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PROJECT GOALS 
The proposed overarching goal for this project was the following: 
Data integration, simulation and visualization will facilitate metabolic and regulatory network 
prediction, exploration, and formulation of hypotheses. 
We stated three specific aims to achieve the overarching goal of this project: 
A. Integration of multiple levels of information such as mRNA and protein levels, predicted protein-

protein interactions/associations and gene function will enable construction of models describing 
environmental response and dynamic behavior. 

B. Flexible tools for network inference will accelerate our understanding of biological systems. 
C. Flexible exploration and queries of model hypotheses will provide focus and reveal novel 

dependencies 
The underlying philosophy of these proposed aims is that an iterative cycle of experiments, 

experimental design, and verification will lead to a comprehensive and predictive model that will shed light 
on systems level mechanisms involved in responses elicited by living systems upon sensing a change in 
their environment. 
 
PROGRESS (This multi-faceted project is being coordinated by Dr. Nitin S. Baliga; all other key personnel 
supported by this grant (also in red font) are indicated below by project).  Dr. Leroy Hood, the PI of this 
grant, is also working with Dr. Baliga in providing direction to this project. 
In the previous years’ report we demonstrated considerable progress in development of data standards, 
regulatory network inference and data visualization and exploration.  We are pleased to report that 
several manuscripts describing these procedures have been published in top international peer reviewed 
journals including Genome Biology, PNAS, and Cell.  The abstracts of these manuscripts summarize our 
accomplishments in this project. 

 
MANUSCRIPT 1:  
The Gaggle:  An open-source software system for integrating bioinformatics software and data 
sources 
Shannon, P., Reiss, D.J., Bonneau, R., and Baliga, N.S. (2006). Gaggle: An open-source software 
system for integrating bioinformatics software and data sources. BMC Bioinformatics 7, 176. 
 
Background.  Systems biologists work with many kinds of data, from many different sources, using a 
variety of software tools.  Each of these tools typically excels at one type of analysis, such as of 
microarrays, of metabolic networks and of predicted protein structure.  A crucial challenge is to combine 
the capabilities of these (and other forthcoming) data resources and tools to create a data exploration and 
analysis environment that does justice to the variety and complexity of systems biology data sets.  A 
solution to this problem should recognize that data types, formats and software in this high throughput 
age of biology are constantly changing. 
Results.  In this paper we describe the Gaggle –a simple, open-source Java software environment that 
helps to solve the problem of software and database integration.  Guided by the classic software 
engineering strategy of separation of concerns and a policy of semantic flexibility, it integrates existing 
popular programs and web resources into a user-friendly, easily-extended environment.  We demonstrate 
that four simple data types (names, matrices, networks, and associative arrays) are sufficient to bring 
together diverse databases and software.  We highlight some capabilities of the Gaggle with an 
exploration of Helicobacter pylori pathogenesis genes, in which we identify a putative ricin-like protein –a 
discovery made possible by simultaneous data exploration using a wide range of publicly available data 
and a variety of popular bioinformatics software tools. 
Conclusion.  We have integrated diverse databases (for example, KEGG, BioCyc, String) and software 
(Cytoscape, DataMatrixViewer, R statistical environment, and TIGR Microarray Expression Viewer).  
Through this loose coupling of diverse software and databases the Gaggle enables simultaneous 
exploration of experimental data (mRNA and protein abundance, protein-protein and protein-DNA 
interactions), functional associations (operon, chromosomal proximity, phylogenetic pattern), metabolic 
pathways (KEGG) and Pubmed abstracts (STRING web resource), creating an exploratory environment 



useful to ‘web browser and spreadsheet biologists’, to statistically savvy computational biologists, and 
those in between. The Gaggle uses Java RMI technology and Java Web Start technologies and can be 
found at http://gaggle.systemsbiology.net. 
 
MANUSCRIPT 2: 
The Firegoose: two-way integration of diverse data from different bioinformatics web resources 
with desktop applications. 
Bare, J.C., Shannon, P.T., Schmid, A.K., and Baliga, N.S. (2007). The Firegoose: two-way integration of 
diverse data from different bioinformatics web resources with desktop applications. BMC Bioinformatics 8, 
456. 
Background.  Information resources on the World Wide Web play an indispensable role in modern 
biology. But integrating data from multiple sources is often encumbered by the need to reformat data files, 
convert between naming systems, or perform ongoing maintenance of local copies of public databases. 
Opportunities for new ways of combining and re-using data are arising as a result of the increasing use of 
web protocols to transmit structured data.  
Results. The Firegoose, an extension to the Mozilla Firefox web browser, enables data transfer between 
web sites and desktop tools. As a component of the Gaggle integration framework, Firegoose can also 
exchange data with Cytoscape, the R statistical package, Multiexperiment Viewer (MeV), and several 
other popular desktop software tools. Firegoose adds the capability to easily use local data to query 
KEGG, EMBL STRING, DAVID, and other widely-used bioinformatics web sites. Query results from these 
web sites can be transferred to desktop tools for further analysis with a few clicks. Firegoose acquires 
data from the web by screen scraping, microformats, embedded XML, or web services. We define a 
microformat, which allows structured information compatible with the Gaggle to be embedded in HTML 
documents. We demonstrate the capabilities of this software by performing an analysis of the genes 
activated in the microbe Halobacterium salinarum NRC-1 in response to anaerobic environments. Starting 
with microarray data, we explore functions of differentially expressed genes by combining data from 
several public web resources and construct an integrated view of the cellular processes involved.  
Conclusions. The Firegoose incorporates Mozilla Firefox into the Gaggle environment and enables 
interactive sharing of data between diverse web resources and desktop software tools without 
maintaining local copies. Additional web sites can be incorporated easily into the framework using the 
scripting platform of the Firefox browser. Performing data integration in the browser allows the excellent 
search and navigation capabilities of the browser to be used in combination with powerful desktop tools. 
 
MANUSCRIPT 3: 
Integrated biclustering of heterogeneous genome-wide systems biology datasets 
Reiss, D.J., Baliga, N.S., and Bonneau, R. (2006). Integrated biclustering of heterogeneous genome-wide 
datasets for the inference of global regulatory networks. BMC Bioinformatics 7, 280. 
 
Motivation: Grouping genes into functionally related and putatively co-regulated clusters is an essential 
first step for the inference of regulatory networks. It is widely known that regulatory relationships among 
genes can vary under diverse environmental settings, and that co-expressed genes may not always be 
under control of the same regulator(s). With such considerations in mind, we have developed cMonkey, 
an unsupervised learning procedure for detecting putatively co-regulated gene clusters by integrating 
diverse systems biology data including (1) mRNA and/or protein expression levels, (2) cis-regulatory 
sequences, and (3) functional association and physical interaction networks. The method highlights, for 
each cluster detected, the significant (a) subset of experimental conditions under which its genes are co-
expressed, (b) potential cis-regulatory sequence motifs that might mediate their regulation, and (c) highly-
connected cliques in association networks that provide supporting evidence that the genes are 
functionally or physically related. 
Results:  Gene clusters detected using cMonkey provide a firm foundation for inferring genetic regulatory 
networks, for assigning putative functions for genes of unknown function, and for statistically assessing 
the overall quality of functional association and physical interaction networks. We have performed this 
analysis on publicly-available data sets of widely varying size and quality, for four distantly related 
organisms covering all three domains of life: Halobacterium NRC-1, Helicobacter pylori, Escherichia coli, 
and Saccharomyces cerevisiae. In each of these organisms, cMonkey has enabled the discovery of both 

http://gaggle.systemsbiology.net/


known regulons with previously characterized motifs and novel putative regulons with previously 
uncharacterized cis-regulatory motifs. 
Availability:  cMonkey is implemented in the R statistical language and is available for non-profit use at 
the reader’s request. 
 
MANUSCRIPT 4: 
The Inferelator: an algorithm for learning parsimonious regulatory networks from systems-biology 
data-sets 
Bonneau, R., Reiss, D.J., Shannon, P., Facciotti, M., Hood, L., Baliga, N.S., and Thorsson, V. (2006). The 
Inferelator: an algorithm for learning parsimonious regulatory networks from systems-biology data sets de 
novo. Genome Biol 7, R36. 
 
Background: We present a methodology for deriving transcriptional regulatory interactions on a genome-
wide scale, and apply the method to predict a large portion of the gene regulatory network of the archaea, 
Halobacterium NRC-1. This method, the Inferelator, uses regression and variable selection (statistical 
techniques for the selection of a parsimonious subset from a number of potential predictors) to identify the 
most likely transcriptional influences on each gene (or cluster of genes), based upon the integration of 
genome annotation and expression data.   
Results:  The resulting network of inferred regulatory influences (72 transcription factors and 10 
environmental factors influencing 1934 genes) includes numerical estimates of the relative strength of 
each regulatory influence, and instances of predicted combinatorial control. Regulatory roles have been 
predicted for many uncharacterized transcription factors, such as control of phosphate homeostasis by 
the transcription regulator Trh3. Specific hypotheses learned with this method were supported by further 
experiments: activation of a Cu-efflux ATPase by a putative metal-binding regulator VNG1179C, 
regulation of Mn-uptake genes by a Mn-dependent regulator SirR, and regulation ribosomal genes by the 
general transcription factor TfbF. The resulting regulatory network can be visualized using the Gaggle at 
http://halo.systemsbiology.net/inferelator. The Inferelator was written using R and is open-source. 
Conclusions:  Methodological advancements over earlier work include an explicit treatment of time such 
that the network model can be fit using both steady-state measurements and heterogeneous time series 
simultaneously. We describe a novel approach that requires no discretization of data for learning binary 
logic interactions between regulators. The learned network successfully predicted global transcriptome 
changes in Halobacterium NRC-1 under novel perturbations (not part of the original training set) with 
predictive power similar to that seen over the training set. 
 
PROOF-OF-PRINCIPLE FOR USE OF THESE TOOLS IN SYSTEMS BIOLOGY 
To illustrate the power of these tools and technologies I provide below a model of transition metal 
response we have deciphered in Halobacterium salinarum NRC-1.  In this short summary, several 
predictions were made by cMonkey and Inferelator, explored with Gaggle and verified experimentally with 
gene knockouts, expression analysis, and phenotypic assays. 
 
 
MANUSCRIPT 5: 
SYSTEMS-WIDE CHARACTERIZATION OF COMPLEX RESPONSES OF Halobacterium salinarum 
NRC-1 TO TRANSITION METALS   
Kaur, A., Pan, M., Meislin, M., Facciotti, M.T., El-Geweley, R., and Baliga, N.S. (2006). A systems view of 
haloarchaeal strategies to withstand stress from transition metals. Genome Res 16, 841-854. 
 
We have put together all findings from a study on transition metal response in Halobacterium NRC-1 in 
context of each other into one unified model of Halobacterium NRC-1 response to transition metals.  
According to this systems level model, at the highest level, all or some of at least 13 putative metal-
binding regulators are speculated to directly sense changes in metal ion concentrations to differentially 
regulate up to 43 transcription regulators and 5 GTFs.  Promoters of at least 24 of the 43 regulators (four 
of which have putative metal-binding domains) have binding sites in their promoter for at least four GTFs.  
The remaining 6 metal-binding regulators are not differentially regulated (at least at steady state) in 
response to the six metals.  The complex interplay among these transcription factors and regulators elicits 
a concerted response to minimize metal toxicity and oxidative stress, repair damaged proteins and DNA 



and modulate cell physiology including processes requiring metalloenzymes.  Feedback signals including 
damaging radicals produced during natural cellular metabolism, fluctuations in metabolite concentrations 
etc. ensure homeostasis. 

We hypothesize that at least four mechanisms together account for resistance to the six transition 
metals.  We elaborate on these mechanisms below: 

(1) Cu(II) resistance: VNG0702H is speculated to be the putative metallochaperone that delivers 
either Cu(II) or Zn(II) ions to the TRASH domain in VNG1179C, which in turn activates 
transcription of both YvgX (Fig 2II) and VNG0702H.  Efflux of Cu(II) by the P1 ATPase YvgX is a 
key mechanism for withstanding Cu(II) toxicity; however, it does not contribute towards Zn(II) 
resistance. 

(2) Co(II), Ni(II), Cu(II) and Zn(II) resistance: ZntA is a P1 ATPase of broad specificity that confers 
resistance to Co(II), Ni(II), Cu(II) and Zn(II) (Fig 3). ZntA mRNA is up regulated at steady state 
only in presence of Zn(II); however, the regulator(s) involved is unknown.   

(3) Mn(II) resistance:  Transcriptional repression of ZurA, ZurM and YcdH, the three subunits of the 
Mn-uptake ABC-transporter, by the putative Mn-dependent autorepressor SirR is a mechanism of 
minimizing Mn(II)

 
toxicity (Fig 2I).  SirR may also impose this regulation upon binding Fe(II) and in 

contrast its function might be blocked upon binding Co(II) or Ni(II). However, this transcriptional 
control seems to only have impact on conferring resistance to Mn(II) and none of the other 
metals.   

(4) Fe(II) resistance:  Chelation of Fe(II) by the ferritin DpsA  is a mechanism for detoxifying Fe(II)
 

(Zeth et al. 2004).  Transcription of DpsA is up regulated by Fe(II), Co(II), and Zn(II) and down 
regulated by Mn(II); again the transcription regulator(s) for this mechanism have not been 
identified. Further, Mn(II) up regulates and Ni(II)/Zn(II) down regulate putative siderophore 
biosynthesis and Fe uptake. 

 
MANUSCRIPT 6: 
SYSTEMS-WIDE CHARACTERIZATION OF COMPLEX RESPONSES OF Halobacterium salinarum 

NRC-1 TO Oxygen 

Schmid, A.K., Reiss, D.J., Kaur, A., Pan, M., King, N., Van, P.T., Hohmann, L., Martin, D.B., and Baliga, 
N.S. (2007). The anatomy of microbial cell state transitions in response to oxygen. Genome Res 17, 
1399-1413. 
 
Adjustment of physiology in response to changes in oxygen availability is critical for the survival of all 
organisms. However, the chronology of events and the regulatory processes that determine how and 
when changes in environmental oxygen tension result in an appropriate cellular response is not well 
understood at a systems level. Therefore, transcriptome, proteome, ATP, and growth changes were 
analyzed in a halophilic archaeon to generate a temporal model that describes the cellular events that 
drive the transition between the organism's two opposing cell states of anoxic quiescence and aerobic 
growth. According to this model, upon oxygen influx, an initial burst of protein synthesis precedes ATP 
and transcription induction, rapidly driving the cell out of anoxic quiescence, culminating in the resumption 
of growth. This model also suggests that quiescent cells appear to remain actively poised for energy 
production from a variety of different sources. Dynamic temporal analysis of relationships between 
transcription and translation of key genes suggests several important mechanisms for cellular sustenance 
under anoxia as well as specific instances of post-transcriptional regulation. 
 
MANUSCRIPT 7: 
 
SYSTEMS-LEVEL WIRING DIAGRAM FOR H. SALINARUM NRC-1 GENE REGULATORY CIRCUIT 
Facciotti, M.T., Reiss, D.J., Pan, M., Kaur, A., Vuthoori, M., Bonneau, R., Shannon, P., Srivastava, A., 
Donohoe, S.M., Hood, L.E., et al. (2007). General transcription factor specified global gene regulation in 
archaea. Proc Natl Acad Sci U S A 104, 4630-4635. 

 
Cells responding to dramatic environmental changes or undergoing a developmental switch typically 
change the expression of numerous genes. In bacteria, sigma factors regulate much of this process, 
whereas in eukaryotes, four RNA polymerases and a multiplicity of generalized transcription factors 



(GTFs) are required. Here, by using a systems approach, we provide experimental evidence (including 
protein-coimmunoprecipitation, ChIP-Chip, GTF perturbation and knockout, and measurement of 
transcriptional changes in these genetically perturbed strains) for how archaea likely accomplish similar 
large-scale transcriptional segregation and modulation of physiological functions. We are able to 
associate GTFs to nearly half of all putative promoters and show evidence for at least 7 of the possible 42 
functional GTF pairs. This report represents a significant contribution toward closing the gap in our 
understanding of gene regulation by GTFs for all three domains of life and provides an example for how 
to use various experimental techniques to rapidly learn significant portions of a global gene regulatory 
network of organisms for which little has been previously known. 
 
MANUSCRIPT 8: 
SYSTEMS-LEVEL WIRING DIAGRAM FOR H. SALINARUM NRC-1 GENE REGULATORY CIRCUIT 
Bonneau, R., Facciotti, M.T., Reiss, D.J., Schmid, A.K., Pan, M., Kaur, A., Thorsson, V., Shannon, P., 
Johnson, M.H., Bare, J.C., et al. (2007). A predictive model for transcriptional control of physiology in a 
free living cell. Cell 131, 1354-1365. 
 
The environment significantly influences the dynamic expression and assembly of all components 
encoded in the genome of an organism into functional biological networks. We have constructed a model 
for this process in Halobacterium salinarum NRC-1 through the data-driven discovery of regulatory and 
functional interrelationships among approximately 80% of its genes and key abiotic factors in its 
hypersaline environment. Using relative changes in 72 transcription factors and 9 environmental factors 
(EFs) this model accurately predicts dynamic transcriptional responses of all these genes in 147 newly 
collected experiments representing completely novel genetic backgrounds and environments-suggesting 
a remarkable degree of network completeness. Using this model we have constructed and tested 
hypotheses critical to this organism's interaction with its changing hypersaline environment. This study 
supports the claim that the high degree of connectivity within biological and EF networks will enable the 
construction of similar models for any organism from relatively modest numbers of experiments. 
 


