U.S. DEPARTMENT OF ENERGY
Joint Genome Institute

™\ PROGRESS REPORT 2006

Office of I
Science

U.S. DEPARTMENT OF ENERGY DOE JOINT GENOME INSTITUTE
US DEPARTMENT OF ENERGY.
OFFICE OF SCIENCE




JGI's Mission

The U.S. Department of Energy Joint Genome Institute (JGlI),
supported by the DOE Office of Science, is focused on the
application of Genomic Sciences to support the DOE mission
areas of clean energy generation, global carbon management,
and environmental characterization and clean-up. JGI’s
Production Genomics Facility in Walnut Creek, California,
provides integrated high-throughput sequencing and compu-
tational analysis that enable systems-based scientific
approaches to these challenges. In addition, the Institute
engages both technical and scientific partners at five national
laboratories, Lawrence Berkeley, Lawrence Livermore, Los
Alamos, Oak Ridge, and Pacific Northwest, along with the
Stanford Human Genome Center.
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Director’s
Perspective

By nearly all metrics, the last twelve months have been an
extremely productive time for the DOE Joint Genome
Institute (JGI). During this period, we completed the
sequencing of the first tree genome, Populus trichocarpa
(poplar). The sequencing and analysis of this bioenergy feed-
stock was highlighted by an article in the September 15,
2006, issue of Science (as well as the journal’s cover). The
publication was the result of a four-year scientific effort led by
JGI and Oak Ridge National Laboratory, and represents a
major step toward establishing the JGI as a leader in the
sequencing and characterization of bioenergy feedstocks.

As reflected by the poplar study, the JGI is increasingly
focused in the area of alternative energy production through
the sequencing of relevant crops
and microorganisms. Why do we
believe that this emphasis on bioen-
ergy genomics will contribute to
the development of alternative
fuels? It is, in part, based on observ-
ing the impact that the availability
of the human genome has had on

biomedical research. Nearly every



biomedical investigator’s research, and most drugs presently
in development, have been enabled or accelerated by scien-
tists having access to the human genome sequence. The
availability of key bioenergy-relevant genomes is already
accelerating research in this field, supporting our confidence
that genomics will contribute to the technologies needed to
reduce the time until alternative fuels begin to play a signifi-
cant role in meeting our energy needs.

In addition to poplar, the JGI has many other potential
bioenergy feedstock plants as sequencing targets, including
soybean, switchgrass, sorghum, maize, and cassava. Coupled
with these feedstocks are a number of relevant microorganisms
also targeted for sequencing by the JGI. Many of these
microorganisms have been selected for sequencing because
of their ability to break down cellulose and facilitate fermen-
tation, two crucial biochemical processes that need to be
optimized if cellulosic ethanol production is to contribute
significantly to our fuel supply. The majority of these “bioenergy”
projects have been proposed by outside scientists and approved
for sequencing through the various JGI user programs.

Over the last year, in addition to
increased efforts in bioenergy research,
the JGI has continued genomic investiga-
tions of organisms involved in carbon
cycling and bioremediation. Many of
these studies have involved metagenomic
approaches, a new genomic strategy

which involves the sequencing of micro-
bial communities as they are found in
their natural environments without having to grow them in
the laboratory. Metagenomics represents an emerging field of
genomics in which the JGI is playing a leadership role. Our
metagenomic projects have analyzed a variety of environ-
ments ranging from sewage slurry to termite hindguts. In the
latter study, JGI microbial ecologists and their collaborators
at Caltech are beginning to shed light on dozens of genes
encoding novel cellulases and other enzymes involved in cel-
lulose breakdown present in the microorganisms populating
the insect’s hindgut. Some of the gene products identified in
the termite study are being explored for their potential to
improve industrial cellulose processing.

Crucial to the exploitation of the JGI's high-throughput
sequence is the development of user-friendly informatic tools
enabling the exploration of data generated by the JGI. Integrated
Microbial Genomes (IMG) and IMG Microbiome (IMG/M)
are powerful genomic analysis tools developed by the JGI to
encourage the comparative analysis of microbial and metage-
nomics data by both new and experienced users of the JGL
Just as the availability of the human genome’s set of genes
facilitated the diag-
nosis of clinical dis-
the

development of new

orders  and
drugs, our ability to
recognize the com-
pendium of genes
evolved in nature to
capture carbon from
the

degrade biomass to

atmosphere
,

fermentable sugars, and detoxify hazardous substances will
facilitate harnessing these important proccesses in the
national interest.

The developments of the past year, the majority of them
led by participants in JGI user programs, point to the matura-
tion of the JGI in its role as a genomic user facility, focusing
on areas of science relevant to DOE’s mission. By providing
state-of-the-art sequencing and DNA analysis resources to a
broad community of scientists, creative approaches to impor-
tant societal issues are being generated. The continued
involvement of a large and engaged user community will
maximize the impact of the Institute as it moves forward in
contributing to alternative fuels, reduced greenhouse gases,
and a cleaner environment.

Edward M. Rubin, MD, PhD
Director
DOE Joint Genome Institute
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JGI History

The U.S. Department of Energy Joint Genome Institute
(JGI) was created in 1997 to unite the expertise and resources
in genome mapping, DNA sequencing, technology develop-
ment, and information sciences pioneered at the DOE
genome centers at Lawrence Berkeley National Laboratory
(LBNL), Lawrence Livermore National Laboratory (LLNL),
and Los Alamos National Laboratory (LANL). In 1999, the
University of California, which manages the three national
labs for the DOE, leased 60,000 square feet of laboratory and
office space in a light industrial park in Walnut Creek,
California, to consolidate activities and accommodate JGI’s
240 employees in what is now known as the Production
Genomics Facility (PGF). A partnership with the Stanford
University Human Genome Center serves JGI's goal of pro-
viding high-quality finished sequence to the greater scientific

community. In 2003, with the successful completion of the
human genome, JGI reoriented its focus to becoming a user
facility driven by DOE mission needs in the areas of energy
production, carbon management, and bioremediation. This
transition has benefited from broader involvement of the
DOE national laboratory system, including the formal partic-
ipation of Oak Ridge National Laboratory (ORNL) and
Pacific Northwest National Laboratory (PPNL) in the activi-
ties of JGL. The importance of the JGI as essential infrastruc-
ture for DOE science was codified through signing of a new
MOU between the five partner labs in 2006.

For more information about JGI’s history, facility, pariners,
and budget, visit our Web site at http:/www.jgi.doe.gov/
whoweare/index. html.
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The popiér genome planting ceremony.
was held September 14, 2006, in cele-
bration of the publication of the poplar
genome-in the journal Science.
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JGI Departments and Programs

Sequencing Department,
Lead: Susan Lucas

The JGI Sequencing Department
resides at the heart of the JGI
Production Genomics Facility. The
department generates high-quality
sequence in a cost-efficient manner,

expediting DNA through the process
from library creation and sequencing
preparation, to capillary sequencing
and analysis. As genomics is a rapidly changing field, the
department constantly adapts to take advantage of new tech-
nological developments that have substantially increased
throughput while decreasing cost. The JGI Sequencing
several subgroups, including

Department comprises

Mapping, Cloning Technologies, Library Support,
Sequencing Preparation, Quality Control, Sequence
Assessment and Analysis, Process Optimization, and
Instrumentation. In FY06, the department produced 49 mil-
lion sequencing reads and 33 billion base pairs of sequence.

In FY07, the department will produce 36 billion basepairs.

Informatics Department,
Lead: Darren Platt

The
manages the tracking, assembly,

Informatics Department
analysis, and distribution of an ever-
increasing stream of DNA sequence
coming through the facility. There
has been a steady increase over the

past year in both volume of sequence
and number of projects. To meet
these challenges, there has been an ongoing investment in
laboratory tracking systems, project management tools, better
DNA assembly algorithms, annotation pipelines, and portals
for distributing results. Recognizing the need to help the
community deal with this tremendous volume of data, the
Integrated Microbial Genomics (IMG) project, now in its
seventh major release, holds the genomes of over 750 organ-
isms, allowing researchers to make quick comparisons
between whole genomes. In 2006, JGI finished 82 prokaryotic
genomes representing 311 megabases of finished sequence,
bringing the total to over 350 draft and finished microbial
genomes. The Informatics Department released more than
25 new eukaryotic genomes to collaborators and the broader
genomic community through JGI portals. Supporting this

ever-growing volume of data, a new computing facility was
brought online this year. Combining over 400 CPUs and 150
Tb of storage, computation involving tens of thousands of
CPU days is routinely performed. The Informatics
Department comprises  several subgroups, including
Production Informatics, Assembly, Comparative Genomics,
Software Support, IT, Genome Data Systems, and Genome
Annotation, and brings together a diverse set of computational

skills to serve the JGI mission.

Computational Genomics Program,
Lead: Dan Rokhsar

The Computational Genomics
Program develops new analytical
tools and data management systems
that transform the raw data produced
by JGI into biologically valuable
information and insights. These tools
are designed to facilitate the use of
JGI data by the biological community.
This work is essential for managing and visualizing the
expanding body of genome-scale data and linking it to func-
tional and phenotypic information generated at JGI and else-
where. A major focus of the Computational Genomics group
is to work with communities interested in the genomes of the
different organisms sequenced by the JGI to bring these com-
pleted genomes to publication.

Genomics Technology Program,
Lead: Paul Richardson

The
Program works to make the sequenc-

Genomic  Technologies
ing and assembly process at JGI
more efficient and to improve the
quality of genomes produced. It
accomplishes this by developing new
protocols and evaluating new meth-
ods and instruments for use in pro-
duction. Its efforts improve the overall quality of genomes
produced at JGI and continually increase the Institute's capa-
bilities. Notable initiatives include developing methods to
improve read lengths, decrease reagent costs, and quickly
close gaps in sequence data. This year, the group transferred
a number of protocols to production, improving efficiency,
expanding capabilities, and decreasing costs. One of the
major accomplishments was the installation, testing, and

JGI PROGRESS REPORT 2006
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adoption of a new type of sequencing technology that differs
from all previous Sanger-based methods. Sequencing by syn-
thesis technology uses a massively parallel sequencing strategy
that results in roughly 300,000 reads per run (~4.5 hours),
resulting in 10-20 fold increases in capacity over current
methods. This new technology is currently used for all micro-
bial sequencing, decreasing the time required to generate a
finished genome. The development of creative ways to use
these new sequencing technologies will be an increasingly
important focus of the Genomics Technology Group.

Genetic Analysis Program,
Lead: Len Pennacchio

The Genetic Analysis Program is

a scientific research group focused
on making effective use of JGI gener-

ated sequence. One research area aims
to identify sequence variants that may
contribute to observed trait differences

within a given species through the
use of resequencing and genotyping.
For instance, studies are ongoing to identify sequence vari-
ants that explain trait differences such as disease resistance
within poplar trees (Populus trichocarpa). In addition, the
group explores the biological applications of new sequencing
technologies (such as 454 and Solexa) that are capable of gener-
ating large datasets of short DNA sequence reads. Our goal is
to guide JGI user programs by providing state-of-the-art exam-
ples of the utility of these brand new cutting-edge technologies.

The group also aids JGI users and internal programs in
seamlessly accessing the JGI Production Sequencing Line.
This is accomplished through integrated efforts with JGI's
Laboratory Sequencing Program (LSP) and the Community
Sequencing Program (CSP). This has resulted in facilitating
programmatic growth through the hosting of JGI Workshops
centered around DOE missions such as developing genomic
insights into low-dose radiation effects as well as the advance-
ment of national bioenergy feedstocks.

Finally, the Genetic Analysis Program contributes,
through the use of comparative sequence analysis, to identi-
fying functional sequences in the genomes of chordates
sequenced by the JGI, including human (Homo sapiens),
frog (Xenopus tropicalis), amphioxus (Branchiostoma flori-
dae), sea squirt (Ciona intestinalis), and pufferfish (Fugu
rubripes). Through these efforts, we have catalogued a large
number of evolutionarily conserved modules of which a sig-
nificant fraction has been shown to act as transcriptional
enhancers of gene expression. These findings have led to a
systematic effort to catalog gene enhancers through a trans-
genic mouse assay. The data can be found at http://
enhancer.Ibl.gov.

Microbial Ecology Program,
Lead: Phil Hugenholtz

To date, molecular microbial
ecology has relied heavily on small
subunit ribosomal RNA (rRNA)
sequence for culture-independent
characterization of microbial com-
munities. The Microbial Ecology
Program (MEP) uses sequence-based
technologies to obtain a deeper
understanding of microbial communities through a combi-

nation of computational and experimental methods.

MEP has established a high-throughput pipeline for analy-
sis of TRNA signature sequences and fluorescence in-situ
hybridization (FISH) to visualize phylogenetic groups under
the microscope. Building on this work, MEP is pioneering
the emerging field of metagenomics—cloning, sequencing,
and characterizing DNA extracted directly from environ-
mental samples—to obtain an overview of community func-
tion and population dynamics. Since environmental shotgun
sequencing is in its infancy, MEP is exploring ways to analyze
and visualize metagenomic data together with the JGI's
Microbial Genome Biology Program.

Microbial Genome Biology Program,
Lead: Nikos Kyrpides

The identification of the com-
plete set of functions of any organism
provides the foundation upon which
our understanding of the biology of
that organism rests. In essence, it
forms the basic framework that any
genome project targets, and from
which any biological interpretation
originates. However, while the quality and quantity of
sequencing data has dramatically increased during the last
few years, their interpretation remains a major bottleneck. In
fact, as more and more microbes are sequenced, the scientif-
ic community's efforts to assign functions to genes are lag-
ging. In addition, the importance of comparative analysis and
extensive sequence integration for a comprehensive genome
analysis and reconstruction of the functional cellular subsys-
tems (e.g., metabolic pathways, information processes, etc.)
has been largely overlooked by most contemporary genome
databases. To speed up annotation, group members are
developing software tools for determining microbial gene
function.

The Genome Biology Program accomplishments include
the development of the Integrated Microbial Genome
(IMG) system for interpreting newly sequenced genomes,
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and for analysis of existing genomic sequence data on a com-
parative level. In addition, the group has developed the
IMG/M system, which integrates microbial community
(microbiome) genome data with IMG's isolate microbial
genomes, and provides support for the comparative analysis
of the aggregate microbiome genomes (metagenomes).

User Support Department,
Lead: Jim Bristow

The User Support Department is
charged with facilitating user inter-
actions with the JGI. This group
manages the application processes
and peer review for the Community
Sequencing, Laboratory Sequencing,

and Microbial Genome programs.
Once proposals are approved for
sequencing, the department has responsibility for all aspects
of project management, including project planning and initi-
ation, communication of progress or problems with collabo-
rators, coordination of data analysis, and project closeout.
The Project Management Office is comprised of managers
from LANL and the PGF.

The User Support Department also coordinates the annual
user’s meeting, which this year will bring more than 400 of
JGI's users and potential users together with JGI staff to hear
state-of-the-art talks on all aspects of sequence-based science as
well as tutorials on JGI processes, user interfaces, and genomic
tools such as the Integrated Microbial Genome tools.

Finally, the User Support Department serves as a conduit
for feedback from users to the JGI through periodic user sur-
veys, end-of-project questionnaires, and interaction with the
Users Executive Committee.

Education Department,
Lead: Cheryl Kerfeld

The JGI's

Education Department was con-

recently created
ceived to develop educational pro-
grams and tools, centered on large-
scale DNA sequencing and its bioin-
formatic analysis. It is expected that

these programs and tools will be use-
ful to a range of institution types,
from research universities to community colleges. The prod-

ucts will also be adapted to high school outreach programs.
Preliminary targets for the program are: (1) development of a
genome annotation toolkit that will be used to train students
to use search tools and databases sequenced specifically for
this purpose by the JGI and (2) the development of online
tools for undergraduate life sciences courses that leverage the
existing Integrated Microbial Genome (IMG) and IMG/Micro-
biome (IMG/M) tools and databases. The JGI's Education
Department will also help plan genome-based research proj-
ects at high schools and undergraduate institutions. The
concept is to build a variety of genome-scale research proj-
ects specifically for students, and tailored to the existing cur-
riculum and interests of educators.

Laboratory Science Program (LSP),
Lead: Jerry Tuskan

The Laboratory Science Program
(LSP), launched in 2006, is a new
initiative from DOE to leverage JGI
sequencing capacity, providing DOE
national laboratory researchers with
broader access to high-throughput
DNA sequencing in support of mis-
sion-relevant projects.

The LSP will serve the national laboratories in two major
ways. First, it will foster large-scale strategic sequencing proj-
ects, across the national laboratory system, that are aligned
with future funding opportunities in DOE'’s biology pro-
grams. Second, it will provide small-scale sequencing that
meets the needs of individual investigators at the national lab-
oratories. The LSP is expected to use 15 to 20 percent of
JGI's sequencing capacity, which is currently over 35 billion
bases per year.

Sequencing to be carried out under the LSP will include
genomes of entire microbial communities, and individual
microbes and plants, useful in decreasing reliance on petroleum
and petrochemicals by converting plant materials, such as soy-
beans, to “green” energy and chemical feedstocks. Sequenc-
ing will also focus on characterizing the variation in human
susceptibility to nucleic acid damage by ionizing radiation.

LSP’s lead, Gerald Tuskan, is a senior scientist in the
Environmental Sciences Division at Oak Ridge National
Laboratory. Tuskan will be responsible for developing, coor-
dinating, and managing the LSP. For the list of LSP projects,
see Appendix B.
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JGI Users

First Annual JGI User Meeting

The first annual JGI User Meeting, March 29-April 1,
attracted 274 participants to Walnut Creek to hear state-of-
the-art, sequence-based science, including some of the most
exciting JGI projects. The meeting also offered the opportu-
nity to learn about new sequencing hardware, attend poster
sessions, tour the Production Genomics Facility, and mingle
with the JGI community.

After JGI Director Eddy Rubin kicked off the inaugural
session, Penny Chisholm, Professor of Environmental
Studies from the Massachusetts Institute of Technology
(MIT), gave one of the keynote addresses, talking about the
photosynthetic ocean microbe Prochlorococcus as a model for
systems biology. She was followed by Drew Endy, Assistant
Professor of Biological Engineering Division at MIT, dis-
cussing the new field of synthetic biology, a field that has been
enabled by the availability of genome sequences.

Large eukaryotic genomics was the focus of Thursday
morning’s session, which included talks about the Xenopus
tropicalis and Chlamydomonas genomes. Jerry Tuskan, from
ORNL, described insights from the poplar genome and dis-
cussed how poplar research can be applied to both bioenergy
and carbon cycling, aiding the understanding of global climate.

The focus of the afternoon of the first full-day session was
microbial genomics, with talks ranging from what’s being
learned from the comparison of multiple genomes of

Shewanella strains, to the role of mismatch repair in the evo-
lution of the lactic acid bacterium Oenococcus oeni. Dan
Cullen, from the USDA Forest Service, talked about fila-
mentous white rot fungi that have the ability to degrade
lignin present in plant cell walls. This is important because
lignin is a major barrier to producing cellulosic ethanol on
an industrial scale. The evening’s poster session included a
tour of the JGI Production Genomics Facility.

The second morning was devoted to microbial communi-
ties and metagenomics. JGI Microbial Ecology Program
Head, Phil Hugenholtz, discussed his effort to use metage-
nomic datasets to provide genome-wide insights into the
microbial population structure of waste-water treatment sam-
ples. Jared Leadbetter, from Caltech, talked about his jour-
ney to Costa Rica to collect termites for hindgut bacterial
community sequencing, and this work’s potential to reveal
how termites degrade biomass into biofuels. Other talks cov-
ered the bacterial consortium in a gutless worm, green bacteria
genomics, and surprises from superheated thermal aquifers.

The afternoon session focused on technology develop-
ment, new sequencing platforms, and the integration of new
technologies into the JGI microbial program. On Saturday
morning, JGI Genome Biology Program Head Nikos
Kyrpides hosted a popular Integrated Microbial Genomes
(IMG) Workshop to discuss current and future developments
in the JGI genome analysis pipeline.

Left to right: Luis Corrochano,
Universidad de Sevilla; Ratnakar Deole,

Pacific Northwest National Laboratory;
Wouter Hoff, Oklahoma State University.

Thomas Schmidt, Michigan State
University, and Dan Cullen, University
Oklahoma State University; Scott Baker, of Wisconsin, Madison/USDA Forest

Right, Kennan Kellaris, University of
California, Berkeley

Products Lab in Madison, Wisconsin.
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The Benefits of Biofuels

Solar Energy +
Carbon Dioxide

of sugars that are bio-

Harnessing
Biomass

chemically transformed into
cell wall polymers such as cellulose.
Lignin is a chemical compound that is an

Solid biomass, in the form of trees and other plants, integral part of the cell walls of plants and trees, pro-
can be converted into liquid fuels such as ethanol, methanol, viding strength to cellulose fibers while conferring flexibility to
and biodiesel. Selective breeding of crops has greatly enhanced the plant structure. Lignin makes up about 25-30% of the mass
corn and soybean yields over the last 50 years, but today’s of dry wood, and most of the heat value associated with wood
challenge lies in increasing dedicated bioenergy crop yields burning is derived from the combustion of lignin rather than
as well as improving the efficiency of biomass conversion to lig- cellulose. One challenge to a more efficient production of
uid fuels. Dramatic improvement in the efficiency of conver- ethanol from woody plant matter is in learning how to break
sion needs to be made to ensure that the cost of biofuel pro- down the recalcitrant lignin polymer that complicates the
duction is competitive with or lower than that of petroleum efficient extraction of cellulose. DNA sequence information
fuels. provided by JGI is poised to identify a novel set of microbial

genes capable of degrading lignin and cellulose with the goal of

Plants store solar energy through photosynthetic production increasing the efficiency of the conversion of biomass to fuels.
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BIOSPEAK
\

In a conversation with Henry Ford and tire tycoon Harvey Firestone in 1931, shortly before Thomas
Edison died, he said: “I'd put my money on the sun and solar energy. What a source of power! | hope

we don’t have to wait until oil and coal run out before we tackle that.”

T

<; I8

For more information, see Breaking the Biological
Barriers to Cellulosic Ethanol: A Joint Research
Agenda: http://genomicsgtl.energy.gov/biofuels/
b2bworkshop.shtml
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DNA: LIFE’S CODE

DNA (deoxyribonucleic acid), the information embedded in all living organisms, is a molecule made up
of four chemical components —the nucleotides Adenine, Thymine, Cytosine, and Guanine—abbreviated
A, T, C, G. These letters constitute the “rungs” of the double-helical ladder/backbone of the DNA mol-
ecule, with the As always binding with Ts, and Cs with Gs.

WHAT IS DNA SEQUENCING?

Just as computer software is rendered in long strings of Os and 1s, the “software” of life is represented
by a string of the four chemicals, A, T, C, and G. To understand the software of either a computer or a
living organism, we must know the order, or sequence, of these informative bits.

Whole-genome shotgun sequencing is a technique for determining the precise order of the letters of
DNA code of a genome. First, DNA received from JGI collaborators (1), or users, is sheared into small
fragments that are easier for sequencing machines to handle (2).

These fragments are biochemically inserted into a plasmid vector (3)—a loop of nonessential bacterial
DNA—and mixed into a solution of E. coli bacteria. An electric shock allows the plasmids to enter the
bacterial cells (4). The bacterial cells are moved to an agar plate (5) and incubated with a nutrient and
antibiotic to suppress the growth of unwanted cells. Over a night of incubation, colonies form, and each
contains about a million bacteria. The clones in the colonies that contain the inserted DNA fragments
required for sequencing are distinguished by color, picked (6), and incubated.with nutrients again to
make many more copies, which can then be sequenced.

These DNA of interest are then duplicated, or amplified (7), through a process initiated with another
enzyme called polymerase and an abundant supply of the chemical building-blocks of DNA, or
nucleotides, from which the polymerase can assemble new copies. After many heating and cooling
cycles, the ends of the DNA fragments are labeled with fluorescent markers (8). The DNA fragments are
cleaned—isolated from the bacteria—using magnetic beads in an ethanol solution (9).

In a sequencing machine, an electrical charge is applied to the samples, pulling the DNA fragments
through an assembly of fine glass tubes filled with a gel-like matrix, smaller fragments traveling faster
than the larger, toward a laser detector system, which excites the fluorescent tags on each fragment by
length and counts them to determine the sequence of As, Ts, Cs, and Gs (10).

During the assembly process, the DNA fragments are realigned based on overlaps in their sequences
(11). Computer software uses the overlapping ends of different reads to assemble them into a recon-
struction of the original contiguous sequence, then the annotated genome is made available to the sci-
entific community (12).

JGI PROGRESS REPORT 2006
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Receive DNA Shear DNA Insert DNA fragments
from collaborators into vectors

— . - " [~ - =
Introduce vectors Pick bacteria that contain
in bacteria vectors with inserts

Amplify vectors Produce dye-labeled Clean up dye-labeled
with inserts DNA fragments DNA fragments

Sequence by capillary 1 O Assemble genome Release genomic 1 2

. Iﬁ‘ |

electrophoresis from sequence data to the world
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SCIENCE BEHIND THE SEQUENCE

Highlights: Biomass to Biofuels

Energy Feedstocks

Raw plant materials, or dedicated bioenergy crops, provide
the starting point for making biofuels. The US needs to grow
a sufficient quantity of biomass in a profitable and sustain-
able fashion to develop a large biofuels industry, thereby
reducing the need for imported oil for transportation fuels,
reducing effects on global climate, and improving the econ-
omy. Cellulosic biomass crops, such as switchgrass and
poplar, have been studied by JGI and its collaborators for
their attractive environmental features and potential to
improve yields. DNA sequence provided by JGI can be
applied to the problem of improving biomass yield and the
efficiency of processes used to convert plant materials into
liquid fuels and valuable by-products. A 2005 joint study by
DOE and USDA found that the US has enough agricultural
and forestry land to support production of over one billion
tons of biomass (www.eere.energy.gov/biomass), which could
provide enough liquid biofuels to replace over a third of cur-
rent transportation fuel consumption while continuing to
meet food, feed, and export demands.

POPLAR: THE
FIRST PUBLISHED
TREE GENOME

A major step in realizing
the potential of cellulosic
feedstocks for ethanol pro-
duction was achieved with
the completion and publi-
of the
sequence of the poplar,
Populus trichocarpa, the
first tree to have its DNA
decoded. The culmination

cation genome

of this four-year project, uniting
the efforts of 40 institutions from
around the world, led by JGI and
Oak Ridge National Laboratory
(ORNL), was published in the
September 15, 2006 edition of
the journal Science.

Science

Poplar grows very quickly, and
varieties can be grown throughout
the US. As a result, it is a prime
biomass feedstock. Research by
JGI and its partners may increase this tree’s ability to capture
carbon dioxide from the atmosphere while improving the

fast-growth qualities that make it a better renewable bioenergy
resource.

Forest trees contain more than 90% of the Earth’s terres-
trial biomass, providing such environmental benefits as car-
bon capture, renewable energy supplies, improved air quali-
ty, and biodiversity. However, little is known about the biolo-
gy of forest trees in comparison to the detailed information
available for food crop plants.

The annotated poplar genome will facilitate rapid and
effective analysis of the gene network underlying traits relat-
ed to tree growth, drought tolerance, pest resistance, cell wall
composition, and other traits relevant to the DOE mission.

SOYBEAN )
The soybean, Glycine

max, is the principal source
of the renewable alterna-
tive fuel, biodiesel, in the
US. Biodiesel has the high-
est energy content of any
alternative fuel and is
much more environmen-
tally friendly than compa-
rable petroleum-based fuels.
Biodiesel degrades rapidly
in the environment and
burns more cleanly than conventional fuels, releasing only
half the pollutants and reducing the production of carcino-
genic compounds by more than 8§0%.

Over 3.1 billion bushels of soybeans were grown in the US
on nearly 75 million acres in 2004, with an estimated annu-
al value exceeding $17 billion, second only to corn and
approximately twice that of wheat. The soybean genome is
about 1.1 billion base pairs in size —less than half the size of
the maize or human genomes.

The soybean represents an excellent example of how JGI
is playing a key role in “translational genomics,” applying the
tools of DNA sequencing and molecular biology to derive
detailed knowledge about the soybean genetic code. This
will allow for crop improvements and the effective applica-
tion of this plant to clean energy generation. Knowing which
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genes control specific traits, researchers could change the
type and quantity of oil produced by the crop, and lead to soy-
bean plants that are more resistant to drought and disease.

SORGHUM

In January of 2007, JGI
completed 9x assembly of
the sorghum genome. One
of the world’s leading grain
crops, sorghum is also an
important model for tropi-
cal grasses, and is a logical
complement to Oryza (rice),

the first monocot plant to
be sequenced. Sorghum is
representative of the tropical grasses in that it uses “C4” photo-
synthesis, with a complex combination of biochemical and
morphological specializations resulting in more efficient carbon
assimilation at high temperatures. By contrast, rice is more
representative of temperate grasses, using “C3” photosynthesis.

In addition to its intrinsic value, the sorghum sequence
will be a valuable reference for assembling and analyzing the
four-fold larger genome of maize (corn), a tropical grass that
is the leading US fuel ethanol crop (sorghum is second).
Sorghum is an even closer relative of sugarcane, arguably the
most important biomass/biofuels crop worldwide with annu-
al production of about 140 million metric tons and a net
value of about $30 billion. Sorghum and sugarcane are
thought to have shared a common ancestor about 5 million
years ago, but sorghum’s genome is about 25% the size of
human, maize, or sugarcane.

The sorghum project is a collaboration between Andrew
H. Paterson (lead), John E. Bowers, and Alan R. Gingle (all
three from the University of Georgia); C. Thomas Hash
(International Crops Research Institute for the Semi-Arid
Tropics); Stephen E. Kresovich (Cornell University);
Joachim Messing (Rutgers); Daniel G. Peterson (Mississippi
State University); and Daniel S. Rokhsar (JGI and University
of California, Berkeley).

BRACHYPODIUM

While herbaceous energy
crops (especially grasses)
are poised to become a
major source of renewable
energy in the United States,
we know very little about
the genetic traits that affect
their utility for energy pro-

duction. The temperate

wild grass species, Brachypodium distachyon, is a new model
plant being studied by JGI for developing grasses into superi-
or energy crops. Brachypodium is small in size, can be grown
rapidly, is self-fertilizing, and has simple growth require-
ments. It can be used as a functional model to gain the
knowledge about basic grass biology necessary to develop
superior energy crops, like switchgrass and Miscanthus.

The sequencing of Brachypodium will be undertaken via
a two-pronged strategy: the first, a whole-genome shotgun
sequencing approach, is a collaboration between John Vogel
and David Garvin, both of the USDA, and Michael Bevan at
the John Innes Centre in England; and the second, an
expressed gene sequencing effort, led by Todd Mockler and
Jeff Chang at Oregon State University, with Todd Michael of
The Salk Institute for Biological Studies, and Samuel Hazen
from The Scripps Research Institute.

(O7XSISTA\V/N

JGI is also sequencing
cassava (Manthot esculenta),
an excellent energy source
and food for approximately
one billion people around
the planet. Its roots contain
20-40% starch, from which
ethanol can be derived,
making it an attractive and
strategic source of renew-
able energy. Cassava grows in diverse environments, from
extremely dry to humid climates, acidic to alkaline soils, sea
level to high altitudes, and in nutrient-poor soil.

Sequencing the cassava genome will help bring this
important crop to the forefront of modern science and gener-
ate new possibilities for agronomic and nutritional improve-
ment. The cassava project will extend broad benefits to its
vast research community, including a better understanding of
starch and protein biosynthesis, root storage, and stress con-
trols, enabling crop improvements while shedding light on
similar mechanisms in related plants, including the rubber
tree and castor bean.

The cassava project is led by Claude M. Fauquet, Director
of the International Laboratory for Tropical Agricultural
Biotechnology and colleagues at the Danforth Plant Science
Center in St. Louis, and includes contributions from the
USDA laboratory in Fargo, ND; Washington University, St
Louis; University of Chicago; The Institute for Genomic
Research (TIGR); Missouri Botanical Garden; the Broad
Institute; Ohio State University; the International Center for
Tropical Agriculture (CIAT) in Cali, Colombia; and the
Smithsonian Institution.
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100 FINISHED MICROBES

In 2006, JGI reached a new milestone in finishing the
sequencing of its 100th microbial genome to an accuracy
greater than 99.9999%, and that included the free dissemina-
tion of this information on the World Wide Web for the benefit
of the global research community. These microbes cross all
main branches of the tree of life: Eubacteria, Archaea, and
even the Eukaryota, which include fungi, plants, and animals.

As microbial genomes range in size from typically five to tens
of millions of bases, several microbes could be sequenced in
one day. However, the sequencing process, in order to meet
rigorous quality standards and to satisfy the demands of the
scientific community, is an iterative one, requiring six- to
eight-times coverage. The term “finished,” associated with
the 100 microbial genomes finished by JGI, is a technical
designation referring to a standard of accuracy established for
the Human Genome Project of tolerating no more than one
mistake in 10,000 letters of genetic code without any gaps.

The power of JGI's sequencing of microbes, and other
organisms, is that it provides the complete genomic “parts
list” of those organisms. With this list in hand, researchers
can explore how microbes use these parts to build and sustain
key functions, including many of critical importance to
DOE, such as the breakdown of plant materials to produce
useful sources of energy, and for cleaning up toxic waste sites.

MICROBES THAT IMPACT FEEDSTOCKS

A large number of microbes have an impact on plants by
providing essential nutrients as well as serving as agents of dis-
ease. Since feedstocks operate in a complex system that
includes a large number of microbes, the JGI has a growing

portfolio of plant-associated microbes.

LACCARIA
BICOLOR:
SYMBIOTIC TREE
FUNGUS

The DNA sequence of
Laccaria bicolor, a fungus
that forms a beneficial sym-
biosis with poplar and
other trees and inhabits
one of the most ecologically
and commercially impor-
tant microbial niches in
North  American  and
Eurasian forests, has been
determined by JGI. The
complete Laccaria genome
sequence was announced
July 23, 2006, at the Fifth
International Conference
on Mycorrhiza in Granada,
Spain, by an international
consortium comprised of JGI, Oak Ridge National
Laboratory (ORNL), France’s National Institute for
Agricultural Research (INRA), the University of Alabama in
Huntsville (UAH), Ghent University in Belgium, and addi-
tional groups in Germany, Sweden, and France.

The Laccaria genome sequence will provide the global
research community with a critical resource to develop faster-
growing trees for producing more biomass that can be con-
verted to fuels, and for trees capable of capturing more car-
bon from the atmosphere.

Key factors behind the ability of trees to generate large
amounts of biomass, or store carbon, reside in the way that
they interact with soil microbes known as mycorrhizal fungi,
which excel at procuring necessary, but scarce, nutrients
such as phosphate and nitrogen. (When Laccaria bicolor
partners with plant roots, a mycorrhizal root is created, result-
ing in a mutual relationship and making these nutrients avail-
able to their host, and significantly benefiting both organ-
isms.) The fungus within the root is protected from competi-
tion with other soil microbes, and gains preferential access to
carbohydrates within the plant.

This research will advance the understanding of how
functional genomics of this symbiosis enhances biomass pro-
duction and carbon management, particularly through the
interaction with the poplar tree, also sequenced by JGI. Tt
will now be possible to harness the interaction between these
species and identify the factors involved in biomass produc-
tion by characterizing the changes that occur between the
two genomes as the tree and fungus collaborate to generate
biomass. It will also help scientists understand the interaction
between these two symbionts within the context of the chang-
ing global climate.
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THE MICROBIAL ETHANOL PRODUCERS

In 2006, JGI sequenced several microbes that should con-
tribute to progress toward the goal of the DOE Office of Biomass
Program to enable the development of economical processes
for converting biomass to fuel ethanol to displace 30% of US
2004 transportation fuels by 2030. These projects included:

CELLULOSE
DEGRADATION IN
THE TERMITE’S
HINDGUT

The termite is capable
of producing two liters of
hydrogen by fermenting
just one sheet of paper,
making it one of the planet’s
most efficient bioreactors.
Termites accomplish this
Herculean task by exploit-
ing the metabolic capabili-
ties of about 200 different
species of microbes that
inhabit their hindguts.

Lignocellulose| v
& humic acids |

Hydrogen is normally
created by using electricity
to remove hydrogen mole-
cules from water or natural
gas, but the electricity is
most often generated using
fossil fuels that emit carbon
pollutants. The microbial

community in the termite

gut efficiently manufac-
tures large quantities of clean hydrogen. By sequencing the
termite’s microbial community, JGI can provide a better
understanding of these biochemical pathways.

Termites eat wood, and bacteria in the termite’s gut break
down the complex lignocellulose polymers into simple sug-
ars, using enzymes that produce hydrogen as a by-product. A
second wave of bacteria uses the simple sugars and hydrogen
to make the acetate the termite requires for energy. If JGI can
help figure out which enzymes are used to create hydrogen,
and which genes produce them, this process could be scaled
up with bioreactors to generate hydrogen from woody bio-
mass, such as poplar, in commercial quantities.

CLOSTRIDIUM
THERMOCELLUM

Clostridium thermocellum
is an anaerobic bacterium
capable of directly convert-
ing cellulose from biomass

into ethanol. The degrada-

tion of cellulose is carried out by an extracellular cellulase sys-
tem called the cellulosome, and continued research in this
area should provide crucial information for better under-
standing the cellulolytic reaction—a key process in biomass
conversion.

PICHIA STIPITIS

Pichia stipitis is a fungus
that ferments xylose to
ethanol, and degrades lignin
and cellulose for the poten-
tial conversion of biomass to
ethanol. The lack of indus-
trial-grade microorganisms
for converting biomass into
fuel ethanol has traditionally been cited as a major technical
roadblock to developing a bioethanol industry. The highest
vields for the conversion of biomass to ethanol are expected
to come from microorganisms such as P. stipitis that can fer-
ment the sugar xylose.

ASPERGILLUS

NIGER Aspergillus niger is a fila-

mentous fungus that has been
used by industry for nearly
100 years to make organic
acids and several biomass-
processing enzymes. JGI and
the Fungal Biotechnology
Team of the Chemical and
Biological Process Develop-
ment Group at Pacific
Northwest National Labor-
atory (PNNL) released the
first public sequence of
Aspergillus niger in 2000.

At PNNL, A. niger is used as a model microbial system to
make value-added products from lignocellulosic biomass to
augment the product portfolio of the anticipated biorefinery
industry. Just as the petroleum refinery produces a variety of non-
fuel products from oil, filamentous fungi will be used to con-
vert complex biomass via their specific hydrolyzing enzymes
and/or co-products, such as organic acids and platform mole-
cules for the biopolymer industry. The sequencing of A. niger
is an example of the collaboration between the DOFE, Office
of Science (OBER), the Energy Efficiency and Renewable
Energy (EERE) Office of Biomass Program, and PNNL, all
of which provided direct or indirect support of this project.
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Carbon Cycling

Investigations by JGI and its partners are shedding light on
the cellular machinery of organisms and microbes that can
be used to capture carbon dioxide from the atmosphere.
While research continues into new sources of energy that
emit little or no carbon, strategies must also be explored for
capturing atmospheric carbon dioxide (CO,)—a chief contrib-
utor to global climate change —generated by the use of fossil
fuels. Research into the role that microorganisms play in the
Earth’s natural carbon cycle may lead to new strategies for
reducing atmospheric carbon and other greenhouse gases.

TINY ORGANISMS WITH GLOBAL
IMPLICATIONS

The ocean plays a key role in removing carbon dioxide
from the atmosphere, with marine photosynthetic organisms
consuming the carbon and releasing oxygen and phytoplank-
ton in particular, accounting for almost half of total global
photosynthesis. Species of the smallest known eukaryotes, the

phytoplankton of the genus Ostreococcus, are being
sequenced, characterized, and compared in a collaboration
entailing researchers from 16 institutions led by JGI's Igor
Grigoriev; Brian Palenik of the Scripps Institution of
Oceanography, University of California, San Diego; and
Hervé Moreau of CNRS and University of Paris.

OSTREOCOCCUS

Ostreococcus belongs to
the

carly-diverging class within

Prasinophyceae, an

the green plant lineage,
and is globally abundant,
single-celled alga thriving
in the upper (illuminated)
water column of the oceans.
Three different ecotypes or
potential species have been
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defined, based on their adaptation to light intensity. One (O.
lucimarinus) is adapted to highlight intensities and corre-
sponds to surface-isolated strains. The second (RCC141) has
been defined as low light and includes strains from deeper in
the water column. The third (O. tauri) corresponds to strains
isolated from a coastal lagoon and thus exists in various light
conditions.

In related work by Alexandra Worden, at the University of
Miami Rosenstiel School of Marine & Atmospheric Science,
JGI is sequencing two strains of another organism,
Micromonas pusilla, closely related to Ostreococcus, to con-
duct comparative analyses of these organisms to understand
niche differentiation and their specific role in global carbon
cycling.

DIATOMS

Diatoms are also eukar-
yotic, photosynthetic micro-
organisms found through-
out marine and freshwater
ecosystems that are respon-
sible for around 20 percent
of global primary produc-
tivity. The diatom Phae-
odactylum tricornutum is
the

which a whole genome sequence has been generated. The

second diatom for
first was Thalassiosira pseudonana, sequenced by JGI and
published in the journal Science in 2004. P. tricornutum has
been found in several locations around the world, typically in
coastal areas with wide fluctuations in salinity. Unlike other
diatoms, it can exist in different morphotypes, and changes in
cell shape can be stimulated by environmental conditions.

Polar diatoms are adapted to cold temperatures and high
salinities, and they live both within the seawater and the
brine channels formed within sea ice. They serve as the base
of the entire polar food web. Polar regions are displaying the
greatest responses to climate change, with increased melting
of sea ice and the potential disruption of this sensitive ecosys-
tem. The sequencing of a polar diatom was proposed by

Ginger Armbrust of the University of Washington, Klaus
Valentin of the Alfred-Wegener Institute for Polar and
Marine Research, and Chris Bowler of the Ecole Normale
Superieure, to gain insights into how these organisms have
adapted to the extreme environments in which they thrive.

Fragilariopsis cylindrus is regarded as a typical cold-water
species found in Arctic and Antarctic seawater and sea ice. It
can form large ice-edge blooms and is regularly detected in
sea ice investigations. The whole genome sequences of the
temperate diatoms Thalassiosira pseudonana, Phaeodactylum
tricornutum, and Pseudo-nitzschia multiseries (another
diatom genome slated to be sequenced by JGI) will provide a
basis for comparative analysis with the cold-tolerant F. cylindrus.
The sequence of F. cylindrus will lead to further insights into
the unique physiology of polar-adapted eukaryotes, and allow
for better predictions of the impact climate change may have
on organisms that serve as the basis for all polar ecosystems.

CHLOROBI

Other important micro-
managers involved in the
carbon cycle being sequen-
ced by JGI include the
green sulfur bacteria (GSB)
of the phylum Chlorobi,
commonly found in illumi-
nated, stratified, and aquatic
environments deprived of oxygen such as sediments and sul-
fide-rich hot springs. Because of unique adaptations of their
light-harvesting antennae, these bacteria are capable of
growth at light intensities under which no other phototrophs
can survive. In some aquatic environments, these organisms
can account for up to 83% of the total annual productivity,
and thus it is clear that these organisms can be the primary
contributors of fixed carbon in certain ecological niches.
Sequencing of Chlorobi is enabling JGI user Donald Bryant
of Pennsylvania State University to conduct functional
genomics studies to advance our understanding of the sulfur
and ferrous iron oxidation, carotenoid and chlorophyll
biosynthesis, photosynthetic light harvesting, oxygen toler-
ance, and many other aspects of the physiology and metabolism.
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Bioremediation
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Bioremediation is a technology that can be used to reduce,
contain, or eliminate hazardous waste. Microorganisms can BURKHOLDERIA
transform and degrade many contaminants in soil and water. Burkholderia  species
Organic contaminants such as hydrocarbon fuels can be have tremendous versatility:
degraded into carbon dioxide, while toxic and radioactive they can efficiently degrade
pollutants in water and

soil, fix atmospheric nitro-

metals can be immobilized or removed from the environment.
These solutions are made possible by the microorganisms

that have adapted to live in contaminated environments. gen, or help plants fight

DNA sequencing provides unique signatures of individual against their pathogens;

microbes and their communities, enabling JGI to help iden- hence they contribute to a
tify new solutions for cleaning up hazardous waste sites and healthy environment. Burkholderia also occupy diverse habi-
restoring the environment. tats, from soil to rhizosphere (root zone) to water, as well as
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intimate associations with plants and animals—even living
intracellularly in amoebas, for example. Their genomes are
among the largest of all known bacteria (7 to 9.7 Mb), con-
sisting of three replicons, the smaller two exhibiting a faster
evolutionary rate and considerable plasticity. This rather
unique genome structure is thought to contribute to
Burkholderia’s characterization as a “versaphile.”

Burkholderia xenovorans LB400 was isolated from PCB-
contaminated landfill soil in upper New York State, and has
been the subject of over 70 studies related to aerobic PCB
degradation, making it the model organism for biodegrada-
tion of this pollutant. It is one of the largest bacterial
genomes, with 9.73 million base pairs, and is the first non-
pathogenic isolate of Burkholderia to be sequenced. Most of
the Burkholderia in nature are non-pathogenic, but previous
studies focused on plant pathogens and species causing ani-
This work, led by Jim Tiedje,
University Professor at Michigan State University and
LLNL’s Patrick Chain, was published in the Proceedings of
the National Academy of Sciences (PNAS), October 17, 2006
(vol. 103, no. 42).

mal and human disease.

SHEWANELLA

Shewanella oneidensis
MR-1 is a motile, faculta-
tive Proteobacterium with
remarkable respiratory ver-
satility; it can utilize a range
of organic and inorganic

compounds as terminal elec-

tron acceptors for anaerobic
metabolism. The ability to grow aerobically, and to utilize
metals and radionuclides as electron acceptors in the absence
of oxygen, also makes Shewanella an excellent model organ-
ism for contaminant transformation investigations. To function
and compete in environments that are subject to spatial and tem-
poral environmental change in electron acceptors, Shewanella
must be able to sense and respond to such changes and there-
fore require relatively robust sensing and regulation systems.

The overall goal of the multi-institutional Shewanella
Federation is to apply the tools of genomics, leveraging the
availability of genome sequence for 18 additional strains of
Shewanella being sequenced by JGI, to better understand the
ecophysiology and speciation of respiratory-versatile members
of this important genus. To understand these systems, we propose
to use genome-based approaches to investigate Shewanella as
a system of integrated networks; first describing key cellular sub-
systems — those involved in signal transduction, regulation,
and metabolism — then building towards understanding the
function of whole cells and, eventually, cells within populations.
As a general approach, this project will employ complementary

“top-down” — bioinformatics-based genome functional pre-
dictions, high-throughput expression analyses, and functional
genomics approaches to uncover key genes as well as meta-
bolic and regulatory networks. The “bottom-up” component
employs more traditional approaches including genetics,
physiology and biochemistry to test or verify predictions.
This information will ultimately be linked to analyses of signal
transduction and transcriptional regulatory systems and used
to develop a linked model that will contribute to understanding
the ecophysiology of Shewanella in redox stratified environ-
ments. JGI is working with Pacific Northwest National
Laboratory and the Shewanella Federation to characterize
the genomes of multiple members of this genus under DOE’s
Genomics: GTL program. Developing integrated regulatory
and metabolic network models of Shewanella at the whole-
genome level will help researchers predict how this bacteri-
um responds to different environmental conditions.

DESULFOVIBRIO
DESULFURICANS

Desulfovibrio desulfuri-
cans is a microbe with a
robust appetite for such
toxic metals as uranium and
chromium, from a family
known as sulfate-reducing
bacteria, or SRB. Isolated
from a corroded oil well in
the late 1980s, the G20
strain was sequenced by JGI. Sulfate-reducing bacteria are con-
spicuous because the product of their respiration, hydrogen
sulfide (H,S), smells like rotten eggs. Producing this extreme-
ly reactive gas—toxic to plants and animals—these bacteria
thrive in anaerobic conditions of deep marine sediments,
where oil can be found. Another idiosyncrasy—one that
researchers are seeking to tap—is their generosity in donating
electrons, a process known as reduction. In association with
organics in the soil, SRB convert sulfate to sulfide—hence
the big stink. DOE’s interest in these microbes hinges on
their ability to also reduce uranium from its highly oxidized
state. This reaction detoxifies the metal so that it is not as
harmful to humans while making it insoluble in water, effec-
tively immobilizing it in the soil.

GEOBACTER

G. metallireducens serves
an important function in the
carbon management and
nutrient cycles of aquatic
sediments, and in the bio-
remediation of organic and
metal contaminants in

groundwater. This bacterium
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“Just as the availability of the
human genome’s set of
genes facilitated the diag-
nosis of clinical disorders
and the development of
new drugs, our ability to
recognize the compendium
of genes evolved in nature

to capture carbon from the

atmosphere, degrade bio-

mass to fermentable sugars,
and detoxify hazardous
substances will facilitate
harnessing these important
processes in the national

interest.”

—Eddy Rubin

is able to gain energy through the reduction of iron, man-
ganese, uranium, and other metals—essentially powering
itself by using iron oxides in the same way that humans use
oxygen. Its ability to harvest electricity from waste organic
matter, combined with a demonstrated ability to transfer
electrons onto the surface of electrodes, has made it possible
to design microbial fuel cells.

For environmental restoration, Geobacter can quickly
destroy petroleum contaminants in groundwater, degrading
them into harmless carbon dioxide. It can also remove
radioactive metal contaminants from groundwater.

The genomes of several Geobacter species have been
sequenced by JGI, and a computer model of this information
will predict Geobacter metabolism under a variety of environ-
mental conditions. This systems biology approach is greatly
accelerating the understanding of how this bacterium func-
tions, and how it can be optimized for bioremediation and
energy-harvesting applications.

DEINOCOCCUS
GEOTHERMALIS

Deinococcus — geother-
M malis is noteworthy for its
8 —3 extreme resistance to ioniz-
ing radiation, toxic chemi-
cals, dehydration, and high
temperatures. Related to
D. radiodurans, which was
named the “World's Tough-
est Bacterium” by the
Guinness Book of Records,
D. geothermalis not only
endures high doses of radiation, but can also grow at temper-
atures as high as 55°C.

One of the biggest challenges in waste cleanup at a num-
ber of DOE sites is dealing with mixed waste —organic chem-
icals and radioactive wastes—stored together in underground
tanks that are now leaking. Isolated from thermal springs in
Naples, Italy, this microbe is now being considered for use in
cleaning up radioactive mixed waste environments.
Researchers are working on developing a strain of this bac-
terium that will not only resist destruction by radiation, toxic
metals, and organic chemicals, but will also stay alive long
enough to complete its waste cleanup task, perhaps using the
waste as a food source to keep D. geothermalis alive and growing,
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Exploratory Sequence-Based Science

While the vast majority of projects at the JGI relate directly
to DOE mission areas, a small number of projects are either
supported by non-DOE funding or are deemed to be pio-
neering next-generation applications of DNA sequencing by
the JGI senior management.

OLAVIUS
ALGARVENSIS:
GUTLESS WORM

Researchers have now
characterized the unique
lifestyle of a gutless worm.
This

through marine sediments

worm comimutes

powered by a community of
symbiotic microbial special-

ists harbored just under its
skin, obviating the need for
digestive and excretory systems that we normally think of as
essential for animals.

Using DNA sequencing and other computational meth-
ods to reconstruct the genomes of the symbiont organisms,
scientists from the US Department of Energy’s Joint Genome
Institute (JGI) have described this complex worm/microbe
collaboration in a species of marine oligochaete worm isolat-
ed off of the coast of Elba, the Mediterranean island of
Napoleon’s exile. Their results were published in the
September 17, 2006, edition of the journal Nature.

The work was conducted under the JGI Community
Sequencing Program by postdoctoral fellow Tanja Woyke
and colleagues from the Rubin lab at JGI, along with collab-
orators led by Nicole Dubilier at the Max Planck Institute for
Marine Microbiology in Bremen, Germany. The team
uncovered the unique method of waste management
employed by Olavius algarvensis through metagenomics—a
strategy pioneered by JGI and its collaborators. This is the
first instance of such a symbiotic relationship being analyzed
using a metagenomic shotgun sequencing approach, herald-
ing a renaissance in symbiosis research.

DAPHNIA PULEX:
WATER FLEA

Tiny inhabitants of
aquatic ecosystems can serve
as sensitive early indicators
of pollutants. Developmen-

tal biologists at JGI and its

partner institutions study DNA sequence information from
organisms such as Daphnia pulex, the water flea, to learn
more about how they grow, develop, and cope with insults to
their environment. Computer simulation of these types of
model organisms helps researchers analyze the genetic con-
trol of cell growth, differentiation, and “morphogenesis,”
which is the process that creates tissues, organs, and anatomy.
Ecologists and evolutionary biologists also want to learn more
about how genetic variation is important for ecosystem adap-
tation, and how populations survive in a changing world.

Daphnia’s short generation time and small genome—200
million base pairs—make it ideal for the study of how envi-
ronments influence an organism’s genetics. Despite their
common name, water fleas are not insects, but crustaceans
(like lobsters and crabs). Daphnia is the first crustacean
genome to be sequenced.

PHYTOPHTHORA:
PLANT
DESTROYER

Thanks to DNA sequence
provided by JGI, researchers
are now closer to under-
standing two related plant
pathogens that cause “Sud-
den Oak Death” (SOD) and
a devastating soybean dis-
ease. JGI conducted this
multi-agency effort in col-
laboration with the Virginia
Bioinformatics Institute
(VBI), the US Department
of Agriculture (USDA),
and the National Science
Foundation (NSF). The availability of the genomes of the
organisms should contribute to the development of new diag-
nostics and treatments for these diseases.

The aptly named Phytophthora is named after the Greek
word for “plant destroyer.” The genome sequence from JGI
provides a framework for
understanding  how these
plant pathogens cause dis-
ease and what can be done to | /
control them. Phytophthora
attacks a wide variety of
plants, including agricultural

crops, trees, and shrubs. One
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of the Phytophthora species, P. infestans, was responsible for
the mid-19th century Irish potato famine. P. ramorum causes
Sudden Oak Death, concentrated in California and southern
Oregon, but also killing trees across the country. Losses
attributed to P. sojae infestation, known as Phytophthora root
rot of soybean, exceeded $1 billion in 2003. This work was
published in the September 1 issue of Science.

LACTIC ACID
BACTERIA

Researchers from JGI

and the University of
California, Davis, and their
colleagues have character-
ized the genome sequences
of nine different lactic acid-
producing  bacteria, or
LAB, and published their
findings in the October 17
edition of the Proceedings
of the National Academy of
Sciences (http://www.pnas.
org/cgi/content/abstract/0607117103v1). The small LAB

genomes encode a diverse repertoire of genes for efficient

carbon and nitrogen acquisition from the nutritionally rich
environments they inhabit and reflect a limited range of
biosynthetic capabilities promising broad industrial applications.

Lactic acid-producing bacteria play a key role in the produc-
tion of fermented foods and beverages, accounting for tens of
billions of dollars in sales annually. Products constituting a fine
repast, such as wine, salami, cheese, sourdough bread, pickles,
yogurt, cocoa, and coffee are all enhanced by LAB, which
ferment six-carbon sugars, or hexoses, to produce lactic acid.

Access to the genome sequences for these fermentative
microorganisms will dramatically increase the understanding
of their role in industrial food production, leading to more
optimized production schemes. LAB are used for production
of various commercial bioproducts such as dextran and
antimicrobials. The availability of these genome sequences
will foster development of additional production schemes for
biofuels and other important chemicals.

The publication is the culmination of a multiyear effort by
the Lactic Acid Bacteria Genome Consortium, a group of at
least a dozen academic organizations formed in 2001. The
functional classification embraced a variety of industrially
important genera, including Lactococcus, Enterococcus,
Oenococceus, Pediococcus, Streptococcus, Leuconostoc, and
Lactobacillus species. These diverse species offered a window
into the sugar metabolism and energy conversion systems of
LAB, and the evolution of these systems, which helped iden-
tify key enzymes involved in the production of end products,
including acetic acid, lactic acid, ethanol, and CO,.

NEANDERTHAL

JGI scientists are con-
stantly exploring new ways
to use DNA sequence to gain
insight into biological prob-
lems that cannot be solved
in other ways. Such is the
case of a project that gener-
ated much attention in the
media last fall with the lift-
ing of the veil of mystery
surrounding our extinct
hominid cousins, the Neanderthals. In a project funded by
the National Institutes of Health, JGI Director Rubin’s labo-
ratory at LBNL, coupled with researchers at the JGI, gener-
ated genomic DNA sequence from a fossilized Neanderthal
bone and published their findings in the November 17, 2006,
issue of the journal Science. Their results show that the
genomes of modern humans and Neanderthals are at least
99.5 percent identical, but despite this genetic similarity, and
the fact that the two species inhabited the same geographic
region for thousands of years, there is no evidence of any sig-
nificant crossbreeding between the two. Based on these early
results, Homo sapiens and Homo neanderthalensis last shared
a common ancestor approximately 700,000 years ago.

Technology described in the paper marks an important
advance in the field of metagenomics, which is increasingly
being used to sequence the complex mixtures of DNA found
in the environment.
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THE INTEGRATED MICROBIAL GENOMES
(IMG) DATA MANAGEMENT SYSTEM

As the microbial world comes to light through DNA
sequencing, the Integrated Microbial Genomes (IMG) data
management system facilitates the delivery of valuable
sequence information to the global research community. In
2006, Integrated Microbial Genomes for Microbiome
Samples (IMG/M) became available for the management
and analysis of metagenomics data.

A collaboration between JGI and the Lawrence Berkeley
National Laboratory Biological Data Management and
Technology Center (BDMTC), the IMG system was
launched in 2005 as an easy-to-use tool for investigators
wanting to extract information from microbial sequence
information. IMG responds to the urgent and increasing
need for a means to handle the vast and growing spectrum
of datasets emerging from genome projects taken on by JGI
and other public DNA sequencing centers. This important
computational tool enables scientists to tap the rich diversity
of microbial environments and harness the possibilities that
they hold for addressing challenges in environmental
cleanup, agriculture, industrial processes, and alternative
energy production.

JGI is currently producing nearly one-quarter of the
microbial genome projects worldwide, more than any other
single institution. As the number of microbial genomes
sequenced continues to rise, the genome analysis process
becomes the rate-limiting step. By integrating publicly avail-
able microbial genome sequence with JGI sequence, the
IMG system offers a powerful data management platform
that supports timely analysis of genomes from a comparative,
functional, and evolutionary perspective.

In December 2006, Version 2.0 of the Integrated
Microbial Genomes (IMG) data management system was
released to the public. The content of IMG 2.0 was entirely
refreshed and extended with the latest versions of genomes
available from the National Center for Biotechnology

Information’s (NCBI) Reference Sequence collection

(RefSeq).
IMG 2.0 featured the following enhancements:

® 1,541 new public microbial, viral, and eukaryotic
genomes were added to IMG 2.0, bringing the total to
2,301 genomes (595 bacterial, 32 archaeal, 13 eukaryot-
ic genomes, and 1,661 viruses) of which 2,058 are fin-

ished and 243 are draft.

e 79 finished and 98 draft genomes sequenced by JGI,
bringing this total to 177 microbial genomes generated
in-house.

IMG 2.0 extensions included gene-based links to NCBI'’s
Entrez Gene, and other microbial genome systems, such as
Lawrence Berkeley National Laboratory’s MicrobesOnline
and Argonne National Laboratory’s PUMA. IMG is accessi-
ble to the public at http://img.jgi.doe.gov/.

IMG/M FOR METAGENOMICS

Integrated Microbial Genomes for Microbiome Samples
(IMG/M) was released in 2006 as a metagenome data analysis
and management system. IMG/M integrates data from diverse
environmental microbial communities with isolated microbial
genome data from JGI's IMG system, allowing the application
of IMG’s comparative analysis tools to metagenome data.
New tools also enable the examination of functional annota-
tion profiles across microbial communities and isolated
organisms of interest, and the analysis of strain-level hetero-
geneity within a species population in metagenome data.
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New Technology

JGI's support comes primarily from the DOE Office of
Science. This serves to support 106 capillary sequencing
machines, 70 of which run 24 hours, seven days a week.
Currently, on average, JGI is generating 3.1 billion bases of
sequence per month, establishing JGI as one of the leaders in
sequence generation, and with close to 400 genomes either in
the works or sequenced, JGI leads all other centers worldwide.
In addition, over the last year, two new Genome Sequencer
20 Systems, from 454 Life Sciences, make it possible for one
person to prepare and sequence an entire genome without the
time-consuming steps of cloning and colony picking.
Running 100 times faster than the previous generation of
sequencers used by JGI, the 454 instrument uses a parallel-
processing approach to whole-genome shotgun sequencing to
produce over 20 megabases (20,000,000 bases) of DNA
sequence per 4.5-hour operating run. A prototype of another
new platform from Solexa, based on sequencing-by-synthesis,
has recently been installed at the JGI.

Jamborees 2005-2006

2005-2006 JAMBOREE ROUNDUP

Jamborees are working meetings at which members of a

scientific community gather to discuss and annotate (assign

function to) the genome of an organism (or family of organisms)
of common interest. The goal is to identify genes and generate
high-quality annotations, ultimately leading to publications
in the scientific literature.

T. reesei is an industrially

Trichoderma reesei
March 20-23, 2005
Asilomar, California

important cellulolytic filamen-
tous fungus. In light of this
organism’s ability to secrete
large amounts of cellulases
and hemicellulases, DOE is
supporting research into devel-
oping T. reesei as a host to pro-
duce low-cost enzymes for the
conversion of plant biomass
materials into industrially useful bioproducts such as sugars
and bioethanol. This was followed by the second online jam-
boree using Access Grid Technology on November 7-8, 2005.
Both Jamborees were organized by Diego Martinez, JGI-LANL.

Ostreococcus sp. Ostreococcus belongs to the

September 20-22,
2005 Walnut Creek,
California

Prasinophyceae, an early-diver-
ging class within the green
plant lineage, and is reported
as a globally abundant pico-
eukaryotic group (tiny algae)
the
euphotic zone (the top of the

throughout oceanic
water column, where green
plants live). This project pro-
vided the opportunity to study
the gene content of marine eukaryote species that are phylo-
genetically closely related but adapted to various ecological
niches, a boon for the field of comparative and environmental
genomics. This jamboree focused on comparative analysis of
two species, O.lucimarinus and O.tauri, and was organized
by Igor Grigoriev of JGI and Brian Palenik of Scripps
Institute of Oceanography, San Diego.

T Diatoms are eukaryotic pho-

tricornutum

March 22-24, 2006
Walnut Creek,
California

tosynthetic  microorganisms
found throughout marine and
freshwater ecosystems. Major
players in the carbon cycle,
diatoms are responsible for
about 20% of global produc-

tion of new biomass by photo-

&

is the second diatom sequenced. This 30 million base genome,

synthesis.
Phaeodactylum tricornutum
with the diatom Thalassiosira pseudonana (also sequenced by

JGI), provides the basis for comparative genomics studies and
will serve as a foundation for interpreting the ecological suc-
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cess of these organisms. This Jamboree was organized by the
principal investigator Chris Bowler of the Ecole Normale
Superieure, and Igor Grigoriev of JGL

Tree species dominating

Laccaria bicolor
April 4-5, 2006
Nancy, France

forest ecosystems in boreal,
temperate, and montane regions
(e.g., pines, oaks) develop sym-
S ST T biotic associations, so-called
: . with
fungi. The symbiotic fungus

ectomycorrhizas, soil

Laccaria bicolor is used in
large-scale commercial inocu-

lation programs in forest nurs-
eries worldwide to enhance
growth of tree seedlings. Characterization of the interactions
between poplar and this fungus would allow in-depth explo-
ration of the coordinated community response to these abiotic
and biotic stresses, thus adding a needed dimension to cli-
mate change research, and providing another step in the
quest for mechanistic modeling of ecosystem responses. This
workshop was organized by the principal investigator Dr.
Francis Martin of the INRA-Nancy.

Aspergillus niger Citric acid production by

April 12-14, 2006
Vienna, Austria

the filamentous ascomycete
fungus Aspergillus niger repre-
sents the most efficient, highest
yielding bioprocess in com-
mercial practice. This process
is a model for other filamentous
fungal fermentation processes
that will become a key part of
DOE's vision of the biorefin-
ery, where multiple products

such as organic acids and
ethanol are produced from renewable biomass. These prod-
ucts can be further refined for use as plastic monomers, sol-
vents, or fuels, thereby decreasing dependence on petroleum,
the traditional source of these products. As a common mem-
ber of the microbial communities found in soils, A. niger also
plays a significant role in the global carbon cycle. This jam-
boree was organized by Diego Martinez, JGI-LANL.

Xenopus tropicalis Frogs and other amphib-

April 24-28, 2006
Walnut Creek,
California

ians have been referred to as
the canary in the coal mine, and
may provide an early warning
to humans of environmental
degradation or pending disas-
ter. Surveys of local frog pop-
ulations have been used to
monitor water pollution around

mining and industrial sites.

The numbers of frogs (including Xenopus tropicalis) have
been declining worldwide for the past several decades.
Possible reasons for this decline include loss of habitat, pesti-
cide pollution, parasitic infestations, and increased UV light
exposure due to the decrease in the ozone layer. Having a
better understanding of the frog genome through this project
will give greater insight into and allow for a more detailed
analysis of this troubling problem. The jamboree was organ-
ized by Paul Richardson of JGI; Richard Harland of
University of California, Berkeley; and Robert Grainger of
Washington University, St. Louis.

Mycosphaerella Mycosphaerella is one of

graminicola
June 7-9 2006

the largest genera of plant
pathogenic fungi, having more
than 1,000 named species,

Walnut Creek,
California

many of which cause econom-
ically important diseases in
temperate and tropical crops.
Losses caused by M. graminico-
la cost United States wheat
growers more than $275 mil-
lion every year. The genus
Mycosphaerella contains  at
least 10,000 species, making it
the largest genus of plant pathogens. It causes extensive eco-
nomic losses on a range of crops including tomatoes, straw-
berries, sugar beets, soybeans, and even tree crops. This jam-
boree was organized by Igor Grigoriev of JGI, Stephen
Goodwin of USDA-ARS, and Gert Kema of the Plant
Research International (Netherlands).

Th Ph itrell
Physcomitrella patens € moss Flyscomitreria

June 26-27, 2006
Walnut Creek,
California

patens is becoming widely rec-
ognized as an experimental
organism of choice not only for
basic molecular, cytological,
and developmental questions in
plant biology, but also as a key
link in understanding plant
evolution, especially genome
evolution. Physcomitrella is
well-placed phylogenetically
to provide important compar-
isons with the flowering plants.
The jamboree was organized
by Jeffrey Boore of JGI; Brent Mishler of University of
California, Berkeley; and Ralph Quatrano of Washington
University, St. Louis.
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Education and Outreach

The JGI Production Genomics Facility (PGF) is a magnet
for educational and community partnerships. There is a
strong interest on behalf of the PGF’s neighbors, from high
school students to retired citizens, in learning more about the
power of genomics and the relevance it has for their health
and that of the environment. Given the opportunity, visitors
delight at witnessing industrialscale DNA sequencing in
action. For those unable to visit in person, the JGI Web site
(http:/Awww.jgi.doe.gov/index.html) offers detailed descrip-
tions of the sequencing process and its applications. The
PGF hosted more than 1,000 students from local high
schools and colleges in 2005-2000.

Additional Education and Outreach activities included:

JGI Microbial Genomics Workshop for
Educators

Every year, ]Gl reveals the wonders of DNA sequencing to
thousands of avid students, teachers, researchers, and com-
munity members drawn through the portal of PGF. Visitors
often ask the question: what becomes of those billions of letters
of genetic information churning out of the DNA sequencers
every month? On April 24-25, 2006 in the spirit of both Earth
Day and National DNA Day, JGI hosted a Microbial
Genomics Workshop geared toward revealing the rest of the
story—the bioinformatics end—to educators who may then
spread the word in their classrooms and inspire students to
pursue careers in this burgeoning field. A team of JGI
researchers demonstrated the computational methods that they
and their collaborators around the world use to harness the
potential of the largely untapped microbial world for the
development of clean bioenergy alternatives, a better under-
standing of the global carbon cycle, and novel bioremedia-
tion applications.

The 2006 Hopkins Microbiology Course

The Hopkins Microbiology Course assumes the task of
identifying unifying principles in microbial physiology, ecology,
and evolution in order to understand the diversity of microbes
observed in nature, specifically in environments characteristic
to the Monterey Bay, including the nearby Elkhorn Slough.
JGI staff participated in the development and teaching of the
successful 2006 course.

The course lectures and labs in molecular microbial ecology
techniques (construction of 16S rRNA gene clone libraries,
construction and interpretation of phylogenetic trees, fluores-
cence in situ hybridization) and isolation of metabolically
diverse microorganisms were applied to study the evolutionary

forces shaping patterns of diversity within populations of marine
Vibrio obtained from two Monterey Bay environments.

JGI in the Community

JGI volunteers also participated in the following:

® “Got Science,” event hosted by Lawrence Livermore
National Laboratory on October 21, 2006, at the Robert
Livermore Community Center.

e Berkeley Lab Founders Day (pictured below), August
26, 2006, which marked the date 75 years ago that
Ernest Orlando Lawrence received permission to open
up a lab to pursue his studies of particle acceleration. To
commemorate this occasion, the Lab hosted a daylong
celebration for employees, retirees, and their families
and friends, as well as special guests.

® The Contra Costa County Intel-affiliated Science &
Engineering Fair, March 30-April 1, 2006.

e Orinda Intermediate School Family Science Night
October 6, 2005.
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LOOKING AHEAD

Genomics Education Partnership with UC
Merced

The University of California, Merced, a UC campus with
a significant student enrollment of minorities underrepre-
sented in science, which opened in 2005, is the 10th UC
campus and located about two hours” drive from the JGI
Production Genomics facility.  Former JGI researcher
Monica Medina is now on the faculty at UC Merced in the
Natural Sciences Department and has been working with her
colleagues at JGI to develop a Genome Biology course.
Starting in January 2007, the course will run through the end
of April and cover every aspect of the JGI sequencing and
bioinformatics process. The lectures and labs will be con-
ducted by JGI staff along with Ménica and her colleagues at
UC Merced, with a view toward inspiring and preparing the
next generation genomics workforce.

PROPOSED NEW IN-HOUSE EDUCATION
CENTER

The JGI is designing an on-site genomics education cen-
ter targeting hands-on education and training for both stu-
dents and educators from high school through university
graduate programs. The Center will entail an approximately
1,500 square-foot teaching space that can accommodate up
to 24 students in a well-equipped, state-of-the art, molecular
genetics laboratory. The undergraduate and graduate pro-
gram will be developed and overseen by Cheryl A. Kerfeld,
Ph.D., who recently joined JGI from the University of
California, Los Angeles, where she was director of the UCLA
Undergraduate Genomics Research Initiative. While at
UCLA, she exploited the user facility resources of JGI to pro-
vide her students with an interdepartmental multi-course col-
laboration with the central theme of sequencing and analyz-
ing the genome of a bacterium.

Safety/Ergonomics

Safety is of paramount importance throughout every activity
of the JGI Production Genomics Facility. Due to the poten-
tial for repetitive strain injuries resulting from some of the
tasks associated with the sequencing line, JGI has been vigi-
lant about conducting proactive safety and ergonomic assess-
ments in all workstations.

Ergonomics is about getting a good match between the
work we do and what our bodies can handle. When there’s a
mismatch, it can lead to aches and pains, inefficiencies, and
even to serious injuries if not promptly addressed.
Unfortunately, ergonomics-related problems are now the
most common type of injury at JGI, and for this reason,
improving ergonomics has become a major focus here. JGI
has designed and implemented an ergonomic “warm up par
course” at the Production Genomics Facility, offering

employees the opportunity for stretch breaks.
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ANNOTATION: The process of identifying
the locations of genes in a genome and
determining what those genes do.

ARCHAEA: One of the three domains of
life (Eukaryotes and Bacteria being the
others) that subsume primitive microor-
ganisms that can tolerate extreme (temper-
ature, acid, etc.) environmental condi-
tions.

ASSEMBLY: Compilation of overlapping
DNA sequences obtained from an organ-
ism that have been clustered together
based on their degree of sequence identity
or similarity.

BAC: (Bacterial Artificial Chromosome)
An artificially created chromosome in
which large segments of foreign DNA (up
to 150,000 bp) are cloned into bacteria.
Once the foreign DNA has been cloned
into the bacteria’s chromosome, many
copies of it can be made and sequenced.

BASE: A unit of DNA. There are 4 bases:
adenine (A), guanine (G), thymine (T),
and cytosine (C). The sequence of bases is
the genetic code.

BASE PAIR: Two DNA bases complementa-
1y to one another (A and T or G and C)
that join the complementary strands of
DNA to form the double helix characteris-
tic of DNA.

CLONING: Using specialized DNA technol-
ogy to produce multiple, exact copies of a
single gene or other segment of DNA to
obtain enough material for further study.

CONTIG: Group of cloned (copied) pieces
of DNA representing overlapping regions
of a particular chromosome.

COVERAGE: The number of times a region
of the genome has been sequenced during
whole genome shotgun sequencing.

ELECTROPHORESIS: A process by which
molecules (such as proteins, DNA, or
RNA fragments) can be separated accord-
ing to size and electrical charge by apply-
ing an electric current to them. Each kind

of molecule travels through a matrix at a
different rate, depending on its electrical
charge and molecular size.

EUKARYOTES: The domain of life contain-
ing organisms that consist of one or more
cells, each with a nucleus and other well-
developed intracellular compartments.
Eukaryotes include all animals, plants,
and fungi.

FOSMID: A bacterial cloning vector suit-
able for cloning genomic inserts approxi-
mately 40 kilobases in size.

LIBRARY: An unordered collection of
clones containing DNA fragments from a
particular organism or environment, that
together represent all the DNA present in
the organism or environment.

MAPPING: Charting the location of genes
on chromosomes.

METAGENOMICS (ALSO ENVIRONMENTAL
GENOMICS OR COMMUNITY GENOMICS): The
study of genomes recovered from environ-
mental samples through direct methods
that do not require isolating or growing
the organisms present. This relatively new
field of genetic research allows the
genomic study of organisms that are not
easily cultured in a laboratory.

PCR: Acronym for Polymerase Chain
Reaction, a method of DNA amplification.

PHYLOGENY: The evolutionary history of a
molecule such as gene or protein, or a
species.

PLASMID: Autonomously replicating, extra-
chromosomal, circular DNA molecules,
distinct from the normal bacterial genome
and nonessential for cell survival under non-
selective conditions. Some plasmids are
capable of integrating into the host genome.
A number of artificially constructed plas-
mids are used as cloning vectors.

POLYMERASE: Enzyme that copies RNA or
DNA. RNA polymerase uses preexisting
nucleic acid templates and assembles the
RNA from ribonucleotides. DNA poly-
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merase uses preexisting nucleic acid tem-
plates and assembles the DNA from
deoxyribonucleotides.

PROKARYOTES: Unlike Eukaryotes, these
organisms, (e.g., bacteria) are character-
ized by the absence of a nuclear mem-
brane and by DNA that is not organized
into chromosomes.

RCA: Acronym for Rolling Circle
Amplification, a randomly primed method
of making multiple copies of DNA frag-
ments, which employs a proprietary poly-
merase enzyme and does not require the
DNA to be purified before being added to
the sequencing reaction.

READ LENGTH: The number of nucleotides
tabulated by the DNA analyzer per DNA
reaction well.

SEQUENCE: Order of nucleotides (base
sequence) in a nucleic acid molecule. In
the case of DNA sequence, it is the pre-
cise ordering of the bases (A, T, G, C)
from which the DNA is composed.

SUBCLONING: The process of transferring a
cloned DNA fragment from one vector to
another.

TRANSFORMATION: A process by which the
genetic material carried by an individual
cell is altered by the introduction of for-
eign DNA into the cell.

VECTOR: DNA molecule originating from
a virus, a plasmid, or the cell of a higher
organism into which another DNA frag-
ment of appropriate size can be integrated
without loss of the vector's capacity for
self-replication; vectors introduce foreign
DNA into host cells, where it can be
reproduced in large quantities. Examples
are plasmids, cosmids, Bacterial Artificial
Chromosomes (BACs), or Yeast Artificial
Chromosomes (YACs).

WHOLE GENOME SHOTGUN: Semi-automated
technique for sequencing long DNA
strands in which DNA is randomly frag-
mented and sequenced in pieces that are
later reconstructed by a computer.
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COLLABORATOR

INSTITUTION

Olavius algarvensis Dubilier Max Planck Inst. of Marine Microbiology
Crenarchaeota Delong Massachusetts Inst. of Technology
Marinobacter aquaeolei Edwards Woods Hole Oceanographic Inst.
Rhodocyclus-like polyphosphate Hugenholtz Joint Genome Inst.

Rhodobacter Kaplan Univ. of Texas, Houston
Contaminated groundwater Zhou Oak Ridge National Laboratory
Lactobacillus reuteri (2 strains) Tannock Univ. of Otago, Dunedin, NZ
Bacillus cereus Sorokin INRA, France

Synechococcus (2 strains) Palenik Scripps Inst. of Oceanography
Syntrophobacter fumaroxidans Mclnerney Univ. of Oklahoma
Thermoanaerobacter ethanolicus Fields Miami Univ.

Thiomicrospira (2 strains) Scott Univ. of South Florida

Selaginella moellendorffii Banks Purdue Univ.

Trichoplax adhaerens DellaPorta Yale Univ.

Sporobolomyces roseus Wolfe Trinity College, Dublin

Reniera Degnan Univ. of Queensland, Australia
Mycosphaerella 2 sp. Goodwin Purdue Univ.

Spironucleus vortens Cande Univ. of California, Berkeley
Naegleria gruberi Cande Univ. of California, Berkeley
Physcomitrella patens Mishler Univ. of California, Berkeley

Lottia gigantea (limpet)

Edsinger-Gonzalez

Univ. of California, Berkeley

Helobdella robusta (leech) Weisblat Univ. of California, Berkeley

Capitella capitata Cande Univ. of California, Berkeley

Alvinella pompejana Tainer Scripps Research Inst.

Mitochondria seed plant Palmer Indiana Univ., Bloomington

Karenia brevis Bhattacharya Univ. of lowa

Dipteran fosmids Eisen Lawrence Berkeley National Laboratory

Sorghum sp.

Arabidopsis lyrata

Mimulus guttatus

Piromyces sp. E2
Hydractinia symbiolongicarpus
Phycomyces blakesleeanus
Xanthoria parietina
Trichoderma virens
Mycosphaerella fijiensis
Phytophthora capsici
Campanulales

Cichlid Lake Malawi

Ciona intestinales

Ictalurus punctatus

Ictalurus furcatus
Melampsora larici-populina
Ostreococcus low-light strain
Parhyale hawaiensis

Jassa slatteryi

Petrolisthes cinctipes
Batrachochytrium dendrobatidis
Triphysaria

Paterson
Weigel
Willis
Baker
Buss
Corrochano
Crittendon
Ebbole
Goodwin
Kingsmore
Knox
Kocher
Lemaire
Liu-J

Liu-J
Martin
Palenik
Patel

Patel
Stillman
Taylor
Yoder

Univ. of Georgia

Max Planck Inst. of Developmental Biology

Duke Univ.

Pacific Northwest National Laboratory

Yale Univ.

Univ. of Seville
Univ. of Nottingham
Texas A&M Univ.

US Dept. of Agriculture—ARS, Purdue Univ.
National Center for Genome Resources

Indiana Univ.

Univ. of New Hampshire
CNRS, France

Auburn Univ.

Auburn Univ.

Inst. National de la Recherche Agronomique

Univ. of California, San Diego
Univ. of California, Berkeley
Univ. of California, Berkeley
Univ. of Hawaii

Univ. of California, Berkeley
Univ. of California, Davis
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ORGANISM
2006 cont.

Euryarchaeota community
Polynucleobacter

Microbial soil (community Alaska)
Salinospora tropicalis
Salinospora arenicola

Termite gut microbial (community)
Terephthalate (TA) (community)
Archaeal (sp. hyperthermo.)
Bacterioplankton (Antarctic marine)
Thermotogales (7 hyperthermo.)
Nitrosomonas

Microbial mats (hypersaline)
Sinorhizobium medicae
Verrucomicrobium

Bacillus coagulans
Crenarchaeote (community)
Verrucomicrobia (5 strains)
Acidovorax (sp.)

Caulobacter (2 strains)
Korarchaeota (community)
Archaea (6 strains)

COLLABORATOR

Baker
Hahn
Handelsman
Jensen
Jensen
Leadbetter
Liu

Lowe
Murray
Noll
Norton
Pace
Reeve
Schmidt
Shanmugam
Simon
Smidt
Stahl
Stephens
Stetter
Woese

INSTITUTION

Univ. of California, Berkeley
Inst. for Limnology, Austria
Univ. of Wisconsin, Madison
Scripps Inst. of Oceanography
Scripps Inst. of Oceanography
California Inst. of Technology
National Univ. of Singapore
Univ. of California, Santa Cruz
Desert Research Inst.

Univ. of Connecticut

Utah State Univ.

Univ. of Colorado

Murdoch Univ.

Michigan State Univ.

Univ. of Florida

Oregon Health & Science Univ.
Wageningen Univ.

Univ. of Washington

Santa Clara Univ.

Univ. Regensberg, Diversa Corp.
Univ. of lllinois, Urbana-Champaign

> Brachypodium distachyon (Poaceae) Vogel USDA-ARS
§ g Aquilegl:a formosa Hodges Uq Santa Bart?ara
T S Gossypium (cotton) Paterson Univ. of Georgia
= Manihot esculenta (cassava) Fauquet Danforth Plant Science Ctr.
Guillardia theta and Bigelowiella natans Archibald Dalhousie Univ.
Mating loci from Volvox carteri & Chlamydomonas reinhardftii Umen Salk Inst.
3 Fragilariopsis cylindrus (a diatom) Mock Univ. of Washington
E Pleurotus ostreatus (oyster mushroom) Pisabarro Public Univ. of Navarre
& Thellungiella halophila Schumaker Univ. of Arizona
g Reef-building corals and dinoflagellate symbionts Medina Univ. of California, Merced
; Heterobasidion annosum Stenlid Swedish Univ. of Agricultural Sciences
‘E‘ Peronosporomycete mtDNAs (26) Hudspeth Northern lllinois Univ.
= Switchgrass Tobias USDA-ARS
Cryphonectria parasitica (chestnut blight fungus) Nuss Univ. of Maryland Biotech. Inst.
Three species of Neurospora Taylor Univ. of California, Berkeley
Methanomicrococcus blatticola Hackstein Radboud Univ. Nijmegen
Rhizobium leguminosarum bv trifolii (strains WSM1325 and WSM2304) Reeve Murdoch Univ.
Methylocella silvestris BL2, Methylocapsa acidiphila B2, & Beijerinckia indica subsp. indica ~ Dunfield Inst. of Geological & Nuclear Sciences, New Zealand
5 Pedomicrobium manganicum Mackenzie Univ. of Texas, Houston
% Lithifying mat communities of marine stromatolites (6 bacterial strains) Decho Univ. of South Carolina
= Macropus eugenii McSweeney CSIRO
g Actinobacteria Jansson Swedish Univ. of Agricultural Sciences
é Anaerobic benzene-degrading methanogenic consortium Edwards Univ. of Toronto
E Haloalkaliphilic sulfur-oxidizing bacteria Muyzer Delft Univ. of Technology
=3 Dechlorinating community (KB-1) Edwards Univ. of Toronto
Six freshwater iron-oxidizing bacteria Emerson Amer. Type Culture Collection
Beggiatoa alba Mueller Morgan State Univ.
Near-shore anoxic basin: Saanich Inlet Hallam Univ. of British Columbia
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ORGANISM COLLABORATOR  INSTITUTION

2007 cont.
Candidatus Amoebophilus asiaticus and C. Cardinium hertigii Horn Univ. of Vienna
= Candidatus Endomicrobium trichonymphae, free-living strain Pei191 Brune Max Planck Institute for Terrestrial Microbiology
% Burkholderia Tiedje Michigan State Univ.
ﬁ Thermolithobacter ferrireducens Wiegel Univ. of Georgia
% Crenothrix polyspora enrichment Wagner Univ. of Vienna
é Six Cyanothece strains Pakrasi Washington Univ.
= Thauera sp. MZ1T Sayler Univ. of Tennessee
% Microbial community in wastewater treatment plants van der Meer Univ. of Lausanne
Symbiont from the basal clade of the Frankiaceae Benson Univ. of Connecticut

AMOUNT

ORGANISM PROPOSER AFFILIATION STATUS PROPOSED (MB)

ChlP-enriched binding sequences Stubbs LLNL Pending 33.0
New Orleans Floodwaters Andersen LBNL In Production 10.0
Columbia River Microbiota Magnuson PNNL Pending 5.0
Microbial diversity in tropical and temperate forests Pett-Ridge LLNL In production 10.8
Tallgrass Prairie soil Bailey PNNL In Production 10.0
Low Dose DiTags Anderson BNL Pending 180.0
Aspergillus terreus EST Baker PNNL Pending 10.0
Tremella mesenterica Heitman Duke University Pending 168.0
Thielavia terrestris Berka Novozymes Pending 294.0
Cochliobolus heterostrophus Turgeon CornellUniversity Pending 336.0
Soluble protein domains Terwilliger LANL Pending 6.5
Viruses in nasopharyngeal swab samples from healthy subjects Mariella LLNL Pending 10
Five Arch 'Methanohalobium evestigatum, Methan terium formicicum,

Hal?)cozczie:eg, Ie—'erfogloijf :Iaczjsss, g:duAc;idi:nuz :pt.)aJcPe7)u o Kyrpides LBNL Pending %0
Microbial community actively decaying poplar biomass van der Lelie BNL In production 200
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Dechloromonas
Desulfuromonas
Ehrlichia
Geobacter
Methanococcoides
Pseudomonas
Psychrobacter
Ralstonia
Streptococcus

Burkholderia
Methylobium
Prochlorococcus
Synechococcus

Burkholderia
Clostridium
Frankia
Nitrobacter
Nitrobacter
Nitrosococcus
Nitrosomonas
Nitrosospira
Prochlorococcus
Shewanella
Synechococcus
Syntrophobacter

Thermoanaerobacter

Thiomicrospira

Acidiphilium
Acidobacterium
Acidothermus
Actinobacillus
Aspergillus
Aureococcus
Bacillus
Bradyrhizobium
Burkholderia
Caldicellulosiruptor
Calyptogena
Chloroflexus
Chloronema
Chlorothrix
Clostridium
Dehalococcoides
Desulfotomaculum
Flavobacterium
Geobacter
Halorhodospira
Heliothrix
Herpetosiphon

SPECIES

aromatica
acetoxidans

2 strains
metallireducens
burtonii
syringae

sp.

eutropha

suis

2 strains
petroleophilum
sp.

elongatus

2 strains
phytofermentans
sp.
hamburgensis
winogradskyi
oceani
eutropha
multiformis
sp.

2 strains

2 strains
fumaroxidans
ethanolicus

2 strains

cryptum
Ellin345
cellulolyticus
succinogenes
niger
anophageggerens
selenitireducens
sp.

ambifaria
saccharolyticus
magnifica
aggregans

sp.

halophila

sp.

2 strains
reducens
johnsoniae

sp.

halophila
oregonensis
aurantiacus

COLLABORATOR

Coates
Lovely
McBride
Lovely
Sowers
Lindow
Tiedje
Gonzalez
Gottschalk

Tiedje
Kane
Chisholm
Golden

Tiedje
Leschine
Tisa

Arp

Arp

Arp

Arp

Arp
Chisholm
Fredrickson
Palenik
Mclnerney
Fields
Scott

Magnuson
Kuske
Berry
Vieille
Baker
Gobler
Stolz
Sadowsky
Tiedje
Kelly
Cavanaugh
Bryant
Bryant
Bryant
Stolz
Spormann
Tebo
McBride
Kostka
Hoff
Bryant
Bryant

INSTITUTION

Univ. of California, Berkeley
Univ. of Massachusetts
Univ. of Texas, Medical Branch
Univ. of Massachusetts

Univ. of Maryland

Univ. of California, Berkeley
Michigan State Univ.

Pontificia Univ. Catolica de Chile
Univ. of Montreal, Canada

Michigan State Univ.

Lawrence Livermore National Laboratory
Massachusetts Institute of Technology
Texas A&M Univ.

Michigan State Univ.

Univ. of Massachusetts, Amherst
Univ. of New Hampshire

Oregon State Univ.

Oregon State Univ.

Oregon State Univ.

Oregon State Univ.

Oregon State Univ.

Massachusetts Institute of Technology
Pacific Northwest National Laboratory
Scripps Institution of Oceanography
Univ. of Oklahoma

Miami Univ.

Univ. of South Florida

Idaho State Univ.

Los Alamos National Laboratory
Univ. of California, Davis
Michigan State Univ.

Pacific Northwest National Laboratory
Southhampton College of Long Island Univ.
Duquesne Univ.

Univ. of Minnesota

Michigan State Univ.

North Carolina State Univ.
Harvard Univ.

Pennsylvania State Univ.
Pennsylvania State Univ.
Pennsylvania State Univ.
Duquesne Univ.

Stanford University

Univ. of California, San Diego
Univ. of Texas, Medical Branch
Florida State Univ.

Univ. of Chicago

Pennsylvania State Univ.
Pennsylvania State Univ.
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GENUS

2005 cont.

SPECIES

COLLABORATOR

INSTITUTION

Iron Mountain AMD
Iron Mountain AMD
Lake Washington

Lake Washington
Lake Washington
Lake Washington
Lake Washington
Methanosaeta
Micromonas
Mono Lake
deltaproteobacter

Mono Lake
gammaproteobacter

Mycobacterium
Nectria

Obsidian Hot Spring
Phycovirus
Polaromonas

Postia
Pseudoalteromonas
Pseudomonas
Psychromonas
Rhodopseudomonas
Roseiflexus

Shewanella

The Cedars Alkaline Springs

Ultra back

Xanthobacter

Site 1

Site 2
formaldehyde
formate
methane
methanol
methylamine
thermophila

2 strains

5 strains

haematococca

11 strains
napthalenivorans
placenta
atlantica

putida
ingrahamii

4 strains

2 strains

7 strains

C level 1

autotrophicus

Banfield
Banfield
Lidstrom
Lidstrom
Lidstrom
Lidstrom
Lidstrom
Smith
Worden

Stolz

Stolz

Miller
VanEtten
Mead
Wommack
Madsen
Cullen
Karls
Parales
Staley
Harwood
Bryant
Fredrickson
Nealson
Banfield
Ensign
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Univ. of California, Berkeley
Univ. of California, Berkeley
Univ. of Washington

Univ. of Washington

Univ. of Washington

Univ. of Washington

Univ. of Washington
Clemson Univ.

Univ. of Miami

Duquesne Univ.

Duquesne Univ.

Utah State Univ.

Univ. of Arizona

Lucigen

Delaware Biotechnology Institute
Cornell Univ.

U.S. Department of Agriculture
Univ. of Georgia

Univ. of California, Davis

Univ. of Washington

Univ. of lowa

Pennsylvania State Univ.

Pacific Northwest National Laboratory
Univ. of Southern California
Univ. of California, Berkeley

Los Alamos National Laboratory
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JGI Publications 2005-2006
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Allen, E.E., et al.
Community genomics in microbial
ecology and evolution. Nature Reviews

Microbiology 2005, 3: 489-498.

Banfield, J.F., et al.
Proteogenomic approaches for the
molecular characterization of natural
microbial communities. OMICSI
2005, 9: 301-333.

Baroukh N, et al.
Comparative genomic analysis reveals
a distant liver enhancer upstream of
the COUP-TFII gene. Mammalian
Genome 16(2): 91-95.

Barns, S.M., et al.
Detection of diverse new Francisella-
like species in environmental samples.
Applied and Environmental
Microbiology 2005, 71: 5494-5500.

Bergmann, D.J., etal.
Structure and sequence conservation of
genes in the hao cluster of autotrophic
ammonia-oxidizing bacteria: Evidence
for their evolutionary history. Applied
and Environmental Microbiology 2005,
71:5371-5382.

Bertilsson, S., et al.
Release of dissolved organic matter by
Prochlorococcus. Vie et Milieu (Life +
Environment) 2005, 55(3-4): 225-231.

Boore, J.L., et al.
Molecular mechanisms of extensive
mitochondrial gene rearrangement in
plethodontid salamanders. Genomics

Division 2005, 22: 2104-2112.

Boore, J.L., et al.
The first complete chloroplast genome
sequence of a lycophyte, Huperzia
lucidula (Lycopodiaceae). Gene 2005,
May 9, 350 (2): 117-128.

Boore, J.L., et al.
The first complete mitochondrial
genome sequences for stomatopod
crustaceans: Implications for phyloge-
ny. Molecular Phylogenetics and
Evolution, Flsevier.

Boore J.L., et al.
Sequencing and comparing whole
mitochondrial genomes of animals. In
Molecular Evolution: Producing the

Biochemical Data, Part B. E.A.
Zimmer and E. Roalson, Eds.,
Methods in Enzymology Series 395,
Elsevier: Burlington, Massachusetts, pp

311-348.

Boore, J.L., et al.
Rolling circle amplification of meta-
zoan mitochondrial genomes.
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2005, December 13.

Braun, T'F., et al.
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mutagenesis. Journal of Bacteriology

2005, 187: 6943-6952.

Buchan, A., et al.
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lineage. Applied and Environmental
Microbiology 2005, 71: 5665-5677.

Cameron, A, et al.
Unusual gene order and organization
of the sea urchin hox cluster. Journal of
Experimental Zoology, Part B: Mol.
Dev. Evol. 2005, October 11, 306B(1).

Carapelli, A,, et al.
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Jenner, Eds., 2005, pp 295-306.

Chain, P.S.G., et al.
Whole-genome analyses of the specia-
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Infect. Immun. 2005, 73: 8353-8361.

Claude, W., et al.
Identifying the basal angiosperm node
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and Evolution 2005, 22(10):
1948-1963.

Clerico, E.M., et al.
Specialized techniques for site-directed
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Methods in Molecular Biology. E.
Rosato, Ed., Humana Press: Totowa,

NJ, 2005.
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Feil, H., et al.
Comparison of the complete genome
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102: 11064-11069.

Francino, M.P., et al.
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Genetics 2005 June, 37 (6): 573-577.
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Proteorhodopsin lateral gene transfer
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apolipoprotein A5 gene expression by
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Vascular Biology 2005, 25(6): 1186-92.
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The best friend on earth of man is the
tree: when we use the tree respectfully

and economically we have one of the

greatest resources of the earth.
— Frank Lloyd Wright
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