Appendix 3.   

An Evolutionary Biology Research Plan for Fundamental Space Biology 

Through the activities of workshop at the American Museum of Natural History in March of 1999 and Woods Hole  Institute in Sept. 2002, the Evolutionary Biology Research Plan took form 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, one over-arching objective of the Evolutionary Biology Research 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 the 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.  Even soft bodied organisms such as jellyfish, where buoyancy in water does not require hard structures like bone for support, have evolved very sophisticated mechanisms for gravity detection.  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 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 from the level of the gene, proteins, cells, system, body form, social systems, populations, and ecological communities. It is important to stress that an understanding of evolution on Earth critical 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.  The discovery of such associations and how they have led to the evolution of “higher” or more elaborate organisms has been one of the more fundamental and exciting disclosures of biology.  For example, it is now widely recognized that the mitochondrion, a subunit, or organelle, in the cytoplasm outside the nucleus of eukaryotic cells, evolved from a bacterium that originally invaded another cell and took up habitat in its host.  Even more complex associations are represented by colonies of single cells or multicellular organisms that could be  the precursors of innovative and more differentiated body plans.  Critical here 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.  Some of these mechanisms appear to be highly conserved between distant species while others appear to be very diverse.  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. Comprehending life on Earth and predicting what might exist elsewhere depend on comparative studies of developmental and regulatory systems in diverse species.  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 important question is to what extent similar conditions, both intrinsic  and extrinsic, will elicit similar adaptive evolutionary responses or constrain these evolutionary responses.  For example, the relationships between biological complexity and the size and organization of genomes are poorly understood. This uncertainty calls for the study of a number of organizational features, including gene packaging. (the organization of genes relative to each other, such as their physical arrangements on chromosomes, or their separation into multiple genomes within the cell).  Also of critical importance are comparisons of regulatory networks in different species.  These networks comprise gene regulatory modules, and bear on the evolution of protein structure and function, a linkage that will explain morphological innovation in body plans.  Organisms characterized broadly by a certain body plan -- such as the radial design of star fish and other echinoderms or the bilaterally symmetrical body plan of vertebrates and insects -- may have resulted  from distinctively different regulatory networks that link genes and the proteins they code.  These relationships lie at the core of the evolutionary process, but they are very poorly understood. 

The study of evolution and function not only considers the above noted intrinsic interactions.  It also requires a perception of the interaction between the organisms and its environment.  Interactions with the external environment generate the diversity of Earth’s biota, and such interactions are expected to play a role of comparable importance in extraterrestrial forms.  The evolutionary history of changes in such interactions represent a key issues in paleontology, geology, and other historical sciences that will inform our exploration of life elsewhere.  Transformations that occurred in terrestrial life that might be expected to occur in extraterrestrial life include the evolution of new senses, the origins of the bilateral and other basic body plans, responses to cataclysmic environmental events (e.g. extinction and recovery of species within ecosystems), invasions of new, and sometimes extreme, habitats, evolution of immune systems, resource (e.g. food) dependency and metabolic pathways, homeostasis (the various means by which life buffers the internal environment from changes in the external environment), and motility and dispersal.

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.  There are famous examples of relative stasis  in forms such as the horseshoe crabs (Limulus), amphioxus (Branchiostoma) and certain molluscs.  These animals   have exhibited very little morphological change and diversification over hundreds of  millions of  years.  Contrasted with these “living fossils” are groups, such freshwater cichlid fishes, insects, birds, flowering plants, and mammals that seemed to have undergone very marked change and diversification over much shorter periods of time.  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.  For example, life elsewhere may not be nucleic-acid-based, and may not even be carbon-based.  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 understanding 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 understanding of the 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?  Because of major gains in gene sequencing, morphological character sampling, and new methods for constructing phylogenetic trees from massive data sets, the comprehensive phylogenetic map of Earth life is beginning to take form.  Perhaps in less than a decade this “ Tree of Life” will have a precision and predictive capacity analogous to the Periodic Table of the Elements in Chemistry. 


Objective 2.2: To examine and predict the evolutionary potentials of Earth life in space. Given enough generation time, space travel will have important effects on the evolutionary trajectory of many species, especially microbial species with their with short life cycles.  Research on populations on 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.  Thus, it has been suggested that in plants, for example, the gravity signal transduction pathway evolved from previously evolved elements.  Elucidation of this transformation would help identify the parameters for life in space.  Insights here can be gained from experimental analysis of gravity-sensing mechanisms in selected species.  Recent genome work with the alpine plant Arabidopsis show that 200 m RNA transcripts change significantly in plants within 30 minutes of having their orientation to gravity altered. The genes for many of these transcripts have been identified as being  involved in stress responses.  Surprisingly, half of the supposed gravity-regulated genes are, in fact turned on or off simply by touching the plant.  This has led to the suggestion that the gravity response might involve genes which are associated with responses to other stimuli, most particularly, touch.  This is an especially intriguing observation because the sense of touch apparently evolved very early in organisms.  These observations, and the availability of large genome data banks, will make it possible to conduct a bioinformation or computational biology search to examine genomes for ancestors of “gravity genes” in plants.

Our understanding of how the gravity-response in animals evolved is much less advanced.  However, there are some model systems in which this question can be addressed.  We can extrapolate from the hypothesis that in plants the gravity responses are based on genes involved with touch.  By extension an excellent animal system to study would be in the round worm  Caenorhabdites elegans, in which the mechanosensitive family of MEC genes has been shown to mediate the touch response.  Many mutations have been obtained in this family 
and hence, studying the gravity response of these organisms with mutations in the various MEC genes, may provide insights into the mechanism of gravity perception and transduction in animals.

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 that capture and process a variety of incoming signals, such as air-borne auditory, substrate-borne seismic and water-borne pressure waves.  In addition, vertebrates process internally generated signals that concern the position and acceleration of the head in three-dimensional space with reference to gravity.  It should be noted that a sophisticated inner ear, specialized for orienting to gravity, was present in fish more than 400 million years ago, and long before the evolution of a bony skeleton or the ability to detect sound waves propagated in air.  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 important to have specimens returned to Earth for separate ground-based studies.  There, well-controlled behavioral, physiological and anatomical studies should be conducted on each generation to assess the relevant mechanisms. After discerning the structural and functional consequences of gravity, the next important questions are whether the adaptive mechanisms are specific to that generation or are genetically fixed in populations and selected for in subsequent generations.  

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?  This question requires consideration of immunological factors -- with particular attention to human-microbe interactions -- that might have an impact on crew health.   Also, long-term recycling of life support systems may be required for planetary exploration, where the crew will depend upon plants for food and, to a lesser extent, for air and water regeneration.  Thus, it is necessary to consider the affect of environmental factors on plant growth and development and on the pathogenicity of microbial interactions with plants.  Work already supported by FSB has identified bacteria well adapted to water on board spacecraft.   Biofilms in space vehicles are also good targets for biological exploration.  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 biota.  NASA must achieve assurances of crew health and safety, a provision that requires knowledge of the affects of spacecraft habitats on three kinds of living organisms - humans, plants, and microbes.

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 handled, or difficult taxa (or specimens) to be maintained, handled, and studied
.  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. The importance of these new developments is underscored by the need to make sense of the massive data sets now available.  For example, current technology (software and hardware) for inferring phylogenetic trees is weak compared to the numerical complexity of the problem.  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 who specialize in pattern recognition either have  initiated or  have begun to examine the potentials a series of technology tools and products that include:

Sequence alignment algorithms-- more powerful methods for determining homologies of DNA and protein sequences. 
Methods for analyzing stratigraphic patterns – pattern recognition systems and other analytical approaches to improve measurements of age  ranges, diversity, species turnover and other patterns in the fossil record. 
Rapid collection and analysis of gene expression data -- technologies to rapidly collect spatio-temporal expression data for complete sets of genes involved in morpho-genetic networks.  Methods must be easily applied to a broad sample of species so that differences across species can be identified and summarized. 
Phylogenetic analysis: (building phylogenetic trees from comparative data) – analytical approaches and computational technology to extract phylogenies from data sets with large numbers of taxa.  With these data sets the number of possible trees becomes astronomical, such that only a small proportion can be examined in a single search.  Algorithms are needed to locate optimal trees simultaneously more efficiently.

Analytical tools for examining phylogenetic and evolutionary patterns -- analyzing evolutionary events, transformation, or historical phenomena. More precise tests are required for the recognition of patterns of evolutionary correlations among characters, environmental parameters, diversity, and evolutionary rates.

Morphometric analysis – methods for quantifying differences and similarities in shape, and for the automated measurement of shape parameters.

Informatics -- new methods to compile, organize, and search for structure in large databases of comparative data.  Efforts should include the creation of standardized relational databases, like NIH's GenBank, but inclusive of many similar types of data.
Collection of comparative morphological data – as one priority focus of informatics, the development of  a matrix for an interactive database as a repository for morphological data. This will greatly improve the way information is presented and shared across networks, much like the stimulus provided by GenBank for gene sequence information. 

Analysis of incomplete or noisy data --  improved methods for detecting patterns in comparative data and for finding trees in phylogenetic analyses, when some data are missing or unreliable.  Phylogenetic analysis using fossils is an example of a situation in which data are expected to be incomplete.  Conversely, analyses restricted to living groups incompletely  samples diversity without a fossil record.

Analytical probes for evidence of living systems– better methods to analyze trace fossils, excreta, organic debris, and biominerals — ruling out inorganic phenomena — and means to identify them remotely, especially for applications with unmanned space probes.

Methods for culturing microorganisms – solutions that apply to the vast majority of microorganisms, which cannot yet be cultured.  A comparative approach requires broad sampling techniques for genetic assays and characterization of protists and other microorganisms without the necessity to culture them first.  Technology in this area is particularly important, because it will undoubtedly be difficult to culture newly discovered life forms, either of extraterrestrial origin or new variants of terrestrial forms transported into space. 


Regulatory network analysis to explain morphological innovation in body plans.-- mechanistic studies of evolution at the genomic level directed at understanding evolutionary diversification of body plans.   Selected species would have particular interests to the branching patterns in the Tree of Life, for example the invertebrate animal groups that mirror the transition in basic body plans. 
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