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Step I: White Paper Application 
 
 
 
Application Guidelines 
 

1. The application should be submitted electronically per requirements via the web site of any 
of the NIAID Genomic Sequencing Centers for Infectious Diseases. Include all attachments, 
if any, to the application.  

2. There are no submission deadlines; white papers can be submitted at anytime. 
3. GSC personnel at any of the three Centers can assist / guide you in preparing the white 

paper.  
4. Investigators can expect to receive a response within 4-6 weeks after submission. 
5. Upon approval of the white paper, the NIAID Project Officer will assign the project to a 

NIAID GSC to develop a management plan in conjunction with the participating scientists. 
 
 
 
 

 
 

 



 

Genomic Sequencing Centers for Infectious Diseases: White Paper Form            2 

White Paper Application 
 

    Project Title:  
Identification of novel drug targets through genome-wide mapping of 
metabolic networks in Mycobacterium tuberculosis 

 
Authors: 
Primary Investigator Contact: 
 

Name Doyle V. Ward 
Position Research Scientist 
Institution Broad Institute 
Address 7 Cambridge Center, Cambridge 
State MA 
ZIP Code 02142 
Telephone 617-714-7906 
Fax  
E-Mail dward@broadinstitute.org 

   
Name Christopher Sassetti 
Position Assistant Professor 
Institution University of Massachusetts Medical School 
Address S6-141, 55 Lake Avenue North, Worcester 
State MA 
ZIP Code 01655 
Telephone 508-856-3678 
Fax  
E-Mail Christopher.sassetti@umassmed.edu 

 
1. Executive Summary (Please limit to 500 words.) 

An ever-increasing body of evidence indicates that the design of novel and effective 
antitubercular drugs is limited by our ignorance of metabolic pathways critical for bacterial 
survival during infection. We know that the physiology of the bacterium is fundamentally 
changed in the in vivo environment, and we propose that the metabolic pathways altered can be 
effectively targeted by antibiotics [1]. 
 
We have defined a set of 214 genes required for metabolic adaptation of M. tuberculosis to the 
host environment [2], however, we are unable to predict the functions of most of these genes 
and have little idea what roles they play in the infection and how they interact to form functional 
pathways. If the interrelated functions of these genes could be elucidated, critical pathways or 
genes could be targeted for antibiotic development. 
 
This proposal has two goals, to define the roles played by the genes we have found to be 
necessary for infection and to understand how they work together to form functional pathways.  
The most straightforward way to accomplish both tasks is to define groups of genes that act in a 
concerted fashion.  The most comprehensive and least biased approaches to this problem are 
to directly identify the specific conditions under which each is essential and to delineate 
functional pathways by defining genetic interaction networks.   
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We propose to apply the Transposon capture and sequencing (TraCS) method developed at 
Broad with NIAID funding [3] to accomplish both of these goals.  We will define the specifc host 
environments under which each Mtb gene is essential, and establish complete and quantitative 
genome-wide genetic interaction networks for the genes determined to be critical for metabolic 
adaptation to the host. Of the critical genes, 50 have been identified as potentially most 
informative ‘nodes’ in metabolic networks. We will characterize genome-wide interactions in 
murine infection models for this core set.  
 
The definition of these genetic interaction networks will provide three critical classes of 
information:  First, we will assign functions to uncharacterized genes by associating them with 
specific host environments or to Mtb genes with known roles.  Second, we will reconstruct the 
complete metabolic or regulatory pathways in an unbiased manner that requires no initial 
functional information.  Finally, genetic interaction maps will identify critical interactions between 
pathways, providing a holistic picture of cellular physiology and a defined list of priority drug 
targets. 

 
2. Justification 

Relevance to infectious disease: 
Over fifty years after the discovery of the first antitubercular drugs, Mycobacterium tuberculosis 
remains an endemic human pathogen throughout much of the world. Based on immunological 
tests, one third of the global population has been exposed to this organism, which sickens an 
estimated ten million each year, and kills two million [6].  
 
Existing data: 
This proposal will generate sequence-based quantitation of the composition of transposon 
insertion libraries to establish metabolic network interactions during in vivo infection. The 
proposal will apply Transposon capture and sequencing (TraCS) technology developed at the 
Broad Insitute. There are no similar existing data sets. 
 
Utility of data generated: 
The proposed studies will provide three critical 
classes of information:  First, we will we will assign 
functions to uncharacterized genes both by defining 
the specific host environments under which each Mtb 
gene is essential for growth or survival, and by 
identifying genetic interactions with genes of known 
roles.  Second, we will reconstruct the complete 
metabolic or regulatory pathways in an unbiased 
manner that requires no initial functional information.  
Finally, genetic interaction maps will identify critical 
interactions between pathways, providing a holistic 
picture of cellular physiology and a defined list of 
priority drug targets. 
   
3. Rationale for Strain Selection 
Transposon site hybridization (TraSH) is a method 
that uses microarray hybridization to compare the 
relative representation of individual transposon 
mutants in large pools (figure 1). By comparing pools 
of mutants that were subjected to in vitro versus in 

Figure 1.  Transposon site hybridization 
(TraSH).  Large libraries of transposon 
mutants (insertions represented by 
triangles) are subjected to different growth 
conditions.  Mutants harboring insertions in 
genes that are required for growth will be 
lost from the pool.  Differential gene 
requirements are detected by generating 
DNA probe complementary to the 
transposon-chrmosome junction and 
hybridizing this probe to a microarray. 
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vivo growth, we defined a set of 214 genes required 
for the adaptation of M. tuberculosis to the host 
environment [2].  While this experiment identified all of 
the individual genes important specifically required for 
infection, we were unable to predict the functions of 
most of these genes and have little idea how they 
interact to form functional pathways. We propose two 
approaches for defining these pathways.  The most 
straightforward is to repeat this experiment in mice 
that are genetically deficient for critical arms of the 
immune system, which are likely imposing specific 
pressures on the bacterium.  Genes that are no longer 
essential for bacterial survival can be assumed to be 
important for resisting a specific immune insult.  
Secondly, we will experimentally define functional 
pathways, by using TraSH to map genetic interactions.   
 
As an initial demonstration that we can use TraSH to 
map pathways, we identified genes that act in concert 
with the “mce operons”, genes of unknown function 
that are specific to mycobacteria and critical for 
infection. To define the genetic interaction network 
associated with the Mce operons, we compared the 
effect a given transposon insertion in wild type and 
mce-deficient backgrounds to find mutations that 
produce a differential effect (Figure 2).  This study 
identified a partially overlapping network of genes that 
functionally interact with different mce operons, 
including a putative sterol catabolic pathway [4]. This 
provided the basis for an unexpected series of 
observations demonstrating that M. tuberculosis has 
the unusual ability to utilize cholesterol as a carbon 
source and that an Mce-encoded transport system 
represents the major sterol importer of the bacterium 
[5].  Further reconstruction of the pathway indicates 
that cholesterol acquisition and metabolism accounts 
for ~10% of the genes that we defined to be important 
for in vivo growth. 
 
In addition, this screen identified interactions between 
the Mce lipid import systems and a number of other 
transporters that are predicted to translocate a diverse 
array of substrates, from peptides to metal ions.  These 
interactions suggest the intriguing possibility that many 
of these transporters cooperate in unexpected ways, 
possibly by sharing common conduits through the 
complex cell wall of the bacterium.   Thus, this example 
illustrates how genetic interaction mapping using 
TraSH rapidly defined gene functions, reconstructed 
functional pathways, and identified the specific points 
at which distinct pathways intersect.  

Figure 3.  TraCS data comparing mutant 
pools selected on different carbon 
sources. Libraries of transposon mutants 
were grown in either glycerol or cholesterol 
as a primary carbon source.  The resulting 
pools were compared by TraCS.  The 
histogram depicts the relative abundance of 
each mutant in the two selected pools.  The 
highlighted region demonstrates that the 
dynamic range of this technique is between 
100- and 1000-fold. 

Figure 2.  Defining genetic interactions 
with TraSH.  A.  Transposon libraries were 
generated in either a wild type or mce gene-
deficient background.  After passage of 
these libraries through a similar selective 
condition, their relative composition is 
compared using TraSH.  B.  Genetic 
interaction map surrounding the two critical 
Mce loci.  The circled genes were found to 
be necessary for cholesterol catabolism, 
leading to the identification of Mce4 as a 
sterol importer. 
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While the TraSH methodology described above is effective, it is limited by the relatively low 
resolution of microarray hybridization.  Due inherent limitations of hybridization-based detection, 
this method cannot distinguish between transposon insertions that are less than ~600-700bp 
apart.  Essentially, the behavior of all mutations within such a region are averaged.  This results 
in both a limited dynamic range (typically less than 5 fold) and an inherent uncertainty regarding 
the actual insertion site that gives rise to an observed growth difference.   
 
TraCS overcomes this resolution limit through the use of massively parallel Illumina 
sequencing.  The initial steps of TraSH remain unchanged.  However, instead of estimating the 
relative abundance of mutants by bulk hybridization to microarrays, we now directly determine 
the sequence of ~6 million transposon-chromosome junctions derived from each mutant pool.  
This approach is revolutionary for two reasons.  First, it allows the precise mapping of each 
insertion site at single base resolution, leaving no ambiguity regarding the nature of each 
mutation.  Second, the number of sequencing reads (i.e. “clusters”) corresponding to each 
insertion site is proportional to the abundance of that mutant in the pool.  Thus, we are able to 
precisely determine both the molecular identity of each mutation and quantify its absolute effect 
on bacterial fitness over a >100-fold dynamic range (Figure 3).  We now propose to capitalize 
on this new method, “Transposon capture sequencing” (TraCS), to map the functional pathways 
that are critical for the adaptation of M. tuberculosis to the host environment.  
 
 
Objectives: 
 

1.  Mutant and library generation.  The first objective will be to generate M. tuberculosis 
mutants lacking a representative set of genes critical for host adaptation.  Instead of 
targeting all 214 genes shown to be required in the host, we have eliminated those with 
likely redundant or noninformative roles and have identified the 50 genes that are likely 
to represent the most informative “nodes” for network generation.  Each of these will be 
deleted by homologous recombination.  Once mutants are generated, each strain will be 
randomly mutagenized using a mariner transposon delivered by specialized phage 
transduction.   These methods are all standard in our labs, and we expect this phase of 
the project to require approximately 6-12 months.  

2.  Library selection.  In order to identify the most diverse set of genetic interactions, it is 
critical that each library be exposed to conditions under which the primary mutation 
creates a growth defect.  To ensure this, each library will be subjected to passage in 
mice for sufficient time to detect a growth defect.  This timing will depend on the 
particular mutation, but can be predicted from our previous TraSH analysis [2].  Each 
library will be selected in two separate animals to provide duplicate TraCS data sets. In 
addition, a TraCS library generated in the wild type, parent Tb strain will be selected in 
mice lacking specific immune functions (i.e. T cells, interferon gamma, interleukin 1, 
etc.).  Personnel are currently in place to perform objectives 1 and 2, and this portion of 
the project will be supported by each contributing lab. 

3. TraCS analysis.  The relative abundance of each transposon mutant in the selected 
pools will be determined by TraCS, as described in the previous section.  The generation 
of DNA libraries will be performed at UMass using a standard protocol developed in 
collaboration with the Broad Institute.  Libraries will then be analyzed by Illumina 
sequencing at the Broad Institute.  We estimate that this project will generate 226 
samples for  Illumina sequencing, for which we are requesting NIAID support. 

4. Bioinformatics/pathway reconstruction.  The HSPH group has extensive experience 
in the analysis of Illumina data generated at the Broad Institute, and a dedicated 
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bioinformaticist, Dr. Michael Chase, will be responsible for the analysis of this large data 
set.   
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  4a. Approach to Data Production: Data Generation 
We will generate a quantitative genetic interaction network spanning the majority of the bacterial 
pathways critical for survival in the host.  This network will be interconnected with host immune 
response genes to define the specific immune insults that necessitate the function of each 
identified pathway.   
 
Illumina libraries will be created by the external collaborators and supplied to Broad. 
 
Influence of Immuno-deficient mouse background: 
26 TraCS libraries will be sequenced. One insertion library will be generated in a wild type Tb 
strain. Duplicate samples of this library will be sequenced (2 TraCS libraries). The library will be 
passed in duplicate, through wild type mouse line and output libraries prepared from 4 time 
points in infections (8 TraCS libraries). Output libraries will also be prepared, in duplicate from 4 
immuno-deficient mouse lines at two infection timepoints (16 TraCS libraries) 
 
 
 
Genetic interaction mapping of Tb mutants 
200 TraCS libraries will be sequenced. 50 Tb deletion mutants will be generated. An insertion 
library will be generated for each mutant. Each insertion library will be passed in duplicate 
through 2 mice to generate 2 output libraries. For each mutant, 2 input and 2 output libraries will 
be sequenced, generating 4 libraries for each deletion mutant (200 TraCS libraries total). 
 
Broad will produce a minimum of 5 million, Illumina long reads per library, 226 TraCS 
libraries total. 
 
All trace data will be rapidly submitted to NCBI and made available simultaneously on the Broad 
GSCID web site. 
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4b. Approach to Data Production: Data Analysis 
The Broad institute will map each read to the reference Tb genome, and identify regions of the 
genome for which the coverage is significantly different between samples.  These data, along 
with the raw Illumina text files, will be analyzed by the HSPH group who will correlate these 
differentially represented regions with functional units in the genome (i.e. genes, noncoding 
transcripts, and regulatory elements).  Genes found to vary depending on the presence of either 
other bacterial or host genes will be assembled into a quantitative map of functional interactions. 
 
   
5. Community Support and Collaborator Roles:  
The overall project will be performed by the following four research groups according to the 
organizational plan outlined below:   
 
Christopher Sassetti, PhD.  
University of Massachusetts Medical School, and 
The Howard Hughes Medical Institute 
 
Eric Rubin, MD, PhD.  
Harvard School of Public Health 
 
Sarah Fortune, MD.  
Harvard School of Public Health 
 
Doyle Ward, PhD. 
Broad Institute 
 
The mutant and library generation described in objectives one and two are relatively resource- 
and labor-intensive.  In order to perform these critical initial tasks in a reasonable amount of 
time, this work will distributed between UMass (Sassetti) and HSPH (Rubin/Fortune).  Each lab 
has extensive experience in the genetic manipulation of M. tuberculosis and in the selection of 
large libraries for TraSH analysis.  Just as importantly, these groups have a long history of 
productive collaboration (15 joint publications and two currently funded joint grants over the past 
10 years). 
 
The goals of objectives 3 and 4 are to create and analyze a single large dataset.  Our group has 
extensive experience with these types of datasets, and have found that they are far more useful 
if generated in a centralized manner using a standard set of protocols.  For this reason, this 
work will be centralized.  All of the DNA libraries will be generated in parallel at UMass, and 
transferred to the Broad Institute for sequencing (Objective 3). This arrangement takes 
advantage of the existing collaboration between UMass and the Broad Institute to develop 
TraCS.  Objective 4 will be performed in the Fortune lab at HSPH, which will serve as a central 
repository for data storage and analysis by Dr Michael Chase. 
   

6. Availability & Information of Strains: 
M. tuberculosis mutant strains will be generated for this project over the first 6-12 months and 
will be deposited with BEI before sequencing is initiated.  
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  7. Compliance Requirements: 
  7a. Review NIAID’s Reagent, Data & Software Release Policy: 
NIAID supports rapid data and reagent release to the scientific community for all sequencing 
and genotyping projects funded by NIAID GSC.  It is expected that projects will adhere to the 
data and reagent release policy described in the following web sites. 
  http://www3.niaid.nih.gov/research/resources/mscs/data.htm 
  http://grants.nih.gov/grants/guide/notice-files/NOT-OD-08-013.html 
<Each Center to include their website that describes/points to the guidelines> 
Once a white paper project is approved, NIAID GSC will develop with the collaborators a 
detailed data and reagent release plan to be reviewed and approved by NIAID.  
   
 Accept  Decline  
   
  7b. Public Access to Reagents, Data, Software and Other Materials: All bacterial strains 
generated for this project will be deposited in BEI.  Raw datasets will be posted to the GEO 
database along with the following information: 

-Bacterial genotype 
-Mouse genotype 
-Duration of infection 

 
 
7c. Research Compliance Requirements     

Upon project approval, NIAID review of relevant IRB/IACUC documentation is required prior 
to commencement of work. Please contact the GSC Principal Investigator(s) to ensure 
necessary documentation are filed for / made available for timely start of the project. 
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