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A final report including a detailed summary of accomplishments during the period of this
grant, and publications resulting from research supported by the Department of Energy.

I. Executive Summary

We set ambitious goals to examine microorganism communities and measure both their
chemical input and output as a read out of specific biochemical activity. These scientific
goals are driving the development of sophisticated algorithms to analyze large amounts of
experimental measurements made using high throughput technologies to explain and
predict how the environment influences biological function at multiple scales and how the
microbial systems in tum modify the environment. By examining how bacteria communities
rely on symbiotic metabolic relationships for survival and reproductive success, and how
these relationships consequently affect their biochemical capabilities. This was
accomplished using state-of-the-art mass spectrometry-based methods, and metabolic
fingerprinting approaches with a high degree of chemical specificity and sensitivity. During
this period the original effort transitioned and was consolidated into what is now ENIGMA,
the efforts on technology development expanded to include more untargeted
metabolomics and its application to organisms on a systems level.

Towards this end we have made substantial progress towards understanding gaining
insight into metabolic potential of model species (Desulfovibrio alaskensis G20,
Desulfovibrio vulgaris RCHI) by studying molecular mechanisms that underlie the response
to different environmental stressors (e.g. salt stress, metal stress), growth modes
(planktonic vs. biofilm) and conditions (e.g. carbon and nitrogen source variations, electron
acceptor limitations). One focus in these studies has been to apply existing and design novel
technologies to examine the metabolic changes in both, lipid and central carbon
metabolism. In biofilm studies, the untargeted LC/MS metabolite profiling is also coupled
to multimodal imaging (SEM and MS Imaging). For example, the combined untargeted
metabolite profiling and mutant fitness profiling provided a link between genes encoding
metabolic enzymes and metabolite production in G20, as an adaptation to high salt
environment. The specific gene association to unknown metabolite facilitated the putative
identification of modified amino acid (N-acetyl-lysine), produced as an osmolyte.

Another primary question addressed was how the metabolism of one cell differs from
the metabolism of a cell grown in a community and why the metabolism of a cell in a
community would put itself in a metabolic state that is not optimized. By using mass-based
technologies that allow us to examine the metabolism of single cells as well as microbial
communities, we investigated the hypothesis that a cell alters its comprehensive
metabolism to enable the microbial community to thrive, essentially becoming a
component of a multicellular network as opposed to being self-sufficient. By using meta-
analysis, we also investigated the chemical nature of the signals used for the cells to
communicate within the communities.

A variation on the above experiments was to examine the media hosting the community
to observe what effect the media has on other communities. The primary purpose helped
to identify key signaling molecules. This was accomplished by growing microbes in a
combination of different media and performing a multi-sample comparison by using our
state-of-the-art meta-analysis software (Nature Protocols 2011, Anat. Chem. 2011).

Key to the success of these experiments was the development of numerous technologies
including metabolomic platforms for quantitative QgQ MRM experiments, LC/MS/MS
shotgun high throughput protein analysis as well as novel CESI-MS, capillary electrophoresis
mass spectrometry. Multiple technology advancements have been developed. These
advances include streamlined data processing using a newly designed autonomous
metabolomics approach for simultaneous quantification and identification of up to 1000
metabolite matches, multimodal imaging and pathway deconvolution approach by means
of untargeted isotope metabolomics. X13CMS for untargeted, isotope-labeled metabolite
analysis is also under development as a complement to XCMS, the most popular cloud-
based platform in metabolomics with over 47,000 users worldwide. XCMS, the most cited



LC/MS-based data analysis metabolomics approach, incorporates novel nonlinear retention
time alighment and feature detection/comparison.

The lab also developed METLIN, the world's largest metabolite and tandem mass
spectrometry (and most widely used) database containing over 850,000 molecular
standards across multiple organisms, it also represents a data management system
designed to assist in a broad array of metabolite research and metabolite identification by
providing public access to its repository of current and comprehensive MS/MS metabolite
data.

Overall, these metabotyping approaches (targeted and untargeted LC/MS metabolite
profiling) combined with cutting-edge metabolomic technologies (isotope-based
metabolomics, MS-imaging) and functional genomics (mutant fitness profiling,
transcriptomics and proteomic analyses) have been used to identify alterations in the
metabolome that result from specific gene mutation or differential gene expression. Using
these technology advancements (streamlined data processing, isotope metabolomics,
multimodal imaging) and multi-scale systems approach, we characterized known and
identified novel genes and metabolites, associated with pathways/processes that play key
physiological roles in microorganisms.
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[ll. Products Developed

The website links that reflect the results for the project are:
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The project did generate several network references:
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