaining further understanding of TA systems in relation to Mtb survival under 

stringent conditions encountered during infection is critical for advancing our efforts to control TB 

disease worldwide.  

2.2 Methods and Materials 

2.2.1 Bacterial Strains and Experimental Growth Conditions 

WT M. tuberculosis H37Rv and MtbΔrelE1 were used in the present study. MtbΔrelE1 is 

a complete deletion of the relE1 gene via allelic exchange previously generated in the Slayden 

laboratory. Mtb liquid cultures were maintained in 7H9 Middlebrook medium supplemented with 

10% OADC and 0.05% Tyloxapol (Tylox, Sigma-Aldrich) and incubated at 37˚C with constant 

shaking at 200rpm. Liquid and solid media were supplemented with Kanamycin (Kan, 25µg/mL) 

for the growth of ΔrelE1. All culture work was performed in the Biosafety Level 3 (BSL-3) 

laboratory in accordance with CSU Biosafety regulations and procedures. 

Defined carbon condition experiments were performed in 7H9+OADC+Tylox or minimal 

medium (MM) prepared as described previously (54, 58): 1 g/L KH2PO4, 2.5 g/L Na2PO4, 0.5 

g/L (NH4)2SO4, 0.15 g/L asparagine, 10 mg/L MgSO4, 50 mg/mL ferric ammonium citrate, 0.1 

mg/L ZnSO4, 0.5 mg CaCl2, and 0.05% Tyloxapol. Concentrations of carbon sources were based 

on literature assessing carbon-dependent growth arrest under low pH (54). Mid-to-late log Mtb 

was used to inoculate defined carbon media at an initial optical density at 600nm (OD600) of 0.2-

0.3. Briefly, cultures were centrifuged at 3,500rpm for 10 minutes, washed once with 1X TBST to 
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remove residual medium, and resuspended in the defined carbon condition. Cultures were 

incubated at 37˚C, shaking at 200rpm, and growth was monitored using OD600 measurements over 

the course of six days. Every 48 hours, samples from each growth culture were serially diluted to 

10-6 in 1X TBST and plated onto 7H11 or 7H10+Kan quad plates. Plates were incubated at 37˚C 

for 21-28 days until colony forming units (CFUs) were visible. Enumerated CFUs were used to 

calculate CFU/mL for each timepoint. Significance between genotypes was identified using mixed 

model ANOVA with Tukey’s multiple comparisons, with p-values from pairwise comparisons 

listed in Table S2.3B, C. 

2.2.2 Mtb Total RNA Extraction and Purification 

Following 1- and 24 hours of carbon source exposure, 50mL of each Mtb culture were 

pelleted at 3,500rpm, 4˚C for 10 minutes and resuspended in 1mL TRIZol Reagent (Invitrogen). 

Cells were mechanically lysed with 0.1mm zirconia beads (BioSpec Products) using the Mini 

BeadBeater (BioSpec Products) for a total of four rounds of 30-second intervals with 2-minute 

incubations on ice. Samples were stored at -80˚C until RNA extractions. Frozen sample tubes were 

treated with appropriate tuberculocidal disinfectant according to manufacturer procedures and 

transferred out of the BSL3 laboratory for further experimentation.  

Total RNA was extracted using chloroform-phenol according to established TRIzol 

protocols and underwent two rounds of DNAse treatment. Briefly, 200µL chloroform (Sigma) was 

added to lysed samples and mixed by vortexing. Samples were centrifuged at 12,000xg, 4˚C for 

15 minutes. The aqueous layers were transferred to new tubes containing 500µL isopropanol 

(Sigma) and 0.5µL glycogen (Thermo Fisher), and samples were incubated at -20˚C overnight. 

Total RNA was pelleted at 12,000xg, 4˚C for 10 minutes and washed once with 80% ethanol. RNA 

samples were treated with ten units of DNase I (Thermo Fisher) at 37 ˚C for 60 minutes. 100µL 
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phenol:chloroform:isoamyl alcohol (Sigma Aldrich) was added to treated RNA. Samples were 

vortexed briefly and centrifuged at 12,000xg, 4˚C for 10 minutes. Aqueous layers were transferred 

to new tubes containing 450µL 10% ammonium acetate, 80% ethanol and 0.5µL glycogen and 

stored at -20˚C overnight. DNase-treated RNA was washed with 80% ethanol, pelleted, and 

resuspended in 50 µL DEPC water. Total RNA quantities and qualities were measured using the 

Qubit Fluorometer and Nanodrop, respectively. 

2.2.3 Reverse Transcription- and Reverse Transcription-Quantitative PCR  

cDNA was generated from 1µg total RNA and random hexamer primers using the 

FirstStrand cDNA Synthesis Kit (Roche) according to manufacturer instructions. Reverse 

transcription PCR (RT-PCR) was performed on WT Mtb H37Rv cDNA using qPCR gene-specific 

primer sets (either alone or in combination, Table S1). Mtb gDNA and no template control 

reactions were included in RT-PCR reactions. Amplicons were visualized using agarose gel 

electrophoresis and staining. Briefly, PCR products were diluted in 6X Loading Dye (Thermo 

Fisher), loaded into a 1% agarose gel, and electrophoresed at 80V for 90 minutes. The gel was 

stained with SYBR Gold Nucleic Acid Stain (Thermo) and visualized using the BioRad Chemi-

Doc Imager.  

qPCR was conducted using the Roche Lightcycler® 480 Instrument with SYBR Green 

master mix and gene-specific primers (Table S2.1). Primers were optimized by developing 

standard curves of Ct values of serially diluted cDNA generated from WT Mtb H37Rv total RNA. 

Linear regression modeling was used to calculate amplification efficiencies of qPCR primers for 

relative quantification of transcripts. Optimal cDNA quantities for RT-qPCR were assessed using 

serially diluted cDNA and identifying cDNA concentrations with Ct values between 13 and 30 

cycles. Each assay included technical replicates, no-reverse transcriptase (NRT) controls, and no 
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template controls (NTCs). Relative gene expression normalized to 16S rRNA was determined using 

the Pffafl method described previously (111). Two-way ANOVA with Tukey’s or Šídák's multiple 

comparisons was performed to determine statistical differences in gene expression between 

genotypes and conditions (112). All adjusted p-values from the multiple comparisons are listed in 

Table S2.2. 

2.2.4 Resazurin Reduction Assays 

Resazurin reduction assays were conducted on defined carbon cultures to indirectly 

measure metabolic activity. WT and MtbΔrelE1 cultures were pelleted, washed with 1X TBST, 

and resuspended in defined carbon conditions at an OD600 of 0.05 in 96-well plates. A final 

concentration of 0.0022mg/mL resazurin sodium salt (Sigma-Aldrich) dissolved in ddH2O was 

added to Mtb cultures seeded at an OD600 of 0.05 in 96-well plates. Plates were incubated at 37˚C 

for 48 hours, and resazurin reduction was detected via absorbance using a Enspire Multimode plate 

reader at 570 and 600nm. Metabolic activity is represented by percent resazurin reduction 

normalized to 7H9 or MM, which was calculated using the following formula (113):  

(𝐸600 ∗ 𝐴570) − (𝐸570 ∗ 𝐴600) (𝐸600 ∗ 𝐶570) − (𝐸570 ∗ 𝐶600)  

Where: 

 E570/600 = Molar extinction coefficient of oxidized resazurin @ 570/600nm 

 A570/600 = Absorbance of experimental well @ 570/600nm 

 C570/600 = Absorbance of positive control well @ 570/600nm 

Significant differences in percent reduction were determined using two-way ANOVA with Šídák's 

multiple comparisons, with adjusted p-values from pairwise comparisons listed in Table S2.3A. 
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2.3 Results 

2.3.1 Mtb relBE1 are Encoded in a Bona Fide Bi-Cistron 

 Bacterial genomes often contain polycistrons, or multiple genes that are transcribed into a 

single mRNA, as an efficient mechanism of gene regulation (114). Additionally, some regulatory 

genes in Mtb have been found to be genomically close to their target genes critical for cell cycle 

processes (84, 91). The relBE1 operon is adjacent to kgd, which encodes an essential enzyme of 

the TCA cycle (Figure 2.1).  

 

Figure 2.1 Mtb TCA cycle schematic with genetic organization of kgd in relation to relBE1. 

The metabolic network of Mtb outlining the TCA cycle (blue) with the glyoxylate shunt (green) 
and methylcitrate cycle (purple). Genes that encode metabolic enzymes and their genomic location 
in Mtb are italicized. Dashed arrows represent metabolic pathways of various carbon sources that 
lead to specific entry points of the TCA cycle. The genomic location of kgd relative to relBE1 is 
also highlighted on the right. Figure created with Biorender.com. 
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To assess the potential transcriptional coupling of relBE1 to central carbon metabolism, 

we sought to determine if relBE1-kgd (Rv1246c-1248c) produces a polycistronic transcript. 

Reverse transcription PCR (RT-PCR) of log-phase Mtb H37Rv total RNA was used to analyze 

relBE1 and relBE1-kgd transcripts. Amplification of relB1, relE1, and kgd, separately and in 

combination, from WT Mtb cDNA revealed relBE1 transcripts that support previous findings of 

the TA system being a bi-cistron (Figure 2.2). However, no transcripts encoding relBE1-kgd were 

detected, suggesting that the genes are not polycistronic.  

 

Figure 2.2 RT-PCR of relB1, relE1 and kgd. PCR amplification of relB1, relE1, and kgd from 
Mtb H37Rv complementary DNA (cDNA) generated from 1ug Mtb total RNA. Mtb gDNA and 
no template control (NTC) reactions were included for comparison. Amplification of WT Mtb 

H37Rv cDNA was performed using RT-qPCR primers specific to each gene(s) of interest. The red 
boxes highlight PCR bands representative of relBE1-kgd transcripts. 
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2.3.2 RelE1 is Potentially Required for Glyoxylate Shunt Expression under Cholesterol  

Mtb has been extensively shown to undergo metabolic reprogramming under nutrient-

limited conditions (47, 96, 100, 102, 103). We sought to test the hypothesis that RelE1 contributes 

to metabolic adaptation by (1) comparing relBE1 expression under defined carbon sources and (2) 

assessing differences in TCA cycle gene expression between WT and MtbΔrelE1. WT and mutant 

strains were grown in minimal media with different carbon sources for up to 24 hours. Relative 

changes transcript levels of relB1, relE1, and select genes involved in the TCA cycle (i.e., icl, kgd, 

glcB) were assessed using reverse transcription-quantitative PCR (RT-qPCR). Compared to Mtb 

growth under 7H9, relE1 expression was found to have a one-to-two-fold decrease under all single 

carbon sources after one and 24 hours of exposure (Figure 2.3). Growth in the presence of pyruvate 

and lactate for one hour resulted in an approximately 2-fold increase in relB1 expression 

 

Figure 2.3 Mtb H37Rv transcriptional response of relBE1 under defined carbon conditions. 

Log-fold expression changes of relB1 and relE1 normalized to 16S rRNA from WT Mtb following 

(A) 1-hour and (B) 24-hour exposure to single carbon sources relative to growth in 7H9. RT-qPCR 
data represent log-transformed means and standard deviations of N=2 biological replicates. 
Significant differences in log-fold expression changes were tested using two-way ANOVA with 
Tukey’s multiple comparisons (Table S2.2A).  
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(Figure 2.3A). Similar to relE1, decreased expression of relB1 was observed following 24 hours 

of exposure to all single carbon sources (Figure 2.3B).  

 We also measured the transcriptional activity of icl, kgd, and glcB from WT and MtbΔrelE1 

in the presence of single carbon sources relative to 7H9 to investigate if relE1 is required for 

carbon-mediated shifts in the TCA cycle and glyoxylate shunt (Figure 2.1). The selected genes 

were chosen because they efficiently capture shifts in carbon flux through the entire TCA cycle 

versus the glyoxylate shunt under different carbon conditions. Alpha-ketoglutarate decarboxylase 

converts alpha-ketoglutarate into succinic semi-aldehyde at the lower half of the TCA cycle, 

moving carbon flow through the entirety of the pathway. The genes encoding isocitrate lyase and 

malate synthase function within the glyoxylate shunt, which shifts carbon flux away from the 

bottom portion of the TCA cycle (Figure 2.1). 

Overall, no statistically significant differences in the expression of icl, kgd, and glcB were 

found between WT and MtbΔrelE1 (Table S2.2B). However, the data showed notable trends in the 

expression of all three genes under cholesterol conditions (Figure 2.4). The expression of icl from 

WT and MtbΔrelE1 was comparable to that in 7H9 across all single carbon source conditions 

except cholesterol (Figure 2.4A). Both genotypes had increased expression of icl, but a higher 

mean log-fold change from WT was observed. WT Mtb also presented a slight increase in kgd log-

fold expression under cholesterol conditions (Figure 2.4B). ΔrelE1, on the other hand, presented 

little to no log-fold change in expression. The expression of glcB decreased 2-4-fold across carbon 

sources, while WT showed a 4-fold increase in expression when in the presence of cholesterol 

(Figure 2.4C). Together with relBE expression data, these findings suggest RelE1 may be required 

for cholesterol-mediated expression of icl and glcB despite the lack of transcriptional activity of 

relE following 24 hours of exposure.  
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Figure 2.4 Differences in TCA cycle transcriptional responses between WT and MtbΔrelE1. 
Log-fold expression changes of (A) kgd, (B) icl, and (C) glcB normalized to 16S rRNA from WT 
and MtbΔrelE1 following 24-hour growth in single carbon sources relative to that in 7H9. RT-
qPCR data represent log-transformed means and standard deviations of N=2 biological replicates. 
Significant differences in log-fold expression changes were tested using two-way ANOVA with 
Šídák's multiple comparisons (Table S2.2B).  

  

2.3.3 RelE1 Likely Contributes to Metabolic Adaptation under Lipid and Nutrient 

Starvation Conditions 

 Lipids, especially cholesterol, are abundant in the granuloma microenvironment 

during infection, and Mtb likely relies on lipids as major carbon sources for survival (37, 57, 106, 
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107). We aimed to investigate the requirement of RelE1 in Mtb survival under oleate, an even-

chain fatty acid, and cholesterol. We also assessed survival under pyruvate and lactate, glycolytic 

products of glucose or glycerol, that feed into the TCA cycle for comparison. Some previous 

literature explored Mtb metabolism and metabolic flux using 7H9 as a base medium, in which 

more than one carbon source is present. Other studies used minimal medium (MM), where the 

only carbon source available is one that is supplemented to the base medium.  

Here we compared both methods for a more thorough analysis of Mtb response to different 

carbon sources. 7H9-based conditions will be defined as supplemented or supplemented carbon 

sources, and conditions based in MM will be referred to as single carbon source conditions. 

Metabolic activity of WT and MtbΔrelE1 in the presence of single or supplemented carbon sources 

was measured after 48 hours, and bacterial growth and viability were assessed over the course of 

six days. Metabolic activity of Mtb H37Rv was determined using resazurin, a compound that is 

reduced to resorufin by metabolically active cells via aerobic respiration (Figure 2.5).  

 

Figure 2.5 Reduction of resazurin by metabolically active cells. Resazurin is often used to 
measure metabolic activity of cells. Incubation of resazurin with respiring cells results in the 
NADH-dependent reduction of the purple resazurin substrate to a pink resorufin product. Figure 
created with Biorender.com. 

 
Mtb possessed consistent metabolic responses amongst carbon sources supplemented in 

7H9 (Figure 2.6A). Exposure to supplemented oleate and cholesterol resulted in a slight reduction 
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of metabolic activity from ΔrelE1 compared to WT, indicating a possible contribution of RelE1 in 

optimal Mtb metabolism under supplemented lipids. Growth under 1X TBST presented a 

statistically significant difference in percent resazurin reduction between WT and ΔrelE1, which 

suggests that RelE1 toxins are required for Mtb metabolic adaptation in nutrient starvation 

conditions (Figure 2.6A, Table S2.3A). WT and ΔrelE1 both exhibited reduced metabolic activity 

under oleate and cholesterol as single carbon sources compared to carbohydrates and glycolytic 

carbon sources (Figure 2.6B). However, no significant differences in percent reduction were 

observed between WT and ΔrelE1.  

Figure 2.6 Mtb H37Rv metabolic activity under different carbon sources. WT and MtbΔrelE1 
normalized percent resazurin reduction following exposure to (A) supplemented carbon and (B) 

single carbon sources. Cultures were seeded at OD600 = 0.05 with a final concentration of  
0.0022mg/mL resazurin. Absorbances at 570 and 600nm were recorded following incubation at 
37˚C for 48 hours, and percent reduction normalized to 7H9 or MM was calculated for each 
sample. Data represent means and standard deviations of N=3 biological replicates, except for 
10mM glucose and 10mM glycerol (N=2). Significance between genotypes was assessed using 
two-way ANOVA with Šídák’s multiple comparisons (****p < 0.0001, Table S2.3A). 

 
Given that (1) resazurin reduction was similar between glucose/glycerol and 

pyruvate/lactate growth conditions (Figure 2.6) and (2) pyruvate and lactate are the products of 
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glucose and glycerol catabolism, we only incorporated pyruvate, lactate, oleate, and cholesterol in 

growth and outgrowth experiments. WT Mtb growth and survival under supplemented lipid verses 

glycolytic carbon sources after six days were overall comparable to 7H9 alone (Figure 2.7A, B). 

Mtb grew slightly better in supplemented pyruvate and lactate, but no differences in growth nor 

Log10 CFU/mL were found between WT and ΔrelE1 (Figure 2.7A). Interestingly, ΔrelE1 exhibited 

diminished growth under 0.05mM lipids after 48 hours compared to WT (Figure 2.7B). Growth 

under oleate and cholesterol after six days was reduced in ΔrelE1 compared to WT, with the 

difference being statistically significant under oleate (Figure 2.7B, Table S2.3B). However, no 

differences in Log10 CFU/mL between genotypes in supplemented lipids were observed after six 

days of exposure (Table S2.3B). Despite the decrease in OD600 over the course of six days, Log10 

CFU/mL of both strains in TBST suggest that nutrient starvation induces non-replicative 

persistence (Figure 2.7A, B). 

 

Figure 2.7 Mtb H37Rv growth and survival under supplemented carbon sources. WT and 
MtbΔrelE1 growth (left panel) and outgrowth (right panel) under (A) 4mM pyruvate or lactate and 
(B) 0.05mM oleate or cholesterol supplemented in 7H9. Cultures were seeded at OD600 = 0.2. 
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OD600 recordings were taken and CFUs were enumerated every 48 hours. Data depict the means 
and standard deviations of N=2 biological replicates. Significant differences in growth between 
WT and ΔrelE1 were calculated using mixed model ANOVA with Tukey’s multiple comparisons 
(*p < 0.05, Table S2.3B, C). 

 
Unlike supplemented carbon conditions, no increase in biomass was observed following 

exposure to single carbon sources (Figure 2.8A, B). Log10 CFU/mL for both strains in the presence 

of single carbon sources showed no significant decrease in survival over six days, which indicated 

that Mtb establishes non-replicative persistence under single carbon source conditions. ΔrelE1 

appeared to have slightly increased growth relative to WT in the presence of pyruvate and lactate 

but with minor reductions in Log10 CFU/mL (Figure 2.8A, B). In the span of six days, no 

differences were discerned between the two genotypes following exposure to oleate nor cholesterol 

(Figure 2.7B). Mtb growth under the lipid conditions are comparable to that of 1X TBST, but Log10 

CFU/mL of MtbΔrelE1 in the presence of oleate was slightly higher than that of WT.   

 
Figure 2.8 Mtb H37Rv growth and survival under single carbon sources. WT and MtbΔrelE1 
growth under (A) 4mM pyruvate or lactate and (B) 0.05mM oleate or cholesterol supplemented in 
minimal media. Cultures were seeded at OD600 = 0.2. OD600 recordings were taken and CFUs were 
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enumerated every 48 hours. Data are representative of the means and standard deviations of N=2 
biological replicates. Statistical differences between genotypes were assessed using mixed model 
ANOVA with Tukey’s multiple comparisons (Table S2.3 B, C). 

  

2.4 Discussion 

 This study aimed to investigate the impact of the RelBE1 TA system in Mtb adaptation to 

defined carbon conditions. We first sought to assess potential transcriptional coupling of relBE1 

to central carbon metabolism via polycistronicity between the TA locus and the target metabolic 

gene, kgd. RT-PCR data of relBE1 and kgd do not implicate transcriptional coupling between the 

TA locus and metabolic gene, but we did confirm that relBE1 is a bona-fide bi-cistron. (Figure 

2.2). It is worth noting that RelBE1 could indirectly regulate kgd by cleaving mRNAs that, in turn, 

directly or indirectly influence kgd expression. The TA system may also regulate other members 

of central carbon metabolism in the response of Mtb to host-induced stresses. Future studies could 

be designed to better identify targets of relBE1-mediated regulation at the transcriptional or 

translational levels.  

Additionally, we determined the transcriptional responses of relBE1 under defined carbon 

conditions. No relative transcriptional activity was observed for relE1 under different single 

carbon sources. However, relB1 increased in expression after 1 hour of exposure to pyruvate and 

lactate (Figure 2.2). This could be explained by the induction of the operon following the 

degradation of RelB1 proteins, which would indicate the presence of free RelE1 proteins that were 

not detected on a transcriptional level at the tested timepoints (74, 115). Some experts in the field 

of TA systems argue that transcriptional activity is not the best indicator of biological activity and 

toxin and antitoxin protein levels would stand as stronger evidence for physiological impact on 

processes like stress response or persister cell formation (80). Future work on Mtb TA systems 
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should incorporate targeted proteomics in conjunction with transcriptional data to make direct 

links between TA system function and Mtb pathogenesis.  

The analysis of WT versus MtbΔrelE1 TCA cycle gene expression under single carbon 

source conditions revealed differences following 24 hours of exposure to cholesterol that suggest 

a potential connection between RelE1 and TCA cycle flux towards the glyoxylate shunts in the 

presence of cholesterol (Figure 2.3). The expression data presented a moderate level of variability, 

so the confidence in these trends being biologically accurate is unfortunately low. However, raising 

the statistical power by increasing the number of replicates would help to discern differences in 

log-fold changes in expression.   

When assessing Mtb growth, metabolic activity, and overall survival under nutrient-rich 

conditions, we found evidence suggesting that RelE1 might be required for optimal growth in 

supplemented lipids as indicated by the differences in OD600 and metabolic activity between WT 

and MtbΔrelE1 (Figures 2.6A, 2.7B). However, no variation in Log10 CFU/mL was detected to 

indicate RelE1 being required for the survival of Mtb under these conditions. No changes in Mtb 

viability following exposure can be attributed to the presence of other carbon sources in the 7H9 

base medium. The low statistical power of the experiments acts as a notable limitation in these 

studies; increasing the number biological replicates would likely provide more statistically 

significant evidence of RelE1 being required for metabolic adaptation and, subsequently, optimal 

growth when exposed to cholesterol or oleate. Given the transcriptional trends under these two 

conditions, it can be speculated that RelE1 acts on pathways and mechanisms within the TCA 

cycle and glyoxylate shunt for the regulation of cholesterol metabolism and growth but likely 

outside the tested metabolic pathways when regulating that in the presence of oleate.  
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With single carbon conditions, we did not find evidence supporting our hypothesis that 

RelE1 is required for Mtb survival in lipid conditions. However, Mtb appears to undergo non-

replicative persistence in the presence of single carbon sources regardless of the carbon type 

(Figures 2.6B, 2.8A, B). Growth over the course of six days did not increase, but metabolic activity 

and viability were detected under these conditions. Interestingly, MtbΔrelE1 growth under 

pyruvate and lactate was slightly greater than that under minimal media alone, while oleate and 

cholesterol conditions resulted in relatively lower OD600 (Figure 2.8A, B). MtbΔrelE1 metabolism 

was notably reduced in the presence of oleate and cholesterol as single carbon sources, but 

sustained Log10 CFU/mL under these conditions provides evidence of viability over time (Figure 

2.6B, 2.8B). These trends are indicative of how Mtb likely responds to nutrient limitation during 

infection. 

Interestingly, we found that WT and MtbΔrelE1 had significantly different metabolic 

activities under TBST conditions, which acted as a negative growth control (Figure 2.6A, B). 1X 

TBST consists of tris-buffered saline with 0.1% Tween 80, a surfactant used to prevent clumping 

of tubercle bacilli in liquid cultures and contains no significant source of carbon. Given the 

viability of Mtb in TBST after six days (Figures 2.7, 2.8), our findings suggest that RelE1 is 

required for metabolic adaptation and survival when Mtb experiences nutrient starvation. It is 

thought that Mtb exhibits nutrient deprivation during infection, and mycobacteria have been shown 

to tolerate drug exposure under in vitro starvation models (46, 116). Alternatively, Tween 80 could 

present toxicity to Mtb that is mediated by functional RelE1. Further studies assessing the 

relationship between RelBE1 and Mtb adaptation under TBST would be needed to confirm and 

strengthen the confidence of our findings. 
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Metabolic adaptation to various stress conditions is required for the survival of Mtb and 

overall success as a pathogen. The work presented here dissected in vitro Mtb responses to a 

range of carbon sources and found that the RelBE1 TA system is required for the adaptation and 

survival to nutrient starvation and possibly involved in optimal growth and metabolism under 

supplemented oleate and cholesterol. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



38 

CHAPTER 3: CRISPRI-MEDIATED GENE SILENCING OF RELBE TA SYSTEMS AS A 
TOOL TO DISSECT TA SYSTEM FUNCTION IN MYCOBACTERIUM TUBERCULOSIS 

 
 
 

3.1 Introduction 

 The global burden of TB has been a significant challenge to manage due to the large 

number of latent infections that often go undetected. M. tuberculosis possesses the ability to 

establish latent infections by lying dormant in its host for up to decades before initiating an active 

infection. Throughout infection, Mtb encounters environments established by the host immune 

response in an attempt to clear the infection, which can include low-pH, hypoxia, and nutrient 

limitation (39). For Mtb to survive the harsh microenvironment of its host, the pathogen must have 

strict control over its metabolic networks. Decades of research have demonstrated that Mtb alters 

its metabolism and replication rate in response to stress (53, 56, 117, 118). Mtb has been shown to 

rely on specific metabolic pathways and their components to survive host immune responses, 

tolerate antibiotic exposure, and disrupt host cellular processes (56, 119, 51, 52, 57, 60, 47, 54, 

120, 96, 121, 122, 100). For instance, Pandey and others found that Mtb requires host cholesterol 

for long-term persistence during chronic infection and identified a gene cluster that encodes factors 

that control the import of cholesterol (57). Further investigation revealed distinct changes in Mtb 

metabolism following cholesterol exposure, including the induction of genes involved in the 

methylcitrate cycle required for the catabolism of propionyl-CoA (47).  

The regulatory networks underpinning metabolic reprogramming at different stages of TB 

disease have been explored, but there are still significant gaps in our understanding of metabolic 

regulation (54, 56, 63, 83, 123). Mtb harbors a surprising number of toxin-antitoxin (TA) systems 

that have been implicated in pathogenesis (83, 81, 124–127), but we have yet to fully define the 
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relationship between these regulatory elements and the underlying mechanisms of persistence 

during infection (70, 78, 80, 128). Dissecting the physiological functions of TA systems in Mtb is 

particularly challenging due to the vast number of TA loci. A growing number of studies argue 

against the relationship between TA systems and stress response, claiming that evidence 

supporting the hypothesis is weak and inconsistent (80, 128, 70, 79). Previous work has attempted 

to identify the biological relevance of specific TA systems in Mtb, but no studies to date have been 

able to fully elucidate the cooperative function of all TA systems in Mtb persistence, survival, or 

virulence using robust genetic controls (83, 84, 87, 129). TA systems stand as promising targets 

for novel therapeutics against latent infections, but we need to first understand the precise 

physiological roles they play in Mtb pathogenesis. 

Mtb is a slow-growing pathogen, which makes genetic manipulation especially time-

consuming. Generating a single knockout can take months to complete using traditional cloning 

methods; producing Mtb strains with multiple knockouts significantly extends the required time 

and resources (130–132). When dissecting numerous TA systems and their potential roles in Mtb 

pathogenesis, it is logical to apply genetic manipulation to all TA loci within a given family. The 

rise and advancement of CRISPR technologies have made it feasible to manipulate individual and 

multiple genes within a single system (131, 133). This work incorporates a CRISPR-interference 

(CRISPRi) system developed by the Fortune Lab (131). Using an inactivated Cas9 (dCas9) 

enzyme from Streptococcus thermophilus and short-guide RNAs (sgRNAs), this system physically 

blocks the transcription of targeted genes in mycobacteria. As illustrated in Figure 3.1, the S. 

thermophilus dCas9 protein interacts with the sgRNA, and the complex binds to the target DNA. 

The sgRNA incorporates the targeted DNA sequence and thus guides dCas9 to the sequence of 

interest. The complex can successfully bind to the DNA when dCas9 recognizes a protospacer 
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adjacent motifs (PAM) in the sequence near the targeted region (NGGNG). This system 

specifically includes Golden Gate cloning sites that enable efficient and inducible silencing of 

multiple genes at once (131).  

We sought to apply this system towards developing a molecular tool for assessing multiple 

TA systems in Mtb. As a proof of concept, we aimed to (1) silence the expression of three relBE 

TA systems in Mtb and (2) assess the metabolic activity of the knockdown mutants under defined 

carbon conditions to further investigate the physiological function of RelBE TA systems in Mtb 

carbon-mediated adaptation. The development of this molecular tool allows for more robust 

studies of gene function in Mtb and helps dissect potential functional redundancies of TA systems, 

which is critical to expand our understanding of Mtb persistence during infection. 

3.2 Materials and Methods 

3.2.1 Bacterial Strains and Experimental Growth Conditions  

M. tuberculosis H37Rv and E. coli DH5-α strains were used in the present study. Mtb liquid 

cultures were maintained in 7H9 Middlebrook medium supplemented with 10% OADC and 0.05% 

Tyloxapol (Tylox, Sigma-Aldrich) and incubated at 37˚C with constant shaking at 200rpm. E. coli 

cultures were grown in LB medium at 37˚C, 200rpm. Where indicated, antibiotics (Sigma Aldrich) 

and derivatives (Takara Bio USA) were used at the following concentrations: kanamycin (Kan, 

25µg/mL and 50 µg/mL) for Mtb and E. coli, respectively, and anhydrotetracycline (ATc, 

100ng/mL) for both Mtb and E. coli.  

3.2.2 Cloning and Mtb Mutant Generation 

All constructs generated in the study are listed in Table S3. Cloning was achieved using 

the protocol published by Andrew Wong and Jeremy Rock (134). The CRISPRi knockdown 
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mutant that simultaneously targets relBE1, relBE2, and relBE3 was generated using sgRNAs 

designed to target the open reading frame (ORF) on the non-template strand of each bi-cistron with 

an effective PAM sequence located on the template strand (Table S3.1). Work by Rock et al. 

identified viable PAM sequences that are recognized by S. thermophilus dCas9, and PAM 

sequences with greater than 25-fold repression were chosen when designing sgRNAs for each 

target (131). Each sgRNA oligo was annealed with its respective reverse complement sequence to 

generate a double-stranded sequence compatible with the BsmBI-digested backbone, PLJR965 

(Addgene Plasmid #115163, 135). All individual sgRNAs were cloned into PLJR965 to generate 

single knockdown mutants, and SapI Golden Gate cloning was performed to ligate all promoter-

sgRNA-terminator cassettes with the parent vector. Each cassette was amplified using primers 

with SapI-restriction sites and overhang sequences compatible with the Golden Gate handle in the 

backbone (Table S3.1). Transformations of final constructs into E. coli DH5-α were performed 

based on manufacturer instructions, and transformed constructs were verified using diagnostic 

restriction digestion and Sanger sequencing.  

Verified constructs were transformed into Mtb H37Rv as described previously (135). 

Briefly, mid-log Mtb cultures were supplemented with 0.1 volumes 2 M glycine 24 hours before 

harvesting. Cultures were then pelleted at 3,500rpm, 4˚C for 10 minutes and washed three times 

with 10% glycerol at RT, decreasing the volume of glycerol used with each subsequent wash. Cells 

were resuspended in 10% glycerol, and 0.2-mL aliquots were used for electroporation. Fresh 

electrocompetent cells were combined with 5uL of 100-200ng DNA and transferred to 2mm-gap 

cuvettes. Samples were electroporated at 2.5 kV, 25 µF, 1000Ω using the BioRad Micropulser. 

Electroporated cells were immediately transferred to 10mL 7H9 broth without selection and 
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incubated at 37 ˚C, shaking for 24 hours. Cultures were harvested by centrifugation, plated onto 

selective 7H10 plates, and incubated for 21 to 28 days until colonies formed.  

3.2.3 Relative Quantification of relBE Silencing 

 To assess the silencing efficiency of relBE1, -2, and -3 by CRISPRi, mutant cultures were 

induced with 100ng/mL anhydrotetracycline (ATc) for 24 to 72 hours. Briefly, mid-log cultures 

of each mutant were diluted to an OD600 of 0.2 and split into induced and non-induced groups. 

ATc-induced cultures were transferred to light-protective 50-mL conical tubes to prevent 

degradation of ATc over time. All subcultures were incubated at 37 ˚C, shaking at 200rpm. Every 

24 hours, 25mL of each culture was pelleted, washed with 1X TBST, and resuspended in 1mL 

TRIZol Reagent (Invitrogen). Cells were mechanically lysed as described in Chapter 2 for 

subsequent RNA extraction and qRT-PCR. 

 Total RNA was extracted as described in Chapter 2, and cDNA was generated from 1µg 

DNase-treated RNA and random hexamer primers using the FirstStrand cDNA Synthesis kit 

(Roche). qPCR was conducted on cDNA from uninduced and ATc-induced samples, and each 

assay included technical replicates, NRT controls, and NTCs. Log-fold gene expression changes 

normalized to 16S rRNA were determined using the Pffafl method (111). Two-way ANOVA with 

Tukey’s multiple comparisons was performed to determine statistical differences in gene 

expression. Adjusted p-values are listed in Supplementary Table S3.2.  

3.2.4 Resazurin Reduction Assays of Induced CRISPRi Mutants 

 Single- and combined- knockdown mutants were subjected to defined carbon conditions, 

and metabolic activity was assessed via resazurin reduction assays. Briefly, mid-to-late log 

cultures were pelleted, washed once with 1X TBST, and resuspended in either carbon-
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supplemented 7H9 or minimal medium (MM). A final concentration of 0.0022mg/mL resazurin 

sodium salt (Sigma-Aldrich) dissolved in ddH2O was added to mutant cultures seeded at an OD600 

of 0.05 in 96-well plates. Plates were incubated at 37˚C, and resazurin reduction was detected after 

72 hours via absorbance using a Enspire Multimode plate reader at 570 and 600nm. Metabolic 

activity is represented by percent resazurin reduction normalized to 7H9 or minimal media. 

Significant differences in percent reduction between each mutant and WT Mtb were determined 

using two-way ANOVA with Dunnett’s multiple comparisons, with adjusted p-values from 

pairwise comparisons listed in Table S3.3. 

3.3 Results 

3.3.1 CRISPRi Mutants Produce Variable Silencing Efficiencies Following ATc Induction 

 While Mtb harbors numerous TA systems with similar biochemical activities, previous 

work has only focused on the identification and biological relevance of individual TA loci. To 

more effectively address the potential functional redundancy or cooperativity of RelBE TA 

systems in Mtb, we sought to silence relBE1, -2, and -3 simultaneously using CRISPRi (Figure 

3.1). The sgRNA for each individual relBE bi-cistron was designed to target the ORF of the relB 

gene and utilizing the polar effect of CRISPRi to additionally silence the adjacent relE gene (132). 

The polar effect of CRISPRi is observed because the sgRNA-dCas9 complex physically blocks 

RNA Polymerase from transcribing the target gene and thus any gene downstream of the target. 

While this phenomenon is usually seen as a significant limitation of CRISPRi, this application 

takes advantage of this silencing effect. The three sgRNAs were then combined into a single vector 

using Golden Gate cloning for the simultaneous repression of relBE transcription. 
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Figure 3.1 CRISPRi mechanism for targeted gene silencing. Schematic of anhydrotetracycline 
(ATc)-inducible transcriptional repression of target genes. The deactivated Cas9 (dCas9) and 
short-guide RNA (sgRNA) interact with one another, bind to target DNA, and physically block 
RNA polymerase from transcribing the targeted DNA sequence. The protospacer adjacent motif 
(PAM) is located near the target sequence for dCas9 recognition. Figure created with 
Biorender.com.  

 
Mtb H37Rv transformed with individual and combined knockdown constructs showed 

varied success of transcriptional repression following ATc induction (Figure 3.2A-D). Compared 

to the no-induction control, PLJR-relBE1 exhibited significant silencing of both relB1 and relE1 

after 72 hours (Figure 3.2A, Table S3.3). PLJR-relBE2 did not effectively silence relB2 nor relE2, 
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and PLJR-relBE3 only presented a minor silencing effect of relBE3 after 72 hours of ATc 

induction (Figures 3.2B, C). For unknown reasons, induction with ATc resulted in increased 

expression of the targeted relBE2 and relBE3 operons. The construct pertaining to all three relBE 

operons produced a silencing effect of each gene after 72 hours of ATc induction, but the silencing 

efficiencies vary and are not statistically significant relative to the uninduced control (Figure 

3.2D). These data suggest that relBE1, -2, and -3 can be transcriptionally repressed under a single 

CRISPRi system with three days of ATc induction, but with variable efficiencies. It is important 

to note that this assessment involved only one biological replicate, so RT-qPCR should be 

performed on additional replicates in order to confirm our findings. Additionally, the 

transcriptional activity does not directly indicate the prevalence of RelBE proteins present before 

and after ATc induction.  
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Figure 3.2 Mtb transcriptional responses of relBE following ATc induction. Relative 
expression of relB and relE genes normalized to 16S rRNA from Mtb (A) PLJR-relBE1, (B) PLJR-

relBE2, (C) PLJR-relBE3, and (D) PLJR-relBE1-3 following 24-72 hours of ATc induction. RT-
qPCR data represent N=1 experiment. Significant differences in relative expression were 
determined using two-way ANOVA with Tukey’s multiple comparisons (*p < 0.05; Table S3.3). 

 

3.3.2 Mtb Exhibits Differential Metabolic Responses to Defined Carbon Conditions 

Following Silencing Of relBE TA Systems 

To investigate the potential cooperation or duplicated function of multiple RelBE TA 

systems in Mtb, we applied the CRISPRi constructs under defined carbon conditions and assessed 

potential changes in Mtb metabolic responses compared to WT and ΔrelE1 strains. Individual and 

combined knockdown strains were induced and exposed to defined carbon conditions tested in 

Chapter 2, consisting of 7H9 or minimal medium (MM) supplemented with different carbon 

sources. Metabolic activity via resazurin reduction was detected after 72 hours of carbon exposure 

since ATc induction produced the best silencing efficiencies at 72 hours (Figure 3.2).  

Mtb mutants showed close to 100% resazurin reduction in all supplemented carbon 

conditions, with 1X TBST producing roughly 50% reduction across all strains (Figure 3.3A). 

Compared to WT Mtb, each CRISPRi knockdown presented a significant decrease in metabolic 

activity under TBST. Additionally, the difference in resazurin reduction between WT and PLJR-

relBE1 under supplemented cholesterol was statistically significant (Figure 3.3A, Table S3.4A). 

Single carbon sources differed from supplemented carbon conditions and resulted differential 

metabolic responses between the induced mutants and WT. Metabolic activity in the presence of 

carbohydrate-based carbon sources across genotypes was comparable to that under minimal media 

alone, while only about 50% activity following exposure to lipid carbon sources across genotypes 

was observed (Figure 3.3B). Even though evidence of RelBE functional redundancy or 
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cooperativity was not found, these data successfully demonstrate the application of CRISPRi to 

dissect physiological function of multiple genes in Mtb.  

 

Figure 3.3. Metabolic activity of induced Mtb CRISPRi mutants. Percent resazurin reduction 
of Mtb H37Rv relBE ATc-induced knockdown mutants following exposure to (A) supplemented 
carbon and (B) single carbon sources. Cultures were seeded at OD600 = 0.05 with 0.11mg/mL 
resazurin for a final concentration of 0.0022mg/mL. Absorbances at 570 and 600nm were recorded 
following incubation at 37˚C for 72 hours, and percent reduction normalized to 7H9 or MM was 
calculated for each sample. Data represent means and standard deviations of N=2 biological 
replicates. Significance between genotypes was assessed using two-way ANOVA with Dunnett's 
multiple comparisons (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; Table S3.3). 

 

3.4 Discussion 

 The work presented here aimed to develop an efficient system for investigating TA system 

function in Mtb and dissect potential functional redundancy or the cooperation of RelBE TA 

systems. We attempted to simultaneously silence three RelBE systems using CRISPRi in order to 

study their potential roles in carbon-mediated metabolic adaptation. The development of the 

knockdown mutants had variable success, with the combined relBE knockdown strain presenting 

minor silencing of all three bi-cistrons (Figure 3.2D). PLJR-relBE1 produced the most effective 
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transcriptional repression following 72 hours of ATc induction, while PLJR-relBE2 failed to 

exhibit any silencing of either gene in the relBE2 operon (Figure 3.2A, B). The inconsistency of 

silencing efficiencies is not surprising with CRISPRi systems since transcriptional repression 

relies on strong binding of the dCas9 complex to its target sequence; further optimization of this 

system is required for more effective knockdown of multiple TA systems (132).  

Improved silencing of relBE2 along could be achieved by re-designing sgRNAs that target 

the bi-cistron with more effective PAM sites. With the Fortune Lab constructs, alternative sgRNAs 

can be designed to target the promoter region or the 5’ untranslated region (UTR) of the bi-cistron. 

Identifying a stronger PAM site for the sgRNA could additionally improve the silencing effect of 

the final construct. Transcriptional repression of all three relBE systems could be further refined 

by targeting each individual gene rather than relying on the polar effect of CRISPRi. With refined 

genetic constructs, the improvement of transcriptional repression can be thoroughly assessed by 

testing a range of ATc concentrations and induction duration periods. In this study we induced the 

mutants with ATc for up to 72 hours, taking samples for RT-qPCR every 24 hours. relBE2 and -

BE3 expression unexpectedly increased following 24-48 hours of ATc induction (Figure 3.2B, C). 

This phenomenon could be caused by improper gene targeting of the sgRNAs and subsequent 

increase in relBE gene expression simply from being exposed to ATc, which is a tetracycline 

derivative. The regulatory elements could naturally respond to ATc similarly to other protein 

synthesis-inhibiting antibiotics even though ATc lacks antibacterial activity. RelE2 and RelE3 has 

been previously shown to contribute to persister cell formation following gentamycin exposure, 

which also inhibits protein synthesis (136). Investigation of these trends are warranted if this 

system is used in future studies. 
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 Testing the developed silencing system on Mtb metabolic activity under defined carbon 

sources resulted in differential responses of each knockdown mutant compared to WT Mtb (Figure 

3.3). Each knockdown mutant resulted in significantly decreased metabolic activity under 1X 

TBST relative to WT, which would indicate the requirement of RelBE TA systems in Mtb survival 

under TBST. However, given that relBE2 did not exhibit transcriptional repression, the difference 

in metabolic activity compared to WT cannot be directly correlated to RelBE TA systems. The 

reduced metabolism in TBST could be explained by general plasmid in TBST. Including an empty 

vector control strain in future work would help define the connection between reduced metabolic 

activity and relBE silencing under these conditions. The repression of relBE1 expression 

interestingly resulted in a significant drop in resazurin reduction under cholesterol supplemented 

in 7H9, but the decline in metabolism is not observed with the relBE1-3 knockdown mutant (Figure 

3.3A). This finding implies a potential relationship between cholesterol metabolism and RelBE1 

alone. Under single carbon sources, no differences in metabolic activity relative to WT Mtb were 

observed among the knockdown mutants (Figure 3.3B). Here we’ve collected evidence that does 

not support the hypothesis regarding RelBE TA systems contributing to Mtb carbon-mediated 

adaptation in central metabolism. Further experimentation is required to confirm TA function in 

relation to nutrient starvation conditions.  

Overall, this study stands as a proof-of-concept for inducible gene silencing in Mtb. The 

application of this system towards dissecting the function of multiple TA systems would help the 

field to investigate the functional cooperativity of numerous TA loci in Mtb pathogenesis.  
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CHAPTER 4: FINAL DISCUSSION AND FUTURE DIRECTIONS 
 
 
 

4.1 Introduction 

 Tuberculosis is a challenging disease to manage globally. Our efforts to discover novel 

therapeutics that are rapidly effective against both active and latent TB infections is restricted by 

our limited understanding of Mtb pathogenesis at various stages of the disease. The regulatory 

mechanisms that control Mtb adaptation to stresses elicited by the host immune response and work 

to establish persistence during latent infection have not been fully elucidated, and the complexity 

of such is understandably challenging to dissect. Mtb encodes at least 88 toxin-antitoxin systems 

(TA) implicated in the pathogen’s ability to respond to stress conditions (69, 125). However, 

further investigation is needed to confidently link toxin-antitoxin system function to Mtb 

pathogenesis during infection. This thesis aimed to assess the function of the RelBE1 TA system 

in in vitro carbon-mediated metabolic adaptation. Additionally, we developed a genetic tool for 

studying TA system function in Mtb that will help to dissect the cooperative or redundnant function 

of multiple TA loci.  

4.2 RelBE TA Systems and Mycobacterium tuberculosis Carbon-Mediated Metabolic 

Adaptation 

 RelBE TA systems consist of a RelE protein toxin and RelB protein antitoxin. RelE has 

been described to inhibit translation via ribosome-dependent RNA-cleavage when not bound to 

RelB (88, 89). Overexpression studies have found that RelE toxins induce growth arrest in Mtb 

following exposure to in vitro stresses, including carbon starvation and antibiotics (88, 110, 136). 

RelBE1 is genomically located next to a gene that is essential in the TCA cycle, so we investigated 
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the role of RelBE1 in in vitro carbon-mediated adaptation. We found no evidence suggesting that 

relBE1 is transcriptionally coupled with the adjacent gene, kgd, and we did not observe 

transcriptional activity of relE1 following exposure to single carbon sources. Significant variation 

was observed with relBE1 expression at 1-hour timepoints and indicates transcriptional data 

should be measured after at least 24 hours. Increasing the number of biological replicates would 

also increase the statistical power of the experiment. Another limitation of this study was the 

reliance on transcription to detect RelBE1 activity under the in vitro conditions. As argued in a 

publication by LeRoux et al., transcriptional activity can be misleading when investigating the 

biological relevance of TA systems (80). Future work should aim to determine the physiological 

relevance of TA systems under defined stress conditions by prioritizing targeted proteomic 

analyses of RelBE TA systems and RNA sequencing to capture definitive evidence of native RelE 

toxin activity.  

A lack of relE1 expression under these conditions could be attributed to TA system 

regulatory mechanisms beyond cognate RelB1 interactions. Our lab has recently demonstrated 

regulation of relBE2 via an anti-sense RNA termed asrelE2 (137), and preliminary work revealed 

trans-regulation of relE1 by asrelE2 (data not shown). Work led by Dawson revealed that relE2 

was regulated by asrelE2 unless Mtb was exposed to low pH conditions, where relE2 transcription 

was induced (137). relE1 expression was potentially silenced by asrelE2 under these conditions, 

and other stresses like pH are required for relE1 to be relieved from antisense regulation. Previous 

TA system research also revealed that antitoxins can interact with non-cognate toxins as a 

mechanism of regulation (138, 139). It is plausible that RelE toxins are under an intricate network 

of regulation to prevent unwarranted toxin activity on the bacterial cell, which explains why 

transcriptional activity was not observed. 
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 RelBE1 function in Mtb metabolic adaptation to carbon was further characterized using 

growth and metabolic assays under defined carbon conditions. We compared the growth, survival, 

and metabolic activity between WT Mtb and MtbΔrelE1 in carbon-supplemented 7H9 and minimal 

media. Differences in growth and metabolic activity between genotypes were observed following 

exposure to oleate and cholesterol supplement in 7H9, but no significant differences in outgrowth 

were found under this defined condition. These data point to RelE1 being involved in the optimal 

growth and metabolism of Mtb in the presence of lipids amongst other carbon sources. ΔrelE1 did 

not influence growth, survival, or metabolism in oleate or cholesterol as single carbon sources, 

which could indicate that rather than RelE1 contributing to non-replicative persistence, the toxin 

functions to optimize Mtb metabolism under nutrient-rich environments. Interestingly, the relE1 

knockout presented reduced metabolic activity under nutrient starvation conditions in the form of 

TBST, suggestive of RelE1 being required for metabolic adaptation to carbon starvation. RelE1 

did not appear to influence Mtb growth or viability under TBST based on OD600 and Log10 CFU/mL 

data. It is possible that additional RelBE systems work cooperatively with RelBE1 to contribute to 

overall Mtb survival under nutrient deprivation.  

 To address the potential functional redundancy or cooperativity of multiple RelBE TA 

systems in Mtb, we generated CRISPRi-mediated knockdown mutants and assessed their 

metabolic activity under the same defined carbon conditions. Multiple constructs were designed 

to target relBE1, relBE2, and relBE3 individually, as well as a construct that simultaneously 

silences all three TA loci. The individual- and combined-knockdown mutants had variable success 

in silencing capabilities, with relBE1 being the only construct with a statically significant silencing 

effect following induction with ATc. Though not statistically significant, the combined 

knockdown strain did produce some silencing activity of each gene within the three targeted loci 
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following induction. CRISPRi systems are expected to require extensive optimization since 

silencing efficiency depends on the sgRNA specificity to the targeted gene and an optimal PAM 

site for dCas9 recognition (132).  

 All RelE mutants were applied to resazurin reduction assays to further explore RelBE 

function in the Mtb metabolic response to carbon limitation. Interestingly, the relBE1-silencing 

mutant exhibited significantly lower metabolic activity under cholesterol-supplemented 7H9, 

which was not observed with MtbΔrelE1. Since there was slightly less resazurin reduction from 

ΔrelE1, increasing the number of biological replicates for both ΔrelE1 and PLJR-relBE1 resazurin 

assays should increase the statistical power of the comparisons and provide more apparent trends 

under supplement-cholesterol conditions. The resazurin reduction assays also highlighted a 

significant difference between WT Mtb and each knockdown mutant under TBST, which 

corresponds to our findings with MtbΔrelE1. However, given that one of the constructs that targets 

relBE2 likely does not effectively silence the operon, the reduction in metabolic activity cannot be 

directly attributed to decreased relBE expression. Additional studies assessing Mtb metabolism 

under TBST are required to confidently correlate RelBE system function to overall metabolic 

adaptation and persistence.  

4.3 Future Directions 

 This work collectively supports the hypothesis that RelBE TA systems contribute to 

metabolic adaptation to differential carbon sources in Mtb. These regulatory elements could 

additionally function under stress conditions that were not tested in these studies. RelBE2 has 

recently been shown to contribute to Mtb survival under low pH and nutrient starvation as well as 

activated macrophages, with pH-dependent negative regulation of relE2 by asrelE2 (137). Studies 

incorporating pH and nutrient starvation in combination are warranted to further investigate 
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RelBE1 function in Mtb. Future TA system research should also incorporate a combination of 

transcriptional, proteomic, genetic, and in vivo assays in order to fully dissect the physiological 

relevance of TA systems (Figure 4.1). 

 

Figure 4.1 Potential routes in future Mtb RelBE TA system research. Further research in the 
function of RelBE TA systems in Mtb pathogenesis should include both in vitro and in vivo studies. 
Future studies would ideally incorporate a variety of stresses likely encountered during infection 
and a combination of different stresses. Nuclease activity of toxins should be detected under these 
conditions, and targeted proteomics should be implemented to quantify TA proteins present. 
CRISPRi systems targeting multiple TA loci should be included to assess the collective function 
of TA systems in Mtb stress response. In vivo and ex vivo studies are warranted to detect RelBE 
function during infection with the help of proteomics and RNA sequencing. Figure created with 
Biorender.com.   

 
Given the current debate surrounding TA system function in persistence and stress 

response in prokaryotes, different hypotheses should be adequately tested. The null hypothesis for 

TA systems is that TA systems are nothing more than genomic “junk” that are only stable due to 

their addictive traits (70). In Mtb, the TA systems could have been acquired and maintained simply 

due to the lack of negative pressures. As mentioned in a study by Ramage and others, the expansion 

of TA systems was likely observed following the divergence of the MTBC from the last common 
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ancestor and thus contributes to the unique biology of species in the complex (81). Therefore, the 

null hypothesis seems weak when applied to Mtb TA systems. Another feasible hypothesis is that 

TA systems are largely responsible for anti-phage defense (70, 140, 141). TA system studies in E. 

coli showed phage inhibition from type I, II, III, and IV systems, and the homology of certain 

toxins to Cas9 proteins indicates an evolutionary link between TA systems and other anti-phage 

defense modules like CRISPR-Cas systems (140). Numerous mycobacteriophages have been 

characterized to infect mycobacteria like Mtb, and there is substantial evidence of co-evolution 

between mycobacteria and phages that resulted in CRISPR-Cas and anti-CRISPR defense systems 

(142). It would be interesting to explore the prevalence of phages that target Mtb during infection 

to investigate if TA systems enable the survival of Mtb to phages rather than host-mediated attacks. 

The expansion of TA systems in Mtb presents a unique question that requires creative 

methodologies to uncover the answer. Ideally, all TA systems in Mtb should be knocked out to 

analyze potential changes in Mtb physiology under clinically relevant in vitro conditions and in 

vivo. Individual TA systems can then be introduced back into Mtb to effectively characterize the 

contribution of each TA system, each TA family, and all TA systems collectively, in Mtb 

pathogenesis. It would take a considerable amount of time to achieve, but advancements in 

molecular and genetic tools, including CRISPR technologies, substantially increase the feasibility 

of a project of that magnitude. Similar studies have been executed in other bacteria harboring 

multiple TA systems (80, 143). Once TA systems are confirmed to play critical roles in Mtb 

pathogenesis, clinical studies can be implemented to investigate the prevalence of these systems 

in drug-resistant strains. TA systems could potentially influence the susceptibility of Mtb to 

common antibiotics during infection. Work by Kazemian et al. performed this kind of study on 20 

clinical isolates and found the expression of MazEF loci in drug-susceptible isolates (144). This 
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work can be expanded upon by using targeted proteomics and RNA-seq to investigate the 

prevalence of TA systems in a larger number of clinical isolates from regions of the world with 

high TB burden.  

TA systems are uniquely abundant in Mtb, and if we can fully elucidate their individual 

and collective functions in Mtb pathogenesis, these modules would be viable targets for novel 

therapeutics against TB. Novel drugs can be formulated to inhibit or neutralize toxins to potentially 

prevent Mtb adaptation under stress conditions. Further research into the molecular mechanisms 

underlying Mtb adaptation and persistence is critical if we want to improve the treatment and 

prevention of TB disease. 
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Supplementary Table 2.1 Primers used in experimentation. 

Gene Name Genome location Sequence (Fwd; Rev) 

16S rRNA MTB000019 GGTTAAGTCCCGCAACGAGC; 
AAGCCCTGGACATAAGGGGC  

relB1 Rv1247c AGCACCTCCAGCGTTTCCTC; 
AGTCCGCAATCGCCTCTCTG 

relE1 Rv1246c CTTGCCCAACCTATGCGGGT; 
AGCGACGACCATCCCTACCA  

icl Rv0467 ACTTCGGTGGAGAACTGGCT; 
GGGAACATCAGCCACATCGG 

kgd Rv1248c GACTTCGGTGTAGTGCCGGT; 
GTCCCGGCCAAGCTACTGAT 

glcB Rv1837c AGGAACTGGCGGTAGGCATC; 
CCAAGCTCTGTTGAACGCCC  

relB2 Rv2865 CACCATCACCAAGAACGGTGC; 
CGTCTCCTGCAACGATTCCC 

relE2 Rv2866 TCGAGACCTCCACAAGCTGC; 
GTGTGCTCGTCGTCAATCCG 

relB3 Rv3358 AGCGCCTGTTTCCACTCATCG; 
CGCAGCAGATAGACCGTTTCC 

relE3 Rv3357 GTTGTCGGGATACTGGTCGC; 
TAGTGGTATCGGGCCTTCAGC 
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Supplementary Table 2.2 Adjusted p-values for pairwise comparisons of Mtb H37Rv RT-

qPCR assays. (A) p-values from Tukey’s multiple comparisons following a two-way ANOVA 
on relative gene expression of WT Mtb relB1 and relE1 under single carbon source conditions. 
(B) p-values from Šídák's multiple comparisons following a two-way ANOVA on relative gene 
expression of icl, kgd, and glcB between WT and MtbΔrelE1 under single carbon source 
conditions.  

A. Mtb H37Rv relB1 and relE1 Expression Comparisons 

Comparison 1 Comparison 2 Adjusted p-value 
relB1 Minimal Media (MM) relB1 MM+4mM Pyruvate 0.8632 
relB1 Minimal Media (MM) relB1 MM+4mM Lactate 0.7888 
relB1 Minimal Media (MM) relB1 MM+0.05mM Oleate >0.9999 
relB1 Minimal Media (MM) relB1 MM+0.05mM Cholesterol 0.7888 
relB1 MM+4mM Pyruvate relB1 MM+4mM Lactate >0.9999 
relB1 MM+4mM Pyruvate relB1 MM+0.05mM Oleate 0.9599 
relB1 MM+4mM Pyruvate relB1 MM+0.05mM Cholesterol >0.9999 
relB1 MM+4mM Lactate relB1 MM+0.05mM Oleate 0.9187 
relB1 MM+4mM Lactate relB1 MM+0.05mM Cholesterol >0.9999 
relB1 MM+0.05mM Oleate relB1 MM+0.05mM Cholesterol 0.9187 
relE1 Minimal Media (MM) relE1 MM+4mM Pyruvate 0.7436 
relE1 Minimal Media (MM) relE1 MM+4mM Lactate 0.2870 
relE1 Minimal Media (MM) relE1 MM+0.05mM Oleate 0.9975 
relE1 Minimal Media (MM) relE1 MM+0.05mM Cholesterol 0.9942 
relE1 MM+4mM Pyruvate relE1 MM+4mM Lactate 0.9887 
relE1 MM+4mM Pyruvate relE1 MM+0.05mM Oleate 0.9863 
relE1 MM+4mM Pyruvate relE1 MM+0.05mM Cholesterol 0.3115 
relE1 MM+4mM Lactate relE1 MM+0.05mM Oleate 0.6444 
relE1 MM+4mM Lactate relE1 MM+0.05mM Cholesterol 0.0846 
relE1 MM+0.05mM Oleate relE1 MM+0.05mM Cholesterol 0.8028 

B. Mtb H37Rv icl, kgd, and glcB Expression Comparisons 

Comparison 1 Comparison 2 Adjusted p-value 
WT icl Minimal Media (MM) ΔrelE1 icl Minimal Media (MM) 0.9990 

WT icl MM+4mM Pyruvate ΔrelE1 icl MM+4mM Pyruvate 0.9994 
WT icl MM+4mM Lactate ΔrelE1 icl MM+4mM Lactate 0.9999 
WT icl MM+0.05mM Oleate ΔrelE1 icl MM+0.05mM Oleate 0.9994 
WT icl MM+0.05mM 
Cholesterol 

ΔrelE1 icl MM+0.05mM Cholesterol 0.6279 

WT kgd Minimal Media (MM) ΔrelE1 kgd Minimal Media (MM) 0.9975 
WT kgd MM+4mM Pyruvate ΔrelE1 kgd MM+4mM Pyruvate 0.9891 
WT kgd MM+4mM Lactate ΔrelE1 kgd MM+4mM Lactate 0.9685 
WT kgd MM+0.05mM Oleate ΔrelE1 kgd MM+0.05mM Oleate 0.5250 
WT kgd MM+0.05mM 
Cholesterol 

ΔrelE1 kgd MM+0.05mM Cholesterol 0.9785 

WT glcB Minimal Media (MM) ΔrelE1 glcB Minimal Media (MM) 0.9764 
WT glcB MM+4mM Pyruvate ΔrelE1 glcB MM+4mM Pyruvate 0.8932 
WT glcB MM+4mM Lactate ΔrelE1 glcB MM+4mM Lactate 0.9998 
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WT glcB MM+0.05mM Oleate ΔrelE1 glcB MM+0.05mM Oleate 0.9794 
WT glcB MM+0.05mM 
Cholesterol 

ΔrelE1 glcB MM+0.05mM Cholesterol 0.5554 
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Supplementary Table 2.3 Adjusted p-values for pairwise comparisons of Mtb H37Rv 

growth, outgrowth, and resazurin reduction assays. (A) p-values from Šídák's multiple 
comparisons following a two-way ANOVA on percent resazurin reduction between WT and 
MtbΔrelE1. Significant p-values are highlighted. (B) p-values from Tukey’s multiple 
comparisons following a mixed model ANOVA on bacterial OD600 between WT and 

MtbΔrelE1 over a period of six days. (C) p-values from Tukey’s multiple comparisons 
following a mixed model ANOVA on bacterial CFU/mL between WT and MtbΔrelE1 over a 
period of six days.  

A. Mtb H37Rv Metabolic Activity Comparisons 

Comparison 1 Comparison 2 Adjusted p-value 

WT TBST ΔrelE1 TBST <0.0001 

WT 7H9 ΔrelE1 7H9 >0.9999 

WT 7H9+10mM Glucose ΔrelE1 7H9+10mM Glucose >0.9999 

WT 7H9+10mM Glycerol ΔrelE1 7H9+10mM Glycerol >0.9999 

WT 7H9+4mM Pyruvate ΔrelE1 7H9+4mM Pyruvate >0.9999 

WT 7H9+4mM Lactate ΔrelE1 7H9+4mM Lactate 0.9998 

WT 7H9+0.05mM Oleate ΔrelE1 7H9+0.05mM Oleate 0.9108 

WT 7H9+0.05mM 
Cholesterol 

ΔrelE1 7H9+0.05mM 
Cholesterol 

0.1867 

WT Minimal Media (MM) ΔrelE1 Minimal Media (MM) >0.9999 

WT MM+10mM Glucose ΔrelE1 MM+10mM Glucose >0.9999 

WT MM+10mM Glycerol ΔrelE1 MM+10mM Glycerol 0.9997 

WT MM+4mM Pyruvate ΔrelE1 MM+4mM Pyruvate >0.9999 

WT MM+4mM Lactate ΔrelE1 MM+4mM Lactate >0.9999 

WT MM+0.05mM Oleate ΔrelE1 MM+0.05mM Oleate >0.9999 

WT MM+0.05mM 
Cholesterol 

ΔrelE1 MM+0.05mM 
Cholesterol 0.9997 

B. Mtb H37Rv Growth Comparisons 

Comparison 1 Comparison 2 Day 2 Day 4 Day 6 

WT TBST ΔrelE1 TBST 0.8245 0.8971 >0.9999 
WT 7H9 ΔrelE1 7H9 0.9992 0.9996 0.9998 
WT 7H9+4mM Pyruvate ΔrelE1 7H9+4mM Pyruvate 0.2575 0.2227 0.4625 
WT 7H9+4mM Lactate ΔrelE1 7H9+4mM Lactate 0.8973 0.6413 0.8242 
WT 7H9+0.05mM Oleate ΔrelE1 7H9+0.05mM 

Oleate 

0.3342 0.4026 0.0163 

WT 7H9+0.05mM Cholesterol ΔrelE1 7H9+0.05mM 
Cholesterol 

0.3268 0.2410 0.3108 

WT Minimal Media (MM) ΔrelE1 Minimal Media 
(MM) 

0.9884 >0.9999 0.9596 

WT MM+4mM Pyruvate ΔrelE1 MM+4mM Pyruvate 0.8167 0.7398 0.6148 
WT MM+4mM Lactate ΔrelE1 MM+4mM Lactate 0.7213 0.8935 0.9309 
WT MM+0.05mM Oleate ΔrelE1 MM+0.05mM 

Oleate 

0.9466 >0.9999 >0.9999 

WT MM+0.05mM Cholesterol ΔrelE1 MM+0.05mM 
Cholesterol 

0.9985 0.9997 0.9930 
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C. Mtb H37Rv Survival Comparisons 

Comparison 1 Comparison 2 Day 2 Day 4 Day 6 

WT TBST ΔrelE1 TBST 0.9848 0.9848 0.9927 
WT 7H9 ΔrelE1 7H9 0.9298 0.9298 0.7765 
WT 7H9+4mM Pyruvate ΔrelE1 7H9+4mM Pyruvate 0.6886 0.6886 >0.9999 
WT 7H9+4mM Lactate ΔrelE1 7H9+4mM Lactate >0.9999 0.1878 >0.9999 
WT 7H9+0.05mM Oleate ΔrelE1 7H9+0.05mM 

Oleate 
0.9851 0.9927 0.9849 

WT 7H9+0.05mM Cholesterol ΔrelE1 7H9+0.05mM 
Cholesterol 

0.9914 0.9818 0.9604 

WT Minimal Media (MM) ΔrelE1 Minimal Media 
(MM) 

0.9912 0.4929 0.8041 

WT MM+4mM Pyruvate ΔrelE1 MM+4mM Pyruvate >0.9999 >0.9999 0.8644 
WT MM+4mM Lactate ΔrelE1 MM+4mM Lactate 0.9998 0.7606 0.9164 
WT MM+0.05mM Oleate ΔrelE1 MM+0.05mM 

Oleate 

0.8782 0.0565 0.9411 

WT MM+0.05mM Cholesterol ΔrelE1 MM+0.05mM 
Cholesterol 

>0.9999 0.9574 0.9719 
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Chapter 3 Supplementary Tables 

Supplementary Table 3.1 Primers and sgRNA oligos used in experimentation. 

Sequence Name Target Sequence (Fwd; Rev) 

sgRNA_RelBE1 Rv1246c-47c 
GGGAGCCGATGACCTGGCGTCCATC; 
AAACGATGGACGCCAGGTCATCGGC 

sgRNA_RelBE2 Rv2865-66 GGGAACAGGACCAGATCACCATCAC; 
AAACGTGATGGTGATCTGGTCCTGT 

sgRNA_RelBE3 Rv3357-58 
GGGAACCGGAGAACGCCAGGCGGTTG; 
AAACCAACCGCCTGGCGTTCTCCGGT 

1834_PLJR965 (131) PLJR965 ; TTCCTGTGAAGAGCCATTGATAATG 

SapIGG_Primer1 relBE2   

CTTTTTTTTTTGAATTCTCTGACCAGGGAAAA
TAGCC; 
ATTACAGCTCTTCATGCACACCCTGCCATAA
AATGAC 

SapIGG_Primer2 relBE3 

ACCGACGCTCTTCAGCATCTGACCAGGGAAA
ATAGCC; 
GTGACGAGCTCTTCCCTGACACCCTGCCATA
AAATGAC 
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Supplementary Table 3.2 Constructs used in Mtb experimentation. 

Plasmid Additional Information Source and Reference 

PLJR965 

Anhydrotetracycline-inducible Mtb 
silencing vector containing Sth1 dCas9 
and KanR 

Made available by Sarah 
Fortune at Addgene (131) 

PLJR965-relBE1 PLJR965 with relBE1-targeting sgRNA This study 
PLJR965-relBE2 PLJR965 with relBE2-targeting sgRNA This study 
PLJR965-relBE3 PLJR965 with relBE3-targeting sgRNA This study 

PLJR965-relBE1-3 
PLJR965 with relBE1, -2, and -3-
targeting sgRNAs This study 
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Supplementary Table 3.3 Adjusted p-values for pairwise comparisons of Mtb CRISPRi 

mutants from RT-qPCR assays. p-values from Tukey’s multiple comparisons following a 
two-way ANOVA on relative relBE expression of PLJR knockdown mutants before and 24-72 
hours after induction. 

Mutant Comparison 1 Comparison 2 Adjusted p-value 

PLJR-relBE1 

-ATc +24hr ATc 0.0528 
-ATc +48hr ATc 0.2692 
-ATc +72hr ATc 0.0119 

PLJR-relBE2 
-ATc +24hr ATc 0.2552 
-ATc +48hr ATc 0.0695 
-ATc +72hr ATc 0.2858 

PLJR-relBE3 
-ATc +24hr ATc 0.5614 
-ATc +48hr ATc 0.7541 
-ATc +72hr ATc 0.9956 

PLJR-relBE1-3 

-ATc +24hr ATc 0.3890 
-ATc +48hr ATc 0.9999 
-ATc +72hr ATc >0.9999 
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Supplementary Table 3.4 Adjusted p-values for pairwise comparisons of Mtb CRISPRi 

mutants from resazurin reduction assays. p-values from Dunnett’s multiple comparisons 
following a two-way ANOVA on percent resazurin reduction between WT and PLJR 

knockdown mutants under (A) supplemented and (B) single carbon conditions. 
A. Supplemented Carbon Conditions 

Comparison 1 Comparison 2 Adjusted p-value 
WT TBST PLJR-relBE1 TBST <0.0001 
WT TBST PLJR-relBE2 TBST <0.0001 
WT TBST PLJR-relBE3 TBST 0.0003 
WT TBST PLJR-relBE1-3 TBST <0.0001 
WT 7H9 PLJR-relBE1 7H9 >0.9999 
WT 7H9 PLJR-relBE2 7H9 >0.9999 
WT 7H9 PLJR-relBE3 7H9 >0.9999 
WT 7H9 PLJR-relBE1-3 7H9 >0.9999 
WT 7H9+Pyruvate PLJR-relBE1 7H9+Pyruvate 0.9374 
WT 7H9+Pyruvate PLJR-relBE2 7H9+Pyruvate 0.8745 
WT 7H9+Pyruvate PLJR-relBE3 7H9+Pyruvate 0.8968 
WT 7H9+Pyruvate PLJR-relBE1-3 7H9+Pyruvate 0.9148 
WT 7H9+Lactate PLJR-relBE1 7H9+Lactate 0.9590 
WT 7H9+Lactate PLJR-relBE2 7H9+Lactate 0.9601 
WT 7H9+Lactate PLJR-relBE3 7H9+Lactate 0.9146 
WT 7H9+Lactate PLJR-relBE1-3 7H9+Lactate 0.8713 
WT 7H9+Oleate PLJR-relBE1 7H9+Oleate 0.3009 
WT 7H9+Oleate PLJR-relBE2 7H9+Oleate 0.7297 
WT 7H9+Oleate PLJR-relBE3 7H9+Oleate >0.9999 
WT 7H9+Oleate PLJR-relBE1-3 7H9+Oleate 0.9955 
WT 7H9+Cholesterol PLJR-relBE1 7H9+Cholesterol 0.0134 
WT 7H9+Cholesterol PLJR-relBE2 7H9+Cholesterol 0.0666 
WT 7H9+Cholesterol PLJR-relBE3 7H9+Cholesterol 0.9230 
WT 7H9+Cholesterol PLJR-relBE1-3 7H9+Cholesterol 0.4646 
WT 7H9+Glucose PLJR-relBE1 7H9+Glucose 0.9935 
WT 7H9+Glucose PLJR-relBE2 7H9+Glucose 0.9990 
WT 7H9+Glucose PLJR-relBE3 7H9+Glucose 0.7802 
WT 7H9+Glucose PLJR-relBE1-3 7H9+Glucose 0.9958 
WT 7H9+Glycerol PLJR-relBE1 7H9+Glycerol >0.9999 
WT 7H9+Glycerol PLJR-relBE2 7H9+Glycerol 0.9999 
WT 7H9+Glycerol PLJR-relBE3 7H9+Glycerol 0.9977 
WT 7H9+Glycerol PLJR-relBE1-3 7H9+Glycerol 0.9999 

B. Single Carbon Conditions 

WT TBST PLJR-relBE1 TBST 0.0058 
WT TBST PLJR-relBE2 TBST 0.0316 
WT TBST PLJR-relBE3 TBST 0.1018 
WT TBST PLJR-relBE1-3 TBST 0.0137 
WT MM PLJR-relBE1 MM >0.9999 
WT MM PLJR-relBE2 MM >0.9999 
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WT MM PLJR-relBE3 MM >0.9999 
WT MM PLJR-relBE1-3 MM >0.9999 
WT MM+Pyruvate PLJR-relBE1 MM+Pyruvate 0.9456 
WT MM+Pyruvate PLJR-relBE2 MM+Pyruvate 0.9997 
WT MM+Pyruvate PLJR-relBE3 MM+Pyruvate 0.9880 
WT MM+Pyruvate PLJR-relBE1-3 MM+Pyruvate 0.8057 
WT MM+Lactate PLJR-relBE1 MM+Lactate 0.1966 
WT MM+Lactate PLJR-relBE2 MM+Lactate 0.5625 
WT MM+Lactate PLJR-relBE3 MM+Lactate 0.2708 
WT MM+Lactate PLJR-relBE1-3 MM+Lactate 0.0658 
WT MM+Oleate PLJR-relBE1 MM+Oleate 0.9036 
WT MM+Oleate PLJR-relBE2 MM+Oleate 0.6423 
WT MM+Oleate PLJR-relBE3 MM+Oleate 0.9930 
WT MM+Oleate PLJR-relBE1-3 MM+Oleate 0.2771 
WT MM+Cholesterol PLJR-relBE1 MM+Cholesterol 0.5496 
WT MM+Cholesterol PLJR-relBE2 MM+Cholesterol 0.3953 
WT MM+Cholesterol PLJR-relBE3 MM+Cholesterol >0.9999 
WT MM+Cholesterol PLJR-relBE1-3 MM+Cholesterol 0.7081 
WT MM+Glucose PLJR-relBE1 MM+Glucose 0.9869 
WT MM+Glucose PLJR-relBE2 MM+Glucose 0.9974 
WT MM+Glucose PLJR-relBE3 MM+Glucose 0.1486 
WT MM+Glucose PLJR-relBE1-3 MM+Glucose 0.9998 
WT MM+Glycerol PLJR-relBE1 MM+Glycerol 0.9988 
WT MM+Glycerol PLJR-relBE2 MM+Glycerol 0.9556 
WT MM+Glycerol PLJR-relBE3 MM+Glycerol 0.9965 
WT MM+Glycerol PLJR-relBE1-3 MM+Glycerol 0.9073 

 


