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Summary of Proposed Workshop

An increasing world population and predicted changes in the global climate demand
improvements in plant stress tolerance and crop productivity. These traits are determined by a complex
web of interactions between plant genotype and biotic and abiotic factors in the local environment. The
ability to understand, predict, and then manipulate plant responses to the environment will be critical for
increased food security in the 21* century.

An essential tool to understand complex biological interactions is the construction of
computational models. Such models organize information about biological pathways in a systematic
manner. Since these models allow scientists to perturb network components and observe the predicted
outcomes, they are especially useful when the systems under study are so complex that scientific intuition
is no longer an adequate guide for further experimentation. The influx of information produced by
genomic and post-genomic technologies is making modeling increasingly attractive to a wide range of
scientists.

Biological modeling is being applied to diverse plant datasets, pathways, processes, and
organisms. An important goal of such modeling is to develop predictive and easily modified models that
can anticipate plant performance under different circumstances. Such models will help breeders, farmers,
and agricultural specialists develop agronomic practices that maximize crop yield, help ecologists and
conservationists understand population dynamics in complex environments, and allow basic researchers
to better understand the signaling networks underlying plant responses to the environment. Currently
most models are developed to describe a single biological network, in relative isolation from related



networks, and are difficult for non-specialists to access. The combination of isolated and divergent
models would be highly synergistic, allowing much larger datasets to be used and achieving greater
predictive power. The development of user-friendly applications for model access and manipulation will
allow a broad range of citizens and scientists to benefit from this effort.

Our proposed Grand Challenge Workshop aims to identify the barriers to the generation of user-
friendly models and to develop a plan to overcome these challenges. Using the integration of circadian,
diurnal, and environmental response models as a biological framework, we will generate models that are
broadly useful, easy to manipulate, and yield predictions that can be tested in the lab and the field.
Important points we will address include data exchange and database integration, integration of models
across biological and computational levels, and how to make advanced informatics technologies widely
accessible both to scientists and the general public. We anticipate 25 — 35 participants with expertise in
topics ranging from engineering to ecology.

Scientific problem

Recently soaring food prices have dramatically illustrated the precarious nature of the global food
supply. It is estimated that crop productivity will need to double by the end of the century to keep pace
with the world’s increasing population®. Global climate change will complicate the process of crop
improvement, as changing local environments will make it difficult to predict which genotypes will
perform best in a particular locale. Important ways to increase yields include increasing the
photosynthetic efficiency of plants and reducing crop losses due to abiotic and biotic stresses. It is
estimated that the maximum conversion efficiency of solar energy to biomass is only 4.6% for C3 and 6%
for C4 plants®. Abiotic and biotic stresses significantly reduce yields from these theoretical maxima.
Within the United States, it is thought that drought causes an annual average crop loss of between 9 and
12 billion USD (2008 dollars)® while drought and other abiotic stresses such as salinity cause even greater
productivity losses worldwide. Furthermore, biotic stresses cause an estimated 30% reduction in crop
yield; these losses can reach close to 50% in underdeveloped agricultural settings”.

Many environmental changes that affect plant productivity, such as light availability and biotic
and abiotic stresses, recur with predictable daily or seasonal patterns. Plants have evolved an internal
timer, the circadian clock, to anticipate these predictable challenges and opportunities. The circadian
system provides plants with an adaptive advantage, presumably through its influence on processes
including the timing of the transition to flowering, photosynthetic efficiency, responses to biotic and
abiotic stresses, and hormone signaling®™°. In addition, plant responses to these stimuli can be directly
modulated by cyclic changes in the environment, such as alterations in light or temperature**,
Anticipation of and direct response to daily and seasonal growth opportunities and stresses are thus
central to plant physiology and performance. Although some pathways such as vernalization differ
between monocots and dicots, the circadian clock mechanism and many connections with biological
response pathways are widely conserved across higher plants™*°. The intricate connections between the
clock, plant physiology, and the environment strongly suggest that understanding these systems and their
interactions is essential for food security.

Given the need to improve plant productivity, it is critical that we identify both genetic traits and
agronomic practices that will increase performance in a wide range of environments. A critical means to
achieve these improvements is the development of accurate, modifiable and testable computational
models of plants and their responses to abiotic and environmental perturbations. Such models would
allow crop breeders or physiologists to rapidly simulate the effects of changes to a plant’s genome or
environment on performance before devoting resources to testing these changes in the field. Numerous
models are currently being developed in a wide range of plant sciences, including physiology, breeding,
agronomy, and fundamental science’’?*. However, for the potential power and utility of modeling
approaches to be realized, information from disparate datasets, processes, disciplines and organisms must
be combined and made accessible to scientists with a range of expertise. Thus there is a need to develop a
simple computational platform for the integration of such models and their application across diverse




plant sciences. The workshop we propose aims to explore ways in which an iPlant Grand Challenge
project could meet this need.

The likely participants in this workshop possess a broad range of expertise. We have recruited:
computational scientists with expertise in the generation of mathematical and network models (Albert,
Doyle, D’Souza, Lee, Sauro, Wild, Zhu) and development of standards for systems biology and software
integration (Oinn, Sauro); fundamental biologists studying the mechanisms underlying circadian clock
function (Harmer, McClung, Mockler), biotic and abiotic stress responses (Denby, Glazebrook, Katagiri,
Kliebenstein, Maloof, Ronald), central metabolism (Stitt), and flowering time regulation (Coupland,
Maloof, Weigel); biologists working towards crop improvement (Brutnell, Buckler, Jansson, Mockler,
Pink, Ronald); and ecologists studying plant/environment interactions (Juenger, Weinig). Together, we
will be able to decide upon common language and data exchange standards, identify computational and
modeling tools that will be useful to a broad range of biologists and breeders for basic and applied
research, and plan the optimization, robust software engineering, and dissemination of these tools.

Need for new tools and approaches

A wide range of detailed studies of plant/environment interactions, many of which also explicitly
examine the effects of genotype and the time of day or season on responses, have been completed and
more are underway. Parameters recorded in these studies include meteorological data, high resolution
images, gene, protein and metabolite profiles, flowering time, growth, and yield. Although potentially
complementary, it is currently difficult for an individual researcher to find and coordinate data generated
by groups working at different biological levels or using different species. When this data is located, it
can be hard for those working in a slightly different field to understand what is being reported. Therefore
one pressing need is for a central clearinghouse for these diverse datasets, with data deposited using the
format (such as MIAME for microarray data) considered the standard by each community. We must also
develop seamless methods for data exchange between these formats. All types of data will need to be
incorporated in future modeling efforts, and a standardized way to deposit and access diverse datasets will
greatly facilitate this process. Life scientists and software engineers will need to determine whether this
will best be accomplished by a single centralized data repository or by a workflow environment that links
information from different databases®.

Another challenge is that computational scientists and biologists are generating predictive and
descriptive models of various plant response networks using diverse tools and approaches, which make
these potentially complementary models difficult (if not impossible) to compare and integrate with each
other. Ata computational level, it is very difficult to integrate existing models with each other, especially
when they are based upon different techniques such as ordinary differential equations (ODE), linear
dynamical systems (LDS), or Boolean models. At a biological level, it is very challenging to integrate
discrete models that describe separate but related processes, such as circadian clock function, light
signaling, and pathogen response. Both types of model integration must be achieved, however, if we are
to generate useful models that will predict plant performance in a variety of environments. Even after
models have been generated, it is then necessary to translate them into standard repository formats such as
SBML or CELLML. While these formats are appropriate for ODE models, similar formats have not been
developed for other types of models such as LDS or Boolean. Thus an important challenge is to devise
new ways to integrate and store predictive models.

Most current models have been generated using software that is so specialized that only a limited
number of scientists, conversant with software such as MATLAB, are able to effectively use them. To
leverage full value from the community investment into data generation and model development, we need
to translate prototype specialist academic software into robust engineered production software that can be
used by many types of plant scientists, from breeder to molecular biologists. The goal would be to
generate flexible interfaces that would allow the non-specialist user to modify the model depending upon
their needs and then generate testable hypotheses. Scientists working on crop improvement might wish to
determine the predicted effects on performance when a particular genotype was grown in a different
environment, or after specific genetic changes were introduced. Scientists studying fundamental




processes might wish to determine the predicted effects on phenotype after adding or removing model
components or changing connections between them. Such applications by non-specialists are currently
quite difficult; for example, although quantitative models of the plant circadian clock have been
published'’*8, these models cannot be easily manipulated even using relatively standard programs such as
Cell Designer and MATLAB Systems Biology Toolbox. Accessible models with “Lego set”-type
flexibility would allow a wide range of biologists to apply different types of data to the improvement and
application of models, resulting in a deeper understanding of fundamental plant biology and more rational
strategies to improve productivity.

A final challenge will be to integrate such user-friendly models and software into research,
education, and public outreach programs. It is vital to educate biologists, breeders, farmers, and the
general public about the value of computational approaches to complex biological problems and to
engage them in the scientific process. One outreach project we are planning is to provide 100 maize
accessions to science classes and volunteer “citizen science” groups located across a wide range of
environments. Similar citizen science projects have been successful in the fields of ornithology, botany,
and astronomy®®. We would then provide these students and volunteers with a user-friendly model that
will predict traits (such as flowering time and yield) based upon the local environment. Students and
volunteers would then measure these traits, compare them to the predictions, and upload their data to the
project organizers. This distributed phenotyping would be useful for model improvement and introduce
students and members of the general public to modeling and quantitative approaches to biology.

Available datasets and models

Diverse large-scale datasets and models investigating the role of predictable changes in the
environment on plant physiology have been generated. Computational models describing the circadian
clock (Doyle, Millar), biotic and abiotic stress pathways (Albert, Katagiri, Ronald), photosynthesis (Zhu),
and carbon and nitrogen metabolism (Stitt) have already been published. Many microarray experiments
examining the effects of the time of day and the season on gene expression have been or will soon be
completed in Arabidopsis (Chory, Harmer, Maloof, Millar, Stitt), rice (Mockler), poplar (Jansson,
Mockler), and Brachypodium (Mockler). High resolution time series gene expression data, and network
models inferred from this data, are available for leaf development and infection of Arabidopsis with the
pathogen Botrytis cinerea (monitored over two diurnal cycles). Additional gene expression experiments
and models for Pseudomonas syringae infection and abiotic stresses (drought, high light) in Arabidopsis
are currently being generated and should be completed within the next 12 — 24 months (Denby, Pink,
Wild). In addition, transcript, enzyme activity, metabolite and polysome loading levels have been
monitored in one Arabidopsis accession over diurnal cycles and in over 100 accessions using a reduced
number of time points (Stitt). A comparative study of photosynthetic gene expression in maize, rice and
sorghum is currently underway to characterize transcriptomes, proteomes and metabolites associated with
C3 and C4 photosynthetic differentiation (Brutnell), providing a platform for future studies to examine
the effects of abiotic stresses such as shade and nutrient deficiencies on photosynthetic differentiation.
Gene expression studies of responses to biotic and abiotic stresses in rice are also available (Ronald).

The effects of genotype on plant physiology in different environments have been examined by
many workers. Large data sets are available in Arabidopsis relating growth, enzyme activities and
metabolites when carbon and nitrogen levels are limiting (Stitt). Extensive studies in Arabidopsis
(Coupland, Kliebenstein, Maloof, Weigel, Weinig) and maize (Buckler) have examined effects of
genotype and environment on flowering time or biotic interactions using different natural accessions,
nested association mapping (NAM), recombinant inbred line (RIL), and F2 mapping populations. In
some cases, circadian parameters were also measured for these populations (Coupland, Weigel, Weinig).
Growth, performance, and circadian parameters (period, phase, amplitude) have been examined in
Arabidopsis field-grown RILs (Weinig) and metabolite levels, growth, and yield have been examined in
5000 maize RILs grown in up to ten different environments (Buckler). Detailed genotypic information is
already available for many of the Arabidopsis lines used in the above studies®’. Another 1,300
Arabidopsis accessions are being genotyped at 250,000 single nucleotide polymorphisms




(http://walnut.usc.edu/2010/SNPs) and complete genome sequences are being generated for 1,001
accessions (http://1001genomes.org/). The maize NAMSs have been genotyped and initial maps will be
publicly available within the next 12 months and Solexa sequencing data will be released within the next
12 to 24 months.

The above studies thus range from those performed with a single genotype grown in a controlled
environment facility to those carried out using diverse populations in a variety of natural environments,
and measure parameters ranging from gene expression to plant fitness and performance.

Goals for the workshop

The primary goal of the workshop will be to develop an action plan to generate the new tools and
approaches needed to make computational models more broadly useful. It will first be necessary for
workers in diverse fields to develop a common language and educate each other about appropriate
reporting standards for models and data exchange. This will facilitate data exchange and model
generation and integration. To this end, participants will first describe the state of the art in different
disciplines, discuss the types of standards required for both data exchange and models, and solicit ideas
on how to integrate molecular, genetic, metabolic, phenotypic, and environmental datasets. We will also
discuss what will be required to integrate models at various levels: this includes models generated using
diverse techniques (such as ODE, Boolean, and LDS); models of related biological pathways (such as the
circadian clock and stress responses); and models describing different types of events (such as molecular,
metabolic, physiological, and meteorological processes). Existing datasets that should be incorporated
into new and existing models will be identified.

Another important topic will be a discussion of ways to make advanced informatics technologies
usable by a wide range of biologists. We will discuss current computational models and tools that would
merit development from specialized academic prototypes into highly accessible and robust software. In
addition to providing useful tools for basic scientists and breeders, this will allow us to introduce school-
age children and citizen scientists to quantitative approaches to biology via outreach efforts. Ways in
which these tools can be disseminated among target audiences will also be discussed. Finally, we will
plan how to develop a full Grand Challenge proposal and identify core leadership for this effort.

Related efforts

Several Grand Challenge Workshop proposals are related to this proposal. Katherine Denby, David
Pink, David Wild, and Xinguang Zhu are likely participants in the “climate change” iPlant proposal
organized by Steve Howell while Pam Ronald is a likely participant in the “climate change” iPlant
proposal organized by Ruth Grene. Ed Buckler is an organizer and Stacey Harmer and Julin Maloof are
likely participants in the “plant adaptation” iPlant proposal. Data resulting from an NSF-funded FIBR
initiative investigating the role of genotype and the environment in the regulation of flowering time
(Award Abstract #0425759; Pls: Schmitt, Welch, Amasino, Purugganan) would prove useful in our
modeling efforts.

Meeting format

We anticipate that the proposed workshop would take place over two days. It would consist of a
few formal presentations in a specific area followed by group discussion of that topic. Each speaker
would spend most of his or her time on background information followed by a brief description of what
results he or she would like to see come from the Grand Challenge proposal. We envision the following
topics, with the indicated participants playing key roles in each session:
Database integration/exchange (Oinn, Sauro)
Model integration I: different mathematical approaches (Albert, Doyle, D’Souza, Lee, Wild)
Model integration 11: related biological pathways (Brutnell, Denby, Katagiri, Ronald, Stitt)
Model integration Il1: across biological levels (Buckler, Pink, Weinig)
Model translation: academic prototypes - robust engineered production software (Oinn)
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6. Education and outreach tools (Katagiri, Oinn)
7. Summary session: identification of key goals and formation of working groups (All)

Role for iPlant Collaborative

We would appreciate the assistance of the iPlant Collaborative in identifying contributors with

expertise in software engineering, plant breeding for the developed and developing world, undergraduate
biology education, and citizen science outreach.
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