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Background  

In recognition of  the integral importance of evolutionary biology to all biological research, the Fundamental Space Biology Program (FSB), with the assistance of many contributors, initiated in 1999 the development of an Evolutionary Biology Research Plan.  The working plan originally derived  from ideas shared by the participants of a workshop held at The American Museum of Natural History, New York City, NY, on March 3-5, 1999.  The workshop focused on the general research areas appropriate for the plan and on how the discipline of evolutionary biology might contribute to NASA’s vision and mission. 

While the Evolutionary Biology Research Plan was under development, NASA Administrator Sean O'Keefe selected an independent task force to provide recommendations regarding the research priorities of the Agency's Office of Biological and Physical Research (OBPR).  This group, The Research Maximization and Prioritization Task Force, 
was chartered to perform an independent review and assessment of research productivity and priorities for the entire scientific, technological and commercial portfolio of OBPR and to provide recommendations on how best to achieve its research goals.  In August, 2002, the task force report, ReMaP (Report of The Research Maximization and Prioritization Task Force), was submitted to the NASA Advisory Council.  The report recommended further outside review of two “nascent” areas in FSB, evolutionary biology and gravitational ecology.  Pending such reviews, ReMaP ranked evolutionary biology at FSB as an area of low priority (priority 4). Reasons cited for this assessment included: 1) the narrowing of scope in evolutionary biology research at FSB due to the further definition of  the Astrobiology Program sponsored by the NASA Office of Space Science, where evolutionary biology research is also funded; and 2) the lack of specifically formulated  hypotheses that link gravity  influences to evolutionary patterns and processes, a primary and distinctive research objective in FSB.  

In response to the ReMaP report, the Evolutionary Biology Research Plan was expanded and revised  based on an additional workshop held at the Woods Hole Oceanographic Institute, MA (September 22-24, 2002) and on subsequent dialogue.

In late 2002, at the request of Fundamental Space Biology, an outside committee of evolutionary biologists (see background information in Appendix 1) was formed to review a working version of the  Evolutionary Biology Research Plan.  The Committee was chaired by Michael J. Novacek, Provost of Science and Curator of Paleontology at the American Museum of Natural History.  Other members of the committee were:


Edward O. Wilson, Pellegrino University Professor, Harvard University

Anne Burke, Assistant Professor, Development and Evolution of Vertebrates, 

Wesleyan University


Elizabeth Kellogg, Professor, Department of Biology, University of Missouri, 

St. Louis.

Albert Bennett, Professor and Department Chair, Environmental, Comparative, 

and Evolutionary Physiology, University of California, Irvine


Doug Erwin, Department Chair and Curator of Permian Gastropods, 

National Museum of Natural History, Smithsonian Institution 

The committee, heretofore referred to as the Evolutionary Biology Committee, convened on Feb. 5-7, 2003 at the Yale Club in New York City to review the draft report, interview several researchers whose interests were directly related to evolutionary biology at FSB, including researchers supported by grants from the program (see Appendix 2), and to discuss the issues relevant to the program and the NASA mission.  This report is the outcome of the New York meeting and subsequent discussion of the committee. 

The charge of the committee concerned four fundamental activities.

· To assess and comment on the importance of evolutionary biology to the NASA mission.

· To identify opportunities at NASA in evolutionary biological research that are unique among various Federal Funding Agencies.

· To review a working version of the Evolutionary Biology Research Plan at FSB and consider whether it substantially contributes to NASA’s vision and mission. 

· To offer recommendations for the continuing development of the Evolutionary Biology Research Plan at FSB and the related research strategies at a broader level within NASA

In keeping with these expectations, the Committee offers below a general statement on the importance of evolutionary biology at NASA, recommendations for the reshaping and refinements of the Evolutionary Biology Research Plan, and comments on the relationship of research in evolutionary biology at FSB with that in other NASA programs, such as Astrobiology.  The Committee did not concern itself with a detailed review of the components and organization of the Fundamental Space Biology Program at NASA, nor did it assess individual research projects or program areas in evolutionary biology.  Both these activities are subject to periodic review by either outside committees (e.g., ReMaP) or peer review groups. 

“…biological evolution is the most important concept in modern biology and a concept essential to understanding key aspects of living things.”

From: EVOLUTION, SCIENCE AND SOCIETY: Evolutionary Biology and the National Research Agenda.  National Academy of Sciences, Working Group on Teaching Evolution. 1998.  Teaching about Evolution 

and the Nature of Science.  National Academy Press, Washington, D.C (http://www.rci.rutgers.edu/~ecolevol/execsumm.html)

I.  Introduction-- Evolutionary Biology is Mission Critical to NASA

NASA’s mission – to understand and protect our home planet, to explore the universe and search for life, and to inspire the next generation of explorers -- rests on the notion that the most challenging and exciting prospects entail the exploration of and for life itself.  That notion is emphatically described in the NASA vision —to improve life here, to extend life to there, and to find life beyond.   Thus NASA is committed to grappling with questions that have confronted us over millennia:

What is life?  

What do we share with other living creatures?  

What will we and other life become in the future?

Is there life elsewhere in the Universe?  

Such questions have been recast as some of the major scientific problems of today: 

How is life distinguished from other natural phenomena on this planet?  

How did life on Earth originate and evolve, and what are the drivers that produced the spectacular diversification and adaptation of species?  

What are the physical limits for the sustainability of life?  

How do we use our knowledge of life on Earth in a search for life beyond this planet?  

These questions imbricate  with issues essential to the survival of our own life forms in space and on other worlds.  Namely, how will Earth-bound organisms – including most notably ourselves –  be affected by new and alien environments, such as the gravity free habitat of space?  NASA’s space missions, especially The International Space Station (ISS), offer the first encounter with an utterly different habitat for life, an environment that can not be exactly duplicated on Earth.  This extraordinary situation  raises specific issues about the effect of microgravity on basic biological processes. 

While the above questions and the NASA mission that frames them have a huge intrinsic importance to the intellectual progress of biology and science in general, they also have an unmatched impact on the curiosity, imagination, and abiding interest of the public.  For no other scientific quest has the power to apply the theory, methods and technology of modern science as the tools – “the expeditionary gear” – for the most exciting and profoundly important expedition of our time.  Thus no other scientific quest has the potential to inspire new generations of scientists and explorers in exactly the way NASA intends in its mission.  It is easy to see why each new image from a distant planet or a star, each new trace indicating the possible presence of such life-sustaining elements as water on a Martian landscape, sends  ripples of excitement through the public, an excitement catalyzed by an energized popular press and media. 

But all expeditions need a map.  For our mission to explore life here and elsewhere that map is provided by evolutionary biology.  The theory of evolution as first defined by Charles Darwin — namely, descent with modification through natural selection—is the only comprehensive scientific framework explaining the origin and patterns of all life on Earth.   It is only logical that the same framework guide our search for life on other worlds.  Evolutionary processes apply regardless of the extraordinary range of biochemistry, information storage, metabolism, and reproduction that we observe in living organisms on this planet.  Evolutionary biology resides at the core of all biological sciences, providing the context for interpreting and comparing all life, through time and across species and wherever it may be found.   Thus evolutionary biology not only provides the ordering principles that guide our investigations of the history of life on Earth; it is essential to our investigations of the dynamics of disease and infection, the mapping of the genome in diverse species, and the assessment of ongoing biological change on this planet and what such change bodes for our future.  As noted by Theodosius Dobzhansky, the man who in the mid 20th Century annealed the discoveries of genetics with Darwinian theory, “Nothing in biology makes sense  except in light of evolution.” 

The cultivation of new discoveries in evolutionary biology is essential to the NASA mission. Our entry into the new age of discovery in biology is heralded by many exciting developments, a few of which include:

-- the first map of the complete genome of humans and selected other organisms. 

-- the emboldened effort to exhaustively catalogue the Earth’s biodiversity and plot its tree of evolutionary relationships. 

-- the refinement of experiments and comparisons to study development and growth. 

-- the interlacing of fossil evidence with the physical properties and events of Earth history, including extraterrestrial impact.

These diverse probes into the nature of life allow us an unprecedented opportunity to understand the integration of levels of organization from the genomic blueprint to the interaction and adaptation of organisms within their ecosystems and environments.  Technologies for imaging, experimentation, and data computation allow the kind of synthesis in biology that was not imagined possible a decade ago.  And the binding elements of this synthesis will continue to be the basic tenets of evolutionary theory.  NASA must not only maintain but enhance its key leadership role in this age of new biological discovery, in what is widely regarded as the most dynamic and progressive area of science today.  Through its visionary research programs, NASA offers unique tools and technologies -- such as remote sensing, high speed computation, and imaging—that are not matched by programs fostered in other agencies.  Even more importantly,  NASA alone is seeking insights on the fundamental nature of life at a level of generality that must apply beyond the familiar conditions in our own world.  This literally more spacious view compels scientists to consider the broadest range of scenarios that relate to life origins, form, function, diversification, and of course, evolution. 

II.  Evolutionary Biology is essential to NASA’s effort to anticipate new discoveries and emerging trends in science and technology.

We note five, among many, scientific developments of particular significance to NASA.  These are directly relevant to the kinds of research in evolutionary biology sponsored by the Fundamental Space Biology Program. 

The accumulated data on biological responses of a variety of organisms to zero- or microgravity environments in space.  

As we continue to explore space, we are creating an unprecedented series of experimental opportunities to examine the response of biologic organisms to the unique conditions of space.  Humans are of course much in focus here, and there are critical research questions concerning the sustainability of humans in space with regard to muscle and bone structure, physiology, gravity sensing mechanisms, and disease resistance. 

Humans are, however, also self-contained ecosystems harboring an estimated 450- 500 different species, including organisms that live on the skin, and in the mouth and digestive tract, that either simply exploit our bodies for sustenance or in the process provide vital services in digestion, disease resistance, and other biological functions. The importance of evolutionary biology in understanding the nature of our cohabitation or symbiosis with these organisms has been well demonstrated.  Such continued research as well as studies in space are necessary to assess this delicate balance in zero- or microgravity environments. 

On a second front, the study of evolutionary patterns is the key to insights on the dynamics of infectious disease and the “arm’s race” between microorganisms and complex organisms like humans and plants that are the targets of infection.  How the spread of infection and immune responses are affected by new and alien environments is critical information for health and survival in prolonged space flight and eventual exploration and colonization. 

Finally, in addition to microorganisms and humans, a variety of complex organisms, including notably plants, have been and will be introduced to space.  Such experimental biological systems are prototypes for resources in prolonged space flight or colonization.  Responses of such organisms to new environments with respect to growth and development, sensory activity, physiology, and gene structure, expression and regulation are primary objectives for zero-gravity or microgravity experiments.  Success in this area will also depend on ground-based investigations which will frame further research in space.        

The anticipated discovery of extrasolar rock planets within the next decade.   

The dramatic disclosure of evidence of exoplanets is the inroad to direct observations and images of such planets, a goal that seems within  reach within the next two years.  The next exciting phase, already being proposed to NASA by a number of investigative teams, involves the remote sensing for  biosignatures on exoplanets.  As NASA has recognized, the study of bacterial evolution is clearly essential to a notion of where and how we might identify life on these planets.  The study of the evolution of complex organisms—one of the primary objectives of Fundamental Space Biology Program -- is equally essential.  For example, the composition of the  Earth’s present atmosphere is to a great extent determined by the energy cycling of  green plants.  Remote sensing of other planets may reveal chemical signals that do not correspond to those of known bacteria, but do correspond to those of complex terrestrial organisms, such as plants.  Thus, our knowledge of the evolutionary history and processes bearing on all Earth’s diversity -- from bacteria to the most complex of organisms -- will be fundamental to the search for life beyond. 

The discovery of organisms on Earth adapted to extreme environments of heat, cold, darkness, and anoxia have enlarged our search image for the possible range of conditions that might support life on other worlds.  Such “extremely adapted” organisms, or extremophiles, are largely bacteria or other single-celled species, but biology has revealed as well the surprising adaptability of colonies or multi-cellular organisms to certain extreme environments.  A search for biosignatures in remote planets must take account of the wondrous diversity of the huge range of species produced by over 3.6 billion years of evolution on Earth. 

The genomic revolution

The discovery of the structure of DNA more than fifty years ago, was a monumental step forward toward characterizing the essential material for life and the nature of biological organization and processes.  Now the sciences spawned by this discovery have registered another milestone—the sequencing of the complete genome in humans and selected species.  This much-heralded achievement has provided a new foundation for investigating many facets of biology and their applications in medicine and human health.  Using the complete genome as a map, we now have a context for the organization and variation of the heritable material in different organisms.  We can, for example,  ascertain more effectively  how genes on different chromosomes may together code for a particular function, a key to ascertaining the evolution of disease.  Despite this great progress, we are just beginning to match our knowledge of the genome with our pursuit of evolutionary problems.  As we map the genome, or large subunits of the genome, in diverse organisms we will gain a much clearer picture of species relationships, gene organization, expression and function, and other patterns and processes integral to the evolution of life.  

 
The explosive growth in computational power and technology

In the past, biological research was thwarted by the complexity and diversity of the systems under study.  Until recently, our limitations in computational tools and approaches eluded our ability to fashion algorithms and design technology that would elucidate complex biological patterns.  In this exciting new interval, the computational arsenal is rapidly expanding.  Parallel supercomputing and creative algorithms are allowing biologists to investigate intricate structures and processes, including gene networks, protein structures, phenotypes, and species genealogies.  This is extremely timely; for it is widely acknowledged that the major impediment to many research programs, such as comparative genomics, is not one of data gathering but of data analysis.  Evolutionary biology has provided—and continues to provide—the motive and framework for the technology advances required.  NASA has a distinctive role among Federal agencies in fostering programs that link computational technology with scientific questions, including notably evolutionary biology.  The achievements spawned by NASA support must now be sustained and enhanced to address these problems. 

The development of a “New Biology” that integrates levels of organization in living systems from genes to organisms to ecosystems.

The principles of evolutionary biology work at all levels of organization in biology – from genes through proteins, cells, organ systems, organisms, and ecosystems.  Nonetheless, the integration of these levels has proven a formidable objective during the 150 years since Darwin first proposed the theory of evolution by natural selection.  It was not until the late 1940’s that basic evolutionary theory was infused with the discoveries of genetics and population biology.  In more recent decades we have seen a resurgence and refinement of comparative biology, which offer rigorous and repeatable observations concerning the variation of form, development, function, physiology, and relationships in different organisms.  With the technological breakthroughs of the 1990’s, it is now possible to collect massive amounts of information from the genome in different species.  Meanwhile we have elucidated patterns at higher organizational levels. For example we are beginning to find ways in which gene networks influence development, body symmetry, segmentation, appendage growth or arrangement, and brain and nerve organization.  This allows us to circle back to the problem of linkage between the gene and the proteins and more complex structures that represent the products of gene expression.  The next step is to integrate the massive inflow of information on organism physiology and function with other levels.  Several research projects already being supported by Fundamental Space Biology are aimed directly at deciphering these linkages.  At long last the tools and methods seem appropriate for the job.  This more comprehensive and integrative approach to biology is pivotal to our understanding of anything on this planet or elsewhere that may share the attributes of things we call life. 

III.  NASA offers some unique opportunities to conduct evolutionary biology research in the federal funding landscape.

In several ways, NASA programs represent unique contributions to evolutionary  biology.  Below are a few non-mutually exclusive examples: 

· Only one Federal agency, namely NASA, is primarily concerned with the nature of life under the most general possible conditions.  It seriously considers the notion that life on Earth is only one possible scenario for life in the Universe.  It supports research that asks what different ways life anywhere could have originated and evolved.  Thus, investigations of the most general principles of biology and evolution are unique to NASA funding.

· As a corollary to the above, NASA research offers the unique opportunity for evolutionary biological research that expands the environmental domain for life to the edges of survivability here as well as beyond gravity- and Earth- bound environments.  Notable examples include research on species that inhabit polar regions, the ocean floor and sulfur chimneys, ultra-high temperature thermal pools, and of course research on organisms in the gravity free environments of space. 

· Because of its mission, NASA has a comparatively greater investment in some areas of evolutionary biology – including aspects of comparative physiology, development and body design, gene networking studies, computational phylogenetics, and paleontology on archaic microbial and multicellular organisms. These research programs are essential to making generalizations about life on Earth and the possible nature of life elsewhere. 

· NASA offers special technologies that are not readily available in other Federal programs.  Certain kinds of computational analysis and informatics,  as well as remote sensing, and scientific technology connected with space probes are not typically supported in other agencies.  Moreover, NASA fosters an unusually tight interconnection between biology and computational science.  In contrast, these programs at NSF are in separate directorates, an organizational structure that constrains interdisciplinary research.

· NASA offers unique partnerships among research teams, institutions and research labs that offer optimal advantages in approaching certain research questions.  Investigations in microgravity biology or computational phylogenetics, for example, would not be effective without these partnerships.  

· NASA research in evolutionary biology, with its dramatic focus on the mysteries of life at the edges of survival on this planet, the sustainability of life  in space, and the possibility of life on other worlds has a extraordinarily strong and passionate connection with the public.  The potentials for far-reaching science education here are profound.  

IV.  An Evolutionary Biology Research Plan for Fundamental Space Biology 

The Evolutionary Biology Research Plan for Fundamental Space Biology has  been developed with the following rationale, as stated in the working draft of the Plan:

“NASA’s mission to explore the Universe, to search for evidence of past and present extraterrestrial life, and to project the potential for life to transition into the Cosmos, demands knowledge and understanding of what has evolved, what evolved repeatedly, and what did not evolve on Earth.”  

Accordingly, an over-arching goal of the Plan is to identify the fundamental, shared features of evolution of organisms and ecosystems on this planet, how these features might be affected in space, and what we might expect of life on other worlds given our knowledge of life here.  Below is our committee’s brief characterization of the main elements of the Plan (the committee’s more detailed synopsis is provided in Appendix 3)

Evolution and Space

Much of the Evolutionary Biology Research Plan is elaborated from the important observation that gravity-free space offers an unusual environment for biological organisms.  The  physiology and development of plants and animals are altered by gravitational force. Moreover, Space Shuttle and Mir studies show that microgravity exposure leads to bone demineralization, cardiovascular and immuno-deconditioning, as well as to muscle wasting in animals and humans and loss of cell-wall structural materials and impaired reproductive capacity in plants.  This clearly indicates that lack of gravity is an abnormal condition for certain organisms.  There are also possible experimental indications of alterations at the genetic and gene expression level and in the process of gene expression.  Thus, space and the micro-gravity environment presents conditions that could influence evolutionary processes.  The Committee agrees that the FSB Evolutionary Biology Research Plan is built on the very compelling conviction that “Gravi-evolutionary” biology is exciting new terrain for scientific research, and could be the focus of an entirely novel and burgeoning scientific field in the next few years.  Appropriately, Gravi-evolutionary Biology  represents a theme repeated in a number of the specific objectives summarized below. 

Targeted Areas of Research


The Woods Hole workshop identified the five following main research areas and supportive technologies that will aid the search for life in the universe:  

Research Area 1: Understanding how life evolved on Earth and predicting the nature of extra-terrestrial life.  


Patterns of evolution in repeated, convergent events in the history of life (e.g., the evolution of multicellularity, or the evolution of segmentation) allows us infer general rules of the evolutionary process.  Such investigations require the comparative approach, involving broad surveys of diverse species and the ever enriched database of the traits for these species.  Knowledge of evolution on Earth that prepares us for extraterrestrial exploration must encompass the great spectrum of organisms from microscopic cells to complex organisms, such as vertebrates and higher plants.  Several facets of evolutionary biology are incorporated as objectives in the Plan.


Objective 1.1: To characterize the evolution of biological complexity. Research here involves the examination of associations among biological individuals for the emergence of more complex design and lifestyles. Also essential is the study of development and differentiation.  Life on Earth displays a variety of mechanisms regulating the differentiation and growth of cells and tissues during the life cycle of an organism. Currently, scientists understand regulatory pathways in only a few regions of a handful of model organisms.  Moreover, we know very little about the diversity of mechanisms of developmental regulation. In addition, we should search for evidence of  the evolution of developmental mechanisms in response to gravity. 

Objective 1.2: To characterize the evolution of  function at different organizational levels.  Evolutionary adaptations depend on the combination of selective environment and any internal physical or genetic constraints on variation.  The central question is to what extent similar conditions, both intrinsic  and extrinsic, will elicit similar adaptive evolutionary responses or constrain these evolutionary responses.  The issue calls for the study of a number of organizational features, including gene packaging and regulatory networks in different species. 

Interactions with the external environment are also important.  These generate the diversity of Earth’s biota, and such interactions are expected to play a role of comparable significance in extraterrestrial forms.  

Objective 1. 3: To identify variation in patterns of evolutionary rate with respect to form, function, and diversification ( comparative “Evolvability”).  One of the notable inferences derived from study of both the fossil record and recent diversity is that there seems to be a difference among organisms concerning the potentials for speciation, diversification, and morphological change.  Explanation for these contrasting patterns require studies of associations between the generation of diversity and various aspects of genetic and developmental organization.  Any robust associations found may enable us to make predictions about the developmental organization and expected evolutionary tempos and modes of extraterrestrial organisms. 

Research  Area 2:  Understanding the evolutionary responses of life to novel environments and the long-term consequences of carrying terrestrial life into space

Objective 2. 1: To expand the search image for extraterrestrial life.  Life as we know it on Earth may only represent a subset of the range of possible processes and entities we might ascribe to life in the universe.  Studies of extraterrestrial life that appropriately expand our search image may depend on retrieved samples of a planet potentially bearing living organisms, anatomical fossils, or simply traces of organic molecules.  Alternatively, evidence for life may be limited to remotely sensed features, such as surface scans and atmospheric spectra.  Highly relevant to our recognition of potential alien samples or signatures is our comprehensive survey of present and past diversity of terrestrial species and the range of conditions under which these species live.  A second important reference system for analyzing extraterrestrial life is our analysis of phylogeny – that is the branching genealogical relationships that ultimately relate all Earth’s species in a “Tree of Life”.  Phylogeny will be necessary to answer an essential and very intriguing question:  Is there a possibility that a newly discovered life form from another planet shared a common origin with Earth life or has it evolved independently? 


Objective 2.2: To examine and predict the evolutionary potentials of Earth life in space. Given enough generation time, space travel will have major effects on the evolutionary trajectory of many species, especially microbial species with their with short life cycles.  Research on populations of such  “space travelers” would involve studies of gene variation and function, gene expression and its differential developmental effects, selection, and speciation. Several studies already have identified specific genes involved in cell division and cell-cell adhesion as being sensitive to gravity.  Of equal importance are longer term, evolutionary responses.  Are changes in gene expression and regulation part of how organisms adapt to low-gravity environments?  This is an issue about which virtually nothing is known.

Research Area 3:  Evolution of gravity sensing mechanisms

Objective 3.1: To identify the evolutionary origins and transformations of  the gravity-sensing mechanisms.  Organisms perceive and respond to a wide variety of physical stimuli from the environment, including pressure, solute concentration, gravity, and light.  After an environmental stimulus has been perceived, biological response comprises many interlinked activities that are collectively designated as "signal transduction."   The hypothesis usually advanced is that the signal transduction pathway for gravity-sensing mechanisms evolved from general responses developed by early, primitive single-celled organisms (prokaryotes) to respond to environmental stimuli. Elucidation of this transformation would help identify the parameters for life in space.  

Objective 3.2: To conduct comparative analysis of the gravity sensing mechanisms of vertebrates in order to identify evolutionary patterns and processes.  All living vertebrates maintain spatial orientation within their terrestrial environments.  The basis of this ability is a set of complex inner ear sensors.  In addition, vertebrates process internally generated signals that concern the position and acceleration of the head in three-dimensional space with reference to gravity.  Using behavioral markers, such as  the reflexes affecting the stability of eyes, the head/neck, and the limbs and hips, the consequences of altered gravity conditions could be sequentially followed in space through many generations.  It is essential to have specimens returned to Earth for separate ground-based studies. 
Research Area  4:  Microbial ecology and evolution in space

In order to be prepared to safely send humans on long duration space missions in the coming decades, NASA must begin now to develop a database of information concerning possible threats to human health arising from confinement in a spacecraft for extended periods of time.  A major factor in such an environment is the microbial- or “micro”ecology of the spacecraft including the crew.  As noted above, each human body is an ecosystem for hundreds of different species of microbes that maintain an exquisite balance for human survival.  The question then arises: Can NASA be assured that long duration missions involving human crews will not pose an unacceptable threat to the health and safety of the crew from factors deriving from the unique “micro-ecology” of these space habitats?  It is important to identify the genetic and species diversity within these systems and to examine the affects of microgravity on the population dynamics and ecology of this micro-biota.  

Research Area  5:   Technology Development

To improve our ability to perform comparative biological studies, new methods of gathering and analyzing data are needed.  Analytical or observational tools must be developed that allow large amounts of data to be efficiently sorted and analyzed, or difficult taxa (or specimens) to be maintained, handled, and studied
. The importance of these new developments is underscored by the need to make sense of the massive data sets now available.  High impact biological studies now require large numbers of species and large and diverse character data sets, which may comprise gene sequences, protein information, morphology, and other traits.  New tools, such as parallel algorithms and computing clusters, are required for this massive scale approach. Collaborations between biologists and computer scientists either have developed tools or  have begun to examine the potentials a series of products that include: 

sequence alignment algorithms 

rapid collection and analysis of gene expression data 

phylogenetic analysis (building phylogenetic trees from comparative data)

informatics  
analytical probes for evidence of living systems

methods for culturing microorganisms


regulatory network analysis to explain morphological innovation in body plans


These will be used by the scientific community for many applications, and will help to enhance NASA’s influential role in facilitating the growth of biological knowledge.

V.  Relationship of  the Evolutionary Biology Research Plan in Fundamental Space Biology to that in Astrobiology


The ReMaP report noted that the scope of Evolutionary Biology as FSB “has narrowed further” as the Astrobiology Program, sponsored by the NASA Office of Space Science has become more defined.  It seems therefore worthwhile to compare these two areas with respect to such research and the strategies outlined for carrying it out.

 
The basic goals and objectives of Astrobiology have been recently described in a draft document , “Astrobiology Roadmap.”  The October 28, 2002 draft of this plan identifies the following goals:

1) Understand the nature and distribution of habitable environments in the Universe.

2) Explore for past and present habitable environments, prebiotic chemistry and signs of life elsewhere in the Solar System.

3) Understand how life emerges from cosmic and planetary precursors.

4) Understand how past life on Earth interacted with its changing planetary and Solar System environment.

5) Understand the evolutionary mechanisms and environmental limits of life.

6) Understand the principles that will shape the future of life, both on Earth and beyond.

7) Determine how to recognize signatures of life on other worlds and on early Earth.

Clearly the mission outlined above for Astrobiology is very broad and it shows some overlap with certain research objectives described in the Evolutionary Biology Research Plan of FSB.  Both programs strive to extrapolate from a comprehensive knowledge of organisms and their environments on Earth to a search for likely signatures or direct evidence of life on other planets.  Both programs are concerned with the history of interplay between organisms and the environment on Earth.  Both are aimed at disclosure of basic evolutionary patterns and mechanisms that may be common to life elsewhere as well as on Earth.  Both programs apply similar technologies -- such as remote sensing for biosignatures – in the exploration for life in the Universe.  Objective number 5 of Astrobiology Roadmap for example shows some strong convergence on the aims in the Evolutionary Biology Research Plan described under Objective 2. 1: “To expand the search image for extraterrestrial life.”  

This committee views some overlap  inevitable given the broad spectrum of questions posed by both programs, and we find such overlap beneficial in encouraging diverse approaches to important questions.  Nonetheless we also recognize that the Agency must ensure that different programs are not broadly duplicating each other in scale, scope and objectives.  In addressing this issue, this committee finds that the evolutionary biology programs described in the respective plans of FSB and Astrobiology are largely complementary rather than redundant.  More specifically, the FSB plan calls for research in evolutionary biology that is not clearly not integral to the Astrobiology Roadmap.  These conclusions are supported by following distinctions between the programs.

· While both the Astrobiology Plan and the Evolutionary Biology Research Plan at FSB are aimed at insights concerning evolutionary mechanisms and environmental parameters for life, more specific objectives in the Astrobiology Plan almost exclusively concern microbes rather than complex organisms.  In  other words, the Astrobiology research almost exclusively focuses on prokaryotic life.  Prokaryotes are virtually all microscopic in size  and are single-celled organisms with very simple structure.  The DNA in the nucleoid of these cells is not bounded by a nuclear membrane.  Prokaryotes represent one hugely diverse but poorly studied division of life—the bacteria.  In contrast, the Evolutionary Biology Research Plan focuses on both prokaryotic and eukaryotic life with an emphasis on the latter.  Eukaryotes are organisms made up of  one or many cells.  These cells contain many structures or organelles, such as mitochondria, and the DNA is packed within a nuclear membrane.  The cells are also often much larger than prokaryotic cells.  Eukaryotes account for what are typically recognized as the other four divisions of life: protoctists (nucleated algae, water molds, slime molds and kin), fungi, plants, and animals.  

· Much in the Astrobiology Plan deals with physical aspects of atmospherics, planetary formation, the search for Earth-like planets, and clues to the precursors of life to be found in prebiotic chemistry.  The Evolutionary Biology Research Plan, in contrast, focuses on the long-term patterns and processes in diversification and mechanisms relevant to more complex multicellular  organisms that arose from early single-celled forms.  Accordingly, Astrobiology is largely concerned with the evolutionary events occurring during the Pre-Cambrian, the first interval of Earth history that  from about 4.5 billion to about 540 million years before present, although later events (for example, some mass extinctions) are considered in connection with Astrobiology goals 4. 5. and 6 noted above.  The Evolutionary Biology Plan, on the other hand, deals with many evolutionary issues more pertinent to the history of complex life, an interval extending from the very late Pre-Cambrian time  through the Phanerozoic Eon—the last 540 million years of evolution.   

· Because of the differences in above-noted scope, evolutionary biology research at FSB describes specific research objectives and protocols that relate to gene expression and regulation, developmental control networks, development and design of body plans, levels of organization, population biology, and interactions of complex organisms in ecosystems.  Data analysis is explicitely aimed at embracing levels of complexity  and probing the function of the genome in relation to higher levels of organization. 

· The FSB Plan more explicitly describes the use of algorithms and computer technology in searching for evolutionary patterns based on very large data sets comprising genes as well as morphological traits in both microbes and complex organisms.

· The FSB Plan defines a large range of studies concerned with the effects of gravity on biological and evolutionary phenomena as well as issues relating to evolution in the environment of space.  These bear on our attempt to identify factors that dictate the sustainability of humans and other organisms for life in space and for colonization of other worlds.  Such research is not part of the scope of Astrobiology.

· The FSB Plan specifically describes a number of technology initiatives important to understanding evolutionary patterns and mechanisms – such as cluster-based analysis of complex datasets, morphological imaging and databases, regulatory network analysis, and rapid collection of gene expression data that are not referred to in the Astrobiology Plan.

In outlining the above differences we also address an essential question of priority  of mission.  Microbes, especially prokaryotic bacteria, show a range of metabolic modes, rapid reproductive capacity, extreme lifestyles, and other qualities that make them ideal as models for looking at the parameters of life.  The committee recognizes the importance of exploration of the microbial world as one of the next big leaps in evolutionary biology and one certainly significant for the exploration of life in the universe. We endorse the various microbial research objectives described in both the Astrobiology Plan and the Evolutionary Biology Plan for FSB.  We also, however, emphasize that the study of complex multi-cellular life – largely the topics mapped out in Fundamental Space Biology -- is also crucial to our understanding the general principles of evolution of life on Earth in a way that frames our exploration for  life on other worlds.  As noted above, the composition of the Earth’s atmosphere is largely a function of energy cycling in green plants and other complex organisms, and such atmospheric profiles may be the first biosignatures  we remotely detect on other planets.  Thus, our accounting of evolutionary patterns in the broad range of Earth’s diversity -- from bacteria to complex organisms -- will be essential in interpreting the nature and origin of any newly discovered life forms.  Moreover, although the most extremely adapted organisms, or extremophiles  are largely bacteria, colonies of cells or multi-cellular organisms also show striking adaptations to certain extreme environments.  A search for biosignatures in remote planets must be inspired by the awesome range of form, complexity and diversity produced by 3.6 billion years of evolution on Earth.  

It is finally worth stressing that many of concepts and models required for  studying microbial life were first identified and utilized in the study of the evolution of complex organisms.  For example, the more rigorous analysis of evolutionary relationships among species – an approach known as phylogenetics—began with interest in more familiar complex species, such as animals and plants.  Phylogenetic approaches have led to the disclosure that some of the bacteria that inhabit the Earth’s most extreme environments – such as the sulfur vents on the ocean floor or high temperature thermal pools – are rooted at the base of the evolutionary tree, a position that has suggested new hypotheses about where we might look for extra-terrestrial life.   In addition to phylogenetics, biological theories dealing with homology (similarity in structure as a function of common descent), development, adaptation, symbiosis (one or more species intimately tied into the life cycle or even body and cell structure of another species), ecological interactions, and energy exchange are all grounded in investigations that first focused on complex organisms.

This comparison between evolutionary studies of microbes and complex life is not meant as statement advocating some kind of strict and consistent discrimination between these as areas of biological research.  Moreover, to say that two areas are broadly complementary does not obviate any need for refining missions and goals, and promoting confluence and coordination.  As a forecast of the Committee’s recommendations below, we encourage greater effort on the part of Astrobiology and Fundamental Space Biology in collaborative discussion and investigation concerning the interface of the research areas these programs respectively sponsor. 

VI.  Committee Assessment of The Evolutionary Biology Research Plan – Major Themes 

The assessment and recommendations of this review committee concern two aspects of evolutionary biology research at NASA.  The first of these relates specifically to the Evolutionary Biology Research Plan for Fundamental Space Biology as described under Section IV and in Appendix 3.  The second relates to the overall activities of evolutionary biology research within NASA, the relationships of the programs that support such research, and the ways in which the Agency might explore its investment in both research and education in this area. 

With regard to the Evolutionary Biology Research Plan, the committee resoundingly endorses the need for research in evolutionary biology as described in the Plan and the appropriateness of that research as funded in Fundamental Space Biology.  As noted above, the committee agrees that “Gravi-evolutionary” biology -- a research program central to the Plan --  is an exciting new area and one that could spawn a new scientific field in the next few years.  At the same time, we also agree with the Plan’s commitment to research of evolutionary patterns, processes and mechanisms in terrestrial environments.  It would be highly disadvantageous to maintain only a research program tailored for the micro-gravity conditions in space flight or orbit.  This would have the danger of interrupting the forward momentum of highly relevant research in evolutionary biology if there are shifts in strategies and priorities for space missions. There is simply too much of importance within the scope of the Plan that pertains to “normal” gravity, Earth-bound conditions to diminish activity in this area.   Moreover, as noted above, NASA is the Federal Agency that represents the primary funder and technology provider for some of these key research areas.  NASA’s sustained support is critical to insuring that the evolutionary biology community continues to consider questions of broad applicability to the Agency’s mission.   The kind of support required to address these questions will not come from other agencies.

This endorsement notwithstanding, our committee sees some ways of increasing the effectiveness of the Plan.  For one, we see a need for stressing more emphatically the importance of research in evolutionary biology and describing the specific problems of greatest interest and potential value to NASA.  The Plan, if anything, understates the case for the excitement and impact of evolutionary biology to the NASA mission and to science in general.  Our committee is of course inspired by the potentials of these NASA-funded programs and we hope that some of the statements given in this report are helpful in this vein.  We also see places where the Plan could be more focused on objectives, clearer in its priorities and coverage, and more expressive about the basic themes and issues that drive the research intended.  In the case of the latter, our committee agreed that the following themes, more or less developed in the plan, were particularly compelling: 

 
Humans as ecosystems – Our bodies are home to hundreds of different species of  microorganisms, and thus serve as a “living laboratory” under both Earth-bound and gravity free conditions.  Those co-inhabitants exhibit a great range metabolic modes, defense mechanisms, reproductive patterns, and other adaptations.  We thus represent ideal model organisms for studies of energy exchange and ecosystem interactions at different organizational levels.  With the advent of space flight we can address a fascinating and important question: “How is the exquisite equilibrium of the human ecosystem altered or disrupted under the gravity free conditions of the space environment?  It is crucial that we explore further the various approaches to studying this ecosystem and bring together widely disparate specialties to do so. 

A species sampling strategy for micro-gravity research – Humans are of course of great interest in observations of the affects of space on biological processes and evolution.  At the other end of the spectrum are microbes which offer opportunities for experiments that can rely on the short generation times and rapid population growth, and fixation of mutations, that typify these organisms,  In addition, there is a need for a very specific strategy relating to the selection of complex organisms for related studies.  Some of these are well-known model organisms – the mouse, the roundworm Caenorhabdites elegans, the alpine plant Arabadopisis, and the fruit fly Drospohilia. These forms provide  comparatively large amounts  of information on whole genomes, gene expression, and development.  Other organisms may be selected because of their position on the evolutionary tree of life and because they seem to represent key transitional stages in developmental patterns or body plans.  A broader sampling of such organisms has the advantage of  permitting critical research on the effects of space on evolutionary mechanisms in unmanned space missions. 

Evolutionary influences on  organisms at integrated levels of organization – from genes to ecosystems – The genomic revolution that came with the mapping of whole genomes for key species and the current effort to compare large segments of the genome for many species has yielded dramatic information with many applications.  This great advance also once again demonstrates that many questions central to biology remain unanswered.  Although the genome is a blueprint for life, its many and mostly mysterious connections with the more complex structures of an organism –proteins, cells, tissues, and organ systems --  require elucidation.  A central problem here is the way in which information of the genome has shaped gene networks that control development and function.  Mapping such a relationship is a key to detecting how organisms adapt to micro-gravity, zero-gravity, and other extreme environments.  At higher organizational levels, similar comparisons can apply with respect to development of form, body plans, physiology, function, population biology, and ecosystem interactions.  One can envision experiments in different environments that deal with even more complex levels, such as colonial behavior and ecosystem energy exchange.  Will these systems, for example, show greater or less feedback under different environmental conditions? 

The origins of multicellularity – A particular problem of biological interest, and one at the core of research supported by FSB, concerns a major step in the evolution of life on Earth.   Namely, how did primitive, single-celled organisms make the transition to multicellular life?  Did this happen only once in evolutionary history, or many times? Were these more complex organisms formed from colonies of cells or was there more integration?  Several research areas supported by FSB are highly relevant to attacking  these questions.  Comparisons of developmental patterns reveal the various ways in which cells multiply and differentiate into structures. We need to know more about the diversity of these developmental patterns before we can identify more precisely the basic developmental modes shared by all life.  On a second front, the analysis of evolutionary relationships, or phylogenetics, is essential to determining whether or not multicellular organisms evolved in different sectors of the tree of life.  The new phylogenetics is now provided with massive amounts of information from gene sequences and new computational approaches that allow integration of gene, morphological, and other data in many species.  It is well-armed to address these general evolutionary questions. The manner in which life on Earth became more complex is clearly fundamental to our search for general patterns and potentials of life under the alien conditions of space or on other planets. 

Evolution of body plans—  The diversity of complex organisms living on the planet displays a wide array of body plans, and the fossil record extending back more than 500 million years shows even more elaborations of body design.  Yet there are also some generalized plans, such as bilateral symmetry, that are pervasive in several major groups.  It is of great interest why these plans evolved and what functions and adaptations are suggested by their particular design.  Again both comparative developmental biology and phylogenetics are of great use here in summarizing different development trajectories and determining whether transitions in body design occurred through derivation from a common ancestor or independently along different lineages. Other questions have great relevance for our expectations for complex life in a number of environments on Earth or elsewhere.  Are there universal aspects of design shared by all organisms?  Are body plans strictly ordained by rules of development, or are some largely an accident or a side effect of other biological processes? 

The scope, diversity, and habitats of life on Earth – Any consideration of the possibilities of life elsewhere in the universe can only be improved by an accurate assessment of the multitudinous ways in which life on Earth has diversified, adapted, and interacted.  Yet our knowledge of biodiversity on our home planet is shockingly incomplete and skewed.  Although we have a fairly good sense of the diversity of the more familiar vertebrate animals and plant groups, huge realms of biology that have yet to be recorded.  For example we estimate that that millions of species of bacteria, fungi, soil invertebrates, and other groups have not been sampled and registered.  Global-scale biodiversity survey is necessary for the reference catalogue of known life, an essential tool for exploration of life in the universe.  While support of such biodiversity assessments has been largely the responsibility of the National Science Foundation, there  are surveys whose particular relevance to the NASA mission should warrant consideration by programs such as FSB.  These would include biodiversity surveys on the ocean floor, deep within the Earth’s crust, the Polar regions, or in high altitude terrain or deserts where the resources for life are extremely limited.  Sampling for life in these environments with new techniques, such as remote sensing for geo-chemistry, allows us to search broadly and efficiently for chemical signs of life.  There are many tools available within the NASA community for this purpose. Another very auspicious realm for survey, and one yet to be targeted, is the atmosphere.  A survey of airborne microscopic organisms that extends from the enriched lower atmosphere to the edge of space would provide a whole new dimension of information on biodiversity, and one that could bear on our search for bioindicators in the atmospheres of other planets.  Finally, and most provocatively, it is not out of question to conduct sampling for possible signs of life in space itself.  Perhaps some forms of life have actually evolved the protective coating and internalization of metabolism to survive under these conditions. 

The evolution of the life and its relationship to Earth history -- The only direct evidence for the origins and history of life on Earth comes from the fossil record. Unfortunately, the first 3 billion of the 3. 6 billion years of that history is only sporadically represented by rare fossils.  By contrast, the evolution, diversification, extinction, and recovery of many clades of complex multicellular organisms are comparatively well represented by an enriched fossil record.  The pattern of those events and their interplay with the physical changes of the Earth in geology, atmospherics, oceans, climate and other parameters, leads to a discrimination of the forces impinging on evolutionary change.  Surely the  integration of these factors provides analogies for conditions elsewhere in the Universe.  An important research effort in FSB therefore concerns the patterns of historical evolutionary change that can be extracted for their general qualities in interpreting the course of life under different conditions.  Many of these investigations are underway but we are just beginning to explore their connection to questions concerning the nature of life on other planets. 

The evolutionary significance of extremophiles and the transformation metabolic modes in the early evolution of life – As noted above, phylogenetic analysis of evolutionary relationships suggests that bacteria that inhabit extreme environments, the so-called extremophiles are near the base of the tree of life.  Hence these organisms are cited as highly informative models for determining the earliest biological processes that were subsequently modified with further evolution.  They are also cited as pivotal to revealing clues to the possible nature of life elsewhere.  Acceptance of the basal position for extremophiles, such as thermophilic bacteria that inhabit hot springs, suggest that life was not emergent in benign environments, a disclosure that enlarges our search image for what might formerly have been regarded as “uninhabitable” planets.  But how secure is our notion that these extremophiles represent the earliest life forms?  Are some of these organisms really much more specialized lineages that diverged radically from a more primitive ancestor?  Resolving this question is important if we are going to identify the prototype conditions for the origins of life on Earth and use this information in the search for life elsewhere.  The problem is difficult because of the ambiguities in finding a way to root a tree of relationship of organisms near the boundary between life and non-life.  But the problem can be approached through analysis of comparative gene, protein, and phenotypic databases in a manner similar to those specified in the Evolutionary Biology Research Plan and currently supported by FSB.  

The evolutionary transition of energy capture and metabolic systems.-- These considerations of basal life forms lead directly to questions concerning the evolutionary diversification of different energy capture and release systems at the earliest stages.  Based on NASA funded research of comparative gene sequence we think that photosynthesis – the process through which plants, green algae and other organisms capture energy and release oxygen -- was one of the last energy systems to evolve.  Yet photosynthesis came to play a dominant role in management of the biosphere and the atmosphere.  What are the  steps that connect the emergence of photosynthesis with the earliest energy capture systems. How repeatable is this pattern of change when we consider the evolution of life on other worlds?  Since much of life on this planet still thrives without oxygen how does this enlarge our search image for  life elsewhere? 

The general application of algorithmic solutions to NP complete problems – One theme that is pervasive to the strategies mapped in the Evolutionary Biology Research Plan is that the complexity of life poses a daunting challenge to analysis and clarification.  In many areas, such as comparative genomics, we face a greater crisis in making sense of the data than collecting it in the first place.  The massive accumulation of data take the form of what is known in mathematical parlance as NP  complete problems, for which there are no polynomial time solutions.  Such complex problems require the efficiency of new algorithms and the brute force of cluster computers to derive non-exact heuristic solutions.  This area of computational biology has a decisive role in many of the questions considered for evolutionary biological research.  NP complete problems are represented by the derivation of phylogenetic trees from  comparative gene sequences and other character information in many species, the comparative structure, organization and dynamics of chromosomes, and the diversity of design in gene networks.  Comparative developmental trajectories – a primary research target in FSB – possibly represents an NP complete problem of even greater complexity. 

Digital biology.—Advances in theory and methods in cybernetics could be applied in the development of digital models that  illustrate some important biological systems, such as subcellular organization and processing, gene networks, developmental patterns, evolutionary pathenogenicity, and ecosystem interactions. Such work could provide a range of possible conditions under which these systems are organized. They could then reveal some general principles about structure of life that are difficult to extract from empirical studies of organisms. 

Informatics and databases – This area involves new methods to compile, organize, and search for structure in large comparative databases.  Efforts should include the creation of standardized relational databases, like NIH's GenBank, but inclusive of many similar types of data.  A complement to GenBank, and a necessary means of organizing information for more complex biological levels, is a comparative morphological database. The needed systems, for example Morphobank@ are now in the early planning stage.  Input data on morphology would include CT-scans, 3-D animations and images and other advanced input data.   This will not only increase access to more specimens but will greatly improve the way information is presented and shared across networks.  Such a system will for the first time allow repeatable testing of morphological data in a dynamic, continually accretive system, and a more objective way to measure the evolutionary influence gene changes vs. changes at more complex levels. 

Medicine and Evolutionary Biology – One of the dramatic developments in modern biology is the emerging impact of evolutionary pattern analysis on tracking the history and nature of various infectious diseases.  As demonstrated in examples such as  studies of HIV  transmission and AIDS, tracking the rampant evolutionary tendencies of virulent organisms is a  key to disease treatment and cure.  For such advances we need better ways to identify evolutionary lineages, the rates of change, and the transformation of life cycles and developmental pathways of infectious organisms. Research in this area not only involves the resolution of gene and other changes through direct inheritance from ancestors, but the acceleration of the evolution of virulent species through the horizontal gene transfer from one organism to another.  This latter phenomenon seems to be an major factor in microbial evolution, but it is not one  referred to in the Evolutionary Biology Research Plan.  Moreover, the zero- or micro-gravity environments in space may present special conditions that bear on evolutionary pathenogenicity, of course, on the health and safety of any organisms aboard.  It should finally be stressed that the variety of experiments and observations concerning physiology, growth, nutrition, and other factors involving humans and other organisms in space have evolutionary implications that relate to issues of health and medicine.   

Theoretical issues concerning the nature of life – Although many issues in evolutionary biology can be informed by analysis of empirical evidence, some questions are far less tractable.  Nonetheless, highly abstract, theoretical issues should also be explored because they strike at some of the fundamental assumptions about the evolution of life.  Our committee contemplated some possible issues of this nature.  For instance, life requires the passing of genetic material from one generation to the next, but this property could depend materials other than DNA.   If we can envision some alternatives for such heritable substances, what are they likely to be?  Another issue relates to the question of “evolvability” -- can life survive and sustain itself in the virtual absence of evolution, or at least under extremely low levels of change?   These are only casual examples of the kinds of questions that prompt us to think about the more general conditions of life in the universe.  These “out of the box” ideas must go through a severe filtration process, but those that survive could inspire more empirically-based research. 

VII.  Committee Recommendations

As a way of concluding our review and assessment, the Evolutionary Biology Committee has the following recommendations for the further development of the Evolutionary Biology Research Plan for Fundamental Space Biology:

Recommendation 1.  Provide a more emphatic contextual statement concerning the meaning of evolutionary biology and its importance to the NASA mission.  Our senses is that this message may not be most effectively communicated yet to the those who must decide on the priorities, organization, and direction of  scientific programs within NASA.  Moreover, these decision-makers must be provided with a rationale for the importance of such research that can be communicated by them outside the Agency.  As noted, we hope some of the ideas expressed in this report are constructive in this regard. 

Recommendation 2.  Emphasize to a greater degree the study of evolution involving the integration of levels of organization-- from the gene to the organism to the ecosystem.   Despite the tremendous advances secured by the Human Genome Project and the continued sequencing of whole genomes of selected species, we are only at the cusp of discovery concerning the organization and function of genes and their evolution in diverse organisms. The notion that life is complex is not merely a truism; it carries a special meaning about the distinctiveness of life as a natural entity. This calls for a recognition that biological evolution involves a change in integrated systems involving genes, proteins, cells, organs, body plans, developmental trajectories, population dynamics and ecosystem interactions. With technologies emerging to decipher the complex phenomena associated with these levels of organizations, it is highly strategic to  initiate and sustain research programs that are effective in this more inclusive way. 

Recommendation 3.  Offer a set of specific hypotheses, describe the steps necessary to test them, and identify the communities most likely to succeed at getting the answers.  Although the Evolutionary Biology Research Plan is effective in circumscribing some major problems warranting investigation at NASA, more on the modus operandi in dealing with these problems would be welcome.  Above we have tried to offer some examples of topics posed as research questions.  Perhaps these are useful as pivots for describing the kinds of  specific research projects necessary for their investigation.  With the outstanding scientists already conducting evolutionary biological research with FSB support, this refinement of the plan should be straightforward.  A workshop aimed at further defining such research protocols is strongly recommended. 

Recommendation 4.  In laying out objectives, effect a better balance in coverage and a clearer sense of priorities.  The Evolutionary Biology Research Plan offers extensive discussions of the problems, data, and research protocols involved in the study of biological processes of growth, vertebrate sensory systems, and gene expression experiments under different gravitational conditions.  Although we recognize such emphasis as warranted, other programs of high potential are not as well covered.  For example, the analyses of NP complete problems and gene networking studies deserve more treatment.  Another area that could use expanded coverage is the study of evolutionary pathenogenicity in space.   Finally, there are some areas, such as morphometrics, whose very brief treatment implies a lower priority ranking or even elimination.  The next version of the Plan should reflect these decisions on scope and priorities. 

Recommendation 5.  Take greater advantage of scientific research and technologies supported by complementary areas of NASA.  We have noted a number of areas where evolutionary problems require the input from diverse interests and technologies – including the solution to complex biological problems involving evolutionary trees or developmental pathways, or functional integrative models.  NASA is a leader in promoting some of the computational technology required to take on these problems.  Another obvious connection concerns the use of remote sensing in surveys of life on this planet and bioindicators for other planets.  The Plan should more explicitly identify these resources in complementary areas and explore further how they can be applied in evolutionary biology.

Recommendation 6. Consider the major databases necessary to address important evolutionary questions and the steps necessary to develop and maintain these databases.  Although genomics is provided with the powerful GenBank database, this model has not been applied in a number of crucial areas bearing Evolutionary Biology Research Plan.  Above we mentioned a number of these, including catalogues for species diversity, information on development and  differentiation, gene networks, and morphological distribution and image data that are necessary for any progress in solving the essential problems of comparative biology. 

Recommendation 7. Further explore creative new directions for evolutionary biology that relates to the NASA mission.   Such considerations require an “out of the box” attitude where there are provocative possibilities, such as trawling in space for microorganism, surveying microscopic biodiversity in a transect through the atmosphere, and applying cybernetics as way of exploring evolutionary patterns. 

Recommendation 8. Emphasize to greater extent the role of rigorous theoretical biology in attacking problems in evolutionary biology.  It is important to cultivate further the ideas and dialogue about evolution and life in the abstract.  There is room here for the kind of work that might be analogous to theoretical physics while experimental and other empirical work carries on.  FSB has an excellent opportunity to convene scientists concerned with such matters as emergent patterns of complex systems, the recognition features of life in any form, the process of evolution at different organizational levels, energy transfer in living systems, the rate or mode of evolution under different conditions, and, as noted in the Plan itself, the “evolvability” of evolution. 

Recommendation 9.  Develop a more explicit strategy for selecting organisms and protocols in microgravity experiments.  A broader and more strategic sampling of species for such work would allow one to look at models that pose questions about how complexity may be differentially sensitive to microgravity.  This could inform issues about human health and survivability in space, even in the case of unmanned space  flight. 

In addition, the Committee offers the following recommendations, which apply to issues concerning Fundamental Space Biology and other NASA programs and that lie beyond the development of the Evolutionary Biology Research Plan:

Recommendation 10.  Reconsider distribution of funding priorities in Fundamental Space Biology in light of the ambitious objectives of the Evolutionary Biology Research Plan.  The goals of the Plan are challenging and important.  Yet only about 10% of the 150 current grants in FSB represent this area.  Without presuming to judge the priority concerns of the program, the committee suggests that this level of funding be revisited and possibly enhanced in correspondence with the importance of the mission. 

Recommendation 11.  Develop a closer relationship and collaboration between Fundamental Space Biology and Astrobiology with respect to evolutionary biology research.  Distinction between these programs may be appropriate, but the historical pathways leading to the establishment of evolutionary biological research in Astrobiology and FSB  should not be a barrier to a dynamic flow of activity between the two programs.  It is important to look for patterns and processes that cross over the boundaries between one category of life  and another.  The search for these more general motifs remains the overarching goal of evolutionary biology, and the goal most relevant for the understanding and exploration of life in the Universe. To facilitate such synergy we strongly encourage cultivation of exchange of information and ideas.  Some of the workshops on evolutionary biology sponsored by Fundamental Space Biology were extremely stimulating in convening scientists with different perspectives.  Yet our review of  the developing plans in both FSB as well as our reading of the Astrobiology Roadmap suggests that communication and collaboration at a broader level within NASA could be further cultivated. 

Recommendation 12.  Improve outreach.  As noted in the introduction of this report, NASA science has the capacity to electrify and inspire the public like no other scientific endeavor.  Discoveries of NASA space missions, planetary fly-bys, and Hubble space telescope images images, have a tremendously popular impact.  Yet it is clear that the Agency’s crucial role in supporting a broader range of science, including evolutionary biology, is not always recognized.  Indeed, not only the public, but scientific communities that include evolutionary biologists need to know that NASA is funding this kind of research.  Meetings and colloquia might require greater effort in advertisement and marketing.  Links with institutions devoted and skilled in public education have and will continue to be vital in helping NASA get its message out to various constituencies.   The story involves profoundly important and exciting science and exploration and it should be more broadly promulgated. 

 In closing, the Evolutionary Biology Committee extends its thanks to NASA and the Fundamental Space Biology Program for the opportunity to review its plans for research in evolutionary biology.  We are honored to participate in this process because of NASA’s unique contribution to our science.  As committee members we are all working evolutionary biologists, fully caught up in the excitement and intrigue of exploring the nature of life itself.  In this exploration, evolutionary biology is our primary guide to discovery and to extending this enlightenment to the Universe beyond.  We hope our remarks and recommendations are of use to the important programs that NASA has so wisely deemed as part of its research enterprise. 
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