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ABSTRACT 
 

Mycobacterium abscessus (Mab) is an opportunistic pathogen afflicting immunocompromised 

patients and individuals with underlying comordibities such as Cystic Fibrosis (CF). Treatment 

strategies are limited due to inherent antibiotic resistance and restricted accessibility of Mab to 

antibiotics within macrophage phagosomes, granuloma lesions, and the mucus laden CF airways. 

Transcriptional adaptation to stresses encountered in these niches such as hypoxia, reactive 

nitrogen intermediates (RNI) and elevated nitrate and nitrite are not well-understood. In 

Mycobacterium tuberculosis (Mtb) hypoxia adaptation and nitrate metabolism are linked via 

induction of the two-component system (TCS) DosRS and nitrate metabolism genes. DosRSMtb 

induces a 50-gene regulon necessary for hypoxia adaptation including the NarK2 transporter 

facilitating nitrate use as a terminal electron acceptor via a respiratory nitrate reductase. The role 

of the Mab DosRS ortholog in hypoxia adaptation and nitrate metabolism is not-well defined. To 

address this knowledge gap, we developed an in vitro hypoxia model to examine differential gene 

expression and phenotype of a Mab dosRS mutant. RNAseq revealed hypoxic induction of >1000 

genes including 127 DosR-dependent genes many of which are species-specific. Absence of 

DosRSMab led to attenuated growth in hypoxia highlighting the necessity of DosRSMab for hypoxic 

adaptation. Nitrate metabolism genes including a putative nitrate/nitrite regulator (nnaR) were 

downregulated in hypoxia suggesting a novel interplay between hypoxia and nitrate metabolism 

in Mab. To assess the role of NnaR in the regulation of nitrogen metabolism, we constructed a 

Mab nnaR knockout mutant. qRT-PCR revealed NnaR is necessary for regulating nitrate and 

nitrite reductases along with a nitrate transporter, a role distinct from other mycobacteria. Loss of 

NnaR compromised the ability of Mab to assimilate nitrate or nitrite as sole nitrogen sources 

highlighting its necessity. This work provides a first look at species-specific transcriptional 

adaptations to hypoxia and nitrate metabolism driven by DosRS and NnaR in Mab.  
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CHAPTER ONE: INTRODUCTION 

Nontuberculous Mycobacteria 

Mycobacteria are categorized into two distinct groups:  Mycobacterium tuberculosis complex 

(MTC) and nontuberculous mycobacteria (NTM). MTC consists of a group of genetically similar 

bacteria (M. tuberculosis, M. bovis, M. africanum, M. microti, M. caprae, M. pinnipedii, M. orgyis, 

M. mungi, M. suricattae and M. canettii) capable of causing tuberculosis in a variety of hosts 

whereas, NTM consists of a group of bacteria  incapable of causing tuberculosis or leprosy (1-5). 

NTM species are classified as either rapidly growing mycobacteria (RGM) with colonies appearing 

in less than a week or slow growing mycobacteria (SGM) with colonies appearing in more than a 

week (2,6,7). NTM species exist within the environment and are found in soil and water with a 

small number of species categorized as opportunistic pathogens. Three groups of NTM comprise 

the most common infections found in humans: M. abscessus, M. fortuitum and M. avium complex 

(5). Disease caused by these opportunistic pathogens range from skin and soft tissue infections 

to pulmonary infections with pulmonary infections accounting for ~90% of infections (8,9). 

Infections caused by NTM are a growing concern in developed countries due to a higher 

prevalence than Mtb. A two-year study in Oregon published by Winthrop et al., in 2010 predicted 

26.7/100,000 were infected with NTM verse 2.5/100,000 with Mycobacterium tuberculosis (Mtb) 

in persons over 50 (10). Due to the lack of resources, reporting standards and inability to test for 

all NTM species the prevalence of NTM infections may be higher than suspected (11). Since the 

2 -year study was published the British Thoracic Society (BTS) has endorsed testing standards 

to facilitate more accurate testing and reporting. The BTS recommends a positive test for identical 

NTM species acquired from 2 or more sputum samples, radiological testing and the presence of 

characteristic symptoms (12). Additional recommendations include microscopy and culturing of 
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isolated pathogen for diagnosis, and antibiotic susceptibility testing to aid in treatment after 

diagnosis (12). The two most common NTM species identified in this study were the SGM M. 

avium and the RGM M. abscessus (10). 

History Of Mycobacterium Abscessus 

The RGM Mab was first documented in 1952 by Moore and Frerichs in a publication describing 

an unusual knee infection with characteristics resembling the acid-fast bacilli Mycobacterium 

tuberculosis (Mtb). At the time of this study, mycobacteria infections in humans other than 

tuberculosis and leprosy were unappreciated therefore the infection was initially diagnosed as 

Mtb because of a positive acid-fast test of bacterial isolates taken from the knee and the absence 

of skin lesions (a common symptom of leprosy). Due to spreading of the infection (resulting in 

gluteal abscesses after specimens were taken for identification) which had been self-limited for 

nearly 50 years prior, further tests were performed to identify the infection. Bacteria obtained from 

the new infection site grew quickly ruling out Mtb as the culprit and spurred an interest in testing 

for Nocardia. Soon after testing, Nocardia was ruled out and extensive in vitro and in vivo 

phenotypic tests were performed to identify the acid-fast bacteria causing the soft-tissue infection. 

Utilizing mycobacteria classification systems identified by Thomson (1932) and Gordon (1937), 

Moore and Frerichs found no commonalities between previously identified mycobacteria species. 

Their research determined the mycobacteria causing the knee infection had not been previously 

documented and named the newly identified bacteria as Mycobacterium abscessus due to the 

formation of abscesses during active infection (13).  

Since the discovery of Mab, numerous taxonomic changes have occurred (14). The first 

taxonomic change occurred in 1972 when Mab was classified as a subspecies of Mycobacterium 
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chelonei (M.chelonei) and hence, referred to as M. chelonei subsp. abscessus. This redesignation 

of Mab was part of a larger effort to accurately identify and consistently name rapidly growing 

mycobacteria (RGM) according to Runyon’s IV class system-a classification system dependent 

upon rate of growth and pigmentation. At the time the classification study was initiated little 

consistency existed in nomenclature and classification of RGM. This study consisted of the 

classification of 50 RGM cultures that underwent 195 test characters to build a matrix resulting in 

the identification of 9 clusters of RGM species. Cluster 9 belonging to M. chelonei consisted of 

two groups 9a and 9b representing M. chelonei subsp. abscessus and borstelense, respectively 

(15). Due to advancements in molecular biology, 20 years later M. chelonei subsp. abscessus 

was re-classified as Mab once again. DNA hybridization confirmed differences in genetic make-

up between M. chelonei and M. abscessus granting the re-classification and “elevated” Mab as 

its own species (16). In the 14 years that followed, 2 Mab subspecies (massiliense and bolettii) 

were identified through phenotypic assays and partial PCR amplification sequencing of 16S rRNA, 

rpoB, and recA, (17,18). Although many of the biochemical features were similar to Mab, 

differences occurred in a handful of phenotypic tests and susceptibility to antibiotics prompting 

further analysis via genetic comparisons. A greater than 99.6% sequence identity of 16S rRNA 

determined M. abscessus and M. massiliense belong to the same species however, differences 

in rpoB and recA classify M. massiliense as a subspecies of Mab (17). Previously, 16S rRNA was 

determined to be an inadequate marker for distinguishing rapidly growing mycobacteria species 

as many shared >99 % identity and in most cases RGM carry two different 16S rRNA genes (Mab 

carries only one) making species differentiation almost impossible without sequencing other 

genes or performing phenotypic studies (18,19). Interestingly, the number of 16S rRNA copies 

are responsible for differences in growth rates with slow growers containing a single copy whereas 

rapid growers contain 2 copies apart from Mab (20,21).  The same group to identify M. massiliense 
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also identified M. bollettii as a subspecies of Mab in a follow up study utilizing the same standards 

previously used relying upon phenotypic tests and sequence identity of rpoB  (18). In 2013, Bryant 

et. al., confirmed the subspecies status of M. abscessus, M. bollettii, and M. massiliense via whole 

genome sequencing allowing these subspecies to be classified as the MABS complex. Although 

the MABS complex is genetically and phenotypically similar, identification of Mab subspecies is 

an important determinant for treating infection due to differences in antibiotic susceptibility e.g., 

both M. abscessus and M. bollettii have inducible macrolide resistance due to a functional erm 

gene whereas the gene is present in M. massiliense but non-functional (22). In addition to 

inducible macrolide resistance in subspecies M. bollettii and M. abscessus all three subspecies 

display intrinsic and acquired antibiotic resistance such as antibiotic targeting enzymes, target 

modifying enzymes, efflux pumps, transcriptional regulator induction, and genotypic changes 

complicating treatment for those infected (14,23,24).  

Mycobacterium Abscessus Infections  

Although Mab is commonly found in soil and water, it is considered an emerging opportunistic 

pathogen with potentially detrimental consequences.  Infections caused by Mab are a growing 

area of concern due to increased prevalence, vulnerability of the immunocompromised population 

and individuals with pre-existing lung conditions, and limited treatment options due to antibiotic 

resistance. Mab is capable of causing a wide array of infections such as  skin, soft tissue, ocular, 

wound and pulmonary infections in immunocompromised individuals and individuals with pre-

existing lung infections such as bronchiectasis and cystic fibrosis (CF) (8,25-27). Mab is the most 

common rapidly growing NTM recovered from the CF lung resulting in lung function decline, 

extended hospitalization and in some cases exclusion from lung transplants (14,27,28). Due to 

Mab’s intrinsic and acquired antibiotic resistance treatment options are limited, and cure rates are 
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extremely low with less than 50% efficacy further complicating the treatment of CF (14,24,29,30). 

The current British Thoracic Society endorsed intervention strategy relies upon a multi-drug 

cocktail over a pro-longed time course often resulting in side effects in already sick individuals 

(12,14). This multi-drug long term treatment strategy consists of intravenous, oral and nebulized 

drug administration over two phases, an initial phase lasting 1 month and continuation phase 

lasting > 12 months (Figure 1) (14). Despite the long-term administration of multi-drug cocktails 

Mab is still refractory to treatment highlighting the need for the development of new therapeutic 

strategies and discovery of new drug targets. Further complications in treatment stem from the 

presence of heterogenous sub-populations of Mab within the lung which have varying antibiotic 

susceptibilities due to genetic diversity and SNPs (31). In addition to these genetically diverse 

sub-populations within the lung during infection is the presence of 2 distinct Mab morphotypes 

which have different impacts on drug susceptibility and host immune response (29,32-34).  
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Figure 1: British Thoracic Society recommended treatment strategy 

Adapted from: Lopeman, R. C., Harrison, J., Desai, M., and Cox, J. A. G. (2019) Mycobacterium 
abscessus: Environmental Bacterium Turned Clinical Nightmare. Microorganisms 7 
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Mycobacterium Abscessus Morphotype And Relationship To Virulence And Drug 

Susceptibility 

Mab exists as a smooth (S) or rough (R) morphotype with glycopeptidolipids (GPLs) existing in 

the cell envelope or the absence of GPLs in the cell envelope, respectively (35,36). The presence 

of GPL is associated with motility, biofilm formation and the absence of cording (aggregates of 

cells in a defined order that form serpentine like structures (37)) whereas the absence of GPL is 

associated with cord formation and lacks motility and biofilm formation (38). These distinct 

morphological traits are responsible for host mediated immune responses and disease 

progression. The R morphotype lacking GPLs is correlated with hypervirulence and inflammatory 

response whereas the S morphotype is linked to colonization and biofilm formation (33,35,38-41). 

Absence of GPLs exposes the surface associated molecules phosphatidyl-myo-inositiol-

dimannnoside and lipoproteins which stimulate TLR-2 signaling resulting in inflammation via TNF 

(tumor necrosis factor) induction (42-44). An in vivo murine study performed by Catherinot et al., 

discovered clinical and laboratory strains of the R morphotype resulted in fatal infections and 

increased TNF- production compared to the S morphotype providing evidence of distinct 

pathophysiology between the two morphotypes (39). Not only do the S and R morphotype differ 

in their ability to cause inflammation via TLR-2 but also differ in engulfment by macrophages and 

ability to reside within the phagosomes. Roux et al. demonstrated differences in engulfment and 

residence within macrophages due to the presence or absence of cording further affirming 

distinctions in virulence (38). Cording is a feature observed in the R morphotype limiting 

phagocytic uptake by macrophages compared to the smooth morphotype. Furthermore, the 

phagosomes consisting of S and R morphotypes display different characteristics such as single 

bacteria and the absence of acidification for the S morphotype but multiple bacteria and the 
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presence of phagosomal acidification for the R strain (38). Despite R infected macrophages 

undergoing apoptosis due to phagolysosome fusion this does not result in the killing of R Mab.  

After apoptosis R Mab is able to live in the extracellular environment causing more inflammation 

via TLR-2 signaling or spread from cell to cell resulting in more apoptosis (36). Although a 

correlation exists between the absence of GPLs, hypervirulence, and inflammation the 

mechanism for transition from smooth to rough is not fully understood.  

The first comprehensive study investigating the molecular mechanism of S to R transition 

identified SNPs, indels, and replication errors within the gpl locus between S and R isogenic pairs 

through genomic comparisons. This study also observed differential gene expression outside the 

of the gpl locus via microarray and RNAseq between these isogenic pairs however it remains 

unclear whether this is a cause or effect of the presence of absence of GPL (45).  A subsequent 

study by Daher et al., examined the genes within gpl locus responsible for glycosylation of the 

outer membrane and found the absence of Gtf1 and Gtf2 resulted in a rough morphotype with 

increased virulence (46). Additionally, a study assessing the effects of aminoglycosides found 

sub-inhibitory concentrations of amikacin led to a shift from smooth to rough morphology (47). 

This change in morphology is attributed to the upregulation of the transcription factor whiB7 in 

response to sub-inhibitory concentrations of amikacin (MAB_3508c). Overexpression of 

MAB_3508c resulted in a rough colony morphology suggesting morphological changes are a 

result of gene induction rather than amikacin directly acting upon cell wall components (46). 

Evidence gathered from morphological studies points to multiple mechanisms responsible for the 

transition from smooth to rough colonies highlighting Mab’s intricate ability to remodel its cell wall.   

R Mab is particularly burdensome to CF patients as this morphotype is a commonly recovered 
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isolate from the CF lung and is associated with hypervirulence and low drug susceptibility 

(33,48,49).  

Environment Of The Cystic Fibrosis Lung 

CF patients are particularly vulnerable to bacterial infections due to the inability to clear pathogens 

from  the lungs as a consequence of the viscous mucus and impaired innate immune defenses 

of lungs impacted by CFTR mutations (50,51).  Mab infections account for 56% of recovered RGM 

species from the lungs of CF patients and may continue to increase due to the possibility of person 

to person spread  (28,52). Infections caused by Mab are a major cause of concern within the CF 

population due to the association with lung function decline, prolonged hospital stays, an increase 

in hospital visits and in some cases exclusion from lung transplants (14,27,28). Further 

complicating clearance of Mab within the CF lung is the ability for this opportunistic pathogen to 

survive within the hypoxic environments of granulomas and alveolar macrophages which impedes 

antibiotic accessibility (53-56). In addition to residence within granulomas and alveolar 

macrophages, Mab is also able to withstand the mucus laden airway of the CF lung. The thick 

viscous mucus that accumulates within the CF airway is documented to have a pO2 of ~1% and 

increased levels of nitrate, nitrite and nitric oxide requiring adaptation by Mab to survive in these 

harsh environments (57-59). Transcriptional responses to host-derived stresses has only recently 

been examined (60,61). Studies identifying key regulators implicated in adaptation to host derived 

stresses are extremely limited warranting further investigation to understand Mab persistence 

within the host (60-62).   
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Transcriptional Regulation And Two-component Signaling 

Understanding the genetic strategies Mab employs to withstand host-pressures such as hypoxia 

and for utilization inorganic nitrogen sources with the host milieu will give us insights into how 

Mab is able to cause persistent infections in the harsh environment of the CF lung. One 

mechanism commonly used by prokaryotes to regulate gene expression in response to 

stimuli/cues and host pressures is two-component signaling (TCS) (63-67).This is a highly 

conserved signal transducing system allowing dynamic changes in gene expression in response 

to environmental changes (63,67,68). TCS allows adaptations to a multitude of stresses occurring 

within the environment and in response to host derived stresses to allow for cell-wall remodeling, 

locomotion via chemotaxis, shifts in metabolism due to replete or deplete nutrients, dormancy, 

and virulence (63,64,67,69-75). A typical TCS is comprised of 2 proteins, a sensor histidine kinase 

(HK) and a cognate response regulator (RR) (63,69) responsible for signal recognition and 

promoter binding, respectively (Figure 2). HKs detect signals via sensor domains causing a 

change in conformation leading to auto-phosphorylation of a conserved histidine residue in the 

transmitter domain (63,76,77). Phosphorylated HKs activate cognate (genetically linked and often 

co-transcribed)  RR via phosphorylation of conserved aspartate residues allowing homo-

dimerization (63,76). RR dimers bind to DNA through DNA recognition domains leading to 

changes in gene expression for adaptation in response to signaling cues received from SK 

(63,76). Although SKs and RRs are typically paired responses, RRs can be phosphorylated by 

non-cognate SKs or serine/threonine kinases, some RR’s lack a cognate SK and are known as 

orphan response regulators (ORR), orphan SKs (OSK) lack a cognate RR,  heterodimers can 

form between different RRs, and RR binding to DNA is not always confined to a specific DNA 

recognition site (68-70,78,79). Cross talk can occur between TCS allowing dynamic and flexible 

genetic regulation via converging pathways for adaptation (69,70,78-80).   
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Figure 2: Two Component signaling mechanism 

Adapted from: Bretl, D. J., Demetriadou, C., and Zahrt, T. C. (2011) Adaptation to environmental 
stimuli within the host: two-component signal transduction systems of Mycobacterium 
tuberculosis. Microbiol Mol Biol Rev 75, 566-582  
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Two-component Systems Of Mycobacteria 

The number of TCS encoded within the genomes of prokaryotes relates to its lifestyle and size of 

genome ranging from over 100 in Myxococcus xanthus to only 4 in Mycobacterium leprae (67,81). 

The average number of TCS across prokaryotes is around 30 however, Mab contains 11 of the 

12 TCS orthologous to Mtb (the Mab ortholog of Rv0060-0061-tcrA is absent) (67,82,83). The 

roles of TCS in Mtb include but are not limited to cell replication, cell wall biogenesis, adaptation 

to intracellular environments such as survival within alveolar macrophages, secretion of virulence 

factors, nitrate metabolism and hypoxic adaptation (Figure 3) (67,82). Our understanding of the 

roles of the Mab TCS orthologs is rudimentary at best and prior to the initiation of this study there 

were no studies published examining the functions of the Mab TCS orthologs (60,84).  
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Figure 3: Two-component systems of Mycobacterium tuberculosis 

Adapted from: Kundu, M. (2018) The role of two-component systems in the physiology of 
Mycobacterium tuberculosis. IUBMB Life 70, 710-717 
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Mycobacterium Tuberculosis DosRS Two-component Signaling 

Mab and Mtb share similar niches within the human host such as the aforementioned alveolar 

macrophages and granulomas. Mtb survival within host niches requires elaborate gene regulation 

to combat the hypoxic environments associated with macrophages and granulomas (a hallmark 

feature of Mtb infections) (85-89). Mtb infected macrophages and granulomas have a pO2 ~1% 

(55,89), thus limiting the availability of oxygen as a terminal electron acceptor in the respiratory 

chain. Adaptation to this lower pO2 requires transcriptomic alterations to allow for alternate 

respiration and survival. Mtb utilizes the well-documented atypical two-component system 

DosRS/T (comprised of DosS (HK) genetically linked to DosR (RR) and DosT (SK) that isn’t 

genetically linked to either DosS or DosR) , to combat hypoxia, nitric oxide, and carbon monoxide 

stress (76,90-93). Mtb DosRS is implicated in the transition from a replicative to non-replicative 

state known as dormancy/latency in response to these gaseous stresses via regulation of a ~50 

gene regulon (75,92-95).  Within this regulon are genes expressing, heat shock proteins, 

triacylglycerol synthase, ferredoxins, universal stress proteins, diacylglycerol acyltransferases, 

nitroreductases, narX (putative nitrate reductase), nark2 (nitrate symporter), DosS  and DosR 

among others which are necessary for entry into dormancy (54,93,95,96). This dormant state 

induced by hypoxia is characterized by non-replicative persistence, phenotypic drug tolerance, 

increased lipid droplet formation and increased nitrate reduction signifying a transition to nitrate 

respiration all of which requires intricate gene regulation by DosR  (75,85,97-99). Absence of the 

components of Mtb DosRS/T results in growth attenuation in in vitro hypoxia models using the 

Wayne Model of hypoxia (cultures grown in sealed tubes with minimal culture to headspace ratio 

to allow gradual depletion of oxygen) and in vivo in animal models capable of forming hypoxic 

granulomas (75,89,94,100,101). Mtb DosRS plays a pivotal role in gene regulation allowing the 

necessary adaptation for survival in the hypoxic environments associated with the host. This 
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system is critical for host-related dormancy and is a distinguishing factor in discriminating between 

active and latent Mtb infections (102-104).  

Mtb DosR has also been documented to co-regulate gene expression via heterodimer interactions 

with the RRs NarL and PhoP for aerobic nitrate metabolism and metabolic transitioning for 

hypoxia adaptation, respectively (78,105,106). Both heterodimer interactions mediate expression 

of nitrate assimilation genes highlighting the link between DosR and nitrate metabolism for both 

respiration and assimilation (78,105,106).  Microarray analysis determined an overlap of 16 genes 

between dosR and narL Mtb mutants subjected to hypoxia and exposed to nitrate as the only 

nitrogen source, respectively suggesting these genes may be co-regulated (105). Among these 

genes was narK2, a nitrate symporter, which plays an important role in transporting extracellular 

nitrate into Mtb during hypoxia for use as a terminal electron accepter in lieu of oxygen (107-109). 

narK2 not only acts as a transporter of nitrate during hypoxia but also transports nitrate during 

nitrogen depletion for use as an inorganic nitrogen source (109). Further analysis revealed NarL 

and DosR interact to cooperatively regulate gene expression only during aerobic conditions with 

the addition of nitrate implying the importance of DosR and NarL for the intricate balance between 

nitrate respiration and assimilation (105).  

PhoP has also been shown to regulate a subset of DosR regulated genes in aerobic conditions 

and interact with DosR via protein-protein interaction (PPI) to regulate gene expression during 

hypoxia  (78,106,110). Most notably, in the absence of phoP down-regulation of dosR, hspX and 

narK2 occurs in aerobic conditions but not in hypoxia implying basal levels of dosR may be 

dependent upon phoP (95,106). Common to aerobic and hypoxic conditions in the phoP mutant 

is the marked down-regulation of nitrate metabolism genes narG (a dual functioning 
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respiratory/assimilatory nitrate reductase) belonging to the narGHIJ operon and nirB (nitrite 

reductase) (106). As mentioned previously, genes involved in nitrate metabolism provide a means 

of respiration during hypoxia, inorganic sources of nitrogen for biomolecule formation, or defense 

against RNI so it is not surprising multiple response regulators modulate gene expression for fine 

tuning of transcriptional responses. Protein-protein interactions between non-cognate RR e.g., 

NarL-DosR and PhoP-DosR, affirm DosR regulon genes require fine tuning and integration of 

multiple host derived cues for transcriptional alterations both in aerobic and anaerobic conditions 

to allow transcriptional remodeling for adaptation (78,105,106).  

Mycobacterium Abscessus DosRS Two-component Signaling Role in Hypoxic 

Adaptation  

Despite extensive studies of the Mtb TCS particularly DosRS, this topic of study is virtually 

untouched for Mab. Mab harbors 11/12 TCS orthologous to TCS of Mtb however, prior to the 

initiation of this dissertation work none of the roles of these orthologs had been determined (67) . 

Our lab was particularly interested in uncovering the role of Mab DosRS due to the similar lifestyle 

of Mtb and the additional hypoxic and nitrosative stresses encountered in the CF lung (53,54,57-

59,91). The mucus laden airway, intracellular environment of infected macrophages and 

granulomas are all hypoxic with an oxygen concentration approximating 1% requiring Mab 

adaptation through genetic alterations for survival (55,59,89). Mab persistence within these 

environments requires intricate gene regulation that has not been studied highlighting the need 

for investigation if we hope to gain an understanding of Mab’s ability to persist within the harsh 

milieu of the CF lung.  
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Mab DosS and DosR orthologs share 50% and 72% identity with Mtb DosS and DosR implying 

similar roles may exist between orthologs. At the time this study was undertaken in 2017 work in 

this area was rudimentary with only 2 publications making mention of Mab DosRS (61,111). A 

bioinformatics study performed by Gerasimova et al., from 2011 identified a 6 gene Mab DosR 

regulon via comparison of Mtb promoter motifs to predict Mab DosR binding sites. This data was 

interpreted to mean the Mab DosR regulon is much smaller than Mtb despite a larger genome 

and the ability to live within a host and in the environment (112). The predicted Mab DosR regulon 

consists of MAB_3890c (Mab dosS), MAB_3891c (Mab dosR), MAB_2489, MAB_3902, 

MAB_3903, and MAB_3904. A second study to make mention of Mab DosRS reported differential 

gene expression in 56 genes with a log change of +/- 1 in NO (which this group deemed as 

hypoxia) including dosR and the 5 other predicted genes by Gerasimova et al., however it should 

be noted their hypoxia model consisted of NO exposure rather than true hypoxia (61). This study 

affirmed induction of the predicted DosR regulon in a hypoxia like-model however regulation via 

Mab DosRS was not determined. Due to Mab containing a larger genome consisting of ~800 

species specific genes we predict the Mab DosR regulon is much larger than previously reported 

(112,113). The previous Mab DosR studies failed to directly evaluate the role of DosR leaving 

unanswered questions such as is DosRS required for hypoxic adaptation, is DosRS responsible 

for signal recognition, and if DosR regulates the predicted regulon and if the DosR regulon 

consists of more genes than predicted. Addressing these knowledge gaps will give a better 

understanding of the role of Mab DosR. To bridge this gap in knowledge, biochemical assays 

must be performed that include identifying genes induced in true hypoxia, identifying DosR 

regulated genes, determining a DosRS phenotype, and determining whether hypoxia and nitrate 

metabolism are linked.  
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To answer these questions, we developed a hypoxia model mimicking the oxygen concentration 

Mab experiences within the CF airway, within macrophages and granulomas utilizing a hypoxic 

incubator set to ~1% O2 (114). This hypoxic model enabled us to determine the necessary role of 

Mab DosRS in hypoxic adaptation. The Mab dosRS mutant strain (MabdosRS) displayed a growth 

defect and switched from an S to R morphotype in hypoxia compared to WT Mab and Mab dosRS 

complement strain (MabdosRS+C) (114). To identify Mab genes involved in hypoxic adaptation 

transcriptomic analysis was utilized. RNAseq was used to investigate differential gene expression 

(DGE) of Mab grown at 1% O2 verses 20% O2 to identify genes involved in adaptation to hypoxia. 

Hypoxic cultures displayed induction of 1,190 genes compared to cultures grown at 20% O2 (114). 

Not surprisingly, the genes encoding Mab dosRS displayed the greatest fold induction of all the 

TCS within the Mab genome. The only other noteworthy TCS genes displaying DGE were narS 

and the ORR MAB_3520c (orthologous to the nitrate/nitrite regulator known as nnaR in S. 

coelicolor, Msm and Mtb). Of the 1,190 genes induced in hypoxia 127 were downregulated in the 

Mab dosRS mutant strain (MabdosRS) implying the Mab DosR regulon is larger than previously 

predicted. Many of the DosR regulated genes are species-specific to Mab suggesting hypoxic 

adaptation by Mab and Mtb requires different strategies. These observations affirm the 

importance of Mab DosRS for hypoxic adaptation and highlight species specific mechanisms for 

survival.  

Nitrogen Assimilation 

Further distinguishing Mab adaptation to hypoxia from Mtb, is the observed down-regulation of 

the ORR NnaR and nitrate/nitrite assimilation genes suggesting the interplay of hypoxic 

adaptation and nitrate metabolism between the two species is different. Corroborating the 
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distinction between hypoxia adaptation and nitrate metabolism in Mab is the absence of a known 

respiratory nitrate reductase such as the narGHIJ operon found in Mtb suggesting Mab is unable 

to use nitrate as a terminal electron acceptor (115). However, it is reasonable to suspect Mab is 

capable of assimilating nitrate due to the presence of a putative nitrate/nitrite transporter (narK3), 

nitrite reductase (nirBD), ferrochetalase (sirB-responsible for the last step in siroheme synthesis 

an important cofactor for nitrite and sulfite reductases) arranged in operon with nnaR that was 

shown to be down-regulated in hypoxia in our RNAseq study (114). In silico analysis confirmed 

the presence of a putative nitrate reductase (nasN) in a different locus than nnaR which was also 

downregulated in our RNAseq study (114). It is clear, different adaptation strategies are utilized 

among these two species for hypoxic adaptation prompting further investigation of the Mab ORR 

NnaR and its role in regulating nitrate assimilation.  

NnaR was first identified as a target and co-activator of GlnR, the master regulator of nitrogen 

metabolism, in S. coelicolor (116). S. coelicolor GlnR regulates 17 genes associated with nitrogen 

metabolism including narK (nitrate transporter), nasA (nitrate reductase), nirB (nitrite reductase) 

and nnaR (nitrate/nitrite regulator) and is indispensable for growth when nitrate is used as a sole 

nitrogen source (116-118). Research performed by Amin et al., confirmed GlnR S. coelicolor is 

dependent upon NnaR for co-activation of narK and nirB but not nasA. In the absence of NnaR, 

S. coelicolor was unable to grow on nitrate or nitrite as sole nitrogen sources however, nitrate 

reduction was confirmed suggesting the phenotype arose from the inability to further reduce 

nitrite>ammonium implying NnaR co-regulates nirB but not nasA (116). Nitrate assimilation genes 

are regulated similarly in Msm and S.coelicolor, with both utilizing GlnR and NnaR to regulate 

nitrate transport genes (Msm ortholog=narK3), nirB and nitrate reductase genes (Msm 

ortholog=nasN annotated as a pseudogene Msm_4260) (116,119-121). Msm GlnR and NnaR are 
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both necessary for growth when nitrate and nitrite are used as sole nitrogen sources but like S. 

coelicolor nitrate reduction (nitrate>nitrite) occurs in the Nnar mutant but not in the GlnR mutant 

implying NnaR is not essential for nitrate reduction in Msm (116,119-121). A comparable role for 

NnaR in Mtb or Mab has not been determined, however similar roles to GlnR from S. coelicolor 

and Msm have been documented (62,122). Only recently has the role of Mab GlnR been 

investigated affirming regulation of narK3, nirBD, and genes involved with ammonium transport 

and assimilation (62). Data from the Mab GlnR study clearly demonstrates GlnR gene regulation 

of key genes involved in nitrate assimilation but there was no mention of Mab NnaR despite nark3, 

nirBD, nnaR, and sirB (there was no mention of sirB in any GlnR or NnaR publications we could 

find) arranged as a possible operon (MAB_3523c, MAB_3522c, MAB_3521c and MAB_3520c, 

MAB_3519c, respectively) (62). Due to the dramatic down-regulation of this predicted operon in 

hypoxia and putative NnaR promoter binding sites we found via in silico analysis upstream of 

narK3 and nasN we predict NnaR plays a pivotal role in nitrate assimilation (123). 

To investigate the role of Mab NnaR, we generated a Mab nnaR knockout strain (MabnnaR) and 

an episomal complement strain (MabnnaR+C) under constitutive control. qRT-PCR was used to 

analyze differential gene expression of nark3, nirBD, nnaR, sirB  and nasN in MabnnaR confirming 

Nnar regulation due to downregulation of all genes except sirB. Presumably due to the 

dysregulation of nitrogen assimilation genes in MabnnaR growth defects were observed when 

nitrate or nitrite were used as sole nitrogen sources. We were able to determine, NnaR uniquely 

regulates nark3, nirBD, nnaR, sirB and nasN in a species-specific manner for utilization of nitrate 

and nitrite. This data outlines for the first time the significance of NnaR for Mab’s survival when 

nitrogen is limited underscoring the possibility NnaR contributes to virulence within the host in 

when nitrogen sources are limited.  
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The work in this dissertation highlights the species-specific role of Mab DosRS and NnaR for 

hypoxia adaptation and nitrate/nitrite utilization, respectively. Identification of these key 

transcriptional regulators required for growth in in vitro conditions mimicking host pressures  sets 

a foundation for future in vivo transcriptional studies and may help to identify new drug targets.  

Understanding the transcriptional responses contributing to Mab’s persistence and pathogenesis 

will aid the scientific community in combatting this emerging disease.  
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CHAPTER TWO: MYCOBACTERIUM ABSCESSUS DosRS TWO-
COMPONENT SYSTEM CONTROLS A SPECIES-SPECIFIC REGULON 

REQUIRED FOR ADAPTATION TO HYPOXIA 

The content in this chapter is published in Frontiers of Cellular and Infection Microbiology. 
Simcox, B. S., Tomlinson, B. R., Shaw, L. N., and Rohde, K. H. (2023) Mycobacterium abscessus DosRS 
two-component system controls a species-specific regulon required for adaptation to hypoxia. Frontiers in 
Cellular and Infection Microbiology 13 (114) 

Abstract 

Mycobacterium abscessus (Mab), an emerging opportunistic pathogen, predominantly infects 

individuals with underlying pulmonary diseases such as cystic fibrosis (CF). Current treatment 

outcomes for Mab infections are poor due to Mab’s inherent antibiotic resistance and unique host 

interactions that promote phenotypic tolerance and hinder drug access. The hypoxic, mucus-

laden airways in the CF lung and antimicrobial phagosome within macrophages represent hostile 

niches Mab must overcome via alterations in gene expression for survival. Regulatory 

mechanisms important for the adaptation and long-term persistence of Mab within the host are 

poorly understood, warranting further genetic and transcriptomics study of this emerging 

pathogen. DosRSMab, a two-component signaling system (TCS), is one proposed mechanism 

utilized to subvert host defenses and counteract environmental stress such as hypoxia. The 

homologous TCS of Mycobacterium tuberculosis (Mtb), DosRSMtb, is known to induce a ~50 gene 

regulon in response to hypoxia, carbon monoxide (CO) and nitric oxide (NO) in vitro and in vivo. 

Previously, a small DosRMab regulon was predicted using bioinformatics based on DosRMtb motifs 

however, the role and regulon of DosRSMab in Mab pathogenesis have yet to be characterized in 

depth. To address this knowledge gap, our lab generated a Mab dosRS knockout strain 

(MabdosRS) to investigate differential gene expression, and phenotype in an in vitro hypoxia model 

of dormancy. qRT-PCR and lux reporter assays demonstrate Mab_dosR and 6 predicted 
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downstream genes are induced in hypoxia. In addition, RNAseq revealed induction of a much 

larger hypoxia response comprised of >1000 genes, including 127 differentially expressed genes 

in a dosRS mutant strain. Deletion of DosRSMab led to attenuated growth under low oxygen 

conditions, a shift in morphotype from smooth to rough, and down-regulation of 216 genes. This 

study provides the first look at the global transcriptomic response of Mab to low oxygen conditions 

encountered in the airways of CF patients and within macrophage phagosomes.  Our data also 

demonstrate the importance of DosRSMab for adaptation of Mab to hypoxia, highlighting a distinct 

regulon (compared to Mtb) that is significantly larger than previously described, including both 

genes conserved across mycobacteria as well as Mab-specific genes.  

Introduction 

Mycobacterium abscessus (Mab) is an opportunistic pathogen capable of causing skin, soft tissue 

and pulmonary infections in immunocompromised individuals and individuals with pre-existing 

lung disease such as cystic fibrosis (CF) and bronchiectasis (6,8,14,26,27). Impaired innate 

immune defenses and viscous mucus within the CF lung contribute to reduced clearance of 

bacterial pathogens leading to increased rates of infections and morbidity (50,51).  Mab is the 

most common rapidly-growing mycobacterial (RGM) species recovered from the lungs of CF 

patients (28). Within the CF population and patients with underlying lung dysfunction, infections 

caused by Mab are associated with lung function decline, increased hospital visits, prolonged 

hospital stays and in some cases exclusion from lung transplants (14,27,28). Due to Mab’s 

inherent antibiotic resistance, treatment options are limited, resulting in extremely low cure rates 

of less than 50% (14,24,29,124,125) The development of effective treatment strategies for Mab 

is hindered by discrepancies between in vitro and in vivo susceptibilities associated with Mab’s 

unique lifestyle (29,124,126). Akin to Mycobacterium tuberculosis (Mtb), the causative agent of 
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tuberculosis, Mab resides within pulmonary macrophages and within granulomas which limit 

antibiotic accessibility and promote drug tolerance, making treatment of an inherently antibiotic 

resistant pathogen even more difficult (53,54). The viscous mucus in the CF lung represents an 

additional hostile niche within the host to which Mab must adapt (50,51,61,127). One key host-

derived stress encountered by Mab in all three of these microenvironments is decreased oxygen 

tension, with oxygen tension estimated to be ~1% O2 within these niches (55,56,59). Thus, to 

successfully cause an infection, Mab must encode mechanisms to adapt and persist under 

hypoxic conditions. Transcriptional responses to host-derived cues/stresses are not well-defined 

in this NTM pathogen, requiring further studies to understand how Mab adapts its physiology and 

virulence factor expression to cause insidious, persistent infections.   

Two-component signaling (TCS) is a mechanism commonly utilized by prokaryotes to regulate 

virulence gene expression in response to host-derived cues (64,70-72). A typical TCS consists of 

a sensor histidine kinase (HK) responsible for signal recognition and subsequent phosphorylation 

of a cognate response regulator (RR) which binds DNA motifs within promoter regions to drive 

alterations in gene expression (128-131). Mab encodes 11 TCS, 5 orphan RRs and 1 orphan HK 

each with a corresponding ortholog in Mtb; however, in-depth studies of Mab TCS have not been 

performed (67). The well-documented atypical TCS DosRS/TMtb, is known to control a ~50 gene 

regulon to counteract hypoxic and nitrosative stress encountered within macrophages and 

granulomas (55,75,86,93,132-135). DosRS/TMtb, contains 2 HKs (DosS and DosT) rather than one 

which are responsible for phosphorylating the RR DosR at different stages of hypoxia (136). 

Although Mtb dosT contributes to signaling in early stages of hypoxia, it is constitutively expressed 

and is not part of the DosRMtb regulon (91). The DosRMtb regulon includes autoregulation of dosRS 

itself, as well as heat shock proteins, triacylglycerol synthases, ferrodoxins, universal stress 
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proteins, diacylglycerol acyltransferases, and nitroreductase which are implicated in dormancy, 

resuscitation, phenotypic drug tolerance and increased lipid metabolism (75,85,93,97,135). 

Induction of Mtb dosR within animal models capable of forming hypoxic granulomas (rhesus 

macaques, guinea pigs, and C3HeB/FeJ mice) and attenuation of mutants lacking DosRSMtb 

highlight the importance of this TCS for Mtb pathogenesis (89,100,137,138). 

According to whole genome sequence data, Mab encodes a DosR ortholog (Mab_3891c) with a 

high level of homology with DosRMtb (~72% identity) adjacent to and upstream of DosSMab 

(Mab_3890c) with lower similarity (~51% identify) to its counterpart in Mtb. Mab does not appear 

to encode a secondary orphan HK analogous to DosT, with the closest homolog to dosT being 

dosSMab/Mab_3890C (53% identity).  At the time this study was initiated, only two reports made 

mention of DosRSMab.  A bioinformatics study by Gerasimova et al. used Mtb DosR promoter 

motifs to predict a small DosRMab regulon consisting of only 6 genes (111). A subsequent 

transcriptomics study by Miranda Caso-Luengo et al. demonstrated induction of the 6 predicted 

DosRMab regulated genes plus 56 other genes upon exposure to nitric oxide (NO) (61). It remained 

unclear whether induction of these genes occurs through signaling of DosRSMab or whether 

hypoxia is an induction cue.  

Although there is considerable overlap in the repertoires of TCS encoded by different 

mycobacteria, few cross-species transcriptomic studies are available comparing TCS regulons 

and regulatory networks between e.g. Mtb and NTM pathogens.  Given the diversity of conditions 

encountered by Mab as an environmental, opportunistic pathogen, and larger genome (compared 

to Mtb) comprised of ~800 species-specific genes, the potential for unique gene sets in Mab TCS 

regulons is high (112,113). A hypoxia model mimicking the physiologic conditions in the mucus 
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of CF airways, within granulomas and intramacrophage compartments was used to evaluate the 

role of DosRSMab and assess transcriptional regulation mediated by this TCS. Our work 

demonstrates DosRSMab is important for maximal growth and survival in hypoxia and regulates a 

potentially larger set of genes than previously predicted. RNAseq revealed upregulation of >1000 

genes in hypoxia including 127 putative DosRSMab regulated genes. Information gained from this 

study identifies the importance of the DosRSMab TCS in adaptation to hypoxia for survival and 

provides valuable knowledge of a novel set of hypoxia-induced genes in this species for future 

studies.  

Methods 

Mycobacterium Abscessus Cloning 

MabdosRS was generated via recombineering as described by van Kessell and Hatfull in the strain 

Mab 390S obtained from the Thomas Byrd lab (41,139). In brief, an allelic exchange substrate 

(AES) was engineered containing an apramycin resistance cassette flanked by ~1000 nucleotides 

upstream and downstream of the dosRS operon via round the horn PCR and fast cloning 

(140,141). Mab::pJV53 competent cells induced with .02% acetamide for 4 hours were 

electroporated with 100ng AES, recovered in 7H9 OADC media for 24 hours, and plated on 7H10 

agar supplemented with apramycin 50 µg/ml. Complement strain, MabdosRS+C, containing dosRS 

with its native promoter was engineered using round the horn (140) and fast cloning (141) in the 

integrating vector pUAB400 followed by electroporation into MabdosRS (142). Mab 390S and 

MabdosRS were transformed with pMV306hspG13lux (Addgene #26161) to generate the 

constitutive lux strains, Mab 390S Phsp60-lux and MabdosRS Phsp60-lux. Lux reporters under the 

control of PdosR and P2489  were constructed in the background plasmid pMV306hspG13lux to 
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generate Mab 390S PdosR-lux, MabdosRS PdosR-lux, Mab 390S P2489-lux, and MabdosRS P2489-lux, 

via replacement of Phsp60 (hsp60 promoter) using round the horn cloning  (140,141,143). Refer to 

Tables 1-5 for strains, plasmids and primers used for cloning.  

Hypoxic And Re-aeration Culture Models  

Cultures were grown in 7H9-OADC+.05% tyloxapol from glycerol stocks at 37◦C while shaking 

unless otherwise noted. For growth kinetics assays, strains were inoculated from mid-log phase 

starter cultures into 13ml of media in filter-capped T-25 flasks to an OD600 = 0.02. Hypoxic cultures 

were grown standing in a hypoxic incubator set at 1% O2 while aerated controls were cultured at 

20% O2 while shaking at 100 rpm. Re-aeration studies were conducted after cultures were 

subjected to hypoxia or grown at 20 % O2 for 30 days. Optical density readings (OD600nm) were 

taken on days 2, 3, 5, 8 and 10. 

RNA Experiments 

RNA was extracted as previously described (144) in triplicate from hypoxic cultures (1% O2) and 

normoxic cultures (20% O2) for qRT-PCR and RNAseq. At designated time points, cultures were 

pelleted at 4300 rpm for 5 minutes, resuspended in guanidine thiocyanate buffer, pelleted again 

at 12,000 rpm for 5 min, and stored at -80º C until processing. Thawed pellets were resuspended 

in 65º C Trizol then lysed using 0.1mM silicon beads in a BeadBeater at max speed for 1minute 

2x followed by cooling on ice for 1 minute between bead beating. Isolation of total RNA from Trizol 

lysates was performed using chloroform extraction and Qiagen RNeasy column purification. Total 

RNA was treated with Turbo DNase (Invitrogen) to eliminate DNA contamination. 50 ng/µl of total 

RNA was used to generate cDNA using iScriptTM cDNA synthesis kit (Bio-Rad) for qRT-PCR 

reactions carried out in a QuantStudio7 thermocycler. Primers used for qRT-PCR are listed in 
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Table 6. RNA samples for RNAseq analysis were pooled at equal RNA concentrations from three 

biological experiments as previously described (145,146) prior to library preparation at a 

concentration of 50 ng/µl in 20 µl. Only RNA samples with RIN>6 as determined by Tapestation 

analysis were utilized. RNA samples were sequenced by Microbial Genome Sequencing Center 

(MiGs) using Illumina sequencing protocol aligning reads to the Mab ATCC19977 genome 

(accession #CU458896). RNAseq data reflects a minimum of 12M paired end reads per sample. 

Due to incompatibility of Ribo-zero rRNA removal kit (Illumina) with Mab which resulted in high 

levels of rRNA, MiGS designed custom depletion probes (Table 7) for rRNA depletion.  Raw data 

was received from MiGs as fastq files followed by analysis using CLC Genomics Workbench 12 

(Qiagen Bioinformatics). Illumina paired importer tool was used to eliminate failed reads using the 

quality score parameter option set to Illumina Pipelines 1.8. Expression browser tool (v1.1) was 

used to calculate gene expression with an output of transcript per million (TPM). Differential gene 

expression is expressed as a log2FC of -1 or 1 and visualized as scatter plots created in 

GraphPad Prism 9.  

Lux Reporter Assays 

Bio-luminescent reporter strains were grown to mid-log phase, diluted to .02 OD in 13ml in T25 

flasks and grown in either 20% O2 or 1% O2 for 1, 5 and 20 days. 200 ul of each culture was 

aliquoted in triplicate into 96 well white bottomed plate to measure luminescence via Synergy H4 

reader (Biotek). Fold change of luminescence was analyzed comparing individual strains in 1% 

O2 to 20% O2 using Mab 390S Phsp60-lux or MabdosRS Phsp60-lux as internal controls (1%O2(PdosR 

or P2489/Phsp60))/(20% O2(PdosR or P2489/Phsp60)).  
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Results 

Growth And Transcriptome Remodeling Of Mab In A Defined Hypoxia Model 

Our first goal was to develop a tractable in vitro model to investigate the mechanisms employed 

by Mab to persist under physiologically relevant oxygen-limited conditions. To do this, Mab 390S 

was grown under standing conditions in a 1% O2 atmosphere to mimic the pO2 observed within 

the CF lung, macrophages and granulomas (55,56,59). Mab 390S grew steadily at 1% O2, 

reaching OD600 ~0.7 by day 5 with continued increase to ~0.9 by day 10 (Figure 4). Somewhat 

unexpectedly, the intended aerobic control culture (20% O2 atmosphere, standing) had a very 

similar growth profile, reaching only a slightly higher OD ~1.2 by day 10 (Figure 4). In contrast, 

Mab 390S grown in 20% O2 with shaking (100rpm) reached a maximum density by day 5 

(OD600~1.6) and subsequently plateaued up to day 10 (Figure 4). This difference is likely due to 

the microaerobic conditions experienced by bacilli growing below the media surface, as previously 

seen with Mtb and BCG strains grown in standing conditions (147,148). To maximize the contrast 

between aerobic and hypoxic conditions, Mab cultures shaking in 20% O2 served as references 

for all hypoxia experiments. Thus, Mab is not only able to survive but to actively replicate under 

in-vivo like hypoxia conditions.  It is worth noting that exposure of Mab to sudden hypoxia using 

BD Gaspack anaerobic pouches led to rapid sterilization of the cultures (data not shown).  This 

may indicate a lower threshold of O2 levels needed for Mab viability was exceeded or that slower, 

adaptive responses are necessary to survive.     

  



30 
 

 

Figure 4: Growth kinetic comparisons of Mab390S  

Mab390S cultures were grown in 20% O2 while shaking (black), 20% O2 while standing (orange) 
or 1% O2 while standing (green). OD600nm was taken on day 0, 5, 10.  
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Exploiting this model to profile Mab differential gene expression (DGE) in response to hypoxia, 

RNAseq transcriptomic analysis was conducted on wild-type Mab 390S cultured at 1% O2 and 

20% O2 on day 5. This time point reflects the maximal difference in OD600nm between hypoxic and 

aerated cultures and precedes the plateau in growth curves (Figure 4). The scatter plot in Figure 

5A graphically depicts the dramatic genome-wide alterations in Mab 390S gene expression 

induced by in vivo-like low oxygen condition. The Mab hypoxia response included induction of 

1,190 genes ( 1 log2 fold change compared to 20% O2) and downregulation of 1,062 genes ( 1 

log2 fold change compared to 20% O2) (Table S1). This represented a larger set of hypoxia-

induced genes than observed in Mtb in two studies under similar 1% O2 hypoxia conditions 

(induction of ~400 genes detected via microarray and ~682 via RNAseq) (87,149). These data 

highlight the functional genomic differences between Mab and Mtb, in particular their distinct 

patterns of gene regulation in response to hypoxia which are discussed in detail below. 

To identify putative regulators of hypoxia adaptation in Mab, we assessed the differential 

expression of TCSs and other annotated transcription factors in the 1% hypoxia model. Of the 11 

TCS orthologous to Mtb, only dosRS, mtrA, narS and the orphan RRs Mab_2133 and Mab_3520c 

displayed DGE (Figure 5A-B). Mab_dosRS exhibited the largest magnitude of gene induction with 

log2FC of 3.9 and 4.5, respectively, pointing to DosRSMab as an important TCS facilitating 

adaptation to hypoxic stress. The other TCS components were minimally induced with a log2FC 

of 1.6 for narS, 1.2 for mtrA and 1.1 for the orphan RR Mab_2133. The roles of narS, mtrA and 

Mab_2133 have not been determined in Mab. However, in the context of Mtb, the regulons of 

DosRS and NarLS TCS display partial overlap and protein-protein interactions between the RR 

from these two TCSs, DosR and NarL, have been detected (105). mtrA is essential in Mtb due to 

its role in replication, whereas in Mab mtrA was reported to be non-essential, pointing to potential 
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differences in the role of this TCS between the two species (150,151). The Mtb ortholog (Rv3143) 

of orphan RR Mab_2133 is implicated in nitrate metabolism in the absence of oxygen, binds to 

nuo subunits required for electron transport and is within nuo operon (152). Mab’s nuo operon 

displays synteny with the Mtb nuo operon including the orphan RR Mab_2133. Whereas Rv3143 

was moderately induced by hypoxia in a DosR-dependent manner (65), the upregulation of 

Mab_2133 in our hypoxia model was not altered in the absence of DosRS (Table S1). The only 

TCS gene displaying substantial downregulation was Mab_3520c (log2FC = -9.7). The Mtb 

ortholog of Mab_3520c, Rv0260c, is known to be upregulated in hypoxia and to interact with DosS 

via protein-protein interaction independent of DosR; however, the function of Rv0260c has not 

been identified (149,153). The opposite pattern of regulation of Rv0260c (induced) and 

Mab_3520c (repressed) in hypoxia implies they are utilized differently for adaptation to hypoxia. 

Thus, our transcriptomic analyses of Mab under physiologic hypoxia conditions point to Mab 

DosRS as an important TCS aiding in adaptation to hypoxia.  

In addition to induction of the Mab_dosRS TCS, we also observed upregulation of 80 single 

component transcription factors (TF) in hypoxia (Table S1). Due to the high number of TF, only 

the genes with a log2FC  3 are included in (Table S2) with the most highly induced genes being 

Mab_4180 (lclR), Mab_2606c (TetR family), Mab_4332 (TetR family) and Mab_3018 (GntR 

family). The Mtb orthologs for Mab_4332 (Rv0273c) and Mab_3018 (Rv0586) have 64.14% and 

45.53% identity, respectively. Rv0273c has been identified as a regulator of inhA, an enoyl-ACP 

reductase involved in mycolic acid synthesis, and Rv0586 is known to mediate lipid metabolism 

in Mtb (154-156). Both Mab_4180 and Mab_2606c share less than 30% sequence homology with 

the Mtb orthologs and no known function has been identified. Although few Mab transcriptional 
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regulators have been characterized, the large number of regulators with altered expression under 

hypoxic stress are likely key nodes in the regulatory networks needed to adapt in vivo . 

Due to the number of TFs and their magnitude of modulation in response to hypoxia, including 

upregulation of Mab_dosRS, the broad scope of transcriptional changes was not surprising. The 

list of hypoxia-induced genes included loci involved in fatty acid and cholesterol metabolism, 

components of the NADH-quinone oxidoreductase subunits (nuoA-N), 6 epoxide hydrolases 

(ephD), ATP synthase subunits, 5 mammalian cell entry operons (MCE), members of the 

glycopeptidolipid locus (GPL), and 520 hypothetical genes (Table S1&S2). Several pathways 

critical for pathogenesis of Mtb, such as fatty acid and cholesterol metabolism, are also induced 

in various hypoxia models (Wayne model, 1% O2) and within granulomas (149,157,158). All four 

MCE loci in Mtb are differentially expressed in response to hypoxia, suggesting an important role 

for this family of lipid/cholesterol transporters in adaptation to this stress. While mce2 and mce3 

were induced in a hypoxia model similar to ours (1% O2, 5 days), mce1 was repressed, and mce4 

expression remained unchanged (149). A separate study by Rathor et al. found that mce4 was 

upregulated after much longer durations of hypoxia stress (159).  Mce1 and Mce4 are known to 

play a role in the transport of fatty acids and cholesterol (158,160), whereas the function of Mce2 

and Mce3 have not been determined yet. In contrast, five of the seven MCE systems encoded by 

Mab were upregulated in 1% O2 after 5 days (Table S1&S2). Although the biological role of MCE 

complexes in Mab have not been studied, their distinct expression profile suggest they may be 

important for in vivo survival. The Mab hypoxia-induced gene set also included a large number of 

genes implicated in -oxidation pathways - 14 fadE genes, 8 fadD genes, and one of each fadA 

and fadH (Table S1&S2). Upregulation of 6 ephD genes (an epoxide hydrolase predicted to alter 

the amount of epoxymycolates in the cell wall), members of the GPL locus accounting for smooth 
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morphology (Table S1&S2), and arabinosyltransferases A and B (Table S1) involved with 

arabinogalactan synthesis indicate Mab may undergo cell wall remodeling in response to hypoxia 

(44,161,162).  

In addition to -oxidation, metabolic pathway induction included nuo subunits A-N, ATPase 

subunits, and cytochrome P450 genes (Table S1&2). NuoA-N are subunits of the proton pumping 

NADH dehydrogenase type 1 responsible for transferring electrons to menaquinone in the 

electron transport chain (ETC) in an energy conserving manner to generate a PMF (163). 

Although these genes are upregulated in the RGM Mycobacterium smegmatis (Msmeg) during 

slowed growth and in E.coli in anaerobic conditions, this is not a feature observed in the hypoxic 

response of slow-growing mycobacteria (SGM) like Mtb (164,165). In contrast to Mab, the nuo 

operon and ATPase subunits are downregulated in hypoxic Mtb, further highlighting the distinct 

stress responses and energy metabolism of these two species in response to hypoxia (149,166). 

Of the 25 Mab cytochrome P450s, 14 were induced in hypoxia (Table S1&2). This data is 

consistent with hypoxic induction a large number of cytochrome P450s in the RGM Msmeg but 

not in the SGM Mtb with the exception of only 2 cytochrome P450s (134,165,167). The roles of 

individual Mab cytochrome P450s remain unknown but the functions of the Mtb orthologs are 

dependent on their ferredoxin redox partners and include cholesterol degradation, redox balance, 

and virulence (168). Our data supports hypoxic induction of 2 ferredoxins (Mab_0914c & 

Mab_2049c) and 3 ferredoxin reductases (Mab_0930, Mab_2047c and Mab_4356c) (Table S1). 

Induction of nuoA-N, ATPAse subunits, the large number of cytochrome P450s and ferredoxins 

implies Mab may employ different sets of genes for anaerobic respiration in its response to 

hypoxia and adapation.  
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Mab’s transcriptional adaptation to hypoxia also comprised a large set of downregulated genes 

including but not limited to multiple TF, tRNAs, 30S and 50S ribosomal proteins, alternative sigma 

factors, and 431 hypothetical proteins (Table S1). Downregulation of genes involved in essential 

processes such as protein synthesis (e.g. tRNAs, ribosomal proteins and sigma factors) are 

consistent with the slowed growth observed in hypoxic Mab cultures. Included among the most 

downregulated genes in hypoxia (Table S1) is the orphan response regulator Mab_3520c (Figure 

5B) and three adjacent upstream genes (nirD/MAB_3521c, nirB/MAB_3522c, and 

narK3/MAB_3523c) (Figure 5A) predicted to be involved in nitrite reduction and extrusion (122). 

Mtb nirB and nirD orthologs are reportedly induced in nutrient starvation but minimal to no DGE 

occurred in hypoxia at 1% O2 (149). However, in the Wayne model of hypoxia Mtb nirB displayed 

induction and functional nirBD genes were required for growth in hypoxia when nitrite was used 

as the sole nitrogen source (169). 
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Figure 5:Transcriptome analysis of Mab390S in defined hypoxia model 

DGE is visualized as (A) scatter plot depicting changes in gene expression reported as TPM with 
≥ or ≤ log2FC on Day 5 for Mab 390S 1% O2 vs Mab 390S 20% O2. Dots represent individual 
genes (neon green=Mab_1042C, pink=Mab_1681-1698, blue=nuo operon, purple= desA1, 
turquoise=Mab_3937 & 3938, red= predicted DosR regulated genes (RG) magenta= Mab 3520c-
3523c). (B) Heat map showing DGE of TCS of Mab 390S in 1% O2 vs 20% O2. In gene names, 
orphan response regulators and orphan sensor kinases are denoted as ORR and OSK, 
respectively. 
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Construction And Validation of MabdosRS And MabdosRS+C 

Elucidation of the global transcriptional responses of Mab to hypoxia for the first time revealed 

the  DosRS TCS is employed during hypoxic adaptation, yet much remains unknown about the 

role of DosRS in gene regulation and Mab pathogenesis. The DosRMab regulon was previously 

predicted to consist of only 6 genes - Mab_3890 (dosS), Mab_3891 (dosR), Mab_2489 (universal 

stress protein, USP), Mab_3902c (ortholog of Rv2004c), Mab_3903 (nitroreductase) and 

Mab_3904 (USP) – based solely on bioinformatic analysis (111). However, at the time this study 

was initiated, the role of DosRSMab signaling in gene regulation, including induction of this gene 

set, remained to be experimentally demonstrated.  To enable determination of the DosRSMab 

regulon and role of this TCS in Mab adaptation to hypoxia, we generated MabdosRS  (knockout 

mutant) using recombineering and the corresponding complemented strain (MabdosRS+C) 

expressing a single, integrated dosRS allele driven by its native promoter (139). In addition to 

confirming strain genotypes by PCR and DNA sequencing (data not shown), the absence of 

dosRS transcripts in MabdosRS  and restoration to wild-type levels in MabdosRS +C was validated by 

qRT-PCR (Figure 6A). We next assessed transcript levels of 4 genes (in addition to dosRS operon 

itself) previously predicted to be DosR-dependent. Loss of a functional DosRS system resulted in 

down-regulation of all predicted DosRMab-regulated genes by >2 log (MAB_2489, MAB_3902c, 

MAB_3903) or > 1 log in the case of MAB_3904 with restoration to wild-type levels in the 

complemented strain (Figure 6B), consistent with DosR-mediated induction of these genes.   
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Figure 6: Validation of MabdosRS and MabdosRS+C 

qRT-PCR was performed to (A) confirm the deletion and restoration 
of dosS and dosR in MabΔdosRS and MabΔdosRS+C, respectively, and (B) assess the effect on 
predicted downstream genes. Mab 390S (black), MabΔdosRS (red) and MabΔdosRS+C (blue). Data is 
representative of 3 experiments performed in triplicate. P values were calculated via one -way 
ANOVA using GraphPad. Red stars indicate Ct values were not detected for Mab 
dosR nor dosS in the mutant strain. *P-value <.05, ***P-value <.001 ****P-value <.0001. 
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DosRSMab Is Required For Maximal Growth In Hypoxia  

As detailed above, to verify the role of DosRS under in vivo relevant conditions, we compared the 

growth kinetics assays of Mab 390S, MabdosRS, and MabdosRS +C in hypoxic (1% O2, standing) 

versus aerobic (20% O2, shaking) conditions. Strains were monitored over a 30-day period using 

CFU/ml as the readout at day 5, 20, and 30 and grown in normoxic conditions after plating. 

Cultures grown in 20% O2 reached maximum growth on day 5 with no difference in growth 

between strains at any time point confirming fully aerated cultures are not dependent on DosRS 

for replication (Figure 7A). At 1% O2 maximum growth was achieved by day 20 in Mab 390S with 

a ~2-log decrease in MabdosRS and a ~log decrease in MabdosRS+C (Figure 7B) suggesting a 

functional DosRS is required for maximal growth and survival during hypoxic stress. By day 30 in 

1% O2, Mab 390S displayed a slight decrease in CFU compared to day 20 however, this decline 

was also observed in fully aerated cultures indicating that hypoxic stress was not the cause 

(Figure 7A&B). These data support the conclusion that DosRSMab is necessary for growth in 

hypoxic environments that mimic the physiologic environments of the CF lung, within 

macrophages and granulomas (55,56,59). Unexpectedly, a morphotype transition from smooth to 

rough occurred in MabdosRS after pro-longed exposure to 1% O2. On day 20 and 30 an observable 

change in morphology occurred only in the mutant strain resulting in a heterogenous population 

of smooth and rough colonies (Figure 8A-D), indicating a DosR-dependent inducible alteration in 

cell wall composition for MabdosRS. This is corroborated by the fact that in hypoxic liquid culture 

assays, MabdosRS alone adopted a biofilm-like pellicle layer that was resistant to disruption, 

whereas other strains maintained a homogeneous composition (data not shown).  

Prompted by the inability of MtbdosR to resuscitate after re-aeration from hypoxia (75,170), we 

investigated the ability of MabdosRS to resuscitate after 30 days in hypoxia. Day 30 cultures taken 
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from 20% O2 and 1% O2 were diluted to an OD600nm of 0.02 and grown in 20% O2 while shaking to 

evaluate the recovery of MabdosRS after prolonged exposure to hypoxia. OD600nm was taken over 

a 10-day period (Day 0, 2, 3, 5, 8, and 10) to monitor growth kinetics after re-introduction of O2. 

All strains originating from aerobic conditions displayed similar growth curves after re-culturing 

and reached maximal OD by day 5 (Figure 9A). In contrast, after being subjected to hypoxia for 

30 days, MabdosRS displayed reduced growth compared to Mab 390S and MabdosRS+C taken from 

1% O2 (Figure 9B). Attenuated growth in 1% O2 and the inability to resuscitate after re-aeration 

for MabdosRS supports a critical role for DosRSMab in mediating adaptation to changing oxygen 

levels encountered within the host during both dormancy and reactivation.     
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Figure 7: MabdosRS is attenuated in hypoxia 

Growth kinetics in hypoxia were assessed via serial dilutions, spot plating and enumeration of 
CFU/ml on day 5, 20 and 30. (A) Growth kinetics at 20% O2 (B) Growth kinetics at 1% O2. Mab 
390S (black), MabΔdosRS (red) and MabΔdosRS+C (blue). Data reflects 3 independent experiments 
performed in triplicate. P-values were calculated via one-way ANOVA using GraphPad, ****P-
value <.0001. 
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Figure 8: Hypoxia-induced morphological changes in MabdosRS 

Cultures grown at 20% or 1% O2 were spot plated on Day 20 and Day 30 and incubated under 
normoxic conditions. (A) Day 20 at 20% O2 (B) Day 20 at 1% O2 (C) Day 30 at 20% O2 (D) Day 
30 at 1% O2. 
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Figure 9: DosRS is required for resuscitation after hypoxia. 

OD600nm was taken over a 10-day period of re-aerated cultures after 30 days of growth in 
either (A) 20% O2 or (B) 1% O2. Mab390S (black), MabΔdosRS (red) and MabΔdosRS+C (blue). Data 
reflects 2 independent experiments performed in triplicate. P-values were calculated via one-way 
ANOVA using GraphPad, ***P-value <.001. 
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Identification Of A Large And Unique Gene Set Regulated By DosRSMab 

We next analyzed DGE between Mab390S and MabdosRS in hypoxia via RNAseq to 

experimentally identify DosRS regulated genes (Figure 10). Cultures of Mab 390S and MabdosRS 

were grown at 1% O2 for 5 days at which point RNA was extracted from three independent 

experiments for analysis. In the absence of DosRS, 216 genes were expressed at lower levels 

relative to Mab 390S after exposure to 1% O2 (Figure 10), of which 127 genes were also induced 

in Mab 390S by hypoxia (Table S1). This pattern is consistent with DosRS-dependent hypoxia 

induction, suggesting that Mab DosR may control a much larger regulon than previously 

predicted. In subsequent analyses, we defined putative DosRS-dependent hypoxia induced 

genes as those whose transcript levels were decreased by log2FC  1 in the MabdosRS in 1% O2 

and were induced by log2FC  1 in Mab 390S 1% O2 (Table S2). The top 20 putative DosRS-

dependent genes induced most highly by hypoxia (Table S2) include 4 of the genes previously 

predicted in silico to be members of the DosRSMab regulon. Notably, two of the most highly 

upregulated genes, Mab_3937 and Mab_3354 (desA1), appear to be Mab-specific members of 

this regulon.  Mab_3937, a hypothetical protein with no known ortholog, is predicted to be in an 

operon with Mab_3938 and Mab_3939, encoding a Clp protease subunit (ClpC2) with orthologous 

counterparts in Mtb and Msmeg which are essential genes. (61,171,172).  Both desA1 

(Mab_3354) and desA2 (Mab_1237), desaturase enzymes with predicted roles in the biosynthesis 

of the mycolic acid component of mycobacterial cell walls, exhibited hypoxic DGE in the dosRS 

mutant (173,174). Recently desA2 but not desA1 was predicted to be an essential gene in Mab, 

Mtb and Msmeg suggesting even slight downregulation could lead to detrimental alterations in 

the cell wall  (150,173). Although Mtb has orthologs of these genes (ClpC2, desA1, and desA2), 

there is no evidence of regulation by DosRMtb, illustrating the potential for conserved TCS to 

interact with conserved target genes in distinct ways. Additionally, no known DosRMtb-regulated 
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genes have been deemed essential, further highlighting the unique nature of DosRSMab-mediated 

hypoxia response. Among the 127 hypoxia-induced putative DosRMab-dependent genes is a large 

gene cluster (Mab_1681-1698) containing hypothetical proteins, daunorubicin resistance efflux 

pump subunit (drrA), and a putative mce operon (Table S1&S2). Whereas some putative Mab 

MCE gene clusters have clear orthologs in Mtb (e.g. MAB_4146c-4155c with Mce4, Rv3492c-

3501c), the predicted Mab MCE proteins encoded by MAB_1681-1698 do not directly correspond 

to a specific MCE loci in Mtb. Rather, they share low homology with components of different Mtb 

MCE complexes, necessitating further research to fully assess the role of this Mab-specific MCE 

during hypoxia.  

Comparing the ~ 50 genes of the DosRMtb regulon with the putative DosRMab regulated genes 

identified in this study (Table S1), we only discovered 6 shared orthologs including 4 conserved 

hypothetical proteins (CHPs) plus DosR (Mab_3891c) and DosS (Mab_3890c). In addition to the 

transcriptional regulator Mab_3891c, we found nine other transcriptional regulators to be induced 

by hypoxia in a putative DosR-dependent manner (Table S1& S2) with none of their Mtb orthologs 

regulated by DosRMtb. The transcriptional response of Mab to hypoxia is further differentiated from 

Mtb by the lack of regulation of any of the 7 putative triacylglycerol synthases (tgs) by hypoxia or 

DosR, a characteristic of in vitro dormancy and hypoxia for Mtb (Table S1) (95,175). Hypoxic Mtb 

positively regulates tgs1 via DosR for synthesis of triacylglycerol (TAG) for energy storage and 

utilization. The absence of DosRMab-mediated induction of any Tgs enzymes under hypoxic stress 

points to a different mechanism for energy storage and utilization in Mab vs Mtb (98,135). The 

scope of the Mab DosR regulon precludes a comprehensive discussion of every downstream 

gene, many of which encode uncharacterized conserved hypothetical proteins. However, this 
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RNAseq dataset is evidence for a species-specific regulon larger than predicted bioinformatically 

that likely contains novel mechanisms of hypoxia adaptation and pathogenesis.  

Comparative transcriptomics also revealed upregulation of 200 genes in MabdosRS compared to 

Mab 390S (Figure 10, Table S1), however the magnitude of induction was low ranging between 

log2FC of 1-3.6. Among the upregulated genes are 81 hypothetical proteins, 5 transcription 

factors, 30S and 50S ribosomal proteins. Included in the top 20 most highly induced genes in 

MabdosRS are Mab_3521c (nitrite reductase) and Mab_3523c (nitrite extrusion protein) which 

were observed to be highly downregulated in hypoxic Mab 390S (Table S1). These data suggests 

that DosRS may act as a repressor of a subset of genes in hypoxic conditions, a hypothesis that 

remains to be experimentally validated. The low-level induction of other genes in the knockout 

strain may also result from indirect effects of DosRS on mycobacterial physiology under hypoxic 

stress.  

To validate RNAseq results, two of the putative Mab DosR-dependent genes most differentially 

expressed in the mutant strain (Mab_3354 and Mab_3937) were assessed via qRT-PCR along 

with 5 of the predicted Mab DosR genes (Figure 11A&B). Similar to RNAseq studies, the effect of 

hypoxia on gene expression was assessed in Mab 390S (1% vs 20% O2) (Figure 11A) and the 

requirement for DosRS for DGE in response to hypoxia by comparing Mab 390S, MabdosRS and 

MabdosRS +C (Figure 11B).  All genes assessed via qRT-PCR were induced by  10-fold in 1% O2 

compared to 20% O2 for Mab 390S with Mab_3937, Mab_3902c, and Mab_3354 having the 

highest gene induction consistent with RNAseq results (Figure 11B). These same genes 

displayed loss of induction in MabdosRS by  10-fold similar to RNAseq results with restoration by 

MabdosRS+C in hypoxia (Figure 11B). The most dramatic change in gene expression in MabdosRS 
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was Mab_3902c and Mab_3937 with > 100-fold reduction compared to Mab 390S. Results from 

qRT-PCR corroborate RNAseq results and accentuate the magnitude of differential gene 

expression of predicted and newly discovered hypoxia-induced DosRSMab regulated genes.  

In addition to qRT-PCR, bacterial luciferase (Lux) reporter strains were used to evaluate the 

kinetics of hypoxia-dependent changes in gene expression across a broader time course. The 

integrating shuttle plasmid pMV306luxG13 optimized for mycobacteria consists of the constitutive 

Phsp60 and PG13 promoters driving expression of luxAB and luxCDE, respectively (143). Lux 

reporter constructs in which the constitutive Phsp60 promoter was replaced with promoters from 

two hypoxia inducible genes, DosR and Mab_2489 (PDosR and P2489) were introduced into Mab 

390S and MabdosRS. Reporter assays performed on Days 1, 5, 20 identified temporal changes in 

gene expression with both promoters for Mab 390S but not in MabdosRS (Figure 12A-C). The lux 

reporter under the control of PdosR shows sustained induction over time, indicating that dosR is 

expressed throughout early and late stages of hypoxia, a trait not observed in Mtb (176). Although 

the Mab 390S P2489-lux reporter displays modest induction of ~ 3-fold change on day 1, there is 

not a significant difference compared to MabdosRS P2489 (Figure 12A).  However, on days 5 and 20 

Mab 390S P2489-lux was highly induced compared to MabdosRS P2489-lux with fold changes of 61 

and 433, respectively (Figure 12B-C). It should be noted that MabdosRS P2489-lux did exhibit low-

level induction on Day 20, which may be attributable to the activity of other transcription factors. 

However, as noted previously, there was a significant difference compared to the expression of 

P2489 in wild-type Mab 390S. Lux reporters facilitated dynamic monitoring of DosRS activation by 

hypoxia and provide a valuable tool to explore DosR-mediated gene regulation in vitro and in vivo 

in response to various stresses (e.g. NO, CO, antibiotics) or host microenvironments (e.g 

intramacrophage, granuloma, airway mucus).    
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Figure 10: Mab DosR dependent differential gene expression at 1% O2. 

Scatter plot of RNAseq analysis of MabΔdosRS vs Mab 390S after 5 days in 1% O2. Figure shows 
genes with log2FC ≤ -1 and ≥ 1. Gray circles are conserved hypothetical genes and gray triangles 
are Mab genes with no ortholog in Mtb. Names of select genes of interest are labeled (neon 
green=Mab_1042C, pink=Mab_1681-1698, purple= desA1, turquoise (triangle denotes no known 
ortholog in Mtb) =Mab_3937 & 3938, red= predicted DosR regulated genes (RG). 
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Figure 11: qRT-PCR validation of Mab DosR regulated genes in 1% O2 

qRT-PCR assessment of select DosR-dependent genes. Gene expression was calculated as 
relative quantitation via the 2-ΔΔCt method using sigA as the reference gene. (A) Hypoxia induced 
gene expression. Transcript levels of select genes in Mab 390S 20% O2 (orange bars) 
and Mab 390S 1% O2 (black bars). (B) DosR dependent gene expression. Transcript levels of 
select genes in MabΔdosRS (red bars) and MabΔdosRS+C(blue bars) were compared to Mab 390S 
(black bars) in 1% O2 on Day 5. P-values were calculated using t-test (A) and one-way 
ANOVA (B). *P-value <.05, ** P-value <.01, ***P-value <.001, ****P-value < .0001. Not significant 
is denoted as ns. 
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Figure 12: Lux reporter activity in 1% O2 

Kinetics of DosR-dependent gene induction measured luciferase reporter assays. Promoter 
activity in 1% O2 was quantified by measuring luminescence compared to 20% O2 cultures and 
normalized to lux-hsp60 constitutive promoter as a reference signal, (1%O2(PdosR or 
P2489/Phsp60))/(20% O2(PdosR or P2489/Phsp60)) and expressed as fold change of relative light units 
(RLU) (A) 24hours, (B) Day 5, and (C) Day 20. Mab 390S (black bars) and MabΔdosRS (red bars). 
qRT-PCR and luciferase assay data are representative of 3 independent assays performed in 
triplicate. P-values were calculated using t-test. *P-value <.05, ** P-value <.01, ***P-value <.001, 
****P-value < .0001. Not significant is denoted as ns. 
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Discussion 

Infections caused by Mab, particularly within the CF population, are a major cause of concern due 

to the lack of efficacious antibiotics and the resulting inability to clear the infections from the 

airways. The poor correlation between in vitro drug susceptibility profiles and in vivo efficacy when 

treating Mab infections suggest that host-driven adaptations of Mab may contribute to treatment 

failures (23). Host-derived cues encountered by Mab within the viscous mucus layer of CF 

airways, phagosomal compartments of macrophages, and during residence within granulomas 

may trigger upregulation of antimicrobial resistance mechanisms (50,55,56,59). Extrapolating 

from studies on Mtb (177-179), in vivo stresses such as hypoxia may also promote the 

development of phenotypically drug-tolerant persisters. Thus, a better understanding of Mab’s 

physiological states and stress responses required for long-term persistence within the human 

host may lead to more effective treatment strategies.  

Successful bacterial pathogens like Mtb and Mab employ extensive repertoires of transcription 

factors, including TCS, for coordinating gene expression to counteract host antimicrobial factors 

and immune pressure. The transcriptional regulatory networks and role of TCS of Mtb have been 

extensively characterized in multiple in vitro and in vivo models of infection (86,149,180-182) . In 

contrast, few transcriptomic studies defining Mab stress responses, or the role of specific 

transcription factors have been reported (61,127). Given the well-documented relevance of 

hypoxia during Mab-host interactions (e.g. mucus of CF airway, macrophage phagosome, 

granuloma) (50,55,56,59), we sought to identify molecular mechanisms that enable Mab to adapt 

to these low-oxygen niches. In the better characterized pathogen Mtb, the master regulator of 

hypoxia adaptation is the atypical TCS DosRS/T, which regulates a ~50 gene regulon upon 

induction by hypoxia and NO stress (93,135). Mab encodes orthologs of eleven of the twelve TCS 
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found in Mtb, including DosRS (dosT homolog missing). However, as detailed in this study, the 

scope and content of Mab regulons controlled by these TCS may be less conserved. Prior to 

initiation of our study, only two reports had mentioned Mab DosRS: i) a bioinformatics study 

predicting a 6 gene regulon based on previously known Mtb DosR binding motifs (111) and ii) 

transcriptomic study assessing the affect of NO exposure on the predicted genes (61). These 

studies, however, did not directly demonstrate DosRS-mediated regulation of the predicted 

genes, define the transcriptional response of Mab to hypoxia nor the full extent of the DosR 

regulon, or identify a DosRS phenotype. To begin to address these knowledge gaps we 

developed a hypoxic model of 1% O2 to mimic physiologically relevant oxygen tensions Mab 

encounters in vivo (55,56,59) to assess transcriptomics and growth kinetics of Mab in the 

presence or absence of DosRSMab.  

Genome wide transcriptomics identified DosRS as the main TCS activated during hypoxia and 

analysis of a defined mutant lacking DosRS revealed a potentially larger regulon than previously 

predicted. We identified 216 genes to be downregulated in MabdosRS versus Mab 390S, 127 of 

which were upregulated in hypoxia. This gene set was deemed the putative hypoxia-induced 

DosR regulon-Mab_3902c, Mab_3903 and Mab_3904), 2 novel genes displaying the highest 

DGE (MAB_3937 and desA1), 9 transcription factors, and 57 hypothetical genes among others. 

22 of the 57 hypothetical genes are species-specific, further illustrating the unique nature of the 

regulons controlled by orthologous TCS. Not only is the Mab DosRS regulon likely larger than 

previously predicted, but it also appears to be notably larger than the well-studied Mtb DosR 

regulon. Surprisingly, the only orthologs in common between the Mtb DosR and Mab DosR 

regulons were the 6 genes originally predicted from the bioinformatics study and Mab_1040, an 

ortholog of the hypothetical protein Rv3129 which is documented as an antigen in tuberculosis 
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patients with latent infections (135,183,184). One of the hallmarks of Mtb hypoxia adaptations in 

vivo and in vitro is the marked upregulation of tgs1 for energy storage and utilization (175,185). 

The induction of Mab_3551c, the primary TAG synthase gene in Mab (186) , is not observed in 

our Mab in vitro hypoxia model, suggesting Mab mechanisms of hypoxia adaptation or cues for 

regulation of lipid storage are distinctive from Mtb. Studies are underway to discriminate between 

genes whose expression is altered directly by DosR (DosR binding to promoter) versus indirectly 

(promoter regulated by secondary TF).  

During the course of our study, Belardinelli et al. also reported on characterization of the Mab 

DosR regulon as part of efforts to repurpose antimalarial drugs that inhibit Mtb DosR as 

therapeutics for Mab (60). Their transcriptomic comparison of Mab ATCC 19977 and MabdosRS in 

microaerobic conditions identified 180 genes downregulated in a DosRS-dependent manner. Of 

these 180 genes, only 45 overlapped with our list of 216 genes downregulated in the dosRS 

mutant at 1 % O2. Both studies included the 6 previously predicted genes and the 2 genes most 

highly differentially expressed on our list (Mab_3937, desA1) plus 37 other genes. Of the 45 genes 

in common between these 2 studies, Belardinelli et al., reported 38 DosR binding motifs 

supporting the assertion that Mab DosR regulon is larger than previously predicted. Discrepant 

findings between this report and our study could be attributable to differences in strains (ATCC 

19977 vs 390S), hypoxic models (20% O2 standing vs 1% O2 standing), time points (24hr vs 5 

days), or media (Dubos-Tween albumin vs 7H9-OADC+.05% tyloxapol). Regardless, both clearly 

highlight the broad scope and unique nature of the DosRSMab regulon and provide a framework 

for future studies to fully elucidate the role of this important two-component system.  
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The importance of DosR-regulated genes for hypoxia adaptation was evident from growth deficits 

seen on day 20 and 30 and impaired resuscitation after reaeration in MabdosRS compared to Mab 

390S (Figure 7&9). MabΔdosRS differentially expressed genes in hypoxia contain 7 genes predicted 

to be essential in a recent TnSeq study under aerobic conditions (150), possibly accounting for 

these phenotypes. Included in this list is desA2, a desaturase enzyme that is responsible for 

mycolic acid biosynthesis and is essential for growth in the RGM Msmeg (173). Strong induction 

of desA1 in hypoxia suggests that it, along with desA2, may play role in cell wall modification in 

response to this stress. It is worth noting that, despite exclusion from the list of Mab predicted 

essential genes, the orthologous desaturase in Msmeg was deemed essential (187). Additionally, 

the MCE operon Mab_1693-Mab_1698 was differentially expressed in the mutant strain and may 

contribute to decreased importation of mycolic acids further disrupting cell wall integrity. The 6 

other predicted essential genes possibly contributing to the MabdosRS growth phenotype are 2 

conserved hypothetical proteins (Mab_3268c-Mab_3269c), a DNA helicase (Mab_3511c), a 

protoporphyrinogen oxidase, a prephenate dehydratase (Mab_0132), and 

phosphoribosylformylglycinamidine synthase (Mab_0698).  

In addition to growth/survival deficits and the inability to resuscitate, we also observed DosRS-

dependent hypoxia-induced morphological changes. After 20 days in hypoxia, MabdosRS 

displayed heterogeneous morphology consisting of smooth and rough colonies (Figure 8). This 

phenotype was not present in strains expressing DosRS or in fully aerated cultures, evidence that 

this TCS mediates dramatic remodeling of the cell wall in response hypoxia. The smooth and 

rough morphotypes of Mab, reflective of different compositions of the outer cell wall, have been 

shown to impact interactions with macrophages, immune stimulation and inflammation, antibiotic 

susceptibility, and virulence (33,38,40,49,188). Rough strains are able to trigger apoptosis of 
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macrophages and grow extracellularly as aggregates known as cords, and are associated with 

worse clinical outcomes (49). Mechanisms involved in smooth to rough transitions have not been 

fully elucidated. However, genomic comparisons between the two morphotypes revealed SNPs 

and indels in the gpl locus and in mmpl4b and mps1 genes (45). In addition to total or partial loss 

of GPL due to mutations affecting its biosynthesis or transport, recent studies including 

identification of GPL+ rough clinical isolates suggest other mechanisms may also govern S→R 

morphotype switching (32). For example, Daher et al. reported that glycosylation patterns of GPL 

can alter Mab surface properties (46). An inducible transition from smooth to rough was also 

observed following exposure to subinhibitory doses of aminoglycoside antibiotics providing 

evidence for transcriptional modulation of morphotype in response to stress (47). Belardinelli et 

al. reported no differences in GPL content between Mab ATCC 19977 and isogenic dosRS 

mutant after microaerobic culture for 24 hours (60). Our observation of a switch to rough 

morphotype in a dosRS mutant after extended culture at 1% O2 may reflect either adaptive cell 

wall remodeling triggered by lower O2 levels or longer duration of stress in our model.  

Alternatively, rather than affecting GPL levels per se, inactivation of the DosRS regulon may 

impact GPL modifications or biosynthesis of unique cell wall constituents. Intriguingly, Pawlik et 

al. reported that expression of dosR was elevated in an R versus S strain (45). This seems to 

contrast with our data suggesting that DosRS positively regulates GPLs, or at least the smooth 

phenotype (e.g. loss of DosRS→rough phenotype in hypoxia). Whether this is a direct correlation 

or stress induced side-effect stemming from the loss of GPL remains to be determined. It is clear 

that much remains to be learned regarding how Mab regulates the composition of its complex cell 

wall during infection and the roles of TCS like DosRS in host-pathogen interactions.  
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In addition to determination of the DosRS-dependent component of Mab hypoxia adaptation, this 

is the first transcriptomics study designed to identify genome-wide changes in Mab gene 

expression in a defined, physiologically relevant model of hypoxia.  RNAseq analysis of wild-type 

Mab390S in 1% O2 versus 20% O2 identified an additional 1,063 DosRS-independent hypoxia-

induced genes with putative roles in Mab adaptation in hypoxia. Differential gene expression of 

such a large group of genes in hypoxia outside of the DosR regulon points to a sophisticated 

mechanism of regulation for adaptation beyond TCS. This gene set included 80 TF, lipid 

metabolism and transport, energetics, secondary metabolism, cell wall synthesis plus induction 

of 540 hypothetical proteins, (Table S3).  Our data highlights the necessity of adaptation to 

hypoxia via a large repertoire of genes including but not limited to the TCS DosRS. Further 

investigation of unique Mab DosR regulated genes and species-specific Mab genes employed for 

hypoxic adaptation will provide beneficial insights into Mab pathogenesis. 
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CHAPTER THREE: NNAR REGULATES NITROGEN ASSIMILATION 
GENES IN MYCOBACTERIUM ABSCESSUS 

Abstract 

Mycobacterium abscessus (Mab) is an opportunistic pathogen afflicting individuals with 

underlying lung disease such as Cystic Fibrosis (CF) or immunodeficiencies. Current treatment 

strategies for Mab infections are limited by its inherent antibiotic resistance and restricted drug 

accessibility due to Mab’s ability to reside within macrophages, granulomas and the mucus laden 

airways of the CF lung resulting in poor cure rates of 30-50%. Mab’s ability to survive within the 

CF lung requires adaptation via transcriptional remodeling to counteract stresses like hypoxia, 

increased levels of nitrate, nitrite, and reactive nitrogen intermediates. Mycobacterium 

tuberculosis (Mtb) is known to coordinate hypoxic adaptation via induction of respiratory nitrate 

assimilation through the nitrate reductase narGHIJ.  Mab, on the other hand, does not encode a 

respiratory nitrate reductase. In addition, our recent study of the transcriptional responses of Mab 

to hypoxia revealed marked down-regulation of a locus containing putative nitrate assimilation 

genes, including the orphan response regulator NnaR (nitrate/nitrite assimilation regulator).  

These putative nitrate assimilation genes, narK3 (nitrate/nitrite transporter), nirBD (nitrite 

reductase), nnaR, and sirB (ferrochelatase) are arranged contiguously with nasN (assimilatory 

nitrate reductase identified in this work) is encoded in a different locus. Absence of a respiratory 

nitrate reductase in Mab and down-regulation of nitrogen metabolism genes in hypoxia  suggest 

interplay between hypoxia adaptation and nitrate assimilation are different from what is 

documented in Mtb. The mechanisms used by Mab to fine-tune the transcriptional regulation of 

nitrogen metabolism in the context of stresses e.g. hypoxia, particularly the role of NnaR remain 

poorly understood. To evaluate the role of NnaR in nitrate metabolism we constructed a Mab nnaR 
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knockout strain (MabnnaR) and complement (MabnnaR+C) to investigate transcriptional regulation 

and phenotypes. qRT-PCR revealed NnaR is necessary for regulating nitrate and nitrite 

reductases along with a nitrate transporter. Loss of NnaR compromised the ability of Mab to 

assimilate nitrate or nitrite as sole nitrogen sources highlighting its necessity. This work provides 

the first insights into the role of Mab NnaR setting a foundation for future work investigating 

NnaR’s contribution to pathogenesis.  

Introduction 

The nontuberculous mycobacteria Mycobacterium abscessus (Mab) is an opportunistic pathogen 

afflicting the immunocompromised and individuals with pre-existing lung disorders such as cystic 

fibrosis (CF) (6,8,27). CF patients are particularly vulnerable to bacterial infections due to reduced 

clearance of pathogens caused by viscous mucus build up in the airways of the lungs and 

impaired innate immune responses leading to high rates of infections and morbidity (50,51). Mab 

is the most prevalent rapidly growing mycobacteria recovered from the lungs of CF patients, often 

causing deleterious effects such as lung function decline, resulting in extended hospitalization 

and in some cases exclusion from lung transplants (14,27,28). Treatment options for Mab 

infections are limited due to inherent antibiotic resistance, resulting in cure rates of less than 50% 

(14,24,124,125). Like M. tuberculosis (Mtb), Mab’s ability to reside within macrophages and 

granulomas physically limits exposure to antibiotics and also promotes drug tolerance by driving 

metabolic and transcriptional remodeling, further complicating the treatment of these infections. 

(53,54,124). Mab is also able to survive within the mucus that accumulates in the CF airway. In 

addition to creating a hypoxic microenvironment with a pO2 of 1%, this mucus layer is  

characterized by increased levels of nitrite, nitrate and nitric oxide (57-59). Adaptation to these 

conditions along with other host-derived stressors will require extensive alterations in gene 
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expression to allow Mab to establish persistent pulmonary infections. In Mtb, it is apparent that 

hypoxia survival strategies are inextricably linked to nitrogen metabolism via a shift to nitrate 

respiration as a way for bacilli to cope with low-oxygen microenvironments (99,107,108). Our 

current understanding of how Mab adapts to these stresses in vitro or in vivo remains rudimentary 

at best. Several recent reports, including one from our group, highlighted the role of the Mab 

DosRS two-component system in the induction of a species-specific regulon in response to 

hypoxia (60,114). On the other hand, research examining the regulation of nitrogen metabolism 

in Mab is lacking. Prompted by our recent analysis of the hypoxia-induced transcriptional 

responses in Mab (114), the current study provides additional evidence that Mab relies on 

strategies of nitrogen metabolism distinct from Mtb in response to in vivo relevant stresses.   

The mechanisms for assimilation of nitrogen from nitrate and nitrite, which are readily accessible 

to mycobacteria during infection (109), have been well characterized in Mtb and M. smegmatis 

(Msm) however little is known about this facet of Mab host-pathogen interactions. Nitrate 

assimilation not only provides inorganic sources of nitrogen for the production of biomolecules 

but can also protect microbes against host iNOS (inducible nitric oxide synthase) derived nitric 

oxide (NO) an important factor used by the host to control infection (55,109,189,190). Host 

derived NO, after conversion to nitrate through auto-oxidation, can be exploited by Mycobacterium 

via the nitrate assimilation pathway resulting in the production of ammonium which can be stored 

as glutamate (109). Mtb constitutively expresses NarGHJI which serves as both an assimilatory 

nitrate reductase (NR), which converts nitrate to nitrite, and a respiratory NR allowing utilization 

of nitrate as a terminal electron acceptor (107,191,192). The transcriptional and post-translational 

activation of NarK2, a putative H+/nitrate symporter (193) under conditions that induced DosR 

(hypoxia, NO, CO), serves to induce nitrogen assimilation and respiration under hypoxic 

conditions (93,192). The excess, potentially toxic nitrite generated by NarGHJI is either extruded 
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or further reduced to ammonium by the NirBD nitrite reductase (NiR) (108,109,192). Msm also 

encodes a constitutively expressed NarGHJI respiratory NR, however, unlike Mtb, it was shown 

to be non-functional for assimilation of nitrogen from nitrate (108,122,194). Instead, Msm relies 

on an unusual NADPH-dependent, diflavin-containing NR called NasN which is essential for 

nitrate utilization in aerobic conditions (121,194) as well as a NirBD ortholog to catalyze reduction 

of nitrite (169,195). Each of these components – narGHJI, nirBD, and nasN – along with a putative 

NarK nitrate/nitrite antiporter (MSMEG_0433) represent distinct operons or transcripts (119,120). 

In contrast to Mtb and Msm, Mab does not encode a respiratory NarGHJI suggesting an inability 

to utilize nitrate as an alternative electron acceptor in low oxygen conditions. However, the Mab 

genome does include orthologs of other key components of nitrate/nitrite metabolism, including 

narK3 (Mab_3523c), nirBD (Mab_3522c-3521c), nnaR (transcriptional regulator Mab_3520c) and 

sirB (siroheme ferrochetalase Mab_3519c). These five genes are arranged as a predicted operon 

that we found to be dramatically repressed in response to hypoxia in a DosR-independent manner 

(114). Missing from this locus was a candidate NasN-type assimilatory NR. As detailed herein, we 

have identified a putative NasN ortholog (Mab_2438) that was co-regulated with the narK3-sirB 

operon (Mab_3523c-3519c) we predict catalyzes the reduction of nitrate to nitrite.      

Both Mycobacteria and related Streptomyces rely upon an intricate network of regulators including 

two-component systems (TCS), serine-threonine protein kinases (STPKs), and orphan response 

regulators (ORR) to coordinate the integration of multiple cues to control nitrogen metabolism. 

GlnR, an ORR that can be activated by phosphorylation of Ser/Thr residues (196,197), is known 

as the master regulator of nitrogen metabolism in actinobacteria such as Mycobacteria and 

Streptomyces. (116,120,198). Mtb GlnR is required for growth on nitrate and nitrite when these 

are the only nitrogen sources available and was shown to be a positive regulator of nirBD (122). 

Additionally, GlnR has been shown to crosstalk with the response regulators PhoP and MtrA which 
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act as repressors of nitrogen metabolism through competition with GlnR for binding sites under 

nitrogen replete conditions (195,199-201). As discussed in more detail below, an additional ORR, 

NnaR, with an unusual domain structure comprised of a HemD (uroporphyrinogen-III synthase) 

domain fused to a DNA-binding domain, is also implicated in nitrate and nitrite assimilation (116). 

Despite extensive studies examining Mtb and Msm transcriptional regulation of nitrogen 

metabolism and nitrate/nitrite assimilation, this remains a significant knowledge gap for Mab 

(62,115,122,202). Recently, the GlnR ortholog in Mab was shown to regulate narK3, nirBD, glnA 

(glutamine synthetase), and amt (ammonium transporter) although a role in the regulation of Mab 

nasN was not reported (62). The inactivation of GlnR in Mab led to an inability to form biofilms 

resulting in drug susceptibility dependent upon glutamine and glutamate availability (62). The role 

of other transcription factors in the regulation of nitrogen metabolism in Mab remains to be 

investigated. Notably, there have been no reports of the identification of a NnaR ortholog or its 

role in the use of nitrate/nitrite as nitrogen sources or detoxification of nitrite.   

NnaR was first identified in Streptomyces coelicolor (S. coelicolor) as a GlnR target and co-

activator with GlnR of nitrite reductase (nirB), nitrate transporter (narK) and nitrate reductase 

(nasA) (116). In the absence of NnaR, S. coelicolor displayed diminished capacity to reduce nitrite 

to ammonium resulting in a growth defect when nitrate or nitrite were used as sole nitrogen 

sources. However, nitrate was reduced to nitrite suggesting NnaRSc is not a regulator of nitrate 

reductase (116). Similar to S. coelicolor, Msm NnaR regulates key nitrogen assimilation genes 

and is required for use of nitrate and nitrite as sole nitrogen sources (119). Subsequent research 

by Tan et al., determined GlnRMsm is responsible for regulation of the assimilatory nitrate reductase 

NasN, confirming regulation of nitrate assimilation in Msm involves both GlnR (nitrate>nitrite) and 

NnaR (nitrite > ammonium) (121). The distinct roles for these two transcription factors in regulating 

different steps of nitrate assimilation were affirmed by EMSA data showing binding of NnaR to the 
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nirBD promoter and GlnR binding upstream of nasN (119,121). An ortholog of NnaR is also 

encoded by Mtb (Rv0260c), but little is known about it beyond its induction by multiple stress 

conditions including hypoxia, nutrient starvation, acid pH, and stationary phase (149). The regulon 

and physiological role of Mab NnaR remains unknown, highlighting the need for further 

investigation of NnaR-mediated transcriptional regulation.     

The goal of this study is to elucidate the previously unexplored role of Mab NnaR in gene 

regulation and nitrogen metabolism. We generated a Mab nnaR knockout strain (MabnnaR) and 

complement strain (MabnnaR+C) to further study NnaR and its function. Our work revealed that 

Mab NnaR regulates the nark3-nirBD-nnaR-sirB operon and nasN in a species-specific manner 

enabling nitrate and nitrite utilization. qRT-PCR analyses demonstrated that both loci were highly 

upregulated when nitrate or nitrite were the sole nitrogen sources, and with the exception of sirB, 

this gene induction was dependent on NnaR. The unexpected induction of sirB upon deletion of 

nnaR, which was restored to baseline levels in the complemented strain, suggests additional 

layers of regulation on this component of the operon. The inability of MabnnaR to regulate nitrogen 

assimilation genes resulted in growth defects when nitrate, and to a lesser degree nitrite, were 

used as the sole nitrogen source. This study highlights novel species-specific aspects of nitrogen 

metabolism in Mab and the critical role of NnaR and its downstream regulon in nitrate/nitrite 

utilization and detoxification. These findings support the hypothesis that NnaR is important for 

host adaptation and Mab pathogenesis.   
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Methods 

Plasmid And Mycobacterium Abscessus Strain Construction 

MabnnaR was engineered via recombineering as described by van Kessell and Hatfull in the strain 

Mab 390S obtained from the Thomas Byrd lab (41,203). In brief, an allelic exchange substrate 

(AES) was generated containing an apramycin resistance cassette flanked by ~600 nucleotides 

upstream and downstream of the nnaR gene (MAB_3520c) for homologous recombination. To 

construct the AES, the nnaR gene plus ~600 nucleotides upstream and downstream were PCR 

amplified and cloned into pCRBluntII-TOPO 170 vector (Thermo Fisher) followed by round-the-

horn PCR to remove the nnaR gene retaining nucleotide overlap from genes upstream and 

downstream of nnaR (141). After removal of nnaR a phosphorylated apramycin resistance 

cassette was ligated between the upstream and downstream flanking regions. PCR amplification 

was then used to generate the AES consisting of the apramycin cassette flanked by upstream 

and downstream nucleotides. Mab::pJV53 competent cells induced with .02% acetamide for 4 

hours were electroporated with 100 ng AES, recovered in 7H9 OADC media for 24 hours, and 

plated on 7H10 agar supplemented with apramycin 50 µg/ml. Complement strain, MabnnaR+C 

containing nnaR and sirB inserted downstream of the constitutive hsp60 promoter (Phsp60) in the 

episomal vector pVV16 was engineered using round the horn PCR of the vector (141) and blunt 

ligation of the phosphorylated insert (204).  The sirB gene downstream of nnaR was included due 

to anticipated polar effects of inactivation of nnaR.  This construct was introduced by 

electroporation into MabnnaR, followed by recovery in 7H9 OADC media for 24 hours and plating 

on 7H10 agar supplemented with kanamycin 50 µg/ml.  
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Mycobacterial Protein Fragment Complementation (M-PFC) constructs were generated in the 

background plasmids pUAB100, pUAB200, and pUAB400  (142) using round the horn cloning 

and ligation. Mycobacterium smegmatis competent cells were electroporated with 100ng of each 

pUAB100:dosS/pUAB400:dosR, pUAB100:dosS/pUAB200:nnaR or 

pUAB100:dosS/pUAB400:nnaR at the same time and recovered LB broth for 4 hours before 

plating on LB Agar supplemented with hygromycin B 50 µg/ml and kanamycin 50 µg/ml. Primers, 

strains and plasmids used in this study are listed in Table 8 & 9 in the appendix.  

Bacterial Growth Conditions And Nitrogen Supplementation  

Mab cultures were grown in 7H9 OADC+.05% tyloxapol from glycerol stocks and incubated at 

37°C while shaking at 100 rpm. Growth kinetic studies under nitrogen limitation were carried out 

in Sauton’s nitrogen free minimal media (0.05% KH2PO4, 0.05% MgSO4, 0.2% citric acid, .005% 

ferric citrate, 0.2% glycerol, 0.0001% ZnSO4, 0.015% tyloxapol) supplemented with 2.5 mM 

sodium nitrate, 0.5 mM sodium nitrite or 2.5 mM ammonium sulfate as previously described 

(119,120). Briefly, cultures were grown to mid-log phase in 7H9 OADC+.05% tyloxapol, washed 

twice with Sauton’s minimal media, and then diluted to 0.2 OD followed by nitrogen 

supplementation. On days 0-5 cultures were serially diluted and spot plated on LB Agar for CFU 

enumeration.  

RNA Extraction And QRT-PCR And Operon Validation 

RNA was extracted as described by Rohde et., al (144) in triplicate from cultures grown in 7H9 

OADC+.05% tyloxapol or Sauton’s nitrogen free minimal media supplemented with nitrogen 

sources. Cultures were pelleted at 4300 rpm for 10 minutes, resuspended in guanidine 

thiocyanate buffer, pelleted again at 12,000 rpm for 5 min, and stored at -80º C until processing. 
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Thawed pellets were resuspended in 65º C Trizol then lysed using 0.1mM silicon beads in a 

BeadBeater at max speed for 1 minute 2x followed by cooling on ice for 1 minute between bead 

beating. Isolation of total RNA from Trizol lysates was performed using chloroform extraction and 

Qiagen RNeasy column purification. Total RNA was treated with Turbo DNase (Invitrogen) to 

eliminate DNA contamination. 50 ng/µl of total RNA was used to generate cDNA using iScriptTM 

cDNA synthesis kit (Bio-Rad) for qRT-PCR and RT-PCR. qRT-PCR reactions were carried out in 

a QuantStudio7 thermocycler using SYBR green as readout. Primers used for qRT-PCR are listed 

in Table 10 in the appendix. To confirm whether genes in the putative nark3-sirB operon were 

transcribed as a single transcript, 400ng cDNA generated from RNA as described above was 

PCR amplified using primers that went across gene junctions (primers are listed in Table 9) and 

analyzed by agarose gel electrophoresis.  

Mycobacterial Protein Fragment Complementation Assays (M-PFC) 

Mycobacterium smegmatis containing M-PFC constructs grown to mid-log phase in LB + 0.05% 

Tween 80 supplemented with hygromycin B 50 µg/ml and kanamycin 50 µg/ml were then diluted 

to 0.0005 OD in same media. Cultures were then incubated in a 96-well plate for 48 hours with 2-

fold serial dilutions of trimethoprim ranging from 200-3.125 µg/ml. After 48 hours, 0.01% resazurin 

was added to wells and left to incubate for 4 hours. Data was collected using a Synergy 4 plate 

reader with fluorescence set to 530 nm excitation and 590 nm emission (142).  

Nitrogen Utilization Assay 

The ability for Mab to utilize nitrite was analyzed via colorimetric Griess reagent assay as 

described by Yang et., with minor modifications (206). On days 2 and 4, 50 µl of supernatant was 

added to a 96 well plate with 100 µl Griess Reagent (Thermo Fisher Scientific # 328670500) 
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consisting of 1% sulphanillic acid in 5% phosphoric acid and .1% naphthylethylenediamine 

dihydrochloride. After plate was incubated at 37º C for 10 minutes absorbance was read at 535 

nm on a Synergy 4 Plate reader. A standard curve with known nitrite concentrations was used to 

calculate concentrations of nitrite in supernatant. 
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Results 

Identification And Bioinformatic Analysis Of Mab Orphan Response Regulator NnaR 

Our previous study investigating Mab transcriptional modulation during hypoxic adaptation 

revealed dramatic down-regulation of a gene locus containing an uncharacterized transcriptional 

regulator (MAB_3520c) that appeared to be an orphan response regulator (ORR) downstream of 

nitrogen assimilation genes (MAB_3523c, MAB_3522c, MAB_3521C) (114). The down-regulation 

of these genes in response to hypoxia contrasts with reported transcriptional adaptations of Mtb 

hypoxia (99,107,108) prompting our interest in the role of this ORR and nitrogen assimilation in 

Mab. Bioinformatic analysis  of MAB_3520c using UniProt and Alphafold structural modeling  

revealed a C-terminal OmpR/PhoB-type winged helix DNA binding domain commonly found in 

response regulators of two-component systems (Figure. 13A). However, lack of an adjacent 

histidine kinase gene and an unusual N terminal domain containing a HemD domain rather than 

a receiver domain with aspartate phosphorylation sites indicates a unique ORR (Fig. 13A). This 

atypical ORR is orthologous to the NnaR response regulator of S. coelicolor, Msm and Mtb with 

58%, 55%, and 54% sequence identity, respectively. Alignments between these organisms 

display homology between the C-terminal DNA binding domain of helix 3 and the unique HemD 

domain residues (Figure 13B). Due to homology within the DNA binding domain between 

organisms and published data documenting S. coelicolor, Msm, and Mtb NnaR binding motifs we 

were able to justify using these orthologous motifs to identify Mab NnaR promoter binding sites 

(116,119).   
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Figure 13: Bioinformatic analysis of NnaR domain structure and sequence alignment 

Uniprot Bioanalysis Online Tool was used to generate the A) Alpha-fold model of 3-D structure 
of Mab NnaR HemD-ORR protein. and B) sequence alignment of Mab nnaR (MAB_3520c) 
compared to Msm nnaR (MSMEG_0432), Mtb (Rv0260c) and S. coelicolor nnaR (SCO2958). 
Sequences for Mab, Msm and Mtb were obtained from the online data base Mycobrowser. S. 
coelicolor sequence was obtained from the online KEGG data base.  
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The Genomic And Transcriptional Organization Of The NnaR Regulon In Mab 

Initially, we sought to leverage previously published NnaR binding sites from S. coelicolor to 

define a putative NnaR regulon in Mab via in silico analysis of the Mab ATCC_19977 genome 

using the DNA Pattern Find Tool (116). Using either the motif (CTCAC[A/C][Cg]..[13-

16bp]..GTGAG[CG][GA] based on predicted S. coelicolor and Mtb promoters or 

(CTCAC[A/C]..16bp..[T/GGTGAG) reported by Antczak et al. for Msm (119), only two predicted 

binding sites for Mab NnaR were identified. These NnaR promoters were positioned 63 bp and 

66 bp upstream of the translational start sites of narK3 and MAB_2438, respectively. MAB_2438 

encodes a previously uncharacterized protein annotated as a possible oxidoreductase (Figure 

15A). Subsequent bioinformatic analysis of MAB_2438 revealed 61% identity (71% similarity) with 

the recently described NADPH-dependent assimilatory NR Msm NasN encoded by 

MSMEG_4206, which had been erroneously annotated as a pseudogene due to an unconfirmed 

frame-shift mutation (121). Based on this observation, we will refer to the product of MAB_2438 

as NasN, which we noted was significantly shorter than its ortholog in Msm (MSMEG_4206 = 

1351aa, MAB_2438 =1257aa). Primary amino acid sequence alignments of the two NasN 

orthologs (Figure 14) revealed two reasons for this difference: 1) MSMEG_4206 contains a ~75aa 

longer linker between the N-terminal nitrate reduction catalytic domain and C-terminal diflavin 

reductase domain (121), and 2) the annotated start codon for MAB_2438 is incorrect. We predict 

that NasNMab contains an additional 25 aa on the N-terminus based on homology with NasNMsm 

and the presence of a critical [4Fe-4S] binding site. NnaR-mediated regulation of nitrate 

assimilation would be unique to Mab given the absence of NnaR binding sites upstream of Msm 

nasN as previously mentioned (121). We next sought to verify whether genes nark3-nirBD-nnaR-

sirB are co-transcribed as an operon via RT-PCR using intergenic primers amplifying the 3’ end 

of one gene and the 5’ end of the next gene (Figure. 15B). Amplification of junctions between 
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nark3-nirB, nirB-nirD, nirD-nnaR and nnar-sirB all yielded the expected bands in the DNA (positive 

control) and cDNA lanes, with no bands present in the RNA (no RT negative controls) lanes 

(Figure. 15B). This data confirms that the five-gene narK3-sirB locus positioned downstream of a 

predicted NnaR binding site is expressed as a single mRNA transcript. This represents a species-

specific organization of genes involved in nitrate/nitrite assimilation, compared to Mtb or Msm in 

which these genes are not arranged in a single operon (Figure 15A & 16).  

We next investigated transcription of the nark3-sirB operon and nasN in the presence of nitrate 

or nitrite as sole nitrogen sources via qRT-PCR (Figure 15C&D). Mab390S cultures were 

supplemented with either 2.5 mM ammonium sulfate (AS) (control), 2.5mM of sodium nitrate, or 

0.5 mM of sodium nitrite in Sauton’s minimal media for 4 hours prior to RNA extraction. Sodium 

nitrite was used at a lower concentration due to toxicity at concentrations equivalent to AS and 

sodium nitrate (Figure. 17A-C). qRT-PCR confirmed a 1-2 log induction of all genes within the 

nark3-sirB operon and nasN in the presence of nitrate (Figure 15C) and nitrite (Figure 15D) 

compared to the AS control, which bypasses the first two-steps of nitrate assimilation. These 

studies demonstrated the coordinated induction of the predicted NnaR regulon, including the 

nark3-sirB operon as well as nasN, specifically when nitrate or nitrite (but not ammonium sulfate) 

are utilized as sole nitrogen sources.  
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Figure 14: NasN sequence alignment 

Uniprot sequence amino acid sequence alignment of NasN orthologs MSMEG_4206 and 
MAB_2438  
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Figure 15: The nnaR regulon is induced when nitrate or nitrite are the sole sources of nitrogen 

A) Schematic depicting nitrogen assimilation gene arrangement and nnaR binding sites 
discovered using DNA Pattern Find. Yellow highlighted nucleotides coincide with motifs used to 
find promoter region. B) RT-PCR and agarose gel analysis of operon structure of MAB_3523c-
3519c, demonstrating transcriptional linkage.  DNA and RNA (no RT) controls were included to 
affirm amplicons derived from mRNA.  P1-P4 refers to schematic for intergenic amplicon within 
the operon as shown in panel A.  qRT-PCR was performed to evaluate induction of nnaR regulon 
when nitrate C) or nitrite D) is the sole source nitrogen. Mab390S supplemented with 2.5 mM 
ammonium sulfate (AS) (black bars), 2.5 mM nitrate  (pink bars) and .5mM nitrite (orange bars). 
Transcript levels in WT Mab390S in AS were normalized to 1 and serve as reference for relative 
gene expression ratios.  qRT-PCR data is representative of 3 experiments performed in duplicate. 
P values were calculated via t-test using GraphPad. *P-value <.05, **P-value <.01 ****P-value 
<.0001. 
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Figure 16: Nitrate assimilation gene organization in Mtb and Msm 
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Figure 17: Growth analysis  of Mab390S at different concentrations of inorganic nitrogen 
sources. 

Growth kinetics were measured by OD600nm on day 4 of growth in minimal media supplemented 
with A) 2.5 mM, 5 mM, and 10 mM ammonium sulfate B) .5 mM, 1 mM, 2.5 mM sodium nitrite C) 
2.5 mM, 5 mM, and 10 mM sodium nitrate.  
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NnaR-Dependent Expression Of The NarK3-SirB Operon And NasN 

To further investigate the role of NnaR, a Mab nnaR knockout strain (MabnnaR) was generated via 

recombineering (139). Anticipating polar effects, a corresponding complement strain (MabnnaR+C) 

containing both nnaR and sirB constitutively expressed from the hsp60 promoter in the episomal 

vector pVV16 was constructed (203,204). qRT-PCR was used to confirm the knockout and 

complement via expression levels of nnaR and the effect on genes within the predicted nnaR 

regulon (Figure 18A). Data from log-phase cultures in 7H9 media confirmed nnaR transcripts 

were not detectable in MabnnaR with restoration to WT levels in MabnnaR+C. Consistent with the 

predicted role for NnaR as an activator of its own operon plus nasN, we expected loss of NnaR 

to lead to downregulation of its regulon. Surprisingly, gene expression levels for narK3, nirBD and 

nasN in all three strains grown in 7H9 media were unaltered in the absence of NnaR, despite the 

presence of a NnaR binding site upstream nark3 and nasN. Closer analysis of qRT-PCR raw data 

showed high Ct values for all genes, indicating minimal expression of these genes under nitrogen 

replete conditions. This observation is consistent with Msm NnaR studies which found no 

difference in the expression levels of narK and nirB in the absence of NnaR when grown in 

nitrogen replete media (119).  In contrast to WT levels of nark3, nirB and nasN, sirB exhibited 

significant ~3-log up-regulation in the nnaR mutant strain, which was restored to WT levels in the 

complement strain. Thus, our data indicate that the basal expression of nnaR and associated 

nitrate/nitrite assimilation genes is low in WT Mab under nitrogen replete conditions such that the 

absence of NnaR had little effect on gene expression. The unusual expression pattern of sirB, 

which appears to be cotranscribed with the narK3-sirB operon but suppressed by NnaR, points 

to the possibility of additional internal promoters and/or additional layers of regulation acting on 

sirB.   



76 
 

Since the absence of NnaR had no effect on gene expression levels in nitrogen rich media, we 

evaluated gene expression between Mab390S and MabnnaR under inducing conditions with nitrate 

or nitrite as the sole nitrogen sources. Briefly, cultures were incubated in minimal media 

supplemented with 2.5 mM AS, 2.5 mM sodium nitrate or 0.5 mM sodium nitrite for 4hr prior to 

RNA isolation and qRT-PCR analysis. During growth on defined inorganic nitrogen sources, the 

absence of NnaR resulted in a significant down-regulation ( 1 log) or lack of induction of nark3, 

nirB and nasN, with restoration to wild-type levels in MabnnaR+C (Figure 18B&C). Consistent with 

our observations in 7H9 media, sirB transcript levels in MabnnaR remained elevated in nitrate or 

nitrite supplemented cultures, with restoration to WT levels in MabnnaR+C. As noted above, this 

lack of correlation between the transcription profiles of sirB and upstream genes appears 

inconsistent with their co-transcription as part of an operon. Decreased transcription of nark3, 

nirBD, and nasN in the mutant strain under inducing conditions affirms that NnaR mediates 

upregulation of its regulon in response to nitrate and nitrite. Induction of a putative assimilatory 

nitrate reductase nasN represents a species-specific role for NnaRMab since NnaRMsm does not 

appear to regulate nasN (121). This data provides the first insights regarding regulation of nitrogen 

assimilation for Mab outside of what has been previously published for GlnR (62).  
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Figure 18: NnaR-dependent expression of the nark3-sirB operon and nasN 

qRT-PCR was performed to confirm the deletion and restoration of nnaR in 
MabΔnnaR and MabΔnnaR+C, respectively, and effect of nnaR inactivation on predicted regulon in 7H9 
media (A), or minimal media supplemented with nitrite (B) or nitrate (C).   Mab 
390S (black),  MabΔnnaR  (red) and MabΔnnaR+C  (blue). Relative gene expression is compared to 
Mab390S in 7H9 media in panel A, or Mab390S with nitrite (Panel B) or nitrate (Panel C).  Data 
is representative of 3 experiments performed in duplicate. P values were calculated via one -way 
ANOVA using GraphPad. Red stars indicate Ct values were not detected for Mab 
dosR nor dosS in the mutant strain. *P-value <.05, **P-value <.01 ****P-value <.0001. 
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NnaR Is Required For Survival On Nitrate Or Nitrite  

Based on our data revealing NnaR-dependent upregulation of genes linked to nitrogen 

metabolism, we next investigated whether the absence of NnaR affects growth when nitrate or 

nitrite are the sole sources of nitrogen. Cultures of Mab390S, MabnnaR, MabnnaR+C were grown in 

minimal media or minimal media supplemented with 2.5mM AS, 2.5 mM sodium nitrate or 0.5mM 

sodium nitrite, with CFUs enumerated daily through day 4 (Figure 19A-C). The slight initial 

increase in CFU of Mab390S cultures supplemented with AS which was sustained until day 4, in 

contrast to the ~4-log decline in CFU observed in minimal media alone (Figure 19A), affirms that 

Mab can utilize AS as a sole nitrogen source. Notably, the growth of MabnnaR in AS was 

indistinguishable from WT (Fig 19A) indicating that NnaR is not required when the first two-steps 

of nitrate assimilation (nitrate>nitrite>ammonium) are bypassed by providing ammonium as the 

sole nitrogen source (194). When supplemented with nitrate or nitrite, on the other hand, the WT 

and complement either maintained a steady number of CFU (nitrate) or decreased slightly (nitrite) 

(Figure 19B & C). We suspect the slight decline in CFU for nitrite supplemented cultures of strains 

expressing NnaR is due to nitrite toxicity resulting in growth inhibition, a phenomenon also 

observed in Mtb (55). As predicted, the survival of MabnnaR was severely impaired when nitrate 

was the only nitrogen source, with a final CFU difference of ~3 logs on day 4 (Figure. 19B). This 

verified the importance of NnaR in nitrate assimilation. The dramatic MabnnaR phenotype 

observed on day 4 with nitrate supplementation (Figure 19B) was less pronounced with nitrite 

supplementation (Figure 19C). However, a log difference was observed on day 2 and 3 when 

comparing MabnnaR to WT and complement with nitrite as the sole nitrogen source (Figure 19C). 

Due to decreased CFU from day 3 to day 4 in WT and complement in nitrite and a plateau in 

growth of MabnnaR during the same period, there was only a difference of 0.5 log in CFU by the 

end of the assay (Figure 19C). Although the reason why loss of NnaR had a less deleterious effect 
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on growth/survival of MabnnaR on nitrite versus nitrate is unclear, it is evident that NnaR plays a 

critical role in nitrogen assimilation and/or nitrite detoxication when nitrite is the sole nitrogen 

source available. To biochemically validate the role of NnaR in nitrite utilization, we compared the 

ability of WT, MabnnaR, and MabnnaR+C  to use nitrite as a nitrogen source via Griess assay. Briefly, 

nitrite concentrations in supernatants taken from the growth kinetic study were measured on day 

2 and day 4 to gauge nitrite utilization by Mab strains. Nitrite concentrations in the supernatant of 

MabnnaR were significantly higher than WT and complement at both day 2 and 4 (Figure. 19D), 

affirming a reduction in the ability to metabolize nitrite in the absence of NnaR. 

In summary, we have identified an orphan response regulator designated NnaR based on 

homology with recently characterized ortholog in Msm, its unusual domain structure (fusion of 

HemD domain with DNA binding domain), and critical role in Nitrate/Nitrite Assimilation Regulation 

(NnaR).  It is encoded in a species-specific operon that is downregulated by hypoxia (123) but 

highly induced by inorganic nitrogen sources, specifically nitrate and nitrite. Our data indicated 

that NnaRMab activates transcription of a six gene regulon responsible for reduction of nitrate to 

nitrite (NasN) and nitrite to ammonia (NirBD), transport of nitrate and/or nitrite (NarK3), and 

synthesis of the siroheme cofactor for nitrite reductase.  Finally, NnaR is required for the utilization 

of nitrate and nitrite as sole nitrogen sources and detoxification of nitrite, suggesting an important 

role for this transcription factor in Mab host adaptation and pathogenesis.   
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Figure 19: nnaR is responsible for nitrite utilization and growth when nitrate and nitrite are sole 
sources of nitrogen 

Growth kinetics (A-C) in minimal media supplemented with various nitrogen sources was 
assessed via serial dilutions, spot plating and enumeration of CFU/ml on days 0-4. Growth 
kinetics supplemented with  (A) ammonium sulfate, (B) nitrite or (C) nitrate. Griess assay (D) was 
performed to measure nitrite utilization on day 2 and 4. . Mab 390S (black), MabΔnnaR (red) 
and MabΔnnaR+C (blue). Data reflects 3 independent experiments performed in triplicate.  
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NnaR and DosS Do Not Display Interaction In An M-PFC Assay 

Signaling mechanisms activating Mab NnaR are currently unknown and no known signaling 

mechanisms have been identified for S. coelicolor or Msm NnaR. However, Mtb  NnaR (Rv0260c) 

was identified in an M-PFC-based screen for proteins that interact with Mtb DosS, although this 

interaction has not been validated by alternative methods nor is the role of this putative interaction 

known (207).  To test whether an interaction between Mab NnaR and Mab DosS exists we 

engineered M-PFC constructs as previously described by Singh et al., (142). The positive control 

for M-PFC, GCN4(F1,2):GCN4(F3)  displayed growth in TRIM at all concentrations whereas the 

negative control (empty vector) did not display growth at any concentration validating the M-PFC 

Alamar Blue Assay (Figure 20). DosS(F1,2) was confirmed to be functional as the strains harboring 

DosS(F1,2):DosR(F3) displayed interactions via growth in TRIM at low concentrations (Figure 20). 

To account for possible inhibition of binding caused by the location of  mDHFR(F3) domain, NnaR 

was fused to either the N terminus or the C terminus. Strains harboring DosS(F1,2):NnaR(F3) were 

not able to grow in the presence of TRIM even at the lowest concentration (Figure 20).  Based on 

these data it appears that, unlike Mtb, the Mab NnaR ortholog does not interact directly with the 

DosS sensor kinase.  
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Figure 20: M-PFC assay displays lack of interaction between NnaR and DosS  

Minimum inhibitory concentration of trimethoprim (TRIM) was analyzed to measure interaction 
of DHFR1,2 and DHFR3. Black circle) pUAB100-dosS-(DHFR1,2 on C-term):pUAB200-dosR-
(DHFR3 on C-term) Red square) pUAB100-dosS-(DHFR1,2 on C-term):pUAB200-nnaR-(DHFR3 
on C-term) Turquoise triangle) pUAB100-dosS-(DHFR1,2 on C-term):pUAB400-nnaR-(DHFR3 
on N-term) Blue triangle) pUAB300-GCN4-(DHFR1,2 on C-term):pUAB400-GCN4-(DHFR3 on 
N-term) Gray Diamond) empty vector  
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Discussion 

Mab persistence within the hostile niches of macrophage phagosomes, granulomas, and mucus-

laden CF lung requires intricate gene regulation to combat low oxygen tension, reactive nitrogen 

intermediates (RNI), nutrient depletion, and exposure to excess nitrate and nitrite. Given the 

capacity of Mtb to adapt to similar niches and presence of many orthologous virulence factors 

and transcriptional regulators, it is tempting to extrapolate from available Mtb data to understand 

Mab gene regulation and function.  However, emerging data from our lab and others highlights 

significant species-specific differences in transcriptional regulatory networks and strategies of 

adapting to in vivo conditions that urge caution when doing this. Unique strategies of Mab host 

adaptation and persistence stem from its distinct repertoire of genes compared to Mtb (112), 

variable genomic arrangements of the same genes, as well as shared orthologous transcription 

factors that control species-specific regulons (61,84,111,123).  

In Mtb, the overlap and integration of genes involved in adaptation to hypoxia and nitrate 

metabolism, not only as a means of alternative respiration but also to defend against host 

generated RNI, are well-documented (107,109,122,149,169).  On the other hand, relatively little 

is known about mechanisms used by Mab to coordinate responses to these two intertwined host 

cues.  Our interest in nitrate assimilation in Mab and the interplay with hypoxia was sparked by 

our recent observation that genes implicated in nitrate assimilation are downregulated under 

hypoxic conditions (123). These data contrast with the response of Mtb to hypoxia, including 

upregulation of narK2 and nirBD (107,109,122,169), which facilitates utilization of nitrate as a 

terminal electron acceptor via reduction by the constitutively expressed narGHIJ, which acts as 

both a respiratory and assimilatory nitrate reductase (NR)  (108,109,122). The resulting nitrite 

produced by NR could then be extruded by the putative nitrite transporter NarK2 to avoid toxicity 
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or be further reduced to ammonium via the nitrite reductase nirBD under nitrogen-limited 

conditions (109,122). This strategy is not an option for Mab, due to the conspicuous lack of a 

NarGHJI-like respiratory NR.  Our recently reported RNAseq analysis of Mab hypoxia adaption 

showed down-regulation of two response regulators implicated in nitrate assimilation, MAB_0744 

(glnR) and MAB_3520c (nnaR), in addition to the five additional genes of the NnaR regulon (this 

study), which may serve to reduce protein synthesis and aid transition to slowed growth under 

stressful conditions (114).   

In addition to species-specific regulation of the nitrate metabolism apparatus under hypoxic 

conditions, the genomic organization of genes predicted to be involved in this process is unique 

in Mab. The genes encoding proteins required for nitrate/nitrite transport (NarK3), reduction of 

nitrite to ammonia (NirBD), an ORR associated with nitrate assimilation (NnaR), and synthesis of 

the siroheme cofactor for NirBD (SirB) are clustered in MAB_3523c-MAB_3519c locus, with the 

nasN NiR gene located elsewhere. The overlap between open reading frames of nirB-nnaR and 

nnaR-sirB suggest close translational coupling of these components (208).  All five genes appear 

to be transcribed as a single unit, as evidenced by our RT-PCR analysis and tight co-regulation 

under hypoxia and nitrate/nitrite supported growth (Figure 15B-D).  However, we cannot rule out 

the possibility of additional transcripts of subsets of genes from internal promoters. While narK3, 

nnaR, and sirB are arranged contiguously in Mtb and Msm, the nirBD operon is upstream and 

oriented divergently and nitrate reductases (narGHJI-Mtb and nasN-Msm) are located elsewhere 

(Figure 16). Following identification of an uncharacterized orphan response regulator designated 

NnaR embedded within this operon, our focal point became elucidating its role in Mab gene 

regulation and nitrate assimilation.    
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In silico analyses identified only 2 putative NnaR binding sites in the Mab genome - upstream of 

nark3-sirB operon and nasN (Figure 15A) – suggesting a small regulon of genes with focused 

roles on nitrate and nitrite metabolism. This is comparable to the small repertoire of genes 

reportedly controlled by the S. coelicolor ortholog shown to regulate narK, nirAB (NiR), and nasA 

(assimilatory NR) (116). In Msm, NnaR controls a slightly larger gene set comprised of seven 

mRNA transcripts (four single genes, 3 operons), however only 3 target loci (narK3, nirBD, nasN) 

have corresponding orthologs in Mab (119). The coordinated induction of the nark3-sirB operon 

and nasN during growth on inorganic nitrogen sources is consistent with regulation by the same 

transcription factor, NnaR. It is also worth noting that the dramatic ~20- to 200-fold induction of 

the NnaR regulon (Figure 15C&D) is in reference to equimolar concentrations of nitrogen in the 

form of ammonium sulfate. This would suggest that NnaR-mediated transcriptional activation is 

not in response to low nitrogen levels overall but is somehow specific to nitrate and nitrite. Based 

on these observations, the lack of induction of nasN, nark3, and nirBD in MabnnaR during growth 

on nitrate or nitrite was not surprising. However, the upregulation of sirB in the absence of nnaR 

in both nitrogen replete and deplete conditions was unexpected (Figure 18A-C). This is 

inconsistent with sirB being expressed only by NnaR-activated co-transcription with the four 

upstream genes. An initial hypothesis we considered was upregulation due to read-through from 

the promoter of the apramycinR cassette used to inactivate nnaR. However, restoration of sirB to 

wild-type levels when both nnaR and sirB were constitutively expressed in trans argues against 

this. If anything, an additional copy of sirB on the complement construct (included because we 

anticipated a polar negative effect) was expected to boost sirB expression in the complement, not 

restore levels to normal. It is possible that deletion of nnaR disrupts the proposed translational 

coupling with sirB (despite care taken not to delete the overlapped 5’ end of sirB) such that 

diminished SirB activity triggers compensatory upregulation of sirB. Recall that SirB is a 
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ferrochelatase responsible for catalyzing the last step of siroheme synthesis, a cofactor required 

for the activity of nitrite reductase (NirBD) and sulfite reductases (209-211). This would require a 

second internal promoter able to drive expression of sirB alone (or with additional upstream genes 

since putative promoter cannot be within nnaR) activated by a transcription factor that is induced 

by NnaR. More research will be needed to understand this unexpected regulation of sirB and the 

role of NnaR.  

The mechanism by which NnaR senses nitrate and nitrate, either directly or indirectly, and 

becomes activated to promote transcription of its regulon remains a mystery.  No studies of the 

better characterized orthologs in S. coelicolor, Msm, or Mtb have addressed this question. We 

initially hypothesized that NnaR activation may be mediated by DosS, the sensor histidine kinase 

(HK) partner of the response regulator (RR) DosR, known to sense hypoxia, NO, and CO in Mtb 

(76,92,93,95,212). This was based on a report by Gautam et al. of potential protein-protein 

interactions (PPI) between DosS and the Mtb NnaR ortholog Rv0260 (207). Using the same M-

PFC (Mycobacterial Protein Fragment Complementation) method (142), we were able to detect 

Mab DosS-DosR PPI, but were unable to detect an interaction between Mab DosS and NnaR 

(Figure 20). This is perhaps not surprising given the other species-specific differences we have 

noted between Mtb and Mab in their responses to hypoxia and nitrogen limitation. Further in silico 

analysis also failed to identify a receiver domain with aspartate residues likely to serve as 

phosphorylation sites (data not shown) suggesting NnaR is not likely to be activated by a non-

cognate HK. Alternative hypotheses include NnaR activation by serine/threonine kinases as 

observed with the ORR GlnR (196,197,213), or self-activation via the unique HemD domain. The 

domain architecture of NnaR consisting of an N-terminal HemD domain (also known as a 

uroporphyrinogen III synthase) fused to a C-terminal OmpR DNA binding domain is restricted to 

Actinomycetes (116). Uroporphyrinogen III synthase is responsible for the cyclization of 
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hydroxymethylbilane (HMB) which forms uroporphyrinogen III (UroPIII), a precursor for vitamin 

B12 and siroheme. It is worth noting that the HemD domain of NnaR in S. coelicolor is catalytically 

inactive (116,209,210,214). The role of the NnaR HemD domain remains unclear but it is plausible 

it acts as a sensing domain for HMB or UroPIII and self-activates resulting in conformational 

changes in the DNA-binding domain as evidenced by the self-modulating RRs, JadR1 and RedZ 

of streptomyces (80). 

This study provides clear evidence that Mab utilizes species-specific strategies of nitrogen 

assimilation when nitrate or nitrite are the only sources of nitrogen and employs the ORR NnaR 

in distinct ways compared to Msm and Mtb. This is illustrated by confirmation of a unique operon 

containing genes narK3-nirBD-nnaR-sirB, regulation of this operon and nasN by NnaR, and the 

importance of NnaR for survival when nitrate or nitrite are the sole sources of nitrogen. There are 

still unanswered questions regarding the regulation of nitrogen metabolism in Mab, and the role 

of NnaR in particular, that remain to be addressed.  One key knowledge gap is the degree of 

regulatory overlap and interaction with GlnR, which typically controls larger regulons involved in 

nitrogen metabolism and many other processes. Although Fan et al. did report that Mab GlnR 

regulates 8 genes associated with nitrogen metabolism, they only queried 9 promoters by ChIP-

qPCR (62). The full extent of the GlnR regulon in Mab remains to be determined.  Other relevant 

questions include how hypoxia triggers down-regulation of the NnaR regulon, what is the function 

of the HemD domain, what underlies the unusual regulation of sirB, and what signaling 

mechanisms contribute to NnaR activation. These data revealing a species-specific role for Mab 

NnaR and its significance in nitrate assimilation establishes a premise for future studies exploring 

a role in persistence within host environments such  as macrophage phagosomes, granulomas, 

and mucus-laden airways affected by CF.  
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CHAPTER FOUR: UNPUBLISHED ANIMAL EXPERIMENTS  

Abstract 

The focus of this chapter is the documentation of the animal work performed during my time in 

the Rohde lab. A universal in vivo infection model for Mab has not been established hindering 

studies exploring the interplay of transcriptional regulation and pathogenesis, and in vivo drug 

efficacy.  We aimed to establish an in vivo model mimicking the pathology of the CF lung to study 

Mab transcriptional regulation and pathogenesis. Since transgenic mice with CFTR mutations are 

not representative of human CF pathology we explored other options to suit our needs (215,216). 

An ideal mouse model to establish persistent Mab infections is immunocompetent and harbors 

similar pathologies to the human CF lung particularly hypoxia so we can further study the role of 

Mab DosRS and other transcriptional modulators relating to hypoxic adaptation. Mice with intact 

immune systems clear Mab infections however, immunocompromised mice capable of 

developing a persistent infection have little utility due to the CF lung being immunocompetent 

(217,218). We sought to develop a mouse model fulfilling the criteria specific to our needs. Our 

search in the literature led us to the discovery of ENaC mice. These mice were promising as an 

in vivo model for our research due to similar pathology of the human CF lung. ENaC are not a 

true CF model due to an intact CFTR gene however, these mice over-express the  subunit of 

the epithelial sodium channel in a tissue specific manner within the lung resulting in dysregulation 

of a sodium channel resulting in similar lung physiology to CF (219). Prior to our animal work we 

found one Mab study that successfully utilized ENaC mice for infection validating our pursuit of 

this model for infection. Previous work fulfilling dissertation requirements by Vongtongsalee, 

determined multi-dose Mab infection on consecutive days enabled a persistent infection in ENaC 

mice despite an intact immune system helping us to set the stage for our own mouse work (220).  
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Attempts at establishing a persistent infection in ENaC mice via intranasal administration on 4 

consecutive days didn’t yield the results we expected. Our first ENaC study yielded a ~3 log 

decrease by day 28 compared to day 0 and Mab was not recovered from the lungs of all mice. 

The Vongtongasalee study, not only used a different delivery method but also infected mice with 

a rough strain of Mab which, is associated with virulence in vivo (220). We next attempted 

intranasal infection with a rough lab strain, Mab390R, and 2 rough clinical isolates. Infection with 

rough strains resulted in decreased CFU by the last time point however, we used 1x intranasal 

infection verse 4x. Since we struggled to infect all the mice in our previous studies and observed 

a decline in CFU we next explored the utility of a neutropenic mouse model to establish infection 

(221). This model was also unsuccessful in yielding a persistent infection and we were unable to 

recover Mab from the lungs in many of the mice. The Rohde lab is committed to developing a 

mice model and efforts are on-going in the hopes we will establish a persistent Mab infection to 

allowing persistent infection for the study of transcriptional regulation and its affect on 

pathogenesis.  

Introduction 

Current animal models for the study of Mab lack a universal/common in vivo model therefore 

development of a model fitting the criteria previously mentioned is imperative for continued 

progress in understanding Mab pathogenesis.  The Rohde lab is committed to the development 

of an in vivo mouse model mimicking CF lung pathology, is immunocompetent, and able to 

maintain a persistent Mab infection for the study of gene regulation. Additionally, to continue 

studying Mab DosR and its effect on non-replicating persistence, an in vivo model must also have 

the ability to form hypoxic granulomas or at least develop hypoxic mucus such as observed in the 

CF lung. Previous in vivo Mtb DosRS/T studies have shown variable results dependent upon 
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whether the model develops hypoxic granulomas (the hallmark pathology of an infected lung) 

within the lung during infection (89,100,137,138,207). These models include guinea pigs, rabbits, 

rhesus macaques and C3HeB/FeJ Mice (Kramnik mice) (88,137,138). Although the Kramnik mice 

are appealing for the study of Mab DosR due to the hypoxic lung and granuloma formation, a 

previous study assessing the utility of mouse models for Mab to test in vivo drug susceptibility 

determined Kramnik mice cleared the infection (217). In this same study the only mice that were 

able to retain an infection were MyD88 -/-, GKO -/-, nude, SCID and GMCSF -/- mice all of which 

are immunocompromised and lack the capability of developing hypoxic granulomas (217). A 

subsequent study assessing the utility of Kramnik mice for Mab infections was able to generate a 

sustained infection via administration of daily corticosteroid injections 1 week prior to infection 

and then daily for 3 consecutive weeks (218). This piqued our interest due to the recovery of the 

immune system after cessation of corticosteroids. However, daily cortisone injections over a 4- 

week period prompted us to keep investigating other mouse models.  

We found three promising transgenic (Tg) mouse models of interest mimicking the pathology of 

the CF lung in the literature: 1) CFTRtm1UNC/ CFTRtm1UNC, 2) CFTRtm1UNCTgN(FABPCFTR), and 3) 

ENaC. All three transgenic mice are immunocompetent however, only the ENaC displays 

hypoxic mucus plugs (216,219,222). Upon further comparison we ruled out the utility of 

CFTRtm1UNC/ CFTRtm1UNC due to the high rate of mortality caused by the absence of the CFTR 

channel in the intestine (216,222). Zhou et al., were able to develop a gut corrected CFTR 

transgenic mouse (CFTRtm1UNCTgN(FABPCFTR)) however the lung pathology of this strain and the 

uncorrected strain did not develop the same pathology exhibited in humans. Neither of the  CFTR 

Tg mice displayed reduced mucociliary clearance,  mucus plugging, or increased mucus 
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concentration all of which are salient features necessary  for  mimicking Mab infections in CF lung 

environment  (219).  

Although the ENaC mouse model is not a true CF mouse model due to a functioning CFTR 

channel the lung pathology of this mouse model is more comparable to the human CF lung. One 

of the characteristics of the human CF lung is dysfunctional ion transport due to increased Na+ 

absorption mediated by the ENaC transporter (epithelial sodium channel) (223).  Zhou et al., 

generated a mouse model overexpressing ENaC activity to more accurately mimic CF lung 

pathology. The ENaC protein is a heterotrimeric protein consisting of  subunits however it was 

found the overexpression of the  subunit was sufficient to establish an overexpressing 

phenotype.  Clara cell secretory protein promoter element upstream of the  subunit was used to 

generate tissue specific overexpression of the  subunit constructs. These constructs were used 

to generate ENaC Tg mice via pronuclear injection of oocytes (C3H x C57BL/6 background) 

(219).  

The ENaC Tg mouse model created by Zhou et al., exhibits many of the features observed in 

human CF pathology. Most notably, increased Na+ transport led to decreased airway surface 

liquid (ASL) resulting in decreased mucociliary clearance and accumulation of mucus. In addition 

to these pertinent features in an in vivo model, airway inflammation was also present which is a 

common characteristic of the human CF lung due to accumulation of neutrophils and eosinophils 

(219). Due to the comparable human like CF lung pathology of the ENaC mouse model our lab 

has chosen this in vivo model to study Mab persistence and transcriptional regulation.  
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Methods 

ENaC Breeding  

A single ENaC mouse was purchased from University of North Carolina Chapel Hill and sent to 

Texas A&M University (TAMU) for in vitro fertilization in C57BL/6N mice purchased from Taconic. 

Tail snips from mice bred by (TAMU) were genotyped via DNA extraction followed by PCR 

amplification to identify ENaC positive mice (primers are listed in Table 11). After receiving 

ENaC positive mice from TAMU all future breeding was conducted at the University of Central 

Florida Lake Nona Vivarium.  

Mab Culture Preparation For Infection 

Cultures were grown in 7H9-OADC+.05% tyloxapol from glycerol stocks at 37◦C while shaking 

unless otherwise noted. Infection inoculum was prepared from log phase cultures by washing 3x 

in PBS, resuspended in PBS, syringed with tuberculin needle to break up clumps and diluted to 

a final OD of .5 ~10^6 CFUs. An aliquot of inoculum was taken for CFU enumeration, 10-fold 

serial dilutions in PBS + .05% Tween 80 ranging from 10^0 to 10^-7 were plated on 7H10-OADC 

plus 100 ug/ml of cycloheximide quad plates. Colonies were counted between 3-5 days post 

plating.  

Animal Infection 

Different Mab strains were used throughout the animal study to investigate an infection model, to 

assess differences between smooth and rough strains, and clinical isolates verse lab strains. 

These strains are as follows, Mab390S (smooth lab strain isolated from an ileal granuloma), 

Mab390R (rough lab strain isolated from an ileal granuloma), Msm CF17 (rough clinical isolate 
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gifted from National Jewish Laboratories) and Mab CF22 (rough clinical isolate gifted from 

National Jewish Laboratories). Animals between 8-12 weeks old were intranasally infected either 

1x or 4x (infection daily over 4 days) with 20 µl of .5 OD inoculum.  Mice were sacrififed to harvest 

lungs at varying time points. Lungs were homogenized with 1 mm silicon carbide beads in bead 

beater. Homogenate was Bserially diluted ranging from 10^0 to 10^-7 in PBS +.05% Tween 80 

and plated on 7H10-OADC plus 100 ug/ml of cycloheximide quad plates. Colonies were counted 

between 3-5 days post plating.  

Cyclophosphamide Administration 

Cyclophosphamide was resuspended in PBS at 150 mg/kg. Four days prior and one day prior to 

infection mice were administered cyclophosphamide via intraperitoneal (IP) injection as described 

by Wu et al.,(224). 52 total mice (26 each of C57BL/6N and ENaC) were administered 

cyclophosphamide to test the efficacy of the neutropenic mouse model.  

Results 

Pilot Study Utilizing C57BL/6N Mice 

Previous research by Vongtongsalee in fulfillment of a thesis project reported a multi-dose 

infection of Mab yielded ~ 2 log increase in CFU at D30 in ENaC mice compared to a single 

infection prompted our lab to verify if the same was true in our hands (220). Since breeding of 

ENaC mice with C57BL/6N mice yields less than 50% transgenic mice we utilized C57BL/6N in 

a preliminary multi-dose study to optimize the protocol in case changes were needed and to utilize 

the C57BL/6N mice for technical development such as handling and practice of intranasal 

infection. C57BL/6N mice (6 per group) were intranasally infected either 1x or 4x (24 hours apart 
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on 4 consecutive days) with Mab390S or MabdosRS (this strain was only used in the 4x time 

experiment and only on D0 and D10 due to limited number of mice available). On D0 (immediately 

after infection), D5, D10 and D20 lungs were harvested to measure bacterial burden via CFU/lung 

and reported in (Figure 21). Our results suggest on D0, Mab390S 4x infection group was not 

successfully infected due to only 3/6 mice having countable colonies after plating. Overtime we 

observed a steady decline in CFU for the 1x Mab390S infection and 4 x MabdosRS infection which 

was not surprising due to a competent immune system and functional lung. However, the 4x 

Mab390S infection bacterial burden on D20 remained similar to D0 average with 6/6 mice 

infected. Due to the inconsistent data on D0 with only 3/6 animals infected in the 4x Mab390S 

group it is hard to draw conclusions on data collected. However, the increased CFU in the 4x 

Mab390S infected group from D10 to D20 is promising and will hopefully garner results in the 

ENaC mouse model.   
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Figure 21: Multi-dose infection yields sustained infection over time in C57BL/6N mice 

C57BL/6N mice were infected with Mab390S 1x (black), Mab390S 4x (red) or MabdosRS (green). 

6 mice per infection group per time point were infected with the exception of MabdosRS. Two 

time points, day 5 and 10 were chosen for MabdosRS infection with 6 mice used in each group. 
CFU/lung were enumerated on day 0, 5, 10 and 20. 

 

 

 

 

ENaC Multi-dose Infection 

The same multi-dose infection model used with the C57BL/6N mice was administered to ENaC 

mice for infection. 8-10 week-old mice were intranasally infected 1x or 4x (24 hours apart) with 
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Mab390S or 4x MabdosRS (6 mice per group per time point). Lungs were harvested at D0 

(immediately after infection), D5, D14 and D28 to measure bacterial burden via CFU/lung and 

reported in (Figure 22). On D0 5/6 mice for both 1x and 4x infections of Mab390S were infected 

and 6/6 for 4x MabdosRS. Despite  83% of ENaC mice infected on D0, by D28 only 3/6 1x 

Mab390S mice were infected, 4/6 4x Mab390S mice were infected and 2/6 4x MabdosRS were 

infected. Bacterial burden steadily decreased over time however, on D14 the 3 groups had 

detectable CFU ranging from 102.5 to 103.  We had expected higher CFU on D14 based on the 

work performed by Vongtongsalee in the range of ~105 by D15 (220). However, there are 2 

differences in our study:1) delivery method of Mab and 2) strains used for infection. Our study 

used 20 µl of inoculum via intranasal route whereas 35 µl of inoculum was used for intratracheal 

infection with a microsprayer by Vongtongsalee (220) which may contribute to the variability in 

results between the labs/experiments. Additionally, the strains used in the infection model for 

ENaC mice could also account for variability across the two studies. Our lab uses Mab390S 

which is a smooth strain previously recovered from an ileal granuloma for our in vitro and in vivo 

research. The Vongtongsalee study utilized the hyper virulent strain Mycobacterium abscessus 

sp. masilience OM194 that they and others have documented as an outbreak clinical isolate with 

a rough colony morphology (220,225).  
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Figure 22: ENac multi-dose infection model 

ENaC mice were infected with Mab390S 1x (black), Mab390S 4x (red) or MabdosRS 4x (green). 
CFU/lung were enumerated on day 0, 5, 14 and 28 post infection.  
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Smooth, Rough And Clinical Isolate Infection Model 

Since we were concerned with maintaining persistent lung infection using Mab390S due to its 

isolation from an ileal granuloma rather than the lung and it being a smooth strain rather than a 

rough strain (41) we compared Mab390S (smooth) against Mab390R (rough) and compared 2 

rough clinical isolates from the National Jewish Laboratory, MsmCF17 (M. abscessus sp. 

massiliense) and MabCF22 (M. abscessus) (Figure 23& 24). Inoculum was prepared as described 

above except for the syringe step (to break-up clumps) for the rough strains. This step was 

excluded due to the culture of the rough strains sticking to the inside of the syringe which resulted 

in lower OD when preparing the inoculum. ENaC mice (4 per group) were infected 1x with ~106 

CFU in 20 ul of Mab390S or Mab390R. CFU was assessed on day 0 and day 14, for each time 

point and each strain only 3/4 mice were infected (Figure 23). CFU on day 0 for Mab390R was a 

log lower than Mab390S suggesting the mice were not infected with the same CFU across both 

strains. The difference in CFU on day 0 may be attributed to the hydrophobicity of the R strain. 

The R strain was difficult to work with due to its adherence to conical tubes and pipette tips 

preventing delivery of the full infectious dose. Despite discrepancies in the initial CFU, day 14 

displayed similar CFU between both strains.     
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Figure 23: ENaC smooth and rough strain infection 

ENaC mice were infected 1x with Mab390S (black) or Mab390R (red). CFU/lung were 

enumerated on day 0 and day 14 post infection. 
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We next tested whether clinical strains recovered from the lungs of CF patients allowed for a 

persistent infection. Five ENaC mice per group were infected with a single dose of clinical 

isolates MsmCF17 or MabCF22 with 106 CFU in 20 ul of PBS (Figure 24). CFU was enumerated 

on day 0 (immediately after infection) and on day 21 to determine if we were able to establish a 

persistent infection over a longer time course with clinical isolates. On day 0, 5/5 mice were 

infected with MsmCF17 and 4/5 mice were infected with MabCF22. By day 21 only 3/5 mice in 

each group were infected with an average loss of 102 and 104 in MabCF22 and MsmCF17, 

respectively compared to D0 (Figure 24). We had anticipated higher bacterial burden with all 

animals remaining infected by day 21 due to utilizing clinical isolates recovered CF lungs.   
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Figure 24: Clinical isolate infection of ENaC mice 

 

ENaC mice were infected 1x with clinical isolates Msm CF17 (pink) and Mab CF22 (gray). 
CFU/lung were enumerated on day 0 and day 21 post infection.  
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Neutropenic Mouse Model  

Due to lower bacterial burden than anticipated throughout our in vivo studies we further 

investigated animal models. We explored the literature for methods used to temporarily suppress 

the innate immune system in mice without having to use the laborious corticosteroid method 

previously described (218). Zuluaga et al., used a neutropenic mouse model to investigate 

infection models with various pathogens which resulted in a persistent and severe infection (221). 

In brief, mice administered cyclophosphamide become neutropenic within 4 days with restoration 

of neutrophils by day 11 allowing examination of intrinsic drug activity independent of immune 

activity. Cyclophosphamide was administered via intraperitoneal injection (IP) 4 days and 1 day 

prior to infection allowing time for neutrophil depletion. A subsequent study performed by Wu et 

al., used this method prior to intranasally infecting BALB/c mice with 107 CFU of Mab clinical 

isolate CIP 108297  (224). Their work resulted in a ~2-log CFU increase by day 14 compared to 

day 3 (initial time point) with all animals remaining infected (224). This methodology was 

appealing as it could allow successful establishment of infection using temporary 

immunosuppression with only having to administer cyclophosphamide twice. 

We used both C57BL/6N and ENaC mice to test the efficacy of the neutropenic mouse model 

previously established. Mice were administered 150mg/kg in PBS via IP injection 4 days and 1 

day prior to intranasal infection (1x infection) with Mab390S, Mab390R or MabdosRS (106 CFU). 

For Mab390S and Mab390R 5 mice each of C57BL/6N and ENaC per time point per (day 3 and 

14) were used whereas only 3 mice total were infected with MabdosRS due to number of mice 

available. CFU/lung was enumerated 3 days and 14 days post infection for Mab390S and 

Mab390R and on day 14 only for mice infected with MabdosRS again due to number of mice 

available.  
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The neutropenic mouse model of infection did not yield the persistent infection we had anticipated 

(Figure 25). On day 3 only 1/5 C57BL/6N and 2/5 ENaC mice had countable colonies for 

Mab390S and Mab390R infected mice. Day 14 yielded slightly better results however countable 

colonies were only present in 3/5 Mab390S, 2/5 Mab390R, 2/3 MabdosRS with bacterial burden of 

~102.5 CFU/lung for C57BL/6N infected mice. Similarly, ENaC mice displayed ~102.5 CFU/lung 

for strains Mab390S and Mab390R with 4/5 and 3/5 mice infected, respectively. No countable 

colonies were observed for ENaC mice infected with MabdosRS whether this is a DosRS 

phenotype or inefficient administration of inoculum is unknown.   
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Figure 25: Cyclophosphamide treated mice  

Cyclophosphamide was administered to C57BL/6N and ENaC mice 4 days and 1 day prior to 

infection with Mab390S (black), Mab390R (red) or MabdosRS (green). CFU/lung were enumerated 
on day 3 and 14 post infection.  
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Discussion 

Current mouse models used to study Mab are lacking in utility due to the inability of 

immunocompetent mice to sustain a persistent Mab infection and lack of transgenic mice 

representative of CF pathology (216,217,219,222). Immunosuppressed mice are not 

representative of the host response and immune pressures within the CF lung limiting their utility 

as an in vivo model. It’s imperative for a mouse model to have an intact immune system and 

characteristics of the CF lung such as hypoxic mucus, increased sodium absorption, and 

increased nitrate, nitrite and nitric oxide levels due to increased neutrophils to study the 

transcriptional regulation required for Mab persistence (216,219,222,226). Transgenic CFTR 

mice exist, however these mice don’t represent the characteristics of the human CF lung e.g., 

decreased mucociliary clearance, increased sodium absorption and mucus plugs (216,219,222).  

Development of a universal mouse model mimicking the CF lung and capable of maintaining a 

persistent Mab infection in an immunocompetent mouse is a top priority in the Rohde lab.  

Our literature review led us to ENaC mice, a promising mouse model matching our criteria of 

human-like CF lung pathology and immunocompetent. Zhou et al., developed a tissue specific 

over expressor of the  subunit of epithelial sodium channel in the lung resulting in pathology 

mimicking the human CF lung despite an intact and functional CFTR gene. Previous research by 

Vongtongsalee, utilized these mice for a multi-dose Mab infection yielding promising results. The 

multi-dose infection model resulted in a ~2 -log higher CFU on day 30 compared to day 5 

suggesting this model will allow us to study transcriptional regulation during a persistent Mab 

infection.  
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Our pilot experiment utilizing the multi-dose infection model with C57BL/6N WT mice didn’t yield 

successful infection for all animals in the study (Figure 21). However, we were able observe a 

difference in CFU by day 20 between 1x and 4x infected mice providing validation for use of the 

multi-dose infection model for ENaC studies.  Even though we observed inconsistent results in 

our ability to administer inoculum to all animals the purpose of this study was the development 

technical skills required for successful administration of innoculum prior to the start of animal 

experiments utilizing ENaC mice.  

The multi-dose infection model using ENaC mice didn’t garner the results we had anticipated. 

We observed ~ 3-log decline in CFU on day 28 compared to day 0 (Figure 22) contrasting with 

the Vongtongsalee study where an increase in CFU was observed on day 30 compared to their 

initial time point (220). Differences in delivery method of inoculum and strains used may account 

for contrasting results between our study and the Vongtongsalee study (220). Difference between 

our smooth lab strain recovered from an ileal granuloma rather than the lungs used in our study 

verses a rough clinical isolate known to be hypervirulent in the Vongtongsalee study made us 

question the utility of our strain for establishing an infection (220). This led us to investigate a 

ENaC infection model using the rough lab strain Mab390R and rough clinical isolates recovered 

from CF lung patients, Msm CF17 and Mab CF22, acquired from National Jewish Laboratory.  

Infection of ENaC mice with a single dose of Mab390R, Msm CF17 or Mab CF 22 didn’t yield a 

persistent infection overtime and not all mice had recoverable CFU (Figure. 23&24). This could 

be attributed to the difficulty of working with rough strains of Mab which are hydrophobic causing 

adherence of bacteria to conical tubes and pipette tips resulting in decreased CFU delivered to 

lungs compared to the smooth strain. An additional issue that may have led to the decreased 
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CFU observed in mouse lungs was the use of single dose infection vs multi-dose (Figure 23&24). 

Validating this theory is the marked difference in CFU between single and multi-dose infection 

observed in C57BL/6N WT mice and ENaC (Figure. 21&22). In hindsight, a multi-dose infection 

should have been performed to validate the efficacy of using rough strains to establish a persistent 

infection.  

Due to ENaC mice having an intact immune system which, has been known to inhibit successful 

Mab infection we sought to temporarily deplete neutrophils via IP injection of cyclophosphamide 

in ENaC mice. This model of infection has previously been used by Wu et al., to establish Mab 

infections in BALB/c mice using a 1x infection dose resulting in a ~2-log increase of CFU by day 

14 (224). To investigate the utility of this infection model we used the same schedule and 

concentration of cyclophosphamide in ENaC mice and harvested lungs for CFU enumeration at 

the same points, 3 days and 14 days post infection.  In our hands this method of infection yielded 

very poor results, only 1/4 C57BL/6N mice and 2/4 ENaC mice infected with Mab390S or 

Mab390R displayed CFU on day 3 (Figure 25). By day 14 there was ~3-log decrease in CFU in 

mice with recoverable CFU compared to starting inoculum (Figure 25). Differences between our 

cyclophosphamide study and the study performed by Wu et al., may contribute to discrepancies 

in our results. These differences include mouse models used (BALB/c versus ENaC) and Mab 

strains used (Mab CIP 108297 versus our strains of Mab 390S and Mab390R).  

Due to difficulties recovering Mab from the lung immediately after infection in our initial studies or 

on day 3 for the cyclophosphamide treated mice, we were unable to establish a persistent 

infection or attribute the observed clearance of Mab to host pressures. Inconsistent infections at 

the initial time point led us to re-evaluate our method of infection. We later learned a larger 
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inoculum volume with the same CFU previously used allowed for a more consistent infection. A 

CRISPRi project not included in this dissertation yielded 100% Mab infection in C57BL/6N mice 

using 40 µl of inoculum verse 20 µl we had been using earlier. A manuscript detailing Mab 

CRISPRi work is underway however, it is not included in this dissertation as this is a collaborative 

project with Dr. Rashmi Gupta and not part of my graduate thesis work. Despite our many efforts 

pursuing a persistent Mab infection in ENaC mice the results were disappointing. Efforts to 

establish an in vivo model utilizing the ENaC mice are ongoing and a top priority moving forward. 
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CHAPTER FIVE: UNPUBLISHED PROTEIN WORK 

The purpose of this chapter is the documentation of our attempts to perform EMSA assays to 

affirm DosR binding to promoter regions of genes we determined to be DosR regulated in Chapter 

2. We set out to assess DosR binding to promoter regions upstream of dosR, the gene MAB_2489 

that we showed was down-regulated via RNAseq, qRT-PCR, and lux reporter assays in the 

dosRS mutant, and the two genes displaying the greatest DGE via RNAseq in the dosRS mutant, 

MAB_3937 and MAB_3354. The DosR protein proved difficult to work with due to insolubility and 

supplementation with acetyl phosphate for phosphorylation. DosR binding of dosR, 2489, 3937 

and 3354 promoters was affirmed in one EMSA assay but was not reproducible.  

Methods 

Cloning Of DosR Into pET28b 

The Mab dosR gene was cloned into the protein expression vector pET28b via round the horn 

cloning and fast cloning (140,141). In brief, the pET28b vector (containing kanamycin resistant 

cassette and histidine tag) was linearized and the amplified dosR PCR product was ligated via 

overlapping bp that complemented the vector (140,141). The pET28b-dosR vector was 

transformed into chemically competent E.coli 10-  cells and plated on LB agar supplemented 

with 50 µg/ml of kanamycin. Positive clones were confirmed via agarose gel and sequencing. The 

vector was extracted via mini-preparation and transformed via electroporation into E.coli Rosetta2 

cells. Transformations were plated on LB agar supplemented with 50 µg/ml of kanamycin and 34 

µg/ml of Chloramphenicol.  
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Protein Purification 

Positive clones for pET28b-dosR in Rosetta2 cells were cultured in LB broth supplemented with 

50µg/ml of kanamycin and 34 µg/ml of Chloramphenicol at 37ºC while shaking. Cultures were 

grown to log phase and supplemented with 1mM IPTG for 3 hours to induce protein expression 

at 37ºC while shaking. Cultures were pelleted for 30 minutes at 4300 rpm at 4 ºC. Supernatant 

and pellet fractions were run on SDS-PAGE to confirm which fraction the protein resided. Western 

blot was used to confirm the DosR protein using rabbit anti-his antibody The DosR protein was 

found in the pellet fraction so additional steps were required for purification. Briefly, the pellet was 

resuspended in 0.5% Triton X, followed by centrifugation at 4300 rpm for 20 minutes at 4 ºC. After 

centrifugation the pellet was resuspended in binding buffer (20mM Tris-HCl and 500mM NaCl) 

with 6M guanidine HCl and pelleted again at 4300 rpm for 20 minutes at 4 ºC. Supernatant was 

removed after centrifugation and purified using Talon Metal Affinity Beads. Protein fractions were 

run on SDS-PAGE to confirm purified protein. Fractions containing the protein were dialyzed to 

remove guanidine HCl, the isoelectric point for DosR is 5.36 therefore the protein was dialyzed in 

buffer pH 7. Primers used in this chapter are in Table 12&13 in the appendix. 

Electromobility Shift Assay 

A non-radiolabeled EMSA was used to identify protein-DNA interaction as described by Jing et 

al., Briefly, DosR-protein (range from 65 ng-1000ng) and promoter sequences (50 ng) amplified 

from genomic DNA were incubated for 20 minutes in EMSA binding buffer (10 mM Tris-HCl, 150 

mM KCl, 0.1 mM DTT, and 0.1 mM EDTA) (227). Incubated products were run on a 12% Native 

PAGE at 200 V for ~45 minutes. Gel was stained with SYBR green and visualized on Bio-Rad gel 

doc (227).   
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DosR Phosphorylation 

Previous research demonstrated the requirement of Mtb DosR phosphorylation for promoter 

binding (228). DosR was phosphorylated using lithium acetyl phosphate as a phosphodonor as 

described by Chauhan et al. DosR was incubated with 50 mM lithium acetyl phosphate, 40 mM 

Tris-HCl (pH 8.0) and 5mM MgCl2. For 30 minutes at 30 ºC in a thermocycler.  

Results 

DosR Protein Resides In The Insoluble Fraction 

The dosR gene was amplified into the protein expression vector pET28B containing a histidine-

tag for purification (Figure 26A). Prior to column purification supernatant and pellet fractions were 

run on SDS-PAGE followed by western blot to confirm which fraction to column purify (Figure 

26B&C). The molecular weight of the DosR protein including the histidine tag was 26.3 kDa. SDS-

PAGE and western blot confirmed DosR resided in the insoluble fraction (Figure 26B&C). The 

insoluble fraction was column purified using TALON Metal Affinity beads and yielded bands on 

an SDS-PAGE in multiple lanes (Figure 26D).  
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Figure 26: Protein workflow 

DosR protein (26.3 kDa) resides in the insoluble fraction A) schematic of dosR cloning into 
pET28B vector B) SDS-PAGE of lysate (L) and pellet (P) fractions prior to column purification C) 
Western Blot of SDS-PAGE using rabbit anti-his antibodies D) SDS-PAGE of purified fractions 
after column purification with TALON Metal Affinity Beads. Lanes labeled 1-7 represent elution 
fractions.  

  



113 
 

Phosphorylated DosR Interacts With Predicted Promoter Sites 

To assess DosR promoter binding with putative DosR regulated genes electromobility shift assays 

were performed. Dr. Shawn Li’s lab provided predicted sequences for MAB_2489, and MAB_3354 

(Figure 27A&B). Predicted promoters of MAB_2489 and MAB_3354 and a 200bp region upstream 

of MAB_3937 were amplified from genomic DNA using PCR. 50 ng of PCR product was incubated 

with 65 ng, 130, 260 ng, 520 ng, or 780 ng of purified DosR protein in binding buffer. The DNA-

protein binding reaction was resolved on a native page gel and stained with SYBR green to detect 

shifts of DNA bands (Figure 27A-C) The native gel did not display shifts in DNA bands at any 

protein concentration (Figure 27A-C).  

Since the DosR ortholog of Mtb requires phosphorylation for DNA promoter binding to occur we 

utilized that tactic to verify if the same was true in our hands (228). Prior to setting up the 

incubation for protein-DNA binding DosR was phosphorylated with lithium acetyl phosphate. 

Immediately after phosphorylation 1000ng of DosR was incubated with 50 ng of DNA in binding 

buffer. Phosphorylated DosR displayed binding with dosR, MAB_2489, MAB_3354 and 

MAB_3937 promoter sequences (Figure 28). Shifts in DNA were observed with bright bands in 

the lanes for dosR, 2489, and 3354 however 3937 displayed a very faint band that is not easily 

discernible on the gel. Since this band is faint and bioinformatics performed by Dr. Shawn Li didn’t 

yield a promoter sequence for this gene it is possible DosR doesn’t have a strong affinity for this 

gene despite this gene displaying DGE in the dosRS mutant strain (Figure10). Unfortunately, this 

data was not reproducible in other EMSA experiments. After many failed attempts we decided to 

temporarily move on to other work. Whether these failed attempts arose from solubility issues or 

from inefficient DosR phosphorylation or a combination of the two needs to be resolved to affirm 

protein-DNA interactions. Future work will include cloning dosR into the pET43.1 vector (kindly 
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given to us by Dr. Mollie Jewett) which contains an N-utilization substance A (NusA) fusion to the 

protein of interest. NusA is a highly soluble protein from E.coli which has been shown to aid in 

solubilizing inclusion bodies during protein expression (229). We are hopeful this next strategy 

will yield reproducible results and provide more insight into DosR regulation.   
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Figure 27: Unphosphorylated DosR EMSA assay 

EMSA assays were performed with unphosphorylated DosR at 65 ng, 130 ng. 260ng, 400ng, 520 
ng, or 780ng incubated with 50 ng of promoter A) MAB_2489, B) MAB_3354 and C) MAB_3937. 
Promoter sequences displayed below A & B are the predicted promoter regions from Dr. Shawn 
Li. ~200 bp of upstream DNA regions were amplified to ensure promoter sequences were included 
in PCR product.  
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Figure 28 Phosphorylated DosR displays binding interaction with promoters 

EMSA assays were performed with phosphorylated DosR at a single concentration of 1 µg 
incubated with 50 ng of promoters dosR (250 bp), MAB_2489 (212 bp), MAB_3354 (188 bp) or 
MAB_3937 (200 bp). PdosR, P2489, P3354, and P3937 indicate lanes only containing DNA. 
Lanes containing promoters and phosphorylated DosR are denoted with DosR-P underneath 
specific promoter name. Note-P3937-DosR-P has a faint band that is hard see when not 
visualizing in image lab software. 
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CHAPTER SIX: DISCUSSION 

The prevalence of nontuberculous mycobacteria (NTM) infections has been rising at an alarming 

rate surpassing the occurrence of Mtb in the United States (10) . Centers for Disease Control and 

Prevention last reported 2.5 per 100,000 people infected with Mtb  compared to 4.73 per 100,000 

infected with NTM  however, NTM prevalence was seen as high as 91 per 100,000 people 

dependent on geographical region and climate (230-232). The rates of NTM disease are 

increasing at a rate between 4.1-7.5% per year causing concern among the immunocompromised 

and persons with pre-existing lung conditions such as Cystic Fibrosis (CF) (231,233,234). The 

incidence of NTM among CF patients is ~13-20% however there is a strong likelihood this number 

will continue to increase due to the possibility of person to person spread within CF treatment 

centers (28,52). Patients suffering from CF are particularly vulnerable to bacterial infection due to 

the inability to clear infections from the lung as a result of the thick viscous mucus that 

accumulates in the airways and dysregulated innate immune responses (50,51). Mycobacterium 

abscessus (Mab) is the most common NTM recovered from the lungs of CF patients accounting 

for ~56% of recovered NTM species (28).  The prognosis for CF patients infected with Mab is 

poor due to limited treatment strategies arising from Mab’s inherent and acquired drug resistance 

(14,23,24). Current treatment for Mab pulmonary infections consists of a multi-drug cocktail 

lasting one year or longer (Fig. 1) with poor results ranging from 30-50% cure rates (14,235,236). 

Mab’s increased occurrence, possible person to person spread, and low cure rates are a cause 

of concern among CF patients warranting further research in the hopes of eradicating this 

pathogen (235).  

Similar to Mtb, Mab is able to reside within macrophages and granulomas which limits drug 

accessibility and promotes persistence (29,53,54,124). For Mab to successfully establish an 
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infection transcriptional remodeling must occur to counteract the hypoxic environments 

associated with macrophages, granulomas and the thick mucus that accumulates within the CF 

lung. In addition to these hypoxic environments with a pO2 measuring ~1%, Mab must also thwart 

elevated reactive nitrogen intermediates and be able to utilize the increased levels of nitrate and 

nitrite within the CF lung (55-59,138). Despite Mab’s discovery over 70 years ago studies 

examining the genetic alterations required for adaptation to host-like stresses encountered in vivo 

are extremely limited. Lack of depth in this area of research prompted our investigation of the 

transcriptional regulation required for Mab’s ability to adapt to hypoxia and elevated nitrate and 

nitrite.  

Two-component signaling (TCS) is a mechanism utilized by prokaryotes for adaptation in 

response to a wide range of environmental cues via  alterations in gene expression (63,64,67,69-

75) Briefly, TCS consists of a sensor kinase (SK) responsible for recognizing stimuli resulting in 

autophosphorylation which then activates a cognate response regulator via phosphoryl transfer 

(63,69). The activated RR forms a homodimer and binds a DNA binding site specific to the RR 

resulting in genetic alterations (63,69). Although SKs and RRs are genetically linked, signaling 

mechanisms allowing alterations in gene expression can arise from non-cognate 

mechanism/interactions. Crosstalk among non-cognate SKs and RRs can occur resulting in fine 

tuning of responses via additional layers of regulation. (63,68-70,79).  

Mab shares 11 of the 12 well-documented Mtb TCS orthologs (Fig 2) however, biochemical 

exploration of the Mab orthologs is severely lacking (60,61,84,111,123). Of interest to our lab is 

the role of the previously uncharacterized Mab DosRS TCS in hypoxic adaptation, the Mtb 

ortholog is responsible and necessary for hypoxic adaptation in vitro and in vivo 
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(75,89,100,137,138,176,207). Mtb DosR regulon consists of ~50 genes responsible for 

intracellular survival within macrophages and granulomas where the pO2 is ~ 1% and in in vitro 

hypoxia experiments resulting in a non-replicating dormant like state (75,89,95,137,138,207). 

Hypoxic adaptation and nitrate assimilation are strongly linked in Mtb via the upregulation of the 

nitrate symporter narK2 resulting in the import of nitrate for the use as a terminal electron acceptor 

(93,108,191). Intracellular nitrate is reduced by the constitutively expressed respiratory nitrate 

narGHIJ to allow respiration when oxygen is limited for hypoxic adaptation (107,108,191). 

NarGHIJ reduces nitrate to nitrite which can then be extruded or further reduced to ammonium 

by the nitrite reductase (nirBD) for entry into the glutamate/glutamine cycle (109,122). In addition 

to a link between hypoxia adaptation and nitrate assimilation via DosR dependent narK2 

induction, hypoxic adaptation is also linked to the co-regulation of DosR with the RR PhoP for the 

transition from aerobic respiration to hypoxia  (70,78,106). The cooperative regulation by Mtb 

DosR and PhoP for hypoxic adaptation demonstrates the convergence of TCS driving alterations 

in gene expression (70,106). Mtb requires regulation by numerous transcription factors and 

converging pathways for successful hypoxic adaptation with DosR being the primary TCS 

employed  (70,93,106,135,149).  

Prior to the initiation of this research very few publications existed investigating the role of Mab 

DosRS in hypoxic adaptation or other TCS (60,84). The two publications available at the time 

were a bioinformatics study and an RNAseq study investigating differential gene expression 

(DGE) during in vitro stress associated with the CF lung (61,111). A much smaller DosR regulon 

than documented for Mtb was predicted using bioinformatics via comparisons of known DosR 

promoters from other mycobacterial species (111). The putative Mab DosR regulon consisted of 

6 genes, Mab dosR and dosS, and 4 universal stress proteins (111). RNAseq performed by 
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Miranda-CasoLuengo et al., demonstrated these 6 genes plus 50 others were induced when 

supplemented with nitric oxide for 40 minutes to induce a hypoxic-like environment however, 

whether gene induction was due to DosRS was not determined. A more in-depth investigation of 

Mab DosRS is required to identify genes regulated by Mab DosR and to determine if Mab DosRS 

is responsible for adaptation to hypoxia. We propose the Mab DosR regulon contains more genes 

than predicted due to Mab having a larger genome than Mtb and the ability to survive within the 

host and the environment and plays a key role in adaptation to hypoxia prompting our investigation 

of this TCS. It should be noted that while working towards determining the role of Mab DosRS 

during adaptation to hypoxia another group examining Mab DosR published their findings first 

(60). A comparison of our data sets/ results are detailed later in this chapter. 

Our Mab DosR research identified for the first time global transcriptional alterations due to 

hypoxia, a species-specific regulon controlled by DosR, a dosRS phenotype including 

morphological changes due to hypoxia. Analysis of DGE due to hypoxia revealed key differences 

in transcriptional alterations for Mab compared to Mtb such as genes involved in nitrate 

assimilation (107,108,149) which are upregulated in Mtb to allow the use of nitrate as a terminal 

electron acceptor at low oxygen tension. We observed DosR independent downregulation of Mab 

nitrate assimilation genes narK3, nirBD, an ORR nnaR, sirB and nasN in hypoxia suggesting the 

interplay between hypoxia and nitrate assimilation is different in Mab compared to Mtb. The role 

of the Mab ORR NnaR has not been characterized, leading us to investigate this further. We 

identified a NnaR regulon with unique gene arrangement compared to other actinobacteria and 

determined Mab NnaR is necessary for successful nitrate assimilation. These results affirm 

species specific regulation for adaptation to hypoxia and nitrate assimilation driven by DosR and 

NnaR, respectively. Findings contributing to this assessment are detailed below and demonstrate 
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TCS ortholog modeling from other species is a good point of reference but differences exist and 

experimental studies must be performed to fully assess the roles of TCS  for adaptation among 

species.  

To better understand the role of Mab DosR in hypoxic adaptation global gene expression was 

analyzed via RNAseq comparing WT Mab in 1% O2 verse 20% O2 and MabdosRS verse WT Mab 

in 1% O2. Hypoxia induced 1,190 genes in WT Mab of which 127 were downregulated in MabdosRS 

affirming DosR dependency (Figure 5A&10). Among these 127 genes were the previously 

predicted genes (MAB_3902, MAB_3904, MAB_2489) (111), an MCE operon, 57 hypothetical 

proteins, 9 transcription factors, species-specific genes, and two genes displaying the greatest 

DGE, MAB_3937 (hypothetical protein) and MAB_3354 (desA1) among others. The roles of the 

predicted genes have not been determined and are annotated as hypothetical proteins in the 

Mycobrowser data base however these genes displayed some the largest DGE in the dosRS 

mutant signifying the importance of these genes for hypoxic adaptation. Notably, two genes with 

the largest DGE in the dosRS mutant MAB_3937 and MAB_3354 are not regulated by DosR in 

Mtb. MAB_3937 is annotated as a hypothetical protein with no known ortholog. MAB_3354 is 

classified as a desaturase enzyme and although the Mtb ortholog is upregulated in hypoxia it is 

not DosR dependent (111). Data collected from this experiment emphasizes the differences 

between the DosR regulon between Mab and Mtb. This set of 127 genes differentially expressed 

in MabdosRS is deemed the Mab DosR putative regulon displaying differences from the Mtb DosR 

regulon. 

Unexpectedly, when comparing the genes of the Mtb and Mab DosR regulons there was only an 

overlap of 7 genes including the 6 genes previously predicted by Gerasimova et al., (111). Absent 
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from the Mab DosR regulon are orthologs of Mtb tgs1 (triacylglycerol synthase) and narK2, which 

are induced in hypoxia and important features of in vitro dormancy signifying lipid accumulation 

and utilization, and a transition to nitrate respiration, respectively (95,107,108,175). Not only is 

the Mab tgs1 (MAB_3551c) ortholog not DosR dependent it was not upregulated in hypoxia 

implying lipid accumulation is specific to Mtb for hypoxic adaptation which is an important 

characteristic of Mtb dormancy. Mtb narK2 is required for nitrate importation and the initiation of 

nitrate respiration at low oxygen tension (108,191). narK2 is absent from the Mab genome 

suggesting, nitrate importation occurs by a different means with the possibility that nitrate 

respiration at low oxygen tension doesn’t occur in Mab due to its absence and the absence of a 

respiratory nitrate reductase ortholog to narGHIJ. Absence of these key features in Mab that are 

hallmarks of in vitro dormancy for Mtb implies Mab respiration and energy utilization in hypoxia 

requires different tactics.  DGE of MabdosRS in hypoxia demonstrates a larger DosR regulon than 

observed in Mtb with very little overlap between the 2 regulons emphasizing a species-specific 

strategy for Mab hypoxic adaptation. 

The importance of Mab DosR for hypoxic adaptation is evident from our growth kinetic assays. In 

the absence of DosR, Mab was unable to grow at the same rate as WT in 1% O2 or resuscitate 

in 20% O2 after prolonged hypoxic exposure (Figure 7&9), features also observed with Mtb (75). 

A critical aspect associated with the transition of Mtb infection from a dormant to active state is 

the ability to resuscitate in response to an increase in O2 levels (75,170).  This implies the 

importance of DosR for hypoxic adaptation in both species despite differences between regulons. 

Results from growth kinetic assays also identified morphological changes in the absence of DosR 

after 20 and 30 days in hypoxia (Figure 8). A switch from a smooth to rough morphology was 

observed in the dosRS mutant only in hypoxia suggesting a hypoxia dependent morphotype. 
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Genetic alterations contributing to this morphotype have not been identified in this study and more 

work will need to be done to assess contributing factors responsible for this morphological switch. 

Mechanisms contributing to morphological switching range from SNPs and idels in the gpl locus 

and DGE of the gpl locus including genes responsible for glycosylation (44-46). Due to the 

presence and recovery of the rough variants within the CF lung and association with 

hypervirulence further study of this morphological switch may give insight into Mab’s 

pathogenesis. Identification of a Mab DosRS phenotype in hypoxia in vitro may translate to an in 

vivo phenotype and establish the importance of Mab DosR in virulence particularly within the 

context of the CF lung where pO2 is measured at 1% (59). 

As mentioned previously, during the time we were working to determine the role of Mab DosR 

another group aiming to identify Mab DosR inhibitors published a predicted DosR regulon with 

some commonalities and differences to our findings (60). Belardinelli et al., reported down-

regulation of 180 genes in microaerophilic conditions in their MabdosRS strain (60). Comparison of 

our Mab DosR regulon with the Belardinelli group’s DosR regulon revealed an overlap of 45 genes 

of which 38 had DosR motifs (60). These differences can be attributed to the use of different Mab 

strains, different time points, different hypoxic models, different media between the two studies, 

and different criteria for establishing DGE (60,114). Despite the differences observed between 

our putative DosR regulons both studies demonstrated a dosRS phenotype in hypoxia however 

a hypoxia dependent morphotype was not reported by Belardinelli et al. Unique to our study was 

the assessment of genome wide transcriptional changes in hypoxia for WT Mab allowing us to 

assess hypoxia induced DosR dependent and independent genes.  
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Strikingly, we detected minimal contribution from other TCS during hypoxia as evidenced by 

DosRS being the only TCS upregulated by >log2FC of 2 (Figure 5B). Mtb DosR has been shown 

to cooperatively interact with non-cognate RRs to facilitate hypoxic adaptation such as PhoP and 

NarL (70,78,105,106). Previously, Gonzalo-Asensio et al., established an overlap of genes 

regulated by Mtb DosR and PhoP including dosRS implying these pathways converge during 

hypoxic adaptation (70). It should be distinguished that Mtb dosR is regulated by PhoP and DosR 

but Mtb phoP is not regulated by DosR signifying induction of the DosR regulon requires an 

additional layer of regulation for hypoxic adaptation in Mtb (70,85,93,95). The minimal induction 

of other TCS besides DosRS in our RNAseq study doesn’t confirm they are dispensable for 

hypoxic adaptation perhaps induction of other TCS occurred at a different time point. However, 

unlike the study performed by Gonzalo-Asensio et al., we did not observe DGE of dosR in our 

unpublished RNAseq study comparing a Mab phoPR knockout mutant to Mab WT (data not 

shown) (70). Further validating independent roles and activation of Mab PhoP and DosR is a 

transcriptional study examining DGE in macrophages and amoeba. This study observed 

regulation of dosR and phoP in opposite directions within macrophage (dosR induction, phoP 

down) and amoeba (phoP up, dosR down) implying these systems in Mab are unlinked (127).  

Mtb NarL and DosR are also documented as interacting partners and NarL is observed to regulate 

dosR in aerobic conditions in the presence of nitrate but not in hypoxia signifying an additional 

level of regulation for basal expression of DosR (105). To affirm DosR interaction with other RR 

protein-protein interaction assays will need to be performed to assess possible binding partners 

and co-regulation of DosR regulated genes. Notably, dramatic down-regulation of an ORR, 

MAB_3520c, occurred (Figure 5B). The orthologs of MAB_3520c in actinobacteria are annotated 

as nitrate/nitrite regulators (nnaR) and implicated in nitrate assimilation (116,119). Genes 

adjacent to MAB_3520c are identified as putative nitrate transporters (MAB_3523c) and nitrite 
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reductases (MAB_3522c) which are also downregulated in hypoxia (Table S1). Down-regulation 

of Mab nnaR and adjacent nitrate assimilation genes in hypoxia reveals different tactics for 

adaptation compared to Mtb. A recent study examining Mtb in hypoxia displayed upregulation of 

the Mtb nnaR ortholog and nitrite reductases affirming differences between Mab and Mtb in 

hypoxia (149). Our study determined little contribution by other TCS for hypoxic adaptation on 

day 5 however, earlier time points or prolonged hypoxia may present additional contributions from 

other TCS. This assertion is supported by a study examining the enduring hypoxic response of 

Mtb which documents a transition from DosR dependent hypoxia adaptation to induction of a set 

of genes independent of DosR (176). However, it’s important to note based on our lux reporter 

data Mab DosR is still expressed after 20 days in hypoxia (Figure 12C) signifying its importance 

for enduring hypoxia unlike Mtb (176). 

DosR independent gene induction in hypoxia consisted of >1,000 genes in Mab (Table S1), a 

much higher number of genes than is observed in Mtb in similar models of hypoxia (87,149). The 

upregulation of these DosR independent genes is attributed to the 80 transcription factors (TF) 

we observed to be upregulated in response to hypoxia (Table S1). The majority of these TF are 

not characterized in Mab however some of the most highly induced TF belong to the TetR, GntR 

and IclR families.  Regardless of how individual TFs impact transcriptional remodeling in this study 

it is evident hypoxic adaptation requires regulation of a large repertoire of genes. Among these 

DosR independent hypoxia induced genes are genes implicated in energetic pathways, cell wall 

remodeling, and pathogenesis along with 520 genes annotated as hypothetical proteins (Table 

S1).  
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Contrary to what is documented with Mtb in hypoxia, Mab displayed upregulation of nuoA-N and 

ATPases (Table S1) (149,166). nuoA-N are subunits of a NADH dehydrogenase type 1 proton 

pump which shuttles electrons to menaquinone in the ETC to generate a PMF in an energy 

conserving manner (163). Differences in gene expression of nuoA-N and ATPases between Mab 

and Mtb point to different mechanisms utilized for energy during hypoxic adaptation. In addition 

to nuoA-N and ATPases, genes involved in -oxidation were also employed signifying a transition 

to fatty acid metabolism. Upregulation of 5 out of 7 Mab mce operons were observed, Mtb contains 

4 mce operons implying the importance of these genes for Mab during hypoxic adaptation. Mtb 

orthologs mce2 and mce3 are upregulated in hypoxia but the roles have not been experimentally 

determined. mce1 and mce4 have been identified as fatty acid and cholesterol transporters 

however induction in hypoxia is not documented for mce1 and mce4 hypoxic induction is seen 

after 15 and 20 days in hypoxia (158-160). Fatty acid and cholesterol metabolism are features of 

Mtb observed in hypoxia, and within granulomas and is crucial to pathogenesis (157,158). 

Induction of Mab mce operons in hypoxia points to a transition to fatty acid and cholesterol 

metabolism. Induction of mce operons, nuoA-N, ATPases and -oxidation genes implies a shift 

in metabolism occurs during hypoxia that is unique to Mab. 

Expectedly, genes associated with slowed growth and halted protein synthesis like alternative 

sigma factors, ribosomal proteins, and TF were down-regulated along with hypothetical proteins 

(Table S1&S2). This data along with growth kinetic data displaying inhibition of growth due to 

hypoxia suggests Mab adaptation relies upon the ability of growth cessation for survival (Figure 

4). As previously mentioned, one of the genes displaying the most downregulation in hypoxia is 

the ORR MAB_3520c known as nnaR. This gene is located within a locus containing narK3 

(nitrate symporter, MAB_3523c), nirBD (nitrite reductase, MAB_3522c and MAB_3521c) and sirB 
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(a ferrochetalase responsible for the last step of siroheme synthesis, MAB_3519c). The NnaR 

orthologs found S. coelicolor and Msm are implicated in nitrate metabolism however, the role for 

Mab has not been experimentally determined. Interestingly, not only is Mtb nnaR and nirBD 

upregulated in hypoxia, Mtb is able to utilize nitrate as a final electron acceptor via the respiratory 

nitrate reductase narGHIJ (107-109,149). The absence of a narGHIJ ortholog within the Mab 

genome and downregulation of nnaR, narK3, nirBD, and sirB (TableS1) in hypoxia suggest the 

interplay between hypoxic adaptation and nitrate utilization is different from Mtb. These 

differences led to our interest in examining the role of NnaR for nitrate utilization in Mab.  

Until recently, regulation of nitrogen metabolism genes in Mab had not been explored. Fan et al., 

demonstrated GlnR regulation of nitrogen metabolism genes narK3, nirBD, glnA (glutamine 

synthetase) and amt (ammonium transporter) but lacked phenotypic studies for the ability to utilize 

nitrate and nitrite. Streptomyces and Msm require coordination of GlnR with other response 

regulators such as NnaR to regulate nitrogen metabolism genes. However, there are no 

documented studies on the role of NnaR in Mab or Mtb, studies have focused on NnaR orthologs 

in S. coelicolor and Msm. The architecture of NnaR is unique and restricted to actinobacteria 

consisting of a of a N-terminal HemD (uroporphyrinogen synthase III) domain fused to a C-

terminal OmpR DNA binding domain (116).  We performed a NnaR protein sequence alignment 

comparing Mab to S. coelicolor, Msm and Mtb to determine if structural homology exists (Figure 

13B). Our results yielded 58%, 55%, and 54% identity in S. coelicolor, Msm and Mtb , respectively 

with strong homology in the HemD and DNA binding domains. Due to homology in the DNA 

binding domain of NnaR, documented NnaR binding motifs from S. coelicolor and Mtb were used 

to identify motifs in Mab using DNA Pattern Find. Two binding motifs were found upstream of 

translational start sites for narK3 and MAB_2438 (annotated as an oxidoreductase) (Figure 15A). 
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Sequence alignment for MAB_2438 displayed 61% identity with MSMEG_4206 (NasN, an 

assimilatory nitrate reductase) (Figure 14). Msm NasN is a unique nitrate reductase due to the 

ability to utilize NADPH as an electron donor via a heterotrimeric electron transfer domain 

consisting of FMN, FAD, and NAD subunits which has not been previously reported in prokaryotes 

(121). This peculiar NADPH dependent nitrate reductase is documented as restricted to RGM 

underscoring distinctive mechanisms of nitrate metabolism between RGM and SGM (121). 

Interestingly, despite similarities in NasN structure among Mab and Msm it appears different 

regulators drive transcription in these species. In silico analysis of Mab NnaR motifs yielded a 

binding site upstream of Mab nasN, however research affirms Msm nasN is regulated by GlnR 

(121).  

Gene organization of nitrate assimilation genes in Mab is different compared to Mtb and Msm 

suggesting the possibility of different regulatory mechanisms. Mab narK3 is located upstream of 

nirBD, nnaR, and sirB in a predicted operon with nasN located in a different locus (Figure 15A). 

We determined narK3, nirBD, nnaR, and sirB comprise an operon via RT-PCR which was not 

previously determined and is specific to Mab (Figure 15B). This unique Mab gene organization 

implies NnaR drives transcription of narK3, nirBD, nnaR, sirB, and nasN a feature not observed 

in S. coelicolor or Msm (116,119,121). qRT-PCR analysis affirmed our prediction of Mab NnaR 

regulation of the nark3-sirB operon and nasN (Figure 18B&C). All genes except sirB were shown 

to be downregulated in the absence of NnaR (MabnnaR) when nitrate or nitrite were the sole 

sources of nitrogen (Figure 18B&C). No difference was observed in gene regulation in the mutant 

except for sirB when cultures were grown in 7H9 due to low basal expression in nitrogen replete 

conditions (Figure 18A). Elevated expression of sirB in the mutant strain was unexpected and 

requires more work to determine why this occurred. Our first thoughts on why sirB might be 
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elevated in the mutant strain was due to read through from the apramycin cassette directly 

upstream of sirB however, complement restored activity to WT levels. If read through from 

apramycin cassette was the culprit, complement would not have restored activity but shown 

higher levels as sirB was complemented with nnaR to prevent possible polar effects. Other 

possibilities such as degenerate NnaR binding sites upstream of nnaR or feedback loops will have 

to be experimentally tested to identify sirB regulation in the absence of NnaR. DGE of nark3-sirB 

operon and nasN in a NnaR dependent manner highlights the importance of this ORR in 

regulation of nitrate assimilation genes.  

NnaR regulation of nasN is unique to Mab as S. coelicolor and Msm nitrate reductase are 

governed by GlnR for regulation (116,117,119,121). Neither S. coelicolor or Msm are able to 

utilize nitrate or nitrite as sole nitrogen sources in the absence of NnaR however, this is attributed 

to the inability to reduce nitrite ammonium (116,119). nnaR mutants in both organisms were able 

to reduce nitrate to nitrite (the first step of nitrate assimilation) revealing nitrate reductase 

regulation is controlled by a different transcription factor other than NnaR. EMSA data affirmed 

GlnR and NnaRcontribute to regulation of nitrogen metabolism genes in both species in a similar 

way, GlnR-NnaR co-regulate nitrite reductase, but nitrate reductase is only regulated by GlnR 

(116,119,121). This data reveals for the first time NnaR regulation by Mab is distinct from both S. 

coelicolor and Msm.  

The significance of Mab NnaR was revealed in growth kinetic assays utilizing nitrate or nitrite as 

sole nitrogen sources.  Growth defects were observed in MabnnaR compared to WT when grown 

in nitrate or nitrite with growth restored in the complement strain (Figure 19B&C). A larger growth 

deficit occurred between MabnnaR, and WT and complement in nitrate than in nitrite (Figure 
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19B&C). Differences in growth deficits between nitrate and nitrite can be attributed to nitrite 

toxicity which is reported in Mtb and also observed in this study when comparing concentrations 

of ammonium sulfate, nitrate and nitrite to determine experimental concentrations (Figure 17A-C) 

(55). No growth defects were observed in the nnaR mutant when the first 2 steps of nitrate 

assimilation were bypassed (Nitrate>nitrite>ammonium) using AS as the sole source of nitrogen 

(Figure 19A). This data affirms NnaR is required for nitrate assimilation genes but not required for 

ammonium assimilation.  

Fan et al., demonstrated Mab GlnR regulation of narK3, nirBD, and ammonium assimilation genes 

such as glnA and amt via qRT-PCR and ChIP-qPCR (62). Putative GlnR binding sites were found 

upstream of ammonium assimilation genes, narK3, and nirD but no mention was made of a GlnR 

binding site upstream of nasN (62). Clearly, both NnaR and GlnR are implicated in regulating 

nark3 and nirBD as evidenced by downregulation of these genes in individual knockout strains of 

NnaR (from our study) and GlnR (62). This is further affirmed by the presence of NnaR (Figure 

15A) and GlnR putative binding motifs upstream of narK3 (62). To gain better insight into the 

regulatory network required for nitrogen metabolism in Mab further work will need to be completed 

to verify whether NnaR and GlnR co-regulate nitrogen metabolism genes and possible signaling 

mechanisms for activation.  

Our study on the Mab ORR NnaR identified for the first time its role as a regulator of nitrogen 

metabolism genes, narK3-sirB and nasN, and its necessity for utilization of nitrate and nitrite as 

sole nitrogen sources. NnaR regulation of nasN has not been documented in other organisms 

highlighting the distinct regulation of nitrate assimilation in Mab. Work is ongoing in the Rohde lab 

to identify possible signaling mechanisms activating NnaR which is also absent from studies in 
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other organisms such as S. coelicolor and Msm. The NnaR ortholog in Mtb was reported to 

interact with DosS via protein-protein interaction in an M-PFC assay however, we did not observe 

this when we performed a similar assay with Mab DosS and NnaR (Figure 20). Possible signaling 

mechanisms activating Mab NnaR are serine/threonine kinases or self-activation (via the HemD 

domain) which have been confirmed for the ORR GlnR and in self-modulating RR found in 

streptomyces, respectively (196,197,237). Identifying signaling mechanisms responsible for 

activating NnaR will shed light on possible cues driving Mab pathogenesis. In addition to resolving 

possible signaling mechanisms for NnaR it’s also necessary to confirm NnaR promoter binding to 

the predicted motifs we established via in silico analysis. This will provide further evidence of 

NnaR regulation and experimentally confirm the predicted binding sites.  

The work in this dissertation provides evidence that Mab utilizes the DosRS TCS and the ORR 

NnaR for regulation in a species-specific manner. DGE comparing WT Mab to the MabdosRS 

displayed a large and unique DosR regulon consisting of a large number of species-specific genes 

that is not observed in Mtb during hypoxic adaptation. Regulation of DosR dependent genes was 

crucial for maximal growth in hypoxia, resuscitation, and maintenance of smooth colony 

morphology. DosRS was the most highly induced TCS in hypoxia suggesting this is the main TCS 

employed during hypoxic adaptation. A large number of DosR independent genes were induced 

during hypoxic adaptation affirming hypoxic regulation is multi-faceted and also driven by the 

numerous transcription factors we observed to be upregulated. DosR independent transcriptional 

modulation in hypoxia consisted of a larger set of genes than observed in Mtb with differences in 

the direction (+/-) of expression in genes involved in energy pathways and nitrate assimilation. In 

contrast with Mtb we observed down-regulation of nitrate assimilation genes including an ortholog 

to the ORR NnaR of S. coelicolor, Msm and Mtb. Our work uncovered a distinctive role for NnaR 
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in regulation of nitrate assimilation genes. qRT-PCR demonstrated NnaR regulation of the narK3-

sirB operon and the nitrate reductase nasN in nitrogen limiting conditions. NnaR regulation of 

nitrate reductases has not been observed in other organisms nor has an upstream promoter site 

been identified making this a distinctive feature in Mab. We also affirmed narK3, nirBD, nnaR and 

sirB are within an operon. These genes are organized differently in other organisms affirming the 

distinguishes NnaR regulation in Mab from other actinobacteria. NnaR regulation of nitrate 

assimilation is required for optimal growth in nitrogen limiting conditions highlighting the 

importance of this regulator in environments where nitrogen metabolism is necessary for survival. 

In vivo assessment of DosR and NnaR is crucial to understanding the roles of these response 

regulators for pathogenesis. Ongoing mouse work is being performed to develop a relevant 

mouse model for infection as detailed in Chapter 4. It is our hope to establish a mouse model of 

infection as few studies have been performed assessing transcription factors or TCS in Mab in 

vivo. A recent study examining the role of the RR PhoP in vivo determined a Mab phoP mutant 

was hypervirulent which contrasts with Mtb studies (84,238) Data collected from the Mab phoP 

study reflects the importance of experimental studies to distinguish the roles and impacts of TCS 

among species (238). Analysis for both DosR and NnaR in vivo and in vitro is ongoing with the 

goal of addressing their roles in pathogenesis. This collective work of DosRS and NnaR studies  

confirms species-specific regulation for hypoxic adaptation and nitrate assimilation underscoring 

the necessity of experimental studies for assigning roles of TCS orthologs.  
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APPENDIX 
PRIMER, PLASMID AND STRAIN TABLES 
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Table 1; Strains used in Chapter 2 

Name Description  Resource

Strains 

Mab _390S WT strain used to generate knockouts Howard et., 2006

Mab _ΔdosRS Mab _390S with dosRS knocked out (dbl k/o) This study 

Mab _ΔdosRS+C Mab _ΔdosRS complemented with pUAB400_dosRS_complement This study 

E.coli 10-β Used for  cloning

Mab _390S-hsp-lux Mab _390S with pMV306hsp+LuxG13 This study 

Mab _ΔdosRS-hsp-lux Mab _ ΔdosRS with pMV306hsp+LuxG13 This study 

Mab _390S-dosR-lux Mab_ 390S with pMV306dosR+LuxG13 This study 

Mab _ΔdosRS-dosR-lux Mab _ ΔdosRS with pMV306dosR+LuxG13 This study 

Mab _390S-2489-lux Mab_ 390S with pMV306_2489+LuxG13 This study 

Mab _ΔdosRS-2489-lux Mab _ ΔdosRS with pMV306_2489+LuxG13 This study  

Table 2; Plasmids used in Chapter 2 

Name Description  Resource

Plasmids

pMV306_hsp+LuxG13 integrating lux reporter with constituitive hsp promoter Andreu et al., 2010

pMV306_dosR+LuxG13 integrating lux reporter with hsp promoter replaced with dosR promoter This study

pMV306_2489+LuxG13 integrating lux reporter with hsp promoter replaced with 2489 promoter This study

pMV306_3902c+LuxG13 integrating lux reporter with hsp promoter replaced with 3902c promoter This study

pUAB400 integrating mycobacterial E.coli  shuttle plasmid Singh et al., 2006 

pUAB400_dosRS_complement integrating mycobacterial E.coli  shuttle plasmid containg dosRS with native promoter This study

pTOPO Zero Blunt used for cloning Mab_dosRS knockout contruct  
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Table 3; Primers used to Construct dosRS Mutant 

Mab_DosRSko_R AGGTCCTGGCTCCGCAGTT

Mab_DosRSko_R CGGCCTGCAGCGTTTG

Mab_DosRSko_fcF CCGCGACTCGTTCAGGT

Mab_DosRSko_fcR GTCCGTTTTCCTTCCACCC

Mab_DosRSko_ApramF GGGTGGAAGGAAAACGGACTTCATGTGCAGCTCCATCAG

Mab_DosRSko_ApramR ACCTGAACGAGTCGCGGCTCCAACGTCATCTCGTTCTCC

Construction of Mab _dosRS

Amplification of Mab DosRS plus flanking region to be cloned 

into pTOPO Zero Blunt

Removal of dosRS gene in pTOPO via RTH cloning

Amplification of apramycin resistance cassette to be cloned in 

place of dosRS gene  via fast cloning  

Table 4; Primers used to Construct dosRS Complement 

pUAB300F AAGCTTATCGATGTCGACGT

pUAB400_FC_R3.2 TTTCTGGCGGGAACGGC

Mab_promoter_3890c-3891c_F CCGTTCCCGCCAGAAAGAGGCGAGAGCCCTCATC

Mab_promoter_3890c-3891c_R ACGTCGACATCGATAAGCTTACCTGAACGAGTCGCGG

Linearization of integrating vector pUAB400 for fast cloning of 

Mab dosRS

Amplification of Mab dosRS including native promoter for fast 

cloning into pUAB400

Construction of  Mab _dosRS+C

 

Table 5; Primers used to Construct Lux reporters 

Lux_hsp60_FC_F GGCCAAGACAATTGCGG

Lux_hsp60_FC_R GCGTCGTTGTGGTCACCT

Mab_dosr-prom_lux_F AGGTGACCACAACGACGCGAGGCGAGAGCCCTCATC

Mab_dosr-prom_lux_R CCGCAATTGTCTTGGCCGTCCGTTTTCCTTCCA

Mab_2489-prom_lux_F.2 AGGTGACCACAACGACGCCCTTAGACTTGCTATCTACTGGGCC

Mab_2489-prom_lux_R.2 CCGCAATTGTCTTGGCCAGCTCCTCCGATGTGCG

Lux reporter construct primers

Linearize pMV306hsp+G13

Amplification of dosR promoter with overhangs for fast cloning into 

linearized  pMV306hsp+G13

Amplification of 2489 promoter with overhangs for fast cloning into 

linearized  pMV306hsp+G13  
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Table 6; Primers used for qRT-PCR in Chapter 2 

Mab_sigA.rt.F2 TCCGAGAAAGACAAGGCTTC

Mab_sigA.rt.r2 CCAGCTCAACTTCCTCTTCG

Mab_3891rtF3 CTGCGTTGATGAACAGGTTG

Mab_3891rtR3 GTGAGCAGACGCGAGACATA

MAB_2489_rtR ATAGCTCGACAAGGACGG

MAB_2489_rtF GTTCACGTCATCGACCAC

MAB_3902c_rtR TAGCTGTCCTGCGAGATG

MAB_3902c_rtF TACGGTCGACCTTAAGCC

MAB_3903_rtR TATGCGAGTCATCCACCC

MAB_3903_rtF TCCAGACCGCTATCCAAC

MAB_3904_rtR CGCTGATACCGATTGCTC

MAB_3904_rtF CTGAGTTCAGCGACGAAC

Mab_3890c_rt.F CTGAACGACAAGCTGATTCC

Mab_3890c_rt.R CCATATCGAGCTGTTCCTCA

Mab_3937_rt.F ACAACGGCTCACGGTGTCG

Mab_3937_rt.F CCAAGGAAGAGATCAGCACC

Mab_3354_rt.F GCTGCTCAAACACATCTCCA

Mab_3354_rt.F TGTCTACGACCCACAACTGC

qRT-PCR Primers
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Table 7; rRNA Depletion Probes used in Chapter 2 

Pool name Sequence

Supplemental Probe Pool GTCCCAGACCACTTCCGCTAATCACGACACTTTTTTACTGTCCGCCGGCC

Supplemental Probe Pool CTGGCCCAGGAACCCTTGGTCATTCGGCGGGCAAGTTTCTCACTTGCCTG

Supplemental Probe Pool ATTACCCCACCAACAAGCTGATAGGCCGCGGGCTCATCCCACACCGCAAA

Supplemental Probe Pool TTGTAGCATGTGTGAAGCCCTGGACATAAGGGGCATGATGACTTGACGTC

Supplemental Probe Pool TAGGTTTCCCGCTTAGATGCTTTCAGCGGTTATCCTGTCCGAACGTAGCT

Supplemental Probe Pool GTCTATGGTTGAGACAGTTGAGAAGTCGTTACGCCATTCGTGCAGGTCGG

Supplemental Probe Pool TCAGCTCACGGAGCAAGTCCGGTCACCAAGCGAGGTCCCCCTTCTCCCGA

Supplemental Probe Pool TCAGCCTGTTATCCCCGGGGTACCTTTTATCCGTTGAGCGACACCCCTTC

Supplemental Probe Pool GAGTATTTAGGCTTACCGGGTGGTCCCGGCAGATTCACAGCAGATTCCAC

Supplemental Probe Pool GCATTCTCACTCCCGCACCCTCCACTGCTGAATTACTTCGCAGCTTCGCT

Supplemental Probe Pool CGTGCTGGGTTTCCCCATTCGGAGATCCTCGGATCAAAGCTCGGTTGGCA

Supplemental Probe Pool AAGGGTGGCTGCTTCTAAGCCAACCTCCTGGTTGTCTTCGCGACTGCACA

Supplemental Probe Pool ATTAGTAAGTTTTCGGTCGATTAGTGCCAGTTCCCTGAACGTATTACTAC

Supplemental Probe Pool CCAGGATGCGACGAGCCGACATCGAGGTGCCAAACCATCCCGTCGATATG

Supplemental Probe Pool CATTTCGGGGAGAACCAGCTATCACGGAGTTTGATTGGCCTTTCACCCCT

Supplemental Probe Pool CCGCCGTCTCACTGCCGCGCTCTAACTTATTGGCATTCGGAGTTTGGCTG

Supplemental Probe Pool TAGGGCCCATCGGCCATCCAGTAGCTCTACCTCCAACAAGAAACACGCGA

Supplemental Probe Pool CCTTTTGGGTGGTTAGTACCGATGATTCATCATGGGCGCGCACACACGGG

Supplemental Probe Pool CTACGGGCTTGCTCCGGTATAACCACTAACCGGTACAGCTACCTTCCTGC

Supplemental Probe Pool GACTACTACCACCGAAGGTCCCACGCAGCGGGTTCACGTCGCACTCCGAA

Supplemental Probe Pool AGTTTTAGTCTTGCGACCGTACTCCCCAGGCGGGGTACTTAATGCGTTAG

Supplemental Probe Pool TTCGCCTCAATCGGCTATGCGTCACCTCTCAGACGTATGACATCCGGATT

Supplemental Probe Pool CGCTACGGCTACCCCACACGGGTTAACCTCGCGACGTGTCCCTGACTCGC

Supplemental Probe Pool CCTCAGTCTTCAACCTAAGTGGGTTCGGGCCTCCACGGCGTCTTACCGCC

Supplemental Probe Pool GTTCCTCCTGATATCTGCGCATTCCACCGCTACACCAGGAATTCCAGTCT

Supplemental Probe Pool ACCATGAAGTGTGTGGTCCTATCCGGTATTAGACCCAGTTTCCCAGGCTT

Supplemental Probe Pool CACAGGCCACAAGGGAATACCTATCTCTAGGTACGTCCTGTGCATGTCAA

Supplemental Probe Pool CGAACTGAGACCAGCTTTAAGGGATTCGCTCCACCTTACGGCTTCGCAGC

Supplemental Probe Pool TCACTCCCCTCCCGGGGTACTTTTCACCATTCCCTCACGGTACTAATCCG

Supplemental Probe Pool GCAGATCACCCACGTGTTACTCACCCGTTCGCCACTCGAGTACCCCGAAG

Supplemental Probe Pool GCTTCACAGTCTCCCACCTATCCTACACAAACCGAACCAAACGCCAATAC

Supplemental Probe Pool AGGTGATCCAGCCGCACCTTCCGGTACGGCTACCTTGTTACGACTTCGTC

Supplemental Probe Pool CGAGTTGACCCCGGCAGTCTCCTACGAGTCCCCGGCATTACCCGCTGGCA  
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Pool name Sequence

Supplemental Probe Pool GCTTCACAGTCTCCCACCTATCCTACACAAACCGAACCAAACGCCAATAC

Supplemental Probe Pool AGGTGATCCAGCCGCACCTTCCGGTACGGCTACCTTGTTACGACTTCGTC

Supplemental Probe Pool CGAGTTGACCCCGGCAGTCTCCTACGAGTCCCCGGCATTACCCGCTGGCA

Supplemental Probe Pool AGGTTAGAGGTTCAATACGATCAGAGTGGTATTTCAACGATGACTCCACA

Supplemental Probe Pool TGGTGGAACAACTGGTACACCAGAGGTTCGTCCGTCCCGGTCCTCTCGTA

Supplemental Probe Pool CCGTTGTCCATCGACTACGCCTGTCGGCCTCGCCTTAGGTCCCGACTTAC

Supplemental Probe Pool CGGGATGAAGTACGAGACAGGTGTCGGATTTTCGCGTACCGGACTCTCAC

Supplemental Probe Pool GTACAACTCCCACAACCCCGCACACACAACCCCTACCAGGTATCACATGC

Supplemental Probe Pool CAGCGTTGCTGATCTGCGATTACTAGCGACTCCGACTTCATGGGGTCGAG

Supplemental Probe Pool TTGCCGAGTTCCTTAACCATAGTTATCTCGTACGCCTTAGTATTCTCTAC

Supplemental Probe Pool AGTCTGCCCGTATCGCCCGCACGCCCACAGTTAAGCTGTGAGTTTTCACG

Supplemental Probe Pool CTATTGAACCCATAGTCTGTGGGTGACCTTATCCCTCTAAAAGGGTAAGA

Supplemental Probe Pool CACTTGCACTCAACACCTGATTGCCGTCCAGGTTGAGGGAACCTTTGGGC

Supplemental Probe Pool GAATTTCGCTACCTTAGGATGGTTATAGTTACCACCGCCGTTTACTGGGG

Supplemental Probe Pool CTCAAGTTTCTGACGCGCGCGGCGGATAGAGACCGAACTGTCTCACGACG

Supplemental Probe Pool TACACGCTTAGGGGCCTTAGCCGGCGATCTGGGCTGTTTCCCTCTCGACG

Supplemental Probe Pool TTCGCTACCCACGCTTTCGCTCCTCAGCGTCAGTTACTGCCCAGAGACCC

Supplemental Probe Pool GGTTTGGGGTACGGGCCGTGTGTGAACTCACTAGAGGCTTTTCTTGGCAG

Supplemental Probe Pool TCGCAGCCTCCTACGTCCTTCTTCGGCTTCTAGTGCCAAGGCATTCACCA

Supplemental Probe Pool ACCTTCGACAGCTCCCTCCAAAAGGTTAGGCCACTGGCTTCGGGTGTTAC

Supplemental Probe Pool TACTTGAGCCCCGCTACATTGTCGGCGCACAATCACTTGACCAGTGAGCT

Supplemental Probe Pool CTTCCGCTTTCGCTCGCCACTACTCACGGAATCACGGTTGTTTTCTCTTC

Supplemental Probe Pool TGGGAGGCAACCGCCCCAGTTAAACTACCCACCAGGCACTGTCCCTGGAC

Supplemental Probe Pool AAGGCACGCCATCACCCCACGAGGAGGCTTTGACGGATTGTAGGCACATG

Supplemental Probe Pool TGTTTCACTTCCCCGCGTTTCCTCCCAAAGCCTATATATTCAGCAGTGGG

Supplemental Probe Pool GCTGGCACGTAGTTGGCCGGTCCTTCTTCTGTAGGTACCGTCACTTTCGC

Supplemental Probe Pool CCCTACCCATCCATGCCACTGCCCCGAAGGGAATGTATTGCATGAATGCC

Supplemental Probe Pool TGCGACTTCGCACGGACCTGTGTTTTTAGTAAACAGTCGCTTCTCACTGG

Supplemental Probe Pool GTCCCGGGGTCTTTTCGTCCTGCCGCGCGTAACGAGCATCTTTACTCGTA

Supplemental Probe Pool CACCTACGAGCTCTTTACGCCCAGTAATTCCGGACAACGCTCGGACCCTA

Supplemental Probe Pool TATCTCAGTCCCAGTGTGGCCGGTCACCCTCTCAGGCCGGCTACCCGTCG

Supplemental Probe Pool TGGGTAGATCACTCCGCTTCGGGTCCAGAACACGCCACTATGGGCGCCCT  
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Table 8; Primers used to generate nnaR knockout and complement in Chapter 3 

 

Table 9; Operon primers used in chapter 3 

 

  

nnaR-F tttccttcgtcaacgcgcc

nnaR-R atacgacgcgatgaagacc

nnaR-ko-F atggctgagttcgtattggtg

nnaR-ko-R ttacgcggcaaccgc

Apramycin-F ttcatgtgcagctccatca

Apramycin-R ctccaacgtcatctcgttctc

pvv16-R catatggaagtgatcctccg

pvv16-F aagcttcaccaccaccacc

Mab_nnaR-F ttgccgcgtaacgagcc

Mab_sirB-R ctacgcgacgtccgcca

pUAB100:dosS_MPFC-FC-F ATTGCGGATCCTTCGAACgtggtcgaggatgttggtgcgc

pUAB100:dosS_MPFC-FC-R CCACCGCCACCATCGATgggcagcggcgccga

pUAB400:nnaR-MPFC-FC-F GTGGTGGGTCCCAATTGttgccgcgtaacgagcc

pUAB400:nnaR-MPFC-FC-R TCGACATCGATAAGCTTtcagccatgacattccccaatc

pUAB400:dosR-MPFC-FC-F GTGGTGGGTCCCAATTGatgatcacagtgttcctggtcga

pUAB400:dosR-MPFC-FC-R TCGACATCGATAAGCTTtcagccgtgcagcccc

pUAB200:nnaR-MPFC-F ttgccgcgtaacgagcc

pUAB200:nnaR-MPFC-R tcagccatgacattccccaatc

*capitol letters represent overhang section for Fast Cloning 

 Amplification of nnaR plus ~600 bp 

flanking upstream and downstream. 

Removal of nnaR  gene in TOPO 

vector but retain flanking region

Amplification of apramycin 

resistance cassette to replace nnaR 

Primers used to 

generate MabnnaR

Primers used to 

generate MPFC 

constructs

Primers used to amplify dosS with 

pUAB100 overhangs for fast cloning

Primers used to amplify nnaR with 

pUAB400 overhangs for fastcloning 

Primers used to amplify nnaR to go 

into pUAB200 overhnags for fast 

Primers used to amplify dosR with 

pUAB400 using blunt end ligation

Primers used to 

generate 

MabnnaR+C

Primers used to linearize pvv16

Primers used to amplify nnaR-sirB

nark3-nirB-operon_F atggtcgcgcaccatgtc

nark3-nirB-operon_R aggtgaagtgtcaccatcggg

nirB-nirD-operon_F gcccgattcgaccatcgc

nirB-nirD-operon_R accgcgtacaactccccg

nirD-nnar-operon-F gtctcgatgatgcgtcgcg

nirD-nnar-operon-R gtcggccagcgggatgat

nnaR-sirB-operon-F cacattgccgatgaactgacca

nnaR-sirB-operon-R ggccggaagtaacaccgc

nark3-nirB

nirB-nirD

nirD-nnar

nnaR-sirB
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Table 10; qRT-PCR primers used in chapter 3 

 

Table 11; Primers used for genotyping ENaC Mice  

 

Table 12; Primers used for pET28b cloning in Chapter 5 

 

 

 

 

Mab_nnaR-qrT.F cgttgatgaagcgtctgatg

Mab_nnaR-qrT.R gtaaccccgcttgaccact

Mab_nirD-qRT.F agttgtacgcggtcggtaac

Mab_nirD-qRT.R ctcctgagcattccgatttc

Mab_nirB-qRT.F ctgggctgtcagacaagtga

Mab_nirB-qRT.R cccagcagtttgagtttggt

Mab_nark3-qRT.F gtcgccatcaacctggtact

Mab_narK3-qRT.R cttcgtttttggagctggag

Mab_sirB-qRT.F tggctgagttcgtattggtg

Mab_sirB-qRT.R gtcgtggtgcacatggtatc

Mab_nasN-qRT.F atgagggcgcacatctttac

Mab_nasN-qRT.R aagctttccgtgcttctgtg

ENaC694-F CTTCCAAGAGTTCAACTACCG
ENaC694-R TCTACCAGCTCAGCCACAGTG

Genotyping Primers

Mab_dosR-F accgaaaacctttacttccagggcatgatcacagtgttcctggtcgat

Mab_dosR-R gctttgttagcagccggatctcatcagccgtgcagcccc

pET28b-F gccctggaagtaaaggttttcggt

pET28b-R tgagatccggctgctaacaaagc

Primers for pET28b cloning
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Table 13; Primers used to amplify promoter sequences used in Chapter 5 

 

 

 

  

Promoter_2489-F gcgagattccgttacgtacaacg

Promoter_2489-R tcctacccgcaacgctattgatc

Promoter_3354-F gtacaggccacggctaacaaa

Promoter_3354-R cggttgcgggattatctgtgt

Promoter_3937-F agcccatccacgtgatgag

Promoter_3937-R gccctctccttctttgcttcc

Promoter_dosR-F gaggcgagagccctcatc

Promoter_dosR-R gtccgttttccttccacccg

Primers for Promoter Amplification
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