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Main Title
Metabolomics to better understand plant specialized metabolism for a low-carbon society

General Objects and Main Issues

Systematic and biologically driven annotation of the Arabidopsis and Medicago metabolomes
using sophisticated novel approaches to propel the scientific promise of metabolomics
Metabolomics is a revolutionary systems biology tool for understanding metabolism and
elucidating gene function. Although the vast utility of metabolomics is well documented in the
literature, its full scientific promise has not yet been realized due to multiple technical
challenges. These challenges include the accurate chemical identification of metabolites and a
sophisticated understanding of the spatial/temporal distribution of metabolism. To address these
issues and to meet the goals of the JST-NSF Metabolomics program, a synergistic international
team of plant metabolomics and metabolism experts has used an integrated approach that unites
clear biological drivers to both push key technical developments and then pull from these
enabling technologies a better understanding of carbon sequestration and allocation in
relationship to energy and a low carbon society. More specifically, this project has sought two
major aims: 1) Functional genomics for plant specialized metabolism (cell wall,
phenylpropanoids and lipids) in the model organisms Arabidopsis thaliana and Medicago
truncatula, 2) Advancing metabolite annotation capacity to significantly improve the
depth-of-coverage and the biological context of metabolomics leading to enhanced
understanding of plant metabolism.




Methods and Technologies

Advancing metabolite annotation capacity to significantly improve the depth-of-coverage and
the biological context of metabolomics

The need to confidently identify and accurately annotate unknown peaks in untargeted
metabolite profiles is one of the most challenging issues in the current metabolomics. The
strategy of combining the ultra-high resolution capabilities of LC—FTICR-MS with
stable-isotope labeling is most promising to advance the issue of peak annotation. We have
established a novel workflow of the comprehensive annotation for sulfur-containing metabolites,
so-called ‘S-omics’. Stable isotope-labeled materials have been also subjected to
LC-Orbitrap—MS analysis for peak annotation. A novel JAVA-based software program named
‘ShiftedlonsFinder’ has been developed for efficiently dealing isotope-labeling of MS peaks. In
the US, the automated UPLC—MS—SPE-NMR technology has been established. In Japan, the
combined isolation and analytical pipeline using a preparative LC-PDA-MS followed by
high-performance NMR for specialized plant metabolites has been established. This workflow
has been applied to the isolation and structure determination of 36 rice metabolites. The RIKEN
team has established a lipidomic analytical pipeline using UPLC—IT-TOF-MS. These
technologies advanced the better chemical annotation of unknown peaks from plant materials.
For an efficient hypothesis generation in functional genomics study, a database named ‘MeKO’
has been developed, in which 50 Arabidopsis mutants were chosen and analyzed by GC-MS.

Results and Social Impacts

The gene encoding a novel glucosyltransferase (UGT79B6) responsible for terminal
modification of pollen-specific flavonols in Arabidopsis thaliana was identified. This process
was accomplished by unequivocal structural identification of flavonoids from the pollen. In vivo
function of flavonoids as antioxidants was elucidated by metabolome analysis of a series of
transgenic plants expressing combination of transcription factors (MYB12, PAP1) regulating
the biosynthesis of flavonoids. This result indicated the usefulness of flavonoids for protecting
crops from the global warming caused by CO, emission. Metabolome-genome-wide association
study was conducted by analyzing the aerial part of 175 Japanese diverse rice cultivar seedlings
using LC—-MS/MS. The results revealed the genetic architectures for generating the diversity of
secondary metabolites (e.g. flavone-C-glycosides) in rice. This strategy would be useful for
future crop improvement of a low-carbon society. Using the lipidomic pipeline, extensive lipid
profiles were obtained for the Arabidopsis plants subjected to environmental stresses including
phosphorus starvation. These analyses led to the discovery of a novel lipid class in plants, called
GIcADG, that was induced undergoing phosphorus starvation. One of the key genes responsible



for the biosynthesis of GICADG was identified, called sqd2. Using the Arabidopsis mutants, the
protective function of GICADG against phosphorus depletion was elucidated.

Synergies between US and Japanese Teams

The Japan teams offered to the US teams isolation and characterization of an Arabidopsis
flavonoid mutant (tt10), analytical lipidomic platform, database and software (MeKO,
ShiftedlonsFinder), and LC-FTICR-MS analysis. Through the collaboration of the US and the
Japan teams, metabolite annotations using the stable isotope-labeled materials, systematic effort
on peak annotation, metabolite library construction, and MS databases have been developed.
Japanese postdoctoral researchers visited the US teams and conducted collaborative researches
using UPLC-MS—-SPE-NMR. Every two months, all project members joined via a
video-meeting to discuss the scientific progress and future plans. Several young researchers
from both sides gave short presentations on their research progress, with followed by an
exchange of questions and answers. We’ve also held four face-to-face project workshops, in
which most of project participants joined and discussed research; in some cases these
workshops brought together different teams funded by the JST-NSF METABOLOMICS
program.

Achievements

During the funding period, 13 original papers were published in peer-reviewed international
journals. For instance, the determination and characterization of GICADG from plants was
published in Nature Communications. The comprehensive annotation for sulfur-containing
metabolites was published in Analytical Chemistry. Some latest results have already presented
at international conferences. We also reported 12 review papers in international journals and
book chapters, in which we discussed overviews of metabolite annotations, metabolome
databases, and integrated metabolomics/transcriptomics analyses. Three databases and a
software program have been developed and available on websites. The MeKO database was
published in  Plant Physiology, and partially consolidated with a US
metabolomics/transcriptomics database as the first international data sharing efforts. We have
joined discussion of the on-going efforts with the internationally-recognized metabolomics
databases.
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A diagram showing the organization of the Japan-US joint research project.
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