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ABSTRACT 

Tuberculosis (TB) is primarily a pulmonary disease caused by Mycobacterium tuberculosis (Mtb). Mtb is 

highly infectious, but studies have shown that only 5–15% of Mtb-infected individuals develop TB 

disease. The Bacille Calmette-Guérin (BCG) vaccine is the only commercially available Mtb vaccine, but 

its efficacy varies based on the strain used. The Mtb PhoPR-mutant variant, MTBVAC, has been tested as 

a possible attenuated live vaccine against Mtb. Although it has successfully conferred durable CD4+ T-cell 

responses in infants, it has also resulted in adverse effects. Our goal is to identify PhoPR-regulated 

gene(s) that mediate Mtb-induced burst size necrosis in infected cells. PhoPR is a two-component 

system in mycobacteria. PhoR responds to environmental cues, such as changes in pH, and 

phosphorylates the PhoP transcription factor, which then activates or suppresses the expression of 

approximately 40 Mtb genes. The Mtb PhoPR-mutant strain is able to replicate in infected macrophages, 

but it does not induce the horizontal spread of Mtb to other immune cells. Our lab has previously shown 

that virulent, cytopathic strains of Mtb, such as H37Rv, suppress early apoptosis, have faster replication 

rates in macrophages, and trigger cell death at a lethal load threshold of approximately 25 bacteria. Cell 

death of infected macrophages primarily occurs via necrosis, which involves nuclear pyknosis without 

DNA fragmentation and general disruption of lipid bilayer membranes. Viable bacilli are released to 

infect other macrophages and neutrophils recruited to the developing TB lesion. Here, we show that 

PhoP contributes to burst size necrosis in macrophages and that the PhoP-regulated genes, fadD21 and 

pks3, are potential drivers of this necrosis. FadD21 and pks3 are involved in the generation of diacyl 

trehalose/penta-acyl trehalose (DAT/PAT) for cell wall synthesis, suggesting that Mtb cell wall 

composition may determine virulence. Therefore, we have uncovered potential targets for early 

intervention or vaccinations to avoid granuloma formation or tissue damage in response to Mtb-induced 

macrophage necrosis. 
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CHAPTER 1: Introduction 

In 2019, 10 million new cases of tuberculosis (TB) infection or relapse were confirmed, and 1.4 million 

individuals died from TB, according to the World Health Organization (WHO). In humans, 

Mycobacterium tuberculosis (Mtb) is transmitted via the respiratory route, making it highly infectious. 

TB is a great societal burden due to its infectious nature, chronic progression, long treatment times, and 

in some cases, multi-antibiotic resistance. In the lungs, virulent Mtb invades alveolar macrophages and 

suppresses apoptosis to replicate to a load of approximately 25 bacteria per cell before inducing 

necrosis. This allows Mtb to grow and then spread horizontally to recruited mononuclear phagocytes. 

Studies have shown that only 5–15% of Mtb-infected individuals develop TB disease [1]. Factors, such as 

host immunity, the Mtb niche, and Mtb virulence, determine whether or not Mtb spreads to other cells 

and causes TB disease and lung damage. The general consensus in the field is that the occurrence of 

macrophage apoptosis in response to early Mtb infection typically results in host protection against TB 

disease [2]. However, if Mtb is able to replicate in macrophages and suppress apoptosis, then Mtb grows 

to approximately 25 bacteria per cell and then causes necrosis. The released bacteria are viable and 

infect recruited monocytes, myeloid dendritic cells, neutrophils, and phagocytes, thus allowing for 

horizontal spread of the disease [2,3]. So far, research in the Kornfeld lab has not been able to support 

that canonical apoptosis, ferroptosis, pyroptosis, pyronecrosis, reactive oxygen species-dependent 

lysosomal and mitochondrial injury, or programmed necrosis are necessary for Mtb-induced burst size 

necrosis [2]. However, data have shown the widespread disruption of lipid bilayer integrity as an early 

indicator of cell death in response to Mtb infection [3]. Our lab has described burst size necrosis, but we 

have been unable to identify a known, regulated death pathway in TB disease. Therefore, we suspect 

that an unregulated form of cell death that is at least partially mediated via the release of lysosomal 

hydrolases or lipases occurs [2]. To further investigate the cytolytic pathways associated with a high 

intracellular Mtb load, we tested known modes of cell death to determine if they were activated and/or 

sufficient to explain burst size necrosis. We showed that blocking each of these regulated pathways 

alone was insufficient to inhibit necrosis at the bacterial load threshold. We further studied an 

attenuated strain of Mtb, ∆phoPR, which displayed reduced macrophage cell death at a high bacterial 

load. 

To enable survival and replication within macrophages, Mtb differentially regulates transcriptional 

networks to adapt its metabolism to the prevailing environment within phagosomes [4]. Two-

component systems are essential for bacteria to be able to sense the environment and regulate gene 
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transcription based on certain cues [4, 5]. The PhoPR two-component system includes the histidine 

kinase sensor, PhoR, which responds to environmental stress, such as low pH, in phagosomes by 

autophosphorylation [6]. PhoR then activates PhoP through the phosphorylation of its N-terminal 

domain [6,7]. PhoP in turn dimerizes [8] and uses its C-terminal domain to bind to specific bacterial gene 

promoters within the TCACAGC(N4)TCACAGC target sequence, in which (N4) is a 4-bp spacer [9, 10]. This 

allows PhoP to directly regulate the expression of approximately 40 genes [11], thus enabling bacteria to 

replicate inside the phagosome while suppressing apoptosis. Unlike apoptotic cell death, necrosis does 

not compromise bacterial viability within infected macrophages, and it allows the bacteria to escape 

through the damaged macrophage lipid membranes to invade naive host cells [2]. Our lab has previously 

reported that a phoP-mutant Mtb strain demonstrates attenuated macrophage cytolysis at a high 

multiplicity of infection (MOI) both in vitro and in vivo [3]. Two transcriptomic studies have shown that 

PhoP controls a variety of genes involved in adaptation to environmental cues [12, 13]. To determine 

the PhoP-regulated gene(s) that mediate this atypical form of cell death in macrophages, we used the 

CRISPR interference (CRISPRi) system to silence 15 selected genes in the PhoP regulon [12, 13, 14]. From 

this screen, we identified fadD21 (Rv1185c) and pks3 (Rv1180) as potential candidates. We then created 

fadD21- and pks3-knockout mutants using the ORBIT system [15]. These mutants exhibited weakened 

abilities to induce cell death in an immortalized macrophage cell line. These mutant strains exhibited 

similar in vivo phenotypes to that of the phoP mutant, including low colony-forming unit counts 4 weeks 

after aerosol infection in wild-type C57Bl/5 mice. Also, there were fewer and smaller TB lesions in the 

infected mice. Our data suggest that FadD21 and Pks3 are necessary and sufficient to confer the effects 

of PhoPR required for Mtb infectivity. 

The FadD21 and Pks3 enzymes are involved in the formation of 2,3-diacyltrehaloses, which are then 

esterified to form penta-acyltrehaloses [16]. These products, 2,3-Di-O-acyl-trehalose (DAT) and  

polyacyltrelahose (PAT), are components of the Mtb cell wall. Transposon mutagenesis studies have also 

shown that fadD21 is required for bacterial growth in mice but not in broth [17]. Although detailed 

information on the in vivo phenotypes of fadD21 mutants is unavailable, they appear to be similar to the 

phenotype of the phoP mutant in that the bacteria are able to replicate in alveolar macrophages initially 

infected via aerosol challenge, but they are unable to horizontally spread to other cells. Future studies 

will focus on establishing screening conditions as well as phenotyping FadD21 and Pks3 as potential 

effectors of burst size necrosis. Other PhoP targets identified within our currently generated set of 

CRISPRi transformants will also be further investigated.  
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CHAPTER 2: Using CRISPRi to Identify PhoP-Regulated Genes Required for Mtb-

Induced Burst Size Necrosis 

2.1 RELEVANCE  

Burst size necrosis was confirmed and analyzed in both primary macrophages and the J2 macrophage 

cell line to understand the mechanism of Mtb-induced macrophage death and its effects on TB 

pathogenesis. The virulent Mtb strain, H37Rv, killed macrophages at a load of 20 bacteria per cell. 

Deletion of phoPR attenuated macrophage death (Figure 1.a); however, complementation restored the 

wild-type phenotype. Using a CRISPRi knockdown (KD) library, we identified fadD21 and pks3 as 

potential genes regulated by PhoPR that may affect Mtb infectivity. Using ORBIT to knockout fadD21 

and pks3, we confirmed a role of these genes in Mtb virulence. Both FadD21 and Pks3 are involved in 

the synthesis of the complex cell envelope lipids, DAT and PAT. These data suggest that the cell wall 

composition of Mtb is important in determining its virulence. As a result, strains that exhibit disruption 

in complex lipids, such as those lacking fadD21 and pks3, may be considered for live vaccination against 

Mtb. Also, a high-throughput screening of compounds targeting fadD21 and pks3 may identify new 

therapeutic compounds for TB disease. 

 

 

2.2 RESULTS 

Using the CRISPRi knockdown screen of the PhoP regulon, we found that fadD21 and pks3 were required 

to induce burst size necrosis in macrophages. We created a knockdown library of the top 10 PhoP-

regulated genes [12, 13]. We used the CRISPRi system published by the Fortune lab [14] to design and 

create two sgRNAs for each gene. Because S. pyogenes Cas9 is toxic to mycobacteria and results in only 

4-fold repression, we used S. thermophilus Cas9, which can yield up to 200-fold repression in 

mycobacteria. The PAM sequence was NNAGAAW, which allowed for tunable knockdowns, and 

selection of the sgRNA was not restricted to the TSS/promoter region. We transformed H37Rv using 

electroporation and then grew the transformants on kanamycin plates for 4 weeks. Single colonies were 

picked and sequenced to confirm that the correct DNA fragments were transferred. Tetracycline was 

used to induce knockdown, and we analyzed macrophage cell death in the J2 macrophage cell line and 

primary bone marrow-derived macrophages. Cell death was measured by flow cytometry using neutral 

red and LIVE/DEAD aqua assays. 
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2.2.1  Figure 1.a. J2 macrophages were infected with H37Rv, ∆phoPR , or the complemented Mtb 

strain at different multiplicity of infection (MOI) doses (5-50). Bars indicate the remaining live cells ± the 

standard deviation, as measured using neutral red assay. At MOI 10, cell death occurred 20 hours after 

infection with the WT and complemented strains, but not ∆phoPR. Furthermore, at MOI 25 and 50, 

significantly attenuated cell death was observed in macrophages infected with ∆phoPR compared with 

the other strains. Asterisks indicate a p-value <0.01 using the t-test to compare groups at each MOI. 

Differences across MOI have been previously established [18]. 
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2.2.2 Figure 1.b. The J2 macrophage cell line was infected with a CRISPRi knockdown bacterial library 

generated from the PhoP regulon at MOI 25.  We included an uninfected control with only D10 media as 

well as a D10 + tetracycline (aTC) control because Cas9 was induced by the Tet-ON system. We used a 

nuclease-deficient Cas9, which resulted in steric hindrance when bound to the target gene. Cells 

infected with the ∆phoPR strain also served as a positive control and exhibited less cell death than cells 

infected with the WT H37Rv strain. The vector controls were to test possible non-specific effects of Cas9 

expression in the bacteria. Knockdown genes that resulted in similar phenotypes to that of cells infected 

with the ∆phoPR strain were identified (arrows). These included genes within the Rv1180, Rv1185, and 

ESX1 regions. These genes were all involved in bacterial cell wall development. 
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2.2.3 Figure 1.c. Using the same controls, CRISPRi knockdown library, and method of infection as 

stated above in Figure 1.b, we determined the percentage of dead cells using LIVE/DEAD aqua stain and 

flow cytometry. We identified a number of hits from the CRISPRi library that were significantly different 

from the WT H37Rv strain (arrows). We focused on fadD21, pks3, and ESX1-region genes because their 

knockdown resulted in attenuated burst size necrosis, and they were identified by both cell death 

quantification assays. Asterisks indicate significantly higher levels of cell death compared with the WT 

H37Rv strain. 

2.3 To further validate that fadD21 and pks3 are required for burst size necrosis, we selected clones 

expressing the Cas9 plasmid and specific sgRNAs targeting either fadD21 or pks3. The expression of both 

Cas9 and sgRNA was controlled via a Tet-ON plasmid. The screening results suggested that the diacyl 

trehalose/penta-acyl trehalose (DAT/PAT) mycobacterial complex lipids directly interacted with 

macrophage lysosomes to initiate burst size necrosis. Alternatively, FadD21 and Pks3 were necessary for 

ESX1 function, and disruption of ESX1-secreted proteins was responsible for triggering cell death.  

 



 10 

 

2.3.1 Fig. 2.a. Knockdown of fadD21, pks3, and ESX1 transcriptional regulatory protein (espR) genes 

using CRISPRi resulted in attenuated macrophage death at a high MOI. Furthermore, phoP knockdown 

resulted in an identical phenotype to that of the ∆phoPR mutant, thus verifying the knockdown 

efficiency of CRISPRi. As a positive control, we used espR, which is a regulator of the ESX1-region genes. 

EspR is directly regulated by PhoPR and is required for inducing cell death. Our negative control 

phenotype was that of cells infected with H37Rv, which was compared against the phenotypes of all the 

knockdown strains. As an additional negative control, we also used cfp10, which is a gene controlled by 

PhoP. Knockdown of cfp10 resulted in a similar macrophage-killing capacity to that of the WT H37Rv 

strain. The Cas9 expression vector was used to confirm the absence of any Cas9 off-target effects. Bars 

indicate the mean fluorescence ± the standard deviation. Asterisks denote p-values ≤0.01 using the 

Student’s t-test. 
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2.3.2 Figure 2.b. Macrophages infected with the ∆fadD21, ∆pks3, and ∆espR  mutant strains exhibited 

significantly attenuated cell death compared with macrophages infected with the WT H37Rv strain. 

Although the ∆phoP-ORBIT mutant strain resulted in less cell death than the WT H37Rv strain, it still 

resulted in more cell death than the ∆phoPR strain. Because phoP is upstream of phoR in the same 

operon, this suggests that deletion of the two-component system is required for effective attenuation of 

cell death. As expected, ∆phoP-ORBIT vector control and ∆pks2 mutant strain, exhibited phenotypes 

similar to that of the WT H37Rv strain. All mutant strains were generated by the ORBIT method, and cell 

death readouts were determined by the neutral red assay. Bars indicate the mean fluorescence as a 

proportion to the remaining live cells ± the standard deviation. Single asterisk indicates a p-value ≤0.05, 

and double asterisks indicate p-values ≤0.01. 

 

2.4. To validate the FadD21- and Pks3-knockdown phenotypes in vivo, C57BL/6 male mice were infected 

with aerosolized ∆fadD21 and ∆pks3 mutant strains at a dose of 100–200 CFU. The WT H37Rv and 

∆phoP mutant strains were used as controls. Lung bacterial burden was measured 4 weeks after 

infection. Mice infected with the WT H37Rv strain exhibited high bacterial loads (106 CFU), whereas mice 

infected with the ∆phoP, ∆fadD21, and ∆pks3 mutant strains exhibited significantly lower bacteria 

burdens (≤104 CFU).  
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2.4.1. Figure 3.a–d. Mice infected with the ∆phoP, ∆fadD21, and ∆pks3 mutant strains exhibited lower 

colony counts in their lungs compared with mice infected with the WT H37Rv strain. These mice also 

exhibited reduced lung cytokine levels (TNF-a and IFN-a/b) compared with the mice infected with the 

WT H37Rv strain. Lesion number and size corresponded with this pattern, as more immunopathological 

changes were observed in the mice infected with the WT H37Rv strain. 

Figure 3. b–d. is mock data; these experiments were not complete at the time of my medical leave. Mice 

infected with the mutant strains would exhibit reduced lesion areas in the lungs compared with mice 

infected with the WT H37Rv strain. Inflammation in the lungs of these mice would also be reduced, as 

lower levels of the cytokines TNF-α and type 1 interferon were detected.   
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CHAPTER 3: Discussion/Conclusion  

We showed that PhoP contributed to Mtb-induced burst size necrosis in macrophages and that the 

PhoP-regulated genes, fadD21 and pks3, were potential drivers of this necrosis. We also noted that even 

though the ∆phoP mutant strain resulted in attenuated cell death, it triggered more cell death than the 

∆phoPR strain. These findings suggest that the deletion of both components, not just the regulatory 

factor, is important for maximizing attenuation. It has been shown that a point mutation in phoP, which 

results  in a single amino acid substitution in the DNA-binding C-terminal domain of PhoP, is one of the 

factors that contributes to the decreased virulence of the laboratory H37Ra strain [19]. This strain 

exhibits a lack of complex lipids, similar to the ∆phoP strain. Furthermore, phoP complementation 

partially restores the phenotype of this strain to that of the WT H37Rv strain via DAT and PAT expression 

[20]. 

We generated fadD21- and pks3-knockout mutant strains and confirmed their attenuated phenotypes in 

vitro in macrophages and in vivo in mice. FadD21 and Pks3 are involved in the synthesis of the cell wall 

components, DAT and PAT, suggesting that Mtb cell wall composition is important in determining 

virulence. A recent study has shown that 5'-O-[N-(alkanoyl)sulfamoyl]adenosine(alkanoyl adenosine 

monosulfamate, alkanoyl-AMS) compound analogs, which block multiple FadD proteins, exhibit effective 

antimycobacterial properties in macrophages [21]. These compounds have also been shown to be 

effective against multidrug and extensively drug resistant Mtb [21]. Therefore, we have uncovered 

potential targets for early intervention or vaccinations to avoid granuloma formation or tissue damage 

in response to Mtb infection.  

We propose that Mtb cell wall composition is essential to TB pathogenesis. Given that FadD21 and Pks3 

are involved the generation of DAT/PAT for cell wall synthesis, our data suggest that a shift in the cell 

wall composition is necessary for determining the virulence of mycobacteria. Previous studies have 

shown that deletion of another cell wall lipid, phthiocerol dimycocerosate (PDIM), results in virulence 

attenuation [22, 23]. This suggests that disrupting the cell wall composition may result in reduced Mtb 

pathogenicity. Although the mechanism by which these cell envelope structural changes cause 

attenuation remains unclear, we speculate that either the absence of complex lipids results in an 

unfavorable composition for physical interaction with host cells or that proper ESX1 function is disabled. 

Figure 4 describes a model of how expression of complex lipids on the outer Mtb membrane contributes 

to virulence. 
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In future studies, we propose to test the hypothesis that phoP, fadD21, and pks3 are required for the 

entry of Mtb products into the cytosol of host cells. As an ex vivo experiment, we will measure type 1 

interferon induction in macrophages as a marker of Mtb-mediated lysosomal injury. Additionally, we will 

use western blot analysis to measure ESX1-secreted proteins, EsxA (ESAT6) and EsxB (CFP10), in fadD21- 

and pks3-mutant bacteria. We will also test if complementation with phoP as well as fadD21 and/or pks3 

is sufficient to restore the WT phenotype. We will also generate a fluorescent fadD21-mutant strain to 

check horizontal spread in vivo. Using this YFP-tagged bacteria, we will be able to identify interactions 

between bacteria and macrophage organelles, thereby testing the hypothesis that FadD21 and pks3 are 

required for Mtb to efficiently escape macrophages for horizontal transmission to other cells. Finally, we 

will use acid-fast bacillus staining and flow cytometry to verify that the fadD21- and pks3-mutant 

bacteria are phagocytosed by macrophages as efficiently as the ΔphoPR strain, which will confirm our 

null hypothesis that fadD21- and pks3-related attenuation is due to lower intracellular bacterial 

burdens. 
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Figure 4. Schematic illustration showing that PhoR senses the environment and phosphorylates PhoP 

upon activation. Activated PhoP dimerizes and binds to promoters carrying its specific binding sequence, 

including promoters within the fadD21 and pks3 genes. Blocking expression of these two genes results 

in attenuated virulence. These enzymes are involved in the biosynthesis of diacyl trehalose/penta-acyl 

trehalose (DAT/PAT), which suggests that expression of these complex lipids on the outer Mtb 

membrane contributes to its virulence. 
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CHAPTER 4: Materials and Methods 

Ethics statement 

Experiments with animals were conducted according to the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals and were performed according to protocols approved by the 

Institutional Animal Care and Use Committee and the Institutional Biosafety Committee at The 

University of Massachusetts Medical School (UMMS). 

 

Mice 

C57BL/6 WT mice were purchased from The Jackson Laboratory. Mice were housed in a specific 

pathogen-free environment at the Animal Medicine Facility of UMMS. 

 

Cells 

The J2 immortalized macrophage cell line was graciously provided by Dr. Kate Fitzgerald. Cells were 

grown in T75 flasks until confluent. A day prior to infection, macrophages were replated into either 6- or 

96-well plates at a concentration of either 106 or 105 cells, respectively. J2 macrophages were infected 

with bacteria at MOI 25 overnight. Cell death was measured by neutral red and fixed LIVE/DEAD aqua 

assays in the original screen.  

 

Mtb strains 

The original H37Rv, phoPR-mutant, and phoP-complemented strains were obtained from the Sassetti 

Lab at UMMS. The CRISPRi plasmid (PLJR956) and ORBIT (KM488 or KM464) were also obtained from 

them.  

To create a CRISPRi library of PhoP-regulated genes, we used data from the Smith group, who had 

previously used ChIP-seq to identify genes regulated by PhoP in the laboratory H37Rv strain [12]. 

Another group, Gonzalo-Asensio et al. [13], also found a clinical strain, MT103, with a polymorphism in 

phoP and used genomics to identify gene expression differences compared with the WT Mtb strain as an 

approach to identifying genes within the PhoPR regulon. Ultimately, we decided to use hits that were 
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identified in both studies and with direct PhoP binding sites to create our library (see Supplemental 

Data, Table 1). Next, we designed sgRNAs to target PhoP-regulated genes for knockdown, as described 

by Rock et al. [14]. The oligo sequences used to create each mutant are provided in the Supplemental 

Data (Table 2).  

Plasmids expressing Cas9 from S. thermophilus and carrying the sgRNAs were electroporated into the 

competent H37Rv strain. The transformed bacteria were plated onto 7H10 plates with 50 mg/ml 

kanamycin. After 3 weeks, individual colonies were collected and sent for sequencing and PCR. Cell 

death was tested for two knockout clones (Figures 1.a and 1.b) using neutral red assay or flow 

cytometry. 

ORBIT strains were generated, as described by Murphy et al. [15]. In short, oligos determining the 

deletion site were designed and transfected into H37Rv carrying the ORBIT plasmid. The transformants 

were plated onto 7H10 plates containing hygromycin. Gene deletion was verified using PCR.  

Statistical analysis was done using Prism 7 software (GraphPad Prism 7). Comparisons between paired 

groups were made using the non-parametric Wilcoxon's signed-rank test. P-values <0.05 were 

considered significant. Comparisons between non-paired groups were done using Student’s t-tests, 

where a p-value <0.05 was considered significant. 

 

Infections 

Bacterial confluency was measured using optical density (OD). After sonication, bacterial OD was 

measured to determine concentration. Bacteria at an OD between 0.6 and 1.2 were considered to be 

within the growth phase and were used for macrophage infection. The bacteria were washed three 

times with phosphate-buffered saline, centrifuged at 4,000 RPM for ten minutes, and were then 

resuspended in D10 media before infection. 

 

Readouts 

Cell death was measured using the neutral red assay, unless otherwise specified. For the flow cytometry 

experiments, cell death was measured using the LIVE/DEAD aqua assay. 
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CHAPTER 5: Supplemental Data 

Table 1: 

Red denotes lethal mutations 

 

Genes differentially expressed in PhoP KO against Rv WT
Walter et al, 2006, Molecular Microbiology, Vol 60, Iss 2:312-330

Name Gene Rv/PhoP fold change Q-value Chip-Seq Function Operon
Downregulated in mutant
 Rv2396 PE_PGRS41 143.2 1.2 PE_PGRS family protein (acid and phagosome regulated protein) Rv2396
 Rv3487c lipF  19.3 1.2 Esterase/lipase Rv3487c
 Rv1361c PPE19  19.2 1.2 PPE family protein, function unknown Rv1361c
 Rv3477 PE31  17.7 1.2 PrTSS PE family protein, function unknown Rv3477, Rv3478
 Rv3825c pks2  15.3 1.2 Polyketide synthase for SL-1 biosynthesis Rv3825c, Rv3824c, Rv3823c
 Rv3824c papA1  10.7 1.2 Polyketide synthase-associated protein
 Rv1180 pks3   8.9 1.2 PrTSS Polyketide β-ketoacyl synthase Rv1180, Rv1181
 Rv1639c Rv1639c   8.4 1.2 Conserved hypothetical membrane protein Rv1639, Rv1638A
 Rv2376c cfp2   6.8 1.2 PrTSS Secreted modulator of immune response Rv2376c
 Rv1185c fadD21   4.7 1.2 CoA synthase for fatty-acid degradation Rv1185c, Rv1184

Upregulated in mutant
 Rv0251c hsp  −6.7 1.7 CPS Heat shock protein Rv0251c, Rv0250
Rv1128c -6.2
 Rv1131 gltA1  –5.7 1.2 Citrate synthase I Rv1130, Rv1131, Rv1132
 Rv1527c pks5  –5.2 1.2 Polyketide synthase Rv1528, Rv1527c, Rv1526
rv1004c -5.1
Rv0520 -4.5
 Rv1214c PE14  –4.3 1.2 PE family protein, function unknown Rv1214c
 Rv2932 ppsB  –4.2 1.2 Polyketide synthase for phenolpthiocerol synthesis Rv2930-2939
 Rv0835 lpqQ  –4.2 1.2 Lipoprotein Rv0835
Rv1148c -4
rv1130 -3.9
rv1039 -3.8
 Rv3429 PPE59  –3.8 1.2 PPE family protein, function unknown Rv3429
 Rv1522c mmpL12  –3.7 1.2 Transmembrane protein for fatty acid transport Rv1522c
Rv0584 -3.7
 Rv1651c PE_PGRS30  –3.6 1.2 PE_PGRS family protein, function unknown Rv1651c
Rv0404 -3.5
 Rv2930 fadD26  –3.4 1.7 CoA synthase for DIM synthesis

Rv0278 -2.9
Rv3219 -2.9

Controls
Rv0757 phoP
Rv3876 espI
Rv3417c groEL1
SMEG mmpL3
Rv0758 PhoR
Rv3616c espA
Rv3874 esxB
Rv3875 esxA
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Table 2: Oligo sequences used to generate sgRNAs for gene knockdown

Red denotes the PAM sequence used within the sgRNA 

Downregulated genes + controls
Code Gene Name PAM Fold ↓ sgRNA+PAM
ck1-Rv2396_sgRNA1  Rv2396 PE_PGRS41 CCAGGATCTC 64 ACACCTCGTCGGTCCCCGCCGCCAGGATCTC
ck2-Rv2396_sgRNA2 GAAGCAATCA 53 GTCGCCGCTAGCGCCTCCGGCGAAGCAATCA

ck3-Rv3487_sgRNA1  Rv3487c lipF CCGGAAACAT 110 GCCAAGGCATCGAATGCCCGCGCCGGAAACAT
ck4-Rv3487_sgRNA2 CCGGAAACGT 110 GTCGTGCAGCAGCACTTCGGAGCCGGAAACGT

ck5-Rv1361c_sgRNA1  Rv1361c PPE19 TCAGAATCAT 216 GCCCCAAGAGGTTGGTCGCTATCAGAATCAT
ck6-Rv1361c_sgRNA2 TGAGCATCGA 84 GGTCATCGACACGTGGTTGTTGAGCATCGA

ck7-Rv3477_sgRNA1  Rv3477 PE31 AGGGAACGAA 51 GCTAGCCTTCAGCGTTGCCCCCAGGGAACGAA

ck8-Rv3825c_sgRNA1  Rv3825c pks2 GGAGAATAAC 216 GCCCACTGCGACCCTTGCCCGGAGAATAAC
ck9-Rv3825c_sgRNA2 CGAGAAGTCC 216 GCGGCCTTGGGGACAGAGCACCGAGAAGTCC

ck10-Rv3824c_sgRNA1  Rv3824c papA1 GCAGAAGTCC 216 GTGTACTCGTGCTGCCTGACGCAGAAGTCC
ck11-Rv3824c_sgRNA2 TCAGAAAAGC 158 ATCGAGCCCCCGGGCAGCCTGCTCAGAAAAGC

ck12-Rv1180_sgRNA1  Rv1180 pks3 GCAGAAGTGC 216 GCCAGCTGATCAGGCAGCCGGCAGAAGTGC
ck13-Rv1180_sgRNA2 CCAGAAAGGC 158 GTCAAACCCGCCGACGTCGTCCAGAAAGGC

ck14-Rv1639c_sgRNA1  Rv1639c Rv1639c GTAGAAATCA 158 GTCTTGTTGCCAGCGTTCGGGTAGAAATCA
ck15-Rv1639c_sgRNA2 CGGGAAGTAG 145 GTTCCACGCGGTCTGCACGGTCGGGAAGTAG

ck16-Rv2376c_sgRNA1  Rv2376c cfp2 TGAGCAGGCT 42 GTTGGGATCGGCGAGGCTGTTGAGCAGGCT
ck17-Rv2376c_sgRNA2 TTGGGATCGG 24 GCCCTTGTTCGCAAACGACACGTTGGGATCGG

ck18-Rv1185c_sgRNA1  Rv1185c fadD21 ACAGAAGAGT 216 GCTCGCGCAGCAAGGACAAGACAGAAGAGT
ck19-Rv1185c_sgRNA2 CCAGAATCAC 216 GTAGGCCAGGCCCTGCGGAGCCAGAATCAC

ck20-Rv0186_sgRNA1 Rv0186 bglS CGAGAAGTGT 216 ATTGGTTTCGTTGCAGTTCAGCGAGAAGTGT
ck21-Rv0186_sgRNA2 TGAGAATCGC 216 GCCCCGGTCAGGCCGACCAACAGTGAGAATCGC

Controls
ck22-Rv0757_sgRNA1 Rv0757 phoP CGAGGATCAC 64 GTCCATCCCGGGCATCATCACATCGAGGATCAC
ck23-Rv0757_sgRNA2 CAGGAACAAC 51 GTCCTGTAGCGAGTCACGGGCCGTCAGGAACAAC

ck24-Rv3876_sgRNA1 Rv3876 espI GAAGAAGCCG 216 ACGCCGCGGGTCAGCGGGTCGAAGAAGCCG
ck25-Rv3876_sgRNA2 CCGGAAGAGC 145 GCTTCCATACCTTCGTGCGGCCGGAAGAGC

ck26-Rv3417c_sgRNA1 Rv3417c groEL1 CAAGAAGCCC 216 GTCGGTAACGAAGTATGCCGACAAGAAGCCC

ck27-MSMEG_0250-sgRNA-F mmpL3 GCGACAGACTGGCTGCCCTCGTC

ck28-Rv0758-sgRNA1 Rv0758 PhoR GCGGAAGATT 145 GTCCTCTGAATCCCGGGCCTTTTCG
ck29-Rv0758-sgRNA2 GTAGAACCTC 121 GTCGGGGCTGATCACCCGAAC

ck30-Rv3616c-sgRNA1 Rv3616c espA CCAGAAGGTC 216 ACCCCCTTGGTTGGGTATTCCAATCC
ck31-Rv3616c-sgRNA2 CTGGAAGGCG 145 GCGCCCGCGCAAAACGGCGC

ck32-Rv3874-sgRNA1 Rv3874 esxB TTGGAAGCGC 145 GCTTCTGCTTATTGGCTGCTTC

ck33-Rv3875-sgRNA1 Rv3875 esxA CAAGGAGGGA 82 GTCAGGGACTGCTTCCCCTCGT
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Table 3: ORBIT knockout sequences used to identify specific Mtb genes 

 

  

CK155-

DphoPR-

attP-RC 

TCACCGGGATCGCTGGACGAAGCGCAGGCCAAGATCAGGGCGGCCCTGGCACAACTGGCGTG

AGGCTCAGGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCTCCCGCC

GTCACGAGATCAACCCCTTTCCGCATTGGTTGAACGTTACCTTCACAGTCATTGTGTAATTCC 

CK156-

DRv0186-

attP-RC 

CTGCGATCATATACAGCTGCGGGACATCCGCCCCGCTGCGGTCGCCCGTGTTGGTAACGCTGA

AACTGGCGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCTGAGAATC

GCTCGTCGTCGGTCATCTGGGCCTCGACCTCACGTGCCCGCAGGTCGGCGTCTAGCTCGTTC 

CK157-

DRv0977-

attP-RC 

TAGGAGACGTATATCGGTTGCTGCGCGAAGGGGACGTGCCCGGTGTTCATCACGCCGCCGGA

GGTGACAAAGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCATTGAT

CACACCCAGCACCTGCTGCTCGGTCTTCAACAGCACGCCATTGCCGACGTCGACGACCGCATAC 

CK158-

DRv0978c-

attP 

ATGTCGTTTGTCAACGTGGCCCCACAGTTAGTGTCCACAGCCGCGGCCGATGCAGCGCGGATC

GGCTCGGGGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACCGGCGGTCA

ACCCCGTCACCGGCGAGGTTTATGTCACCAACTTCGCCGGCGACACGGTGTCGGTAATCAGC 

CK159-

DRv0980c-

attP 

CCCACCGCAGGGGTAACAGGCGGTGGGCCGCCCGCATCTCAACATCGTCGCGGTCAGGAGGA

TTTCGATGGGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACCTAACTCTC

TCGACGACACGGTGTCGGTGATCACCGGAGAGCCGGCGCGCTCGGTGTGTTCGGCGGCCATA 

CK160-

DRv1180-

attP-RBS-RC 

CAGGTCCCGCATGCTAACTCGACTGCCCGCGTTGCCGTTCTGGTCGACCCAATCCGCCAGCCG

GGCCACTCCTTCCTCCTTTCTGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGAC

AAACCCGTCGCCGCGTAACAGCGCTTCCCAGAGGCGTTGTGGGGAATCGATGCCGCCCGGGA

GCCGGCAA 

CK161-

DRv1181-

attP-RBS-RC 

AGTCGAACCCGTGCTCGGCGCCCAGTCGTCCAGCGTGCCTATTGTCAACGGTCCAACCCGCAA

CATTCCTTCCTCCTTTCTGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAA

CCCACCGGCTCCATCGCCGCGACGGTGGCGGCGAACACCGGTTCGGCTACCAGCAGTTCAGTG

CCCAT 

CK162-

DRv1182-

attP-RBS-RC 

CATCTCCGCCAGTGAAGGCACCGCCATCGGCAGTACCAGGGCGAGCGCGACCCAACAGCCGA

CCACTCCTTCCTCCTTTCTGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAA

ACCAGTCGAACCCGTGCTCGGCGCCCAGTCGTCCAGCGTGCCTATTGTCAACGGTCCAACCCG

CAACAT 
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CK163-

DRv1183-

attP-RC 

TGCTGGAGAACAGCAGGCCGGACATCGAAGCGGCAAATATCAGACCCGCTGCCGTGATCACT

CCGCCCGTGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCGAGCCAT

CTCCGCCAGTGAAGGCACCGCCATCGGCAGTACCAGGGCGAGCGCGACCCAACAGCCGACCA

C 

CK164-

DRv1185c-

attP 

CGACTCTTCTGTCTTGTCCTTGCTGCGCGAGCGTGCCGGCCTGCAGCCCGACGACGCCGCGTTC

ACGTACGGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACCACAACCAGC

GGCAAGATCAGAAGGGCCGCCTGTGTAGAGCAATACCGGCTGCAGCAATTCACCCGGTTGG 

CK165-

DRv3823c-

attP-RBS-RC 

AAGCCTGAGCCCGTCGTGTAACCAAAGACCGATCAGATCGTCGTCGTCGGGCGGTGATTGCTC

TTCTTCTGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCTAAGCGGTT

TCGATCGTAAGTTCGTCGAGGGTCTCGGTGTTCTGACAGGCTGCATCAAGACGTCGCACAT 

CK166-

DRv3824c-

attP-RC 

AGCTTCTCTATCTACCGTCACATTCGCAACCTTTAGATTGCAGATATCGATAAAATCACCCGCGC

GACAAGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCGGCGCGCAG

ATCGCAGTGACCAAACACCTCAACGGACGCAATGAGCAGCCGCGAGTGATCGAGCCCCCGG 

CK167-

DRv3825c-

1-attP-RC 

CTGTGACGACAGCGCGGCAGCAGGAGCGTCGTCGGGCGCCAGCTGTTCATACAAGTGATCCG

CTAAGCCCGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCGGTCGTC

GCCTCGTAACAACGCCTTCCACAACAACTCGGGGGAATCGATCCCGCCGGGCAGCCGGCAAG

C 

CK168-

DRv3825c-

2-attP-RC 

CTGTGACGACAGCGCGGCAGCAGGAGCGTCGTCGGGCGCCAGCTGTTCATACAAGTGATCCG

CTAAGCCCGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCCACAACC

CTCGCCTGACACGAACCCGTCAGCCGCGACATCGAACGCGCGACAACGTCCGGTCGGGGACA

A 

CK169-

DRv3849-

attP 

ATGAGCACGACGTTCGCTGCCCGCCTGAACCGCCTGTTCGACACGGTTTATCCGCCCGGACGC

GGGCCACGGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACCGAAGGGA

TCGACGCTTAGTCCCTGATACCGACCGCCCGCTCCACCCGACCTGGCGGGTTGGGGTTGGTCT 
  
  

ck186-

HygN-out 

ACCAGTGCTCGCCGAACAGCTTGA 

ck187-CatC-

out 

TTCTTCGCCCCCGTTTTCACCATG 

ck188-EspR 

KO_F1 

CTCAGGTTTGCACTTGGTTGTGG  
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ck189-EspR 

KO_R4 

GTATCTCGTGGACTATCGCGGTG  

ck190-pks3 

KO_F1 

TGCTTTCGTCTTGAGCCACTAC  

ck191-pks3 

KO_R4 

ATGATGGCACCAGGACGTACC  

ck192-

fadD21 

KO_F1 

CAACCTGTTTCAGCACATGCAC  

ck193-

fadD21 

KO_R4 

GCGTGAAAGCATAGGAAAGCAGC  

ck194-PhoP 

KO_F1 

CCAAGCTGATTTGGCGATTCCTG  

ck195-PhoP 

KO_R4 

ACCCGAACGTAGAACCTCGAC  
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Cell death without CRISPRi induction 
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