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REPORT OUTLINE

Possible Areas of Resear ch
Area 1: Understanding how life evolved on Earth and predicting the natur e of
extraterrestrial life

1. Evolution of organizational complexity

Association and aggregation
Development and differentiation

2. Evolution of function

Internal interactions
External interactions

3. Evolution of evolvability
Area 2. Understanding the evolutionary responses of life to novel environments
and the long-term consequences of carrying terrestrial life into space
1. ldentification of life
2. Thestudy of ecological nichesin which life has and has not evolved on Earth
3.  Meansto understand the potentia of Earth life in space

Area 3. Technology development

1. Pattern recognition systems

Sequence alignment algorithms

Analysis of gtratigraphic patterns

Rapid collection and analysis of gene expression data
Phylogenetic analysis

Phylogenetic patterns

Morphometric analysis

2. Analysisof large data sets

Collection of comparative morphological data
Informatics
Tree searches

3. Analysisof incomplete or noisy data
Products of behavior

5. Microorganismsthat are difficult to culture
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1.0 INTRODUCTION

The following pages summarize the commentary and the ideas generated by the participants at the
Workshop on Evolutionary Biology, held at the American Museum of Natural History in New Y ork
City, on March 3 through March 5, 1999. The purpose of the workshop was to determine whether
and how the discipline of evolutionary biology might contribute to two NASA science goals.

1. Understanding how life evolved on Earth and predicting the nature of extraterrestrial life.

2. Understanding the evolutionary responses of life to novel environments and the long-term
consequences of carrying terrestria life into space.

NASA, inits mission to explore the Universe, and in its search for evidence of past and present
extraterrestrial life, recognizesthat it is very important to understand the evolutionary paths that
various forms of terrestrial life have followed. The Agency also appreciates that a principa
determinant of evolutionary direction is the interaction of organisms with each other and with their
environment. At this conference the participants discussed fundamental, shared features of
organisms and ecosystems. The search for life in the universe demands knowledge and
understanding of what evolved, what evolved repeatedly, and what did not evolve on Earth.

2.0 DEFINITIONS

For purposes of universal understanding of the topics discussed, some relevant terminology is
briefly defined below.

Evolutionary Biology The discipline of evolutionary biology centers on the study of
processes that change the genetic makeup of populations of
organisms and the study of historical patterns of organismal
divergence and change.

Requirementsfor Evolution  The basic requirements for evolution are replication of individuals
and heritable variation among individuals. Natural selection, the most
important mechanism of evolution, further requires that individuals
interact with their environmentsin ways that influence their success
in reproduction, and that some fraction of the heritable variation
creates differencesin reproductive success among individuals. These
requirements are likely to be universal because they are not dependent
on any particular biochemistry of information storage, metabolism,
or reproduction.

Natura Selection Natural selection is the process of differential survival and
reproduction of individuals with advantageous variations.




Mutation

Recombination

Genetic Drift

Migration

Systematics

Comparative Biology

Comparative Data

Phylogenetic Tree

Convergence

Ecology

Mutation is the alteration of genetic materia in individuas, thus
providing a source of heritable variation upon which natural selection
can act.

Recombination is rearrangement of existing genetic material, for
example shuffling of genes by crossing over in meiosis (production
of sex cells) or lateral gene transfer in bacteria. Rearrangements of
genes aso provide heritable variation upon which natural selection
can act.

Genetic drift is the random change in the frequency of aleles
(different forms of a gene) in a population. For example, a
population can become homogeneous with respect to a certain gene if
individuals carrying rare alleles, by chance, fail to reproduce.

Migrants from other populations can introduce new alelesinto a
population or change the frequency of alleles aready present.

Systematicsis the discipline of evolutionary biology concerned with
determining the historical relationships of organisms, i.e. with
deriving and testing phylogenetic trees.

The god of the discipline of comparative biology isfirst to
reconstruct the history of past changes, and then to use the pattern of
changes to infer the nature of the processes governing those changes.
The raw materials of comparative studies are phylogenetic trees and
comparative data

Comparative dataare measurements or observations of the same set
of varying biological characteristics for each speciesin the studied
group. Comparative data are used both for construction of
phylogenetic trees and for studies in comparative biology.

A phylogenetic treeis a branching diagram, resulting from analysis
of comparative data, that summarizes the evolutionary relationships
among a group of species. Phylogenetic trees serve also as
hierarchical maps of the evolution of characteristics within the group.

The evolutionary principle of convergence states that similar selection
pressures often lead to similar designs in organisms that may not be
closdly related.

Ecology isthe study of the interactions of organisms with their
environment. The environment includes physical, chemical and
biological parameters, the latter including organisms of the same or
of other species.



3.0 POSSIBLE AREAS OF RESEARCH

The workshop identified several research areas that will aid the search for lifein the universe. The
workshop also suggested new techniques and tools needed to improve our abilities to perform
research in the suggested areas. The areas of research and technology development that could be
of possibleinterest to the NASA are discussed below.

3.1 Areal:
Understanding how life evolved on Earth and predicting the nature of extra-
terrestrial life

NASA isinterested in the evolution of life in the universe, especially complex life. Studies of
terrestrial evolution can illuminate the conditions that have enabled or promoted the evolution of
complexity and diversity. By examining the patterns of evolution in repeated, convergent eventsin
the history of life (e.g., the evolution of multicellularity) using comparative methods, it may be
possible to infer genera rules of the evolutionary process. Conversely, widespread common
features may be better understood by examining repeated, convergent exceptions. The comparative
approach requires broad taxonomic surveys and carefully chosen data. The workshop identified
(see below) anumber of general topics that could be important for lifein the universe and could be
amenable to investigation.

Although each scientific question suggests its own appropriate study taxa, one group seems
particularly important to many of the topics below. Protists are an assemblage of many
groups of unicellular eukaryotes. The protists represent a vast, understudied range of
biological organization and physiological adaptation. Comparative studies of their
complexity and relationships to each other and to the various groups of multicellular
organisms are needed. We expect that greater understanding of the phylogeny and diversity
of protistswill be important in addressing many of the questions of interest to NASA.

3.1.1 Evolution of organizational complexity

Formation of assemblages composed of subunits, and the differentiation of subunitswithin
assemblages, are fundamental features of the evolution of complexity. Severa topics are of interest
in this broad area:

Association and Aggregation

Individuals form associations that may ultimately result in the appearance of higher-level
individuals. Thisalows for speciaization and differentiation of subunits, and the potential
evolution of greater size or morphological complexity. The workshop identified five genera types
of associations:

organelles derived from within cells,
organelles derived by endosymbiosis,
multicdlularity,

colonidity and socidlity, and
mutualisms.

gbrwdE



In addition to principles applying to individual origins of these five types of associations, there may
be similar principles applying across types. For example, aggregations based on kinship (3 and 4)
may in important ways be similar to each other but different from aggregations of unrelated
individuals (2 and 5).

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 afew regions of a handful of model organisms. Moreover,
we know very little about the diversity of mechanisms of developmental regulation. Most of what
we know concerns a handful of metazoans that are common laboratory organisms. The diversity of
developmenta and other genetic regulation in protists, fungi, and plants has not been examined.
Understanding of life on Earth and the ability to predict what might exist el sewhere depend on
comparative studies of the kinds of interactions between genes, gene products, and cells that have
different morphogenetic results. Possible topics for comparative studies include studies of diversity
and generality of many aspects of development, such as patterning genes and gene networks, cell-
cell interactions, regulation of morphogenesis, and the consequences of increased size and cellular
differentiation.

3.1.2 Evolution of function

Evolutionary adaptations, whose nature must depend on the combination of selective environment
and any physical or genetic constraints on variation, are discussed in this section. The important
question is to what extent smilar conditions, both internal and external, will elicit smilar adaptive
evolutionary responses or constrain the evolutionary responses to other forces.

Internal Interactions

The relationship between biological complexity and the size and organization of genomes are poorly
understood. The group suggested several features for exploration.

1. Gene packaging: the organization of genes relative to each other, their physical
arrangements on chromosomes, separation into multiple genomes within the cell (e.g.,
nuclei, plastids, mitochondria), and so on, have consequences for gene expression and
the processes of genomic evolution.

2. Ploidy and varying numbers of nuclel in cells influence expression in ways not
obvioudly related to simple dosage compensation and differ from the influences of
physical packaging. For example, autopolyploid plants are often substantially different
in phenotype and more fecund than their diploid progenitor even though thereis no new
genetic information.

3. Recombination of genesisindisputably one of the primary forces of biological diversity,
and the interactions of genesin various combinationsis still poorly understood.

External Interactions
Interactions with the external environment generate the diversity of Earth’s biota, and such

interactions are expected to play arole of comparable importance in extraterrestrial forms. Certain
categories of changesin interaction with the environment seem particularly important:



1. Modes of sensing the environment and the evolution of new senses are the starting point
in organismal interactions with the environment.

2. Invasions of new habitats (e.g., land, hydrothermal vents, polar regions) are
opportunitiesto learn generalities that would apply to evolution in dien or artificia
environments, including those associated with space travel and extraterrestrial
Settlements.

3. Changesin resource dependency (e.g., transitions between heterotrophy and
autotrophy) and changes in metabolic pathways are fundamental to the basic life
processes that create and sustain order. A range of metabolic processes and pathways
have evolved on Earth and further comparative analysis of metabolic interactions with
the physico-chemical environment will better prepare us for understanding and dealing
with extraterrestrial life.

4. Homeostas's, the various means by which life buffers the interna environment from
changesin the external environment, may be important both for the invasion of new
environments and for the evolution of complexity.

5. Processes of motility and dispersal represent another important commonality among
terrestria life that can be expected to be characteristic of extraterrestrial life.

3.1.3 Evolution of evolvability

We can define evolvability as evolutionary flexibility or the ability to generate taxonomic or
morphologica diversity. To study evolvability we need to investigate possible associations between
the generation of diversity and various aspects of genetic and developmental organization. For
example, one prediction has been that developmental programs of evolvable organismswill be
organized as a number of (somewhat) independent modules. Any robust associations found may
enable us to make predictions about the developmental organization of extraterrestrial organisms.
Also of interest will be the question of whether evolutionary processes produce any long term
tendency for evolvability to increase (or decrease).

3.2 Area2:
Understanding the evolutionary responses of life to novel environments and
the long-term consequences of carrying terrestrial life into space

The following questions are fundamental to NASA's mission:

1. How can evolutionary biology aid in the search and identification of lifein the
universe?

2. What evolutionary trgjectories and ecological interactions will occur among
organismsthat are carried from Earth into space?

Severa areas of potential research have been identified to address these questions.

3.2.1 ldentification of Life

The search for universally applied processes must be broad as life el sewhere may not be nucleic-
acid-based, may not even be carbon-based, and may even use energy gradients that are not
employed by terrestrial life. These studies may range from analysis of returned samples of aplanet,
potentially bearing anatomical fossils and traces of organic molecules, to remotely sensed features
such as surface scans and atmospheric spectra.



3.2.2 The Study of ecological nichesin which life has and has not evolved on
Earth

Life on earth occursin most physical habitats but uses only photo- or chemical-energy gradients. If
ahierarchy of organizational complexity istantamount to life, life should be recognizable through a
deviation from randomness. Evolutionary mechanisms have produced organisms from organic
molecules. Life can perhaps be recognized because molecules will be distributed far from
thermodynamic equilibrium with the environment. Possible areas of inquiry include drilling for
deep cores for microbial life and research on metabolism of deep-sea organisms.

3.2.3 Meansto understand the potential of Earth life in space

Most organisms live in populations of breeding individuals distributed across patchy environments.
However the reproductive isolation and colonization of novel niches of space will ater population-
genetic structure of populations exposed to several generations of spacetravel. Moreover,
microbiota may undergo many generations of evolution in a short period of time now occupied by
space flight. Assuch space travel will have important effects on the evolutionary trgectory of many
species, especially those with short life cycles. Possible research areas include the study of the
evolution of human microbiota during space flight and plant pathogen interactions during space
flight.

3.3 Area3:
Technology Development

To improve our ability to perform comparative studies, new methods of gathering and anayzing
data are needed. We must develop analytical or observational tools that allow large amounts of data
to be efficiently handled, or difficult taxa (or specimens) to be interpreted. Because these will be
widely used, research that provides new applications and development of observational and
analytical toolsin the following areas is especially important.

3.3.1 Pattern recognition systems

We need better tools for discovering, interpreting, and analyzing patterns in biological data.
Collaborations between biologists and computer scientists who specialize in pattern recognition are
worth exploring.

Sequence Alignment Algorithms

We need more powerful methods for determining homol ogies of DNA and protein sequences.
Analysis of Sratigraphic Patterns

Drawing conclusions from the fossil record is difficult, because the stratigraphic records of species
are biased and incomplete. Pattern recognition systems may help solve this problem. Stratigraphic

incompletenessis a distinct problem from the incompl eteness of many fossil specimens, discussed
below under “Analysis of incomplete or noisy data.”



Rapid Collection and Analysis of Gene Expression Data

Evolutionary biologists need technologies to rapidly collect spatio-temporal expression datafor
complete sets of genesinvolved in morphogenetic networks. Methods must be easily applied to a
broad sample of species. Techniques must also be devel oped to analyze the expression data to
identify and summarize differences across species, for use in comparative and phylogenetic
analyses.

Phylogenetic Analysis

Current technology (software and hardware) for inferring phylogenetic trees is weak compared to
the numerical complexity of the problem (see section 3.3.2). Support in this fundamental areawill
impact on many problems relevant to the understanding of lifein the universe. Understanding the
history of life on Earth and our ability to compare terrestrid lifeto life elsewhere will depend on
phylogenetic agorithms that can accommodate large, diverse data sets.

Phylogenetic Patterns

We need more powerful tests for the recognition of patterns of evolutionary correlations among
characters, conditions, diversity, and evolutionary rates.

Morphometric Analysis

Comparative biologists need improved methods to quantify differences and similaritiesin shape,
and for the automated measurement of shape parameters.

3.3.2 Analysis of large data sets

Biologicaly interesting studies require large numbers of species and large and diverse data sets.
New tools such as parallel algorithms and computing clusters are needed.

Collection of Comparative Morphological Data

We need to put advanced technology such as 3D digital imaging in the hands of morphologists.
Thiswill not only help scientists to see more in a specimen but will greatly improve the way
information is presented and shared across networks.

Informatics

Biologists need new methods to compile, organize, and search for structure in large databases of
comparative data. Efforts should include the creation of standardized relationa databases, like
NIH's Genbank, but inclusive of many types of data.

Tree Searches

In phylogenetic data sets with large numbers of taxa, the number of possible trees becomes

astronomical, such that only asmall proportion can be examined in a search. Systematists need
algorithmsthat locate optimal trees more efficiently.



3.3.3 Analysis of incomplete or noisy data

Comparative biologists need improved methods for detecting patterns in comparative data and for
finding trees in phylogenetic analyses, when some data are missing or unreliable. Phylogenetic
analysisusing fosslsis an example of a situation in which data are expected to be incomplete.

3.3.4 Products of behavior

Organisms leave behind fossil evidence other than their bodies. Such evidence includes trace
fossils, excreta, organic debris, and biominerals. Paleontol ogists need better meansto identify the
biological origins of these traces— ruling out inorganic phenomena— and means to identify them
remotely, especially methods capable of being incorporated into unmanned space probes.

3.3.5 Microorganismsthat are difficult to culture

The vast mgority of microorganisms cannot yet be cultured. A comparative approach requires a
broad sample, and scientists need techniques for genetic assays and characterization of protists and
other microorganisms without the necessity to culture them first. Development of technology in this
areais particularly important, because it is expected that it will be difficult to culture newly
discovered life forms, either of extraterrestrial origin or new variants of terrestrial forms transported
into space.



Appendix: Additional research approaches

Two further means of attacking the proposed areas of research (in addition to comparative studies)
were not discussed extensively at the workshop but emerged when participants were asked to
comment on adraft of the report. We include them here.

Paleontological census methods use counts of the numbers of species, or the distributions of
species in morphologically-defined abstract spaces (morphospaces), censused during a series of
time-periods (stratigraphic intervals), in order to investigate changes in these counts or distributions
over long, evolutionary time-scales. This may help to infer genera rules of evolution by searching
for patterns of change (e.g., alinear trend, logistic curve, stasis) that repeat over time within
groups. Patterns of change in diversity, speciation- or extinction-rate, disparity, morphologic
covariance, complexity, or size that recur between mass extinctions, or in successive evolutionary
faunas, would be candidates for general rules.

Theoretica population geneticsis the gpplication of mathematics to model and understand
evolutionary processes. The effects on evolutionary outcomes of different models and of different
parameter values within models can be explored by direct computation or computer ssimulation, and
the results compared with observed data. This method can be used to attempt to deduce universa
features from general principles. Modeling can help explain the results of comparative studies and
produce new hypotheses to be tested by further comparative studies.




