





Omics: Exploring the Molecular Universe within Biological Systems

Instead of studying one or a few genes or proteins at a time, "omics” collectively
describes the comprehensive analysis of genes, RNA transcripts, proteins,
metabolites, and other molecules present in a biological system. Ongoing
advances in computing power and automated technologies for DNA sequencing
and experiments continue to improve our ability to analyze increasing numbers
of molecules and how they function as a system. Systems biology integrates the

Proteomics is the analysis of the proteome—the complete set
of proteins expressed by a cell or population of cells. Proteins,
the workhorse molecules of life, catalyze biochemical reactions;
provide structural support; and recognize, bind, or transport
other molecules throughout the cell. Hundreds of different types
of proteins can be expressed at a time, and most are part of large

complexes made up of
many proteins and
other molecules.

data from various omic analyses using computational tools to build predictive
models of biological systems.

Transcriptomics is the analysis of the
transcriptome—the complete set of RNA
molecules present in a cell or population of
cells. RNA, which is much less stable than
DNA, is constantly being synthesized and
then broken down to facilitate rapid
changes in patterns of protein expression
that occur as an organism dynamically
responds to its environment. In addition to
the three major classes of RNA (MRNA,
tRNA, and ribosomal RNA), single-
stranded RNA is very flexible and can fold
into complex shapes that carry out specific
functions. RNA also can be broken into
small segments that bind molecules and
influence gene expression.

Hundreds to

thousands of different
protein types exist within
a cell. This large subunit of
a ribosome contains about
3,000 RNA nucleotides
(gray) and 30 protein
chains (gold).

Single-stranded RNA can fold up
and twist to form 3-D structures
like this tRNA.

Metabolomics is the analysis of the metabolome—the complete set of an
organism's metabolites (small molecular products of cellular processes).
Characterizing the metabolome provides a snapshot of the metabolic status
of an organism and helps determine which of its enzyme-mediated reactions
and biochemical pathways are active.

Small molecular metabolites (e.g., sugars, amino acids, and fatty
acids) are the substrates and products of biochemical processes.

Genomics Enables Systems-Level Studies of Microbes and Plants

for Energy and Environmental Solutions

In addition to providing the research community with state-of-the-science capabilities for sequencing and
analyzing genomes at the DOE Joint Genome Institute (JGI), the DOE Office of Biological and Environmental
Research (BER) supports a broad portfolio of projects and Bioenergy Research Centers that provide the
science and technology development needed for a systems-level understanding of DOE-relevant organisms.
Some of these projects are described below.

Establishing new biofuel production pathways in microbes. To accelerate development of next-
generation biofuels, researchers supported by DOE BER are studying the biochemical pathways encoded in
microbial genomes. Using this genomic information, researchers are developing new microbial systems that

can produce biodiesel and other chemical replacements for petroleum products. ) ) )
Metabolically engineered bacteria

Genome-wide analysis of small RNAs in grasses. Researchers are just beginning to explore the roles that produce biodiesel.
microRNAs (small RNA molecules consisting of a few dozen nucleotides) play in regulating development,

stress responses, and other plant processes. Understanding microRNAs in grasses such as switchgrass and

Miscanthus is of particular interest to DOE because these plants grow fast, creating large amounts of biomass

for biofuel production, and they help increase carbon storage in soils.

Discovery of growth-promoting bacteria in tree roots. The fast-growing poplar tree Populus trichocarpa
is a model species for bioenergy production because it can grow on marginal lands unsuitable for food crops.
Researchers working with DOE JGI have sequenced the genome of a bacterium that can boost tree growth
up to 40% when it invades poplar roots. This work has revealed a wide range of genes associated with this
symbiotic relationship between plants and bacteria.

Predicting microbial response to global change. To examine the impacts of altered water and nitrogen
availability on microbial carbon degradation in a grassland ecosystem, investigators are using DNA
sequencing to monitor changes in microbial community composition and the expression of genes mediating
the processing of plant litter. This information is being used to develop a predictive mathematical model of
microbial community response to climate change variables.

Symbiotic relationships between bacteria
and root cells promote tree growth.




Select Milestones in Genomics

1977

1986

- Announcement of DOE's initiative to map and sequence
the human genome.

1990

- Start of international, publicly funded Human Genome

- Publication of first analysis of bulk DNA isolated from
the environment (northern Pacific Ocean).

1995

- First complete genome of a free-living organism, the
bacterium Haemophilus influenzae.

1996

- DOE-supported, first complete genome of an archaeal
microbe (methane-producing Methanocaldococcus
jannaschii), confirming Archaea as a biologically
distinct third domain of life.

- First complete genome of a eukaryote, the yeast
Saccharomyces cerevisiae.

1999

- DOE Joint Genome Institute (JGlI) facility established
in Walnut Creek, California, to complete
chromosomes 5, 16, and 19 in the Human Genome
Project. JGl's capabilities are later used to sequence

R1, one of the most radiation-resistant organisms known.
2000

a tie.

Methane producer,
M. jannaschii.

- First complete genome sequence, bacteriophage $X174 (a virus that infects bacteria).

microbial genomes, metagenomes, and plant genomes important to DOE missions.

- DOE BER-supported completion of genome for bacterium Deinococcus radiodurans

- Completion of a "working draft” sequence covering 85% of the 3 billion base pair
human genome. Public versus private efforts to finish the human genome declared

- First complete plant genome, the small flowering
plant Arabidopsis thaliana.

2001

- Start of DOE BER Genomes to Life program
(now called Genomic Science program) to
build a predictive understanding of
DOE-relevant biological systems.

Project, which was led in the United States by the 2002
National Institutes of Health and DOE. - First 100 genomes completed and published.
1991 2003

Microbial community
thrives in acidic runoff
from a mine.

- International Human Genome Project
officially declared complete.

2004

- Extracting DNA from a microbial biofilm thriving in highly acidic mine
drainage, a DOE metagenome project is first to reconstruct complete
genomes from environmental DNA.

2006
- DOE BER-supported completion of the first tree genome, Populus
trichocarpa, a type of poplar.

2007
- Researchers working with DOE ]Gl publish
results from termite hindgut metagenome.

2009

- First publication reporting progress on GEBA
(Genomic Encyclopedia of Bacteria and
Archaea), a DOE BER-supported project to
sequence thousands of prokaryotic genomes
from diverse branches of the Tree of Life.

2010

- Individual machines can sequence billions of
base pairs per week with the potential to
sequence a bacterial genome in hours.

Poplar, the first sequenced
tree genome.

- Soybean genome completed by multi-institutional partnership including
DOE JGI.

Organism Description

Isolated from a hot vent in the Pacific floor,

Methane-producing microbe
the first archaeal microbe sequenced.

(Methanocaldococcus jannaschii)

Bioenergy microbe
(Caldicellulosiruptor saccharolyticus)

Thermal spring bacterium that
converts plant materials into diverse
energy products.

Subsurface microbe that can immobilize
contaminants in groundwater.

Metal-reducing microbe
(Desulfovibrio vulgaris Hildenborough)

Abundant soil microbe involved in
terrestrial carbon cycling.

Soil bacteria
(Solibacter usitatus Ellin6076)

Biomass-degrading fungus
(Trichoderma reesei)

Industrially important fungus that
secretes biomass-degrading enzymes for
biofuel production.

Single-celled green alga
(Chlamydomonas reinhardtii)

Model system for studying the genes for
converting carbon dioxide into biomass.

Black cottonwood tree
(Populus trichocarpa)

First complete tree genome. Potential
bioenergy crop and model for studying
carbon accumulation in plants.

Chromosomes 5, 16,and |19 sequenced by

Human
DOE for the Human Genome Project.

(Homo sapiens)
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Some DOE-Supported Genome Projects

Domain

Archaea

Bacteria

Bacteria
Bacteria

Eukarya

Eukarya

Eukarya

Eukarya

Office of

The DOE Joint Genome Institute (jgi.doe.gov) has sequenced hundreds of microbial
genomes as well as several plant genomes and metagenomes from diverse environments.
The table lists some examples of the range of biological systems relevant to DOE missions.

Base pairs

~1.7 million

~3 million

~3.8 million

~10 million

~34 million

~120 million

~500 million

~3 billion
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Why Is the Department of Energy

Involved in Genomics and Systems Biology?

For decades, the U.S. Department of Energy (DOE) Office of
Science and its predecessor agencies have supported basic
research on the biological effects of energy production and
use. Recognizing the need for a complete reference sequence
of human DNA, the Office of Biological and Environmental
Research (BER) initiated its Human Genome Program in 1986,
which led to the international Human Genome Project and
launched a new era of genome-enabled biology.

Genes

~1,700

~2,700

~3,500

Operating within the Office of Science, BER is focused today
on DOE missions to produce sustainable bioenergy alterna-
tives and understand energy-related impacts on the
environment, carbon cycle, and climate. BER's Genomic
Science program is advancing and using the latest genome-
based biotechnologies to explore and harness the diverse
biochemical capabilities of microbial and plant systems. An
ultimate goal for the Genomic Science program is to develop
computational models that provide a predictive understand-
ing of DOE-relevant organisms.

~8,500

~9,000

~15,000

~45,000

~25,000
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Websites for More Information
U.S. Department of Energy Office of Science
Office of Biological and Environmental Research
science.energy.gov/ber/

DOE Genomic Science Program Websites
science.energy.gov/ber/research/bssd/genomic-science/
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