
iSEEM: Integrating Statistical, Evolutionary and Ecological Approaches to Metagenomics
 
Using a multidisciplinary approach, the iSEEM team has made significant advances in the field of metagenomics. These contributions include the development of novel bioinformatics methods and tools to quantify biodiversity from metagenomic data, the development of new evolutionary and ecological theory to predict and interpret spatial biodiversity, and new biological discoveries from analysis of both genomic and marine metagenomic data sets. Importantly, we developed models and tools that produced totally novel insights on previously published data, moving science forward through the application of ideas from fields outside microbiology. In total the project has contributed to at least fifteen publications including many that have generated significant attention from scientists (e.g., Ecological Society of America 2010 Outstanding Theory Paper Award) and even the public (e.g., GEBA and biotorrents press coverage). These results would not have been possible except for the interdisciplinary nature of this team, and the effort required by iSEEM personnel to learn how to work together and how to speak each other’s languages. Our successes demonstrate that experts in mathematical modeling, computer algorithms, and bioinformatics can have a significant impact on marine microbiology through serious collaborations.

We believe that even more significant results can be obtained if this team stays together and continues to work on interdisciplinary problems associated with marine metagenomics. Below we outline in very broad terms what could be accomplished in the next few years based on current momentum. Our goal is to continue developing theoretical and informatics tools to predict and interpret not just ‘who is out there’ in marine systems, but also ‘what they are doing’. 
 
Expanding the protein family toolkit 
The current project focused on phylogenetic and taxonomic diversity of marine microorganisms, by developing methods to analyze phylogenetic marker genes such as small subunit rRNA and various housekeeping genes. Clearly, one of the key benefits of metagenomic data is that it allows insights into functional diversity via analysis of other genes. Several published studies have already explored functional diversity by analyzing presence and absence of non-marker genes. We believe that much more can be learned by applying our automated tools for analyzing species diversity to the problem of functional diversity. The key idea is that our newly developed modeling frameworks can easily be extended if we treat protein families, rather than taxa, as the quantities of interest. These extensions will produce tools for analyzing protein family phylogeny and diversity in the oceans.
In the initial iSEEM project, we focused on a limited number of protein families and designed tools to analyze them in metagenomic data. We now realize that these tools need to be both modified and expanded. First, we need to further design and test methods that can analyze simultaneously all reads that come from a gene family even when some of them do not overlap with each other. Second, we need to expand the scope of our analysis to include all gene families. Finally, we need to expand upon our tools to carry out accurate phylogenetic analysis of these gene families including metagenomic reads. Currently we are close to completing a database of gene family profiles and trees based on all sequenced genomes. The next step is to integrate metagenomic data into these models. Once we have done this, our team is poised to develop methods for quantifying the functional capability of microbial communities from metagenomic—and potentially metatranscriptomic—samples. This toolkit will enable us to make and test predictions about function in the oceans.
 
Function informed biogeography
We made great progress developing theory to predict the spatial scaling of taxonomic diversity (i.e., what organisms coexist and where). We are now primed to develop theory relevant to the spatiotemporal scaling of functional diversity in the oceans.  To do this we will explore three related avenues of ecological and evolutionary theory.  

First, we will link our mathematical predictions about taxonomic diversity to environmental data (e.g., make predictions about environmental diversity gradients and the distribution of diversity in niche space). This combined analysis of taxonomic and environmental data will provide ecological context for the observations we have made about microbial phylogenetic and taxonomic diversity using global data sets. Our approach will complement and synergize iSEEM developments with recent marine microbiology theory developments, including Barton et al. (Science, 2010).

Second, we will make predictions about the biogeography of protein families across space, time and environments. We have a team with the skills to tackle this problem from several angles, borrowing modeling approaches from geometry, probability, and dynamical systems theory.  We will focus on multiple aspects of protein family diversity.  For example, using a direct extension of our work on taxonomic diversity, we will explore the geographic distribution of individual protein families as separate units, and examine diversity within each family using both taxonomic and phylogenetic approaches. We also propose to analyze total protein family diversity by treating each protein family much as an operational taxonomic unit (OTU) would be treated. In this way we can explore the mechanisms that shape the assembly of all protein families. Our ultimate goal is to mechanistically link the biogeography of OTUs (who is there) and protein families (what they are doing). 

Finally, we propose to develop novel theory to predict the biogeography of the metatranscriptome. Extending the above methods from genomic to transcriptomic data will enable us to distinguish actively functioning genes from those that are sitting, unexpressed, in the genomes of living organisms, as well as dead or dormant organisms (Jones & Lennon, PNAS, 2010). There is currently no precedent for metatranscriptome biogeography in the ecology literature, and we feel our efforts in this arena may pave the way for understanding the function of ecosystems using a theoretical framework. 

 
Novelty as a source of functional adaptation
A major goal of much of the work in metagenomics involves the search for biologic novelty. This search is important for many reasons, including understanding impacts of global climate change (understanding what might be lost), as well as stimulating innovations in bioremediation, drug development, and other industries. Consider the Gulf oil spill. What taxa and functions are being lost? How will biogeochemical cycles be affected? Can marine microbes help process the oil?
In the current iSEEM project, we have developed and used multiple tools for the characterization of phylogenetic novelty in samples.  We began to expand this work into studies of functional novelty and propose here to extend this effort.  Specifically, we propose to simultaneously examine three categories of novelty: gene families of unknown function, phylogenetic novelty of species, and phylogenetic and functional novelty within gene families. These projects will leverage our existing methods for modeling taxonomic and phylogenetic diversity and the tools we will develop for quantifying protein-family diversity. By combining these two views of metagenomic data and layering them on top of environmental metadata, we will be able to identify gene families with patterns of evolution indicative of functional adaptations. It will be imperative that we develop theoretical approaches and bioinformatics tools to distinguish real biological novelty from the noise that will inevitably plague analysis of metagenomic gene family phylogenies. Our team has the algorithmic and theoretical expertise to meet these challenges.
A key aspect of our proposed work on novelty is that metadata about communities will help understand the functional implications of genomic novelty. This approach will enable us to link patterns of novelty to global ecology, providing new insights into marine communities and how they are adapting in a changing world.

