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and reaction. This understanding is rate-limiting for
synthetic biology and should be stimulated. Meth-
ods also should be developed for reliably predicting
protein:protein and protein:ligand associations in a
high-throughput manner.

Supercomputing now permits MD simulation at
atomic detail of systems up to 100M atoms in size

and on a microsecond timescale (see Fig. 11. Three-
Dimensional Illustration of Lignocellulose Meshwork,
this page). Hence, atomistic MD has moved well
beyond the single-molecule level to permit systems-
level simulation of hundreds of interacting biological
macromolecules, such as those involving the transport
of chemical signals across the cellular membrane.
Indeed, an extrapolation of current performance at
the petascale to the exascale indicates that researchers
will ultimately be able to perform MD simulations of
systems consisting of ~10"" explicit interacting atoms
(approximately the number of

scales that have mesoscopic consequences so that
both important and trivial data are preserved in
coarse graining, all while maintaining self-consistency.
Coarse-grain methods scale efficiently on a variety of
supercomputers and will permit cell-scale simulations
on timescales up to one second. With this extended
time, tracing the diffusion of macromolecules and
metabolites across the cell is feasible, including in the
crowded cellular environment, providing information
on system-dependent diffusion constants and associa-
tions between multiple molecules in the cytoplasm
and at membranes.

Handling spatial heterogeneity and efhiciently
simulating timescales on the order of the cell cycle
(minutes to hours) requires stochastic modeling tech-
niques for systems of biochemical reactions inside

a cell. These techniques should allow scientists to
address complex events such as signaling cascades,

atoms in a bacterial cell) for
about 10 microseconds. Atom-
istic simulations will provide
information on the response
of macromolecules to ligand
binding and the diffusion and
transport of metabolites and
proteins in crowded cellular
environments. Cellular events
on a millisecond timescale or
longer and system sizes beyond
100M atoms call for simula-
tion methods more simplified
than atomistic MD, averaging
out the unimportant degrees
of freedom to preserve long
timescale properties. This
“coarse-graining” will lead to
a multiphysics description of
biological phenomena. The
challenge is to filter phenom-

ena on short time and length

Fig. 11. Three-Dimensional lllustration of Lignocellulose Meshwork.
Researchers are using computational modeling to gain a molecular-level
understanding of the plant cell wall and its major components, including
cellulose fibers (green), lignin molecules (brown), and hemicellulose (light
green). [Image courtesy Thomas Splettstoesser, www.scistyle.com, for Oak
Ridge National Laboratory]
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transcription, translation and degradation, biofilm small-molecule species in the cell are needed, as is the
formation, and cell division. Once a molecular-level ability to follow the distribution of these components
3D model of the cell is established, the evolution of with a high level of temporal resolution. Also required
this system will need to be followed over time, requir-  are techniques capable of following and detecting

ing multiresolution imaging capabilities. Techniques macromolecular interactions and the structures of
that can identify individual macromolecular and their complexes in vivo.
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IV. Cross-Cutting Themes

he Department of Energy’s Office of Biologi-

cal and Environmental Research (BER) is

tasked with advancing knowledge of biologi-
cal and environmental systems and providing facilities
to support missions in scientific discovery and inno-
vation, energy security, and environmental respon-
sibility. More specifically, BER research includes
disciplines that span many spatial and temporal
scales—Dbiology and physics interfaces, subsurface
biogeochemistry affecting contaminant and nutrient
cycling, sustainable biofuels development through
the power of genomics and systems biology, and cli-
mate science research to develop powerful predictive
models of energy use and climate change. These areas

provide the research space for BER-relevant ques-
tions about Earth’s systems that should be prioritized
for study (see Fig. 12. Integration of Research and
Department of Energy Facilities, this page).

Inherent in all the types of science discussed in this
report are issues associated with crossing scales—spatial
and temporal factors, discipline-unique assumptions,
and data acquisition. The major impediment to param-
eterizing results from one discipline as it interfaces with
another is the heterogeneity existing at every level:
particle size and composition in aerosols, compositions
and functions of microbial communities, geochemistry
and weathering, genome dynamics, and evolutionary
influences, to mention a few. If a
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Fig. 12. Integration of Research and Department of Energy Facilities.

simple average of normal distribu-
tions could accurately represent
disciplines, precisely predictive
models of Earth’s systems would
be completed. In reality, it is clear
that steady state is an illusion of
limited data. Kinetic and similar
models rarely address the excep-
tions and “tails” of the data that
might be essential for tipping
points.! For example, when do
single-site or small-site events
need to be examined explicitly

to understand the changes in the
system? Data must be evaluated
with full knowledge of sampling
density, space, and frequency and

“Tipping point” in this context is
broadly defined as a region in time
and space at which changes from
one state to another state become
important to the science under
investigation.
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the recognition that nonequilibrium events and non-
linear processes are abundant in the environment. Each
discipline should inform those with which it interfaces,
and the interfaces should be reciprocal and dynamic.

A theme that developed from workshop discussions
is that it is neither possible nor practical to attempt to
represent the full heterogeneity of the various scales
in parameterizing models to predict interactions.
Rather, to understand and predict how events at one
scale affect those at a larger, encompassing scale often
requires obtaining a bigger overview of the subjects.
Such an approach helps elucidate the biogeochemi-
cal principles at play in the system. Moreover, insights
derived from studies at much smaller or fundamental
scales provide valuable clues to system behavior that
facilitate robust parameterization of models at larger
scales. These smaller-scale studies involve, for example,
individual molecules, particles, or pores (e.g., ion
speciation, rate constants, or the nature of mineral-

microbe aggregates).

Of paramount importance to a discussion about
crossing scales is an understanding of which pro-
cesses are linked across scales, how they are linked,
and the fundamental factors that govern them. Many
processes operate only for short periods of time,
such as during rainfall events, and may be highly
localized. Thus, understanding the spatial and tem-
poral behavior of cross-scale linkages also is essen-
tial. Based on these linkages, the critical physical,
chemical, biogeochemical, and biological compo-
nents can be assessed to determine which data must
be included for predictive model development. What
level of information is really required to address the
scientific question being asked? Some questions will
involve macromolecular information, such as large-
scale eddies or plumes of contaminants from anthro-
pogenic sources, but sometimes they will involve
knowing the molecular interactions to understand
tipping points in the environment.

As an example of seeking linkages, consider changing
ecosystems, which provide an excellent opportunity to
examine tipping points. Local shifts in soil hydration
induced by climate change could affect the emission of
chemicals into the atmosphere, either directly from the
soil, microbes in the soil, or plant matter. These emis-
sions could then impact the formation of aerosols and,
eventually, cloud condensation nuclei. Note that the
definition of “local” is vague and leads to additional
questions. Does it refer to a state, a county, or a farm
field? The emissions could be quite different depend-
ing on soil makeup, crops grown, and anthropogenic
effects (such as oil drilling). Other questions include
determining the smallest scale that must be examined
to understand the tipping points and their effects on
the environment. If molecular information is required,
is such information needed for the full system or only
for critical regions of time and space?

Another significant challenge is to make current and
newly generated information and data from each
domain (either as a discipline or spatial/temporal scale)
available to other researchers in a facile manner that
allows rapid data integration and knowledge generation.

The classical example of difficulty in integrating
across scales is that of extrapolating between labora-
tory results and field studies. Addressing the fidelity
between laboratory and real-world environments
necessitates two types of research thrusts that are
synergistic. The first thrust is to use the best available
field knowledge to select relevant parameters that can
mimic the complexity of the real-world environment
in the laboratory with sufficient fidelity to reproduce
behavior across controlled and uncontrolled environ-
ments. The second thrust is to develop methodology,
frequently based on laboratory-derived insights, that
enables qualitative and quantitative analyses in the
native environmental setting.

At all levels of workshop discussion, there was complete
consensus that predictive models are essential for inte-
grating the masses of data that have and will certainly
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continue to accumulate and likely increase in size and
complexity. Thus, serious investment must be made in
computational capacity to maximize the knowledge
gained and to allow synergies to emerge from data gath-
ered at different spatial and temporal scales.

Finally, to ensure that the achievements of this era of
science will be the foundation of future discoveries,
interdisciplinary education and workforce training
for the next generation of early career scientists must
be given a very high priority. Identifying talented
and passionate scientists who will be the innovators
and leaders of environmental research in the coming

decade already is hampered by the loss of individuals
to less challenging careers. Opportunities for focus-
ing on the scientific questions, and collaborative
interactions to achieve integration across disciplines,
should be designed to attract the best and brightest.
Many young students want to “cure a disease” that
will improve the lives of perhaps a few million people.
However, if they help discover responsible and inno-
vative pathways to sustainable energy, climate change
adaptation and mitigation, or environmental reme-
diation, they will contribute to a better world for all
future generations.
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BER Molecular Science Challenges

Appendix A: Purpose

U.S. Department of Energy Office of Science
Office of Biological and Environmental Research (BER)
Proposed BER Molecular Science Challenges Workshop

BER research, which spans biological, environmental, and
climate sciences, has evolved over recent years to require
a much more robust understanding of the molecular
systems and processes that underpin program goals. This
workshop will seek to identify science and technology
challenges and opportunities relevant to BER’s mission.
Overcoming these challenges and exploring the opportu-
nities will expand our ability to understand, describe, and
model molecular-scale processes based on a synergistic
and multidisciplinary approach that is relevant to a wider
set of BER challenges.

Workshop participants will represent the major program
elements of BER that depend on molecular science and
include leading scientists with relevant expertise who are
not associated with BER. Participants will identify major
BER challenges in molecular science and develop high-
level progressions of scientific objectives that address
each challenge. The workshop will develop an expert
assessment of these challenges, objectives, and research
pathways to overcome barriers in BER-relevant molecular
science. The workshop report will be used by BER to plan
its long-term investment strategy over a time horizon from

2014 through 2024.

BER Interests

Progress in research across the BER programs will require
significant advances in molecular science. For example,
characterizing the spatiotemporal expression, structure,
and function of biological molecules and macromole-
cules in cells and among communities of cells, as well

as the computational modeling of such systems, is an
essential foundation for understanding basic cellular and
organismal processes. This understanding, in turn, will

be the critical element in achieving meaningful success in
biosystem design.

Similarly, molecular-scale knowledge of biotic and abiotic
environmental factors impacting genotype-to-phenotype
linkage in plants will be essential for predicting plant
growth in changing environments, designing plants with
improved phenotypic traits, and predicting ecological
changes among multiple plant species in complex hydro-
biogeochemical soil systems.

Experimental and modeling capabilities in molecular
science will enable the elucidation of the physical,
chemical, and biogeochemical processes that govern the
formation and evolution of aerosol particles and their
interactions with clouds. These advances in molecular
science also will provide predictive insights into the inter-
actions among heterogeneous populations of aerosols and
cloud droplets.

Progress in understanding carbon cycling will require
knowledge of the biogeochemical interactions between
microbes, fungi, and plant roots and macro- and micro-
nutrients, organic constituents, and inorganic elements
under varying conditions in surface soils, hyporheic zones,
and the deeper subsurface.

These four topical areas have served as BERs historical
paradigm for investing in molecular science research.
However, new challenges involving, for example,
molecular-scale processes that govern interdependencies
between biogenic aerosol formation and ecological func-
tioning, also will need to be explored in the workshop.

The workshop will be expected to define a set of molec-
ular science questions and priorities for BER to consider
in its future multidisciplinary investment strategies.
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Appendix

B: Agenda

U.S. Department of Energy (DOE) Office of Science

Biological and Environmental Research (BER) Workshop

Tuesday, May 27
6:30 p.m.
7:00 p.m.

7:10 p.m.

7:20 p.m.

7:30 p.m.

7:4S p.m.
Wednesday, May 28
7:30 am. — 7:45 am.
7:45 am. — 8:15 am.
8:15 am. — 8:30 a.m.
8:30 a.m. — 8:40 a.m.

8:40 a.m. — 9:10 a.m.
9:10 am. — 9:15 a.m.

9:15a.m. - 10:15 a.m.

10:1S am. - 10:30 a.m.
10:30 a.m. — 12:00 p.m.
12:15 p.m. - 1:15 p.m.
1:15 p.m. — 2:00 p.m.
2:00 p.m. — 3:45 p.m.
3:45 p.m. — 4:00 p.m.
4:00 p.m. — 5:00 p.m.
5:00 p.m. -5:30 p.m.

Dinner

BER Molecular Science Challenges
May 27-29, 2014

Buffet dinner in hotel

Welcome: Judy Wall (University of Missouri, Columbia),
James Liao (University of California, Los Angeles)

Welcome and BER organization: Paul Bayer (BER)
Welcome and charge: Roland Hirsch (BER)
Agenda and mechanics of the workshop: Judy Wall and James Liao

Introductions: Participants (name, institution, title, and area of expertise or research)

Transport from hotel to DOE Germantown building
DOE security check
Break

Welcome: Sharlene Weatherwax, Associate Director of Science for BER;
BER Division Directors, Todd Anderson and Gary Geernaert

Keynote: Carbon and Contaminants in the Critical Zone
Jon Chorover, University of Arizona

Review of breakout instructions and assignment of groups: Judy Wall, James Liao
(see Appendix C: Breakout Groups, p. 57)

Breakout 1: Identify key needs

a. What are three key unanswered questions in your research area?

b. What are two or more scientific areas that scale up or down from your own?
c. What new capabilities are needed to address your key questions?

Break

Breakout 1 continues

Lunch at cafeteria

Reports from Breakout 1

Breakout 2: Organize ideas within and across disciplines and groups
Break

Reports from Breakout 2

General Discussion: Common interests and ideas across the groups

Small Group Discussions: Continue discussions to develop ideas and consider links
among topics. Multiple restaurants, on your own or by breakout group.
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Thursday, May 29
7:30 am. — 7:45 am.
7:45 am. - 8:15 am.
8:15a.m. - 8:30 am.
8:30 a.m. — 10:00 a.m.
10:00 a.m. — 10:15 a.m.
10:15 a.m. — 10:4S a.m.
10:45 am. - 11:30 a.m.
11:30 am. - 12:55 p.m.
12:5S p.m.

1:00 p.m.

1:1S p.m.

Transport from hotel to DOE Germantown building

DOE security check

Break

Breakout 3: Develop plans for sections of the report
Break

Reports from Breakout 3

Summary discussion of key workshop findings: Co-Chairs

Writing Breakout Session
Prepare summary chapters for report and drafts of potential journal papers

Concluding Remarks: Co-Chairs
Adjourn

Lunch and continued writing as travel plans permit
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Appendix C: Breakout Groups

One Atmosphere-Land Surface Interactions Involving Molecular Science (Room A184/6)
Discussion Lead: Vicki Grassian
Rapporteur: Scott Bridgham
Karl Booksh
Rick Flagan
Mary Gilles
Sean McSweeney
Theresa Windus

Two Below-Surface Interactions Involving Molecular Science (Room E301)
Discussion Lead: Michael Thomashow
Rapporteur: John Bargar
Kirsten Hofmockel
Joel Kostka
James Kubicki
Albert Valocchi
Judy Wall

Three Synthetic Science and Engineering Involving Molecular Science (Room F441)
Discussion Lead: Norman Dovichi
Rapporteur: Michael Crowley
Michael Adams
James Liao
Stephen Long
Jeremy Smith
Ganesh Sriram
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Appendix D: Participants

Michael Adams

University of Georgia

John Bargar

SLAC National Accelerator Laboratory
Karl Booksh

University of Delaware

Scott Bridgham

University of Oregon

Jon Chorover

University of Arizona

Michael Crowley

National Renewable Energy Laboratory
Norman Dovichi

University of Notre Dame

Rick Flagan
California Institute of Technology

Mary Gilles

Lawrence Berkeley National Laboratory
Vicki Grassian

University of lowa

Kirsten Hofmockel

lowa State University

Joel Kostka

Georgia Institute of Technology
James Kubicki

Pennsylvania State University

James Liao

University of California, Los Angeles
Stephen Long

University of lllinois, Urbana-Champaign
Sean McSweeney

Brookhaven National Laboratory

Jeremy Smith

Oak Ridge National Laboratory and
University of Tennessee, Knoxuville

Ganesh Sriram

University of Maryland Clark School of
Engineering

Michael Thomashow

Michigan State University

Albert Valocchi

University of lllinois, Urbana-Champaign

Judy Wall

University of Missouri, Columbia

Theresa Windus

lowa State University
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Acronyms and Abbreviations

3D three dimensional

ATP adenosine triphosphate

BER DOE Office of Biological and Environmental Research
BERAC Biological and Environmental Research Advisory Committee
BVOC biogenic volatile organic compound

CH, methane

Chip-SIP phylogenetic microarray stable isotope probing

co, carbon dioxide

DOE U.S. Department of Energy

EXAFS extended X-ray absorption fine structure

Fe iron

FISH fluorescence in situ hybridization

H,S hydrogen sulfide

KBase DOE Systems Biology Knowledgebase

LAI leaf area index

MD molecular dynamics

MEGAN Model of Emissions of Gases and Aerosols from Nature

micro-XANES  microprobe X-ray absorption near edge structure

N nitrogen

nano-SIMS nanometer-scale secondary ion mass spectrometry
N,O nitrous oxide

NOM natural organic matter

P phosphorus

PFT plant functional type

SAXS small-angle X-ray scattering

SOA secondary organic aerosol

SOM soil organic matter

U uranium

WEF World Economic Forum
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