
6. General discussion
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Since the discovery of Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), 
more than a century ago, tremendous efforts to combat TB have been made to fight this 
pathogen. However, despite these efforts TB remains an enormous public health problem 
worldwide. M. tuberculosis infects one-third of the world’s population latently, of which 
5-10% develop active tuberculosis.Treatment of tuberculosis is complicated by the fact that 
the bacillus is insensitive to many classes of antibiotics. Currently, the standard treatment 
of TB patients, carrying non-drug resistant M. tuberculosis strains, is a four drug regimen of  
the first line TB antibiotics for 4 months, which includes isoniazid, rifampin, pyrazinamide and 
ethambutol. Followed by a two drug regimen therapy for 2 months. Although a six-month course 
of antibiotic treatment is available, TB still claims approximately 1.5 million lives annually. 
Therefore, innovative strategies to combat TB more effectively are urgently needed, as current 
efforts are failing. In this context, insights into the molecular mechanisms of mycobacterial 
cell envelope biogenesis are important for the design of novel TB drug therapies, as the cell 
envelope is essential for mycobacterial survival, virulence and pathogenesis of Mycobacterium 
tuberculosis. In recent years, intensive research on the unusually complex cell envelope of  
M. tuberculosis has revealed the existence of an outermost polysaccharide capsular layer that, 
like in other encapsulated bacteria, could be important for bacterial pathogenesis. Several 
encapsulated pathogenic bacteria are “cloaked” in an additional polysaccharide capsular 
layer that is critical for the pathogenesis in their hosts. Therefore, the capsular layer could 
be of particular interest for development of immune- and chemotherapies, such as vaccines. 
Indeed, over the years, similar strategies have been proven to be very successful in controlling 
severe bacterial infections. Vaccines based on capsular polysaccharides of bacterial species 
that cause highly lethal infections in humans such as Streptococcus pneumoniae, Neisseria 
meningitidis, Haemophilus influenzae and Streptococcus group B are very effective. Currently, 
however, limited data is available about the capsule polysaccharides of M. tuberculosis and 
insights into the molecular mechanisms of biosynthesis of these polysaccharide constituents 
have only recently emerged. Over the decades, several reports showed that the capsule 
consists of three glycopolymers; α-glucan, arabinomannan, and mannan, of which α-glucan 
is the main polysaccharide in M. tuberculosis. Although capsular α-glucan is associated with 
virulence and immune modulation, our knowledge about the exact biosynthesis routes, 
transport, regulation as well as the biological function of this major glucopolymer is lacking. 
In this work, we focused on capsular α-glucan and the thesis describes insights into several 
missing links in the capsular α-glucan research field. This work addresses several aspects 
of capsular α-glucan, such as detection techniques, genome-wide screening for mutants 
with altered capsular α-glucan production, elucidation and regulation of the biosynthesis 
routes, and the importance of α-glucan in virulence. The knowledge provided in this 
thesis forms a platform for further research on capsular α-glucan and is a starting point for  
the development of regimens directed against capsular polysaccharide α-glucan. Therefore, 
our work gives insights which may provide novel ways of finding innovative strategies to oppose  
the tremendous scale of the TB pandemic. 

CAPSULAR α-GLUCAN DETECTION AND GENOME WIDE SCREENING 
Prior to this thesis, capsular α-glucan detection and measurement was a complex and time 
consuming process, which included acid hydrolysis of the α-glucan and subsequent analysis 
with techniques as high performance liquid chromatography and/or gas chromatography 
(1, 2). These complex, time-consuming detection methods severely limit capsular α-glucan 
research, because they are not suitable for the screening of large mycobacterial transposon 
mutant libraries. Furthermore, these methods do not allow detection of the intact α-glucan 
polysaccharide. In chapter 2, we describe three monoclonal antibody (Mab)-based techniques 
(the immune dot blot, sandwich ELISA and double filter assay) to meet these apparent 
challenges in α-glucan detection.  These techniques were developed by using a Mab directed 
against glycogen (3) that showed good cross-reactivity with mycobacterial α-glucans. This 
allowed us to create proper immunological tools necessary to study capsular α-glucan in 
mycobacteria in depth. We developed two methodological easy, semi-quantitative and 
quantitative techniques, i.e.  immune dot blot and sandwich ELISA, respectively. These methods 
have several advantages over the traditionally used α-glucan hydrolysis and subsequent HPLC/
GC quantification methods.  Firstly, to quantify capsular α-glucan on the surface of intact 
bacterial cells. Secondly, to allow quick measurement of α-glucan levels in a large set of 
bacterial mutants. Unfortunately, until now we did not succeed in applying our Mab-based 
approach to detect mycobacterial glucans on bacteria as present in microscopic sections of 
infected host tissue or cell-culture cells. Hence at present we lack the tools to study the role of 
mycobacterial glucans in vivo. Finally, we used the double filter assay (based on the dot-blot) 
that permitted us to screen large libraries of transposon mutants (n>100.000). Therefore, 
we were able to detect new genes involved in capsular α-glucan biosynthesis, regulation 
and transport. In these screens, we were able to pick up a wide array of transposon mutants 
with altered capsular α-glucan production in several mycobacterial species that allowed 
us to identify novel genes (n>200) involved in α-glucan biogenesis (supplements  chapter 
2). The diversity of the genes identified in this screen indicates that α-glucan biogenesis  
is a complex interplay between various metabolic pathways that are involved in maintaining 
the energy status of the mycobacterial cell. We identified several members in diverse 
functional categories such as, lipid, phosphate and amino acid metabolism as well as genes 
coding for enzymes of the citric acid cycle or oxidative phosphorylation. How all these factors 
contribute to the metabolism of (capsular) α-glucan is currently unknown. Therefore, further 
research should be directed towards understanding these connections in the biogenesis of 
α-glucans as it will boost our basic knowledge. In addition, the wide variety of genes found 
to be involved in capsular biosynthesis created a platform for further research. Based on this 
several genes/loci involved in glucan biosynthesis were investigated in depth, like rv2179c 
(RNase AS) and the inorganic phosphate ABC transport locus pst, described in chapters 4 and 5  
(discussed below). Furthermore, a transposon mutant MSMEG_6754 was picked-up in our 
a-glucan screening; MSMEG_6754 proved to be a novel dehydratase that is involved in mycolic 
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acid biosynthesis and plays a vital role in survival of M. smegmatis in amoebae (4). However, 
what the connection with α-glucan biogenesis is not known and was not investigated,  
a possible clue is that both pathways are influenced by the availability of acetyl CoA.  
Acetyl CoA is used as influx for the FASI (Fatty Acid Synthase I) pathway directly and or for 
the production of intermediate malonyl CoA as influx for FASI or via malonyl-ACP for FASII  
(Fatty Acid Synthase II) (5). Glucan biosynthesis has a strong link with the heart of  
the C-metabolism, i.e., glucose (the building block of a-glucan) catabolism produces a variety 
of intermediates and is important in the ATP production/ energy status of the cell. Several of 
these intermediates have allosteric activities and steer multiple metabolic pathways including 
α-glucan biosynthesis pathways (6). In aerobic conditions, glucose is used as influx for  
the glycolysis that is processed in 3 stages to pyruvate and subsequently, decarboxylation to 
acetyl CoA by pyruvate dehydrogenase complex. This complex is also allosteric controlled by 
the level of acetyl CoA and therefore, an important negative regulator that to some extent 
influences the influx of glucose into glycolysis. Therefore, the intermediate acetyl CoA is linked 
with the activity of the glycolysis and α-glucan biosynthesis. Giving that this intermediate 
is linked with mycolic acid and α-glucan biosynthesis can possibly explain the connection 
between both pathways. In conclusion, the Mab based α-glucan detection techniques 
presented here form the basis of this thesis and are of scientific value for capsular α-glucan 
research in mycobacteria as it opens novel ways to study the mycobacterial glucopolymer that 
previously were not possible.  

BIOSYNTHESIS α-GLUCANS AND VIRULENCE
It was long assumed that the production of α-glucans involves three partially redundant 
pathways which collectively contributed to its biosynthesis in mycobacteria.  The complexity 
of having three functional routes, the classical glycogen GlgC-GlgA-GlgB , TreS-Pep2-GlgE-GlgB 
and the glucosyltransferase Rv3032 route, producing one glucopolymer was enigmatic. 
Furthermore, it was not known how these multiple pathways interconnected and what  
the individual contribution was to the biosynthesis of intracellular a-glucan (i.e. glycogen)and 
extracellular (capsular) α-glucan, respectively. Previously reported data suggested that 
classical GlgC and GlgA and the Rv3032 routes were important contributors for the production 
of α-glucans (2). However, in our hands, only a single mutant in GlgC showed a profound effect 
on the production of α-glucans in vitro, whereas surprisingly GlgA and Rv3032 had no 
significant role in this process. A clear indication that the contribution of these two α-glucan 
biosynthesis pathways was not accurately described previously. This prompted us to  
re-investigate all known genes involved in the mycobacterial α-glucan biosynthesis.  
In chapter 3 of this thesis, we describe a central question in the mycobacterial α-glucan 
research field: how are intra and extracellular (capsular) α-glucans synthesized in  
mycobacteria? In a step by step process, single, double and triple mutants were constructed 
for all enzymes known, or assumed, to participate in α-glucan biosynthesis pathways, which 
allowed us to dissect and elucidate the α-glucan pathways (depicted in figure 1).This revealed 

Figure 1| Model of the role GlgE in biosynthesis of intracellular and capsular α-glucans in mycobacteria. 
Maltose-1-P building blocks for the maltosyltransferase GlgE is formed via two alternative routes i.e., 
OtsAB-TreS-Pep2 (1) and GlgC-GlgA (2). Both routes are interconnected via shared utilization of ADP-glucose 
by GlgA and OtsA, the latter providing the trehalose substrate for the TreS-Pep2 pathway. GlgA, similar to 
OtsA, is capable of using UDP-glucose as a donor, which in turn is produced from G1P by GalU, but this 
route appears to be less significant in vivo.The flux for the production of α-glucans in vitro is +/- 2/3 versus 
+/- 1/3 for the OtsAB-TreS-Pep2 and GlgC-GlgA routes, respectively. In both pathways GlgE is essential 
for the synthesis of intracellular and capsular α-glucan and generates linear maltooligosaccharides as 
substrate for the branching enzyme GlgB. The α-glucans are produced intracellularly and are then secreted 
by a yet to be identified transport mechanism. GlgA and glycosyltransferase Rv3032 are not involved in 
the classical synthesis of linear α-glucan polymers. Steps in red are new findings as described in chapter 
3 of this thesis and the red lines with the black crosses are previously assumed α-glucan biosynthesis 
routes, which are likely not active in mycobacteria. MGLPs, methyl glucose lipopolysaccharide.

a complex metabolic network which starts with the production of maltose-1-P in the synthesis 
of α-glucans. Maltose-1-P is synthesized by two routes, the OtsAB-TreS-Pep2 and its alternative 
pathway GlgC-GlgA in which GlgE uses maltose-1-P as building block to prime and elongate  
the linear α-glucans and subsequent branching by GlgB into the mature glucopolymers  
(figure 1). These findings, presented in chapter 3, are of great importance as it redesigns at 
various levels our understanding of the glycogen/ α-glucan biosynthesis in mycobacteria.  
Firstly, GlgE is essential for the synthesis of mycobacterial α-glucans where it is capable of 
initiating the production of this glucopolymer, suggesting that mycobacteria do not need  
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a separate priming enzyme such as glycogenin. In agreement, despite numerous attempts by 
our group to identify this priming protein, we were unable to pick-up glycogenin in a-glucan 
screens, suggesting that indeed it may not be present in mycobacteria. In eukaryotes including 
yeasts, glycogenin is essential for the production of glycogen (7, 8). A few prokaryotes are 
known to express such a priming enzyme(9, 10) Comparative genomic analysis from over 1000 
completely sequenced bacterial genomes showed  that GlgE is present in 21% of the cases 
(11), indicating that primer initiation of α-glucans by GlgE might be also widely distributed in 
the bacterial kingdom. Secondly, our data strongly indicate that glycosyltransferase GlgA in 
mycobacteria does not function like the classical α-glucan synthase but rather produces 
maltose-1-P from ADP-glucose and glucose-1-P (figure 1). To date all glycogen synthases in 
prokaryotes are members of the GT5 family enzymes in contrast to the GlgA of M. tuberculosis 
which belongs to the GT4 family enzymes. GlgA from M.tuberculosis is predicted to have  
a GT-B fold and to be a retaining enzyme similar to OtsA which belongs to the GT20 family 
enzymes. Therefore, it would be appropriate to define mycobacterial GlgA as ADP-α-D-
glucose:α-D-glucose-1-phosphate 4-α-D-glucosyltransferase and we suggest to call this 
enzyme GlgM since GlgA in mycobacteria has no significant role in producing α-glucans via  
the classical route. Thirdly, our bioinformatic analysis of prokaryotic GlgA glycosyltransferases 
homologues (GT4 or GT5 family), in combination with GlgE, indicates that when both enzymes 
are present in the genome of Gram-positives, GlgA exclusively belongs to the GT4 family. 
Therefore, our newly discovered activity of GlgA, i.e., generation of maltose-1-P  biosynthesis 
, is highly likely wide spread under Gram-positives including Actinomycetes. Finally, our work 
shows that glycosyltransferase Rv3032 has no profound role in the synthesis of mycobacterial 
α-glucan, which rules-out its functional redundancy with GlgA as previously was reported (2). 
Our data reveal that mutants in rv3032 or the double mutant rv3032/glgA are not significantly 
reduced in the levels of α-glucans in M. tuberculosis. Also, the double mutant rv3032/glgC 
showed identical levels of α-glucans as the single glgC mutant, a further indication that Rv3032 
is not contributing to the synthesis of mycobacterial α-glucans. Therefore, it seems highly 
likely that the function of this enzyme is restricted to the production of the methyl-glucose 
polymer derivatives. The work described in this thesis gives better understanding of  
the biosynthesis of mycobacterial intracellular and capsular α-glucans. In the light of these 
findings, several important questions, can be answered. Our results suggest that both 
intracellular glycogen and capsular a-glucan are synthesized by GlgE-GlgB intracellularly, 
which strongly suggests that intracellular and capsular α-glucans are identical glucopolymers.
This is inconsistent with previously reported data from Sambou and colleagues which 
suggested differences in the glucopolymers’ molecular properties (2). More importantly, this 
intracellular biosynthetic origin suggests the existence of a specialized α-glucan transport 
system. Unfortunately, this transport system is not identified yet, despite many attempts over 
the years by our group and others, a reason might be that the transport system is essential for 
bacterial survival. Our data can help to design experiments in a more rational manner to 
pinpoint the transporter. For instance, maltooligosaccharides of different lengths can be 
coupled to beads and used in fishing experiments with mycobacterial membrane extracts to 

identify members of the transport system. Furthermore, if the transport is coupled to 
biosynthesis, the biosynthesis enzymes GlgE/ GlgB with a genetically encoded tag can be used 
to pull down carbohydrate-protein complexes in mycobacterial extracts which might identify 
members of the transporter. A α-glucan secretion a mutant would allow us to differentiate 
between the role of intracellular glycogen and that of extracellular, capsular α-glucan. Because 
both α-glucans have an identical intracellular biosynthetic origin, such a mutant cannot be 
created by blocking genes in the biosynthesis pathways. In this context, it would be important 
to address the nature of the α-glucan transporter and the question of how export is controlled.  
In our study, we constructed double mutants completely devoid of any α-glucan by blocking 
the two routes for the production of maltose-1-P for the GlgE pathway. Because both routes 
can compensate each other in the supply of maltose-1-P, it was necessary to create double 
mutant in either treS/glgC or treS/glgA. We have shown that a strain lacking α-glucan is 
attenuated in vivo as compared to the wild type strain, providing strong evidence of a link 
between α-glucan and virulence of M. tuberculosis. These findings have implications for 
further research of anti-tuberculosis drugs. Further studies can now target enzymes in  
the pathways to block the production of α-glucan and inhibition of both alternative maltose-
1-P biosynthesis pathways. Our mutant strains devoid of α-glucan can also be used for 
identifying the biological function of capsular glucan in more detail, including its role in 
internalization, immune invasion, cytokine profiling and escape from the phagosome. In 
addition, it could be interesting to construct a BCG mutant that lacks α-glucan, thus exposing 
surface structures that normally are hidden and subsequently test its vaccine potential. 

CAPSULAR α-GLUCAN REGULATION
M. tuberculosis and other mycobacteria encounter several environmental stresses in their 
natural habitats. It is well known that the capsule polysaccharide producing Gram-positives 
as well as Gram--negatives respond to environmental condition by altering the capsule 
polysaccharide production and/ or select different types of capsule polysaccharides. These 
adaptive responses are critical for bacterial adaption and survival (12-15). Given the protective 
functions of mycobacterial capsule polysaccharides, one might assume that mycobacterial 
species like M. tuberculosis also can alter capsule polysaccharide production under  
the influence of stress conditions encountered in their hosts. However, prior this study, 
hardly any data was available on the regulation of capsular polysaccharide biosynthesis in 
mycobacteria. In chapter 4 of this thesis, we describe our findings on capsular α-glucan 
biosynthesis regulation under stress conditions in M. tuberculosis and M. smegmatis. By using 
a panel of mutants in the phosphate transport locus pst, the α-glucan detection tools, as well 
as targeted knock-outs in genes associated with phosphate stress signaling, we were able to 
discover two routes important in capsular α-glucan regulation under Pi and amino acid stress. 
We describe that Pi limitation induced enhanced production of the capsular α-glucan via 
downstream signaling of the SenX3-RegX3-MrpAB-SigE pathway in a SigE dependent manner. 
In a previous study, SigE and its downstream activator RelMtb were found to be associated 
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with Pi stress signaling (16, 17). In our study, we ruled out that the stringent response, which 
requires an intact RelMtb was involved in capsular α-glucan up-regulation under Pi stress. These 
results indicate that SigE is capable of independently steer adaptation in stress responses. SigE 
also activates a network of genes including  mycolic acid biosynthesis and/ or genes involved in 
the control of membrane structure and stabilization. This suggests a role for SigE in controlling 
the mycobacterial cell envelope surface structures and its composition during environmentally 
mediated stresses (18).The results presented in this work add an additional important cell 
surface structure i.e., capsular α-glucan, to be under the control of the stress response 
regulator SigE. Pi limitation is assumed to occur also intracellularly (16), and hence, Pi stress-
mediated up-regulation of capsular α-glucan can also be predicted. This would be in line with 
our findings described in chapter 3 on the role of capsular α-glucan in virulence. However, 
there are probably also other triggers that results in an increase of capsule polysaccharides, 
since serine hydroxamate (SHX), a chemical inducer (which mimics amino acids depletion) of 
the stringent response, has similar effect. Given our current understanding of these pathways 
we envisage that capsule α-glucan production is influenced by multiple environmental 
stress signals. Finally, our discovery that  only in certain growth media, SHX can be used in 
mycobacteria to induce the stringent response is of great  practical value for further studies 
into this important pathway, as previously was done for E. coli and other bacteria (19-21).  

POLY A RNA EDITING IN MYCOBACTERIA AND VIRULENCE
The research presented is this study, shows that Rv2179c is a member of the superfamily 
of DEDD exonucleases. This enzyme specifically hydrolyzes poly adenylate-containing RNA 
sequences and therefore we denoted this protein as RNase AS (adenosine specific). In  
chapter 5 we combined light scattering, X-ray crystallography with HPLC chromatography and 
mass spectrometry and show the 3D dimeric structure of RNase AS, whereby its 3D orientation 
as well as the position of the catalytic residues (DEDDh) determine the mode of action and 
specificity toward polyA ribonucleotides of various lengths. Our results that RNase AS is 
acting on various lengths poly A ribonucleotide, suggests that Rv2179 is an enzyme capable of 
RNA editing in mycobacterial species. In agreement, we showed that RNase AS clusters with 
eukaryotic RNA editing DEDDh enzymes such as REX and poly (A) nuclease PAN (22, 23).Given 
that polyadenylation of mRNA transcript is a general phenomenon in mycobacteria (24), it is 
likely that deadenylation of these RNA transcripts is an important feature for mycobacterial 
transcripts that possibly functions as an additional regulation system for mRNA turnover and 
serves as a control point during gene expression. However, in mycobacteria there is limited 
data available about polyadenylation / deadenylation and its effects on mRNA turnover. In 
prokaryotes and eukaryotes polyadenylation of the 3′-ends of RNA transcripts have different 
functions. In eukaryotes poly A tails are associated with increased stability of the transcripts 
whereas in prokaryotes poly A promotes, in general, instability of the transcripts (25-27). It is 
known that these poly A tails affect translational efficiency of mRNAs and its exonucleolytic 
shortening by deadenylation is associated with the obligatory first and often rate-limiting 

step of mRNA turnover and is an important control point during gene expression (28, 29). 
Therefore, RNA turnover and processing are considered important steps in rapidly affecting 
protein synthesis adapting to environmental conditions. When mycobacteria indeed possess 
a regulatory system that allows tuning of protein synthesis by poly A RNA editing, RNase AS 
would be an excellent drug target. Important in this respect, inactivation of the M. marinum 
ortholog of rv2179c led to strong attenuation in the zebrafish; complementation with   
M. tuberculosis  rv2179 rescued this phenotype. As predicted by Sassetti and colleagues rv2179c 
is essential for M. tuberculosis, which validates its potential as a drug target (30). However, 
whether Rv2179c and its orthologs indeed have mRNA deadenylating activity has not been 
formally proven: until now its exonuclease activity was shown on model polyribonucleotides 
in the test tube only, and not yet on intact, polyadenylated mRNA. A clue to its function 
could be potentially obtained by performing RNAseq experiments on mRNA obtained from 
parent strains and rv2179c knockouts.  Using this approach on the rv2179c orthologue of  
M. smegmatis revealed a strong and specific link to the DOS regulon (van de Weerd and 
Geurtsen, unpublished results). This suggests a possible role of RNase AS in the regulation 
of the DOS regulon, although the actual mechanism why RNase AS would specifically affect  
the DOS regulon transcripts was not clear to us. Unfortunately, we also had no time to pursue 
this finding, but it would be interesting to further investigate this link. 

CONCLUDING REMARKS
The research presented in this thesis has provided novel insights in one of the great mysteries 
beyond the mycomembrane i.e., the mycobacterial capsular polysaccharide α-glucan. By 
using a monoclonal antibody directed against glycogen, we were able to develop detection 
techniques for mycobacterial intracellular and extracellular capsular α-glucans that solved 
some of the previous limitations in the mycobacterial α-glucan research field. By using  
the α-glucan detection tools in unbiased mutant library screens and combining that with 
directed genetic engineering of genes suspected to be involved in capsular α-glucan 
biogenesis, we were able to study in depth several aspects of capsular α-glucan biosynthesis, 
regulation and its contribution to virulence. With our results of the capsular α-glucan mutant 
library screens, we present a wide array of interesting α-glucan mutants that can serve as 
platform for further research. This allows an unexpected entrance into investigating genes 
encoded by proteins involved in capsular α-glucan production, which might further enhance 
our current knowledge of this important capsular polysaccharide. Indeed, our in depth studies 
of several mutants, picked-up in the mutant library screens, provide insights into capsular 
α-glucan regulation under phosphate stress. Furthermore, analysis of these mutants revealed 
that the stringent response could be involved in phosphate stress response, which led us to 
investigate the effect of the stringent response on capsular α-glucan biosynthesis by using 
the chemical activator SHX. SHX mimics amino acid starvation; presence of this compound 
during in vitro growth led to overproduction of glucan, establishing a link between  amino acid 
starvation and regulation of capsular α-glucan biosynthesis. Pi stress and stringent response 
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induce the production of capsular α-glucan in mycobacteria, respectively by activation of SigE 
and RelMtb. Giving the involvement of the master regulator SigE in stress responses in general, 
as well as specifically the stringent response, our results may also be applicable to a variety 
of other stresses encountered by mycobacteria in vivo. In addition, in a detailed study on 
a captivating mutant in a gene of previously unknown function (“conserved hypothetical”), 
we discovered that a mycobacterial member of the superfamily of DEDDh exonucleases, is 
capable of hydrolyzing exclusively oligo A ribonucleotides. This gene product might well be  
a functional mRNA deadenylase. It would be an excellent drug target, as its inactivation already 
was shown to lead to strong attenuation of M. marinum and as the gene coding for it (rv2179c) 
according to Sassetti  et al., is essential for M. tuberculosis (30). Finally, this thesis provides an 
extensive understanding of the metabolic networks in biosynthesis of intra and extracellular 
α-glucans in M. tuberculosis and other mycobacteria. Blocking the biosynthesis of these 
glucopolymers provided proof of its importance in virulence of M. tuberculosis in vivo. These 
insights are not only essential in directing further research into this capsular polysaccharide, 
including identifying its biological function as well as the development of novel tuberculosis 
drug regimens. Altogether, this work significantly boosts our understanding of M. tuberculosis, 
one of the oldest adversaries of mankind. 

It’s another small step for resolving TB. 
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