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ABSTRACT 

The NASA Astrobiology Roadmap provides guidance for research and technology develop
ment across the NASA enterprises that encompass the space, Earth, and biological sciences. 
The ongoing development of astrobiology roadmaps embodies the contributions of diverse 
scientists and technologists from government, universities, and private institutions. The 
Roadmap addresses three basic questions: How does life begin and evolve, does life exist 
elsewhere in the universe, and what is the future of life on Earth and beyond? Seven Science 
Goals outline the following key domains of investigation: understanding the nature and dis
tribution of habitable environments in the universe, exploring for habitable environments 
and life in our own solar system, understanding the emergence of life, determining how early 
life on Earth interacted and evolved with its changing environment, understanding the evo
lutionary mechanisms and environmental limits of life, determining the principles that will 
shape life in the future, and recognizing signatures of life on other worlds and on early Earth. 
For each of these goals, Science Objectives outline more specific high-priority efforts for the 
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next 3-5 years. These 18 objectives are being integrated with NASA strategic planning. Key 
Words: Astrobiology-NASA-Roadmap-Policy-Exobiology. Astrobiology 3, 219-235. 

INTRODUCTION 

A STROBIOLOGY ADDRESSES three basic questions 
that have been asked in various ways for 

generations: How does life begin and evolve, 
does life exist elsewhere in the universe, and what 
is the future of life on Earth and beyond? Ac
cordingly, the discipline of astrobiology embraces 
the search for potentially inhabited planets be
yond our Solar System, the exploration of Mars 
and the outer planets, laboratory and field inves
tigations of the origins and early evolution of life, 
and studies of the potential of life to adapt to fu
ture challenges, both on Earth and in space. In
terdisciplinary research is required that combines 
molecular biology, ecology, planetary science, as
tronomy, information science, space exploration 
technologies, and related disciplines. The broad 
interdisciplinary character of astrobiology com
pels us to strive for the most comprehensive and 
inclusive understanding of biological, planetary, 
and cosmic phenomena. 

The NASA Astrobiology Roadmap provides 
guidance for research and technology develop
ment across the NASA enterprises that encom
pass the space, Earth, and biological sciences. The 
Roadmap is formulated in terms of seven Science 
Goals that outline key domains of investigation. 
These domains of investigation will probably re
quire decades of effort to consummate. For each 
of these goals, Science Objectives outline more 
specific high-priority efforts for the next 3-5 
years. These 18 objectives are being integrated 
with NASA strategic planning. The Roadmap 
also includes Example Investigations, which of
fer examples of specific research tasks that are 
both important and timely for their correspond
ing Science Objective. It is important to empha
size that these investigations are intended princi
pally to be illustrative of relevant tasks, and that 
other equally important example investigations 
can be envisioned. 

The following four basic principles are funda
mental to the implementation of NASA's Astro
biology Program: 

1. Astrobiology is multidisciplinary in its content 

and interdisciplinary in its execution. Its suc
cess depends critically upon the close coordi
nation of diverse scientific disciplines and pro
grams, including space missions. 

2. Astrobiology encourages planetary steward
ship through an emphasis on protection 
against forward and back biological contami
nation and recognition of ethical issues asso
ciated with exploration. 

3. Astrobiology recognizes a broad societal in
terest in its endeavors, especially in areas 
such as achieving a deeper understanding of 
life, searching for extraterrestrial bios
pheres, assessing the societal implications of 
discovering other examples of life, and en
Visioning the future of life on Earth and in 
space. 

4. The intrinsic public interest in astrobiology of
fers a crucial opportunity to educate and in
spire the next generation of scientists, tech
nologists, and informed citizens; thus a strong 
emphasis upon education and public outreach 
is essential. 

NASA Astrobiology Roadmaps are periodi
cally updated as part of the space agency's 
strategic planning process. The ongoing devel
opment of astrobiology roadmaps embodies 
the contributions of diverse scientists and tech
nologists, including NASA employees, acade
mic scientists whose research is partially 
funded by NASA grants, and many members 
of the broader community who have no formal 
association with NASA. The roadmap pre
sented here was prepared under the guidance 
of a team whose 19 members were selected 
from the U.S. government, universities, and 
private research institutions. This team con
ducted 20 90-minute teleconferences during 
2002. Roadmap drafts were presented in pub
lic forums at the 2002 Astrobiology Science 
Conference at Ames Research Center, on the 
web for a 2-month period, and to formal advi
sory committees of NASA's Office of Space Sci
ences. Comments also were solicited via e-mail 
from more than 700 members of the astrobiol
ogy community. 
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GOAL 1. A protoplanetary disk. 
Courtesy of NASA. 

GOALS AND OBJECTIVES 

GOAL l-Understand the nature and 
distribution of habitable environments in the 
Universe. Determine the potential for habitable 
planets beyond the Solar System, and characterize 
those that are observable. 

A planet or planetary satellite is habitable if it 
can sustain life that originates there or if it sus
tains life that is carried to it. The Astrobiology 
Program seeks to expand our understanding of 
the most fundamental environmental require
ments for habitability. However, in the near term, 
we must proceed with our current concepts re
garding the requirements for habitability. That is, 
habitable environments must provide extended 
regions of liquid water, conditions favorable for 
the assembly of complex organic molecules, and 
energy sources to sustain metabolism. Habitabil
ity is not necessarily associated with a single spe
cific environment; it can embrace a suite of envi
ronments that communicate through exchange 
of materials. The processes by which crucial bi
ologically useful chemicals are carried to a 
planet and change its level of habitability can be 
explored through the fields of prebiotic chem
istry and chemical evolution. A major long
range goal for astrobiology is to recognize hab
itability beyond the Solar System, independent 
of the presence of life, or to recognize habitabil
ity by detecting the presence of life [see Goal 7 
(biosignatures)] . 
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Background. Research in astrobiology supports 
NASA's Origins theme in its attempt to search for 
habitable or inhabited environments beyond the 
Solar System. Humans have pondered for mil
lenia whether other inhabitable worlds exist. 
Now, for the first time, they have an opportunity 
to look and see. Of course it is not possible to ex
amine the ~ 1010 Earth-like planets that simple 
statistical models predict to exist in our galaxy, 
much less the ~ 1021 such planets expected to be 
in the universe. Still, it should be possible to de
termine whether terrestrial planets are indeed as 
common as predicted above, whether a substan
tial fraction of them show signs of habitability, 
and whether an appreciable fraction of these 
show biosignatures. 

A key difference between the search for life in 
the Solar System and the search in external plan
etary systems is that, within the Solar System, in
terplanetary transfer of viable microbes seems a 
plausible process, and therefore the discovery of 
life elsewhere in the Solar System seems plausi
ble. While this is indeed of extraordinary inter
est, it may not cast light on whether it is easy or 
difficult for life to begin. On the other hand, the 
fact that dispersion times between stars are 
~ 105_106 times longer than for dispersion within 
the Solar System makes independent origination 
of life forms outside the Solar System more prob
able. 

The research objectives under this goal address 
three key questions: First, do terrestrial planets 
and large satellites tend to form in a state where 
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they are likely to become habitable, or do habit
able environments emerge only after a sequence 
of less probable events? Second, how frequently 
do habitable environments arise on solid planets, 
including large satellites? Third, what are the 
specific signs of habitability and habitation, and 
how do such signs change with the circumstances 
of the planet (e.g., mass, distance from its star, 
history and relative abundance of volatile com
pounds)? To address these questions effectively, 
we must investigate how habitable planetary sys
tems form and evolve (Goals 1 and 2), and we 
must understand the ultimate environmental lim
its of life (Goal 5). 

Much of this effort focuses upon the presence 
or absence of liquid water in bulk form. Water is 
made from the two most abundant chemically re
active elements in the universe, and it is the nec
essary ingredient for Earth's type of life. Liquid 
water has played an intimate, if not fully under
stood, role in the origin and development of life 
on Earth. Water contributes to the dynamic prop
erties of an Earth-sized planet, permitting con
vection within the planetary crust that might be 
essential to supporting Earth-like life by creating 
local chemical disequilibria that provide energy 
for life. Water maintains a strong polar-nonpolar 
dichotomy with certain organic substances. This 
dichotomy has allowed life on Earth to form in
dependent stable cellular structures. Thus the pri
mary focus of Goal 1 is concerned with planets 
having a liquid water boundary layer, although 
the focus may expand to include other planets or 
satellites as astrobiology matures as a discipline. 

There is also a focus-though not exclusive-
on molecular oxygen and ozone as biosignatures 
(see also Goal 7), and therefore on dealing with 
the interface between the understanding of the 
geological and biological aspects of oxygen, and 
the details of the spectral features that can be ob
served and interpreted remotely. Oxygen is a 
very common element that has provided Earth 
with its most distinctive biosignature. The chem
ical state of an Earth-like planet, as well as the ge
ological activity that delivers reduced species to 
the surface environment, will cause virtually all 
of the molecular oxygen to be consumed unless 
it is produced rapidly (e.g., by oxygen-producing 
photosynthesis). Also, the relatively modest ul
traviolet fluxes of many stars prevent rapid pro
duction of oxygen from photo dissociation of 
water. These factors will help to prevent the pos
sibility of false-positive detections of oxygen bio
signatures. 
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The challenge of remotely detecting life on a 
planet that has not developed a biogenic source 
of oxygen is fraught with unknowns. What chem
ical species and spectral signatures should be 
sought? What metabolic processes might be op
erating? How does one guard against a false-pos
itive detection? Research that is guided both by 
our knowledge of Earth's early biosphere (i.e., be
fore the rise of an oxygenated atmosphere) and 
by studies of alternative biological systems can 
help address these questions and provide guid
ance to astronomers seeking evidence of life else
where (Goal 7). 

• Objective 1.1-Models of formation and evolution 
of habitable planets. Investigate how solid plan
ets form, how they acquire liquid water and 
other volatile species and organic compounds, 
and how processes in planetary systems and 
galaxies affect their environments and habit
ability. Use theoretical and observational stud
ies of the formation and evolution of planetary 
systems and their habitable zones to predict 
where water-dependent life is likely to be 
found in such systems. 

Example investigations 

Study the relationship between stellar metallicity 
and planet formation. Determine if there is a 
galactic habitable zone. 

Model the origin of planetary systems, especially 
water delivery to and loss from terrestrial-like 
planets of various size and mass. Determine 
how water loss affects climate, surface, and in
terior processes, and how these changes affect 
habitabili ty. 

Develop comprehensive models of the environ
ments of terrestrial-like planets to investigate 
the evolution of habitability. 

• Objective 1.2-Indirect and direct astronomical ob
servations of extrasolar habitable planets. Conduct 
astronomical, theoretical, and laboratory spec
troscopic investigations to support planning 
for and interpretation of data from missions to 
detect and characterize extrasolar planets. 

Example investigations 

Investigate novel methods for detecting and 
characterizing extrasolar planets, particularly 
those that might lead to an improved under
standing of the frequency of habitable Earth
like planets. 
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GOAL 2. Martian hemisphere. Courtesy of NASA. 

Use atmospheric models to understand the range 
of planetary conditions that can be determined 
from low-resolution, full-disk spectra at visi
ble, near-infrared, and thermal wavelengths. 
Use data on Venus, Earth, and Mars to validate 
these models. 

Model a variety of biosignatures, including the 
ozone 9.7 /Lm band and oxygen A band signa
tures and their variations over Earth's geolog
ical and biological history (also relevant to Ob
jective 7.2). 

GOAL 2-Explore for past or present habitable 
environments, prebiotic chemistry, and signs of 
life elsewhere in our Solar System. Determine 
any chemical precursors of life and any ancient 
habitable climates in the Solar System, and 
characterize any extinct life, potential habitats, 
and any extant life on Mars and in the outer 
Solar System. 

The exploration for habitable environments, life, 
and/ or prebiotic chemistry in the Solar System di
rectly links basic research in astrobiology to NASA 
missions. Because little is presently known about 
habitable environments within our Solar System, 
the distribution and nature of potentially habitable 
environments should be determined on Mars, Ti
tan, Europa, and other promising objects. As a 
corollary, we should understand the mechanisms 
of evolution of habitable environments through
out the Solar System. Although life elsewhere 
could have developed in ways different from life 
on Earth, our current knowledge of life and hab
itable environments serves as the starting point for 
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our exploration strategy. Research in such widely 
divergent areas as planetary and Solar System evo
lution, the biology of extreme environments, and 
Precambrian paleontology has been instrumental 
in guiding NASA's search for evidence of life else
where in the Solar System. Earth-based analog 
studies and theoretical investigations, informed by 
data from previous Solar System missions, will as
sist astrobiologists to refine exploration strategies 
and scientific priorities for future missions. 

Background. Understanding planetary habit
ability and the relationship between the occur
rence of life and the evolution of planets is a pri
mary organizing theme of NASA's Solar System 
Exploration Program. In the most basic sense, the 
strategy for the astrobiological exploration of the 
Solar System involves exploring for environ
ments regarded as necessary for life to begin 
and/ or persist (namely those having liquid wa
ter, energy sources that can sustain metabolism, 
and conditions that promote the synthesis of com
plex organic molecules) and understanding the 
evolution of habitable environments on Solar Sys
tem objects. 

Advances in our understanding of the envi
ronmental limits of life on Earth have prOVided 
crucial information for refining our strategies to 
explore for life elsewhere in the Solar System. For 
example, a deep subsurface biosphere was dis
covered that included non-photosynthetic organ
isms that make organic compounds from hydro
gen and other simple by-products of aqueous 
weathering. This discovery has revolutionized 
our thinking about the potential for life on other 
planets like Mars or Europa, where surface con
ditions are fundamentally inhospitable to life. 
The necessity to explore the deep subsurface of 
other Solar System bodies has identified the need 
to develop robotic drilling systems that can pen
etrate hundreds to thousands of meters below the 
surface, where interior habitable zones of liquid 
water and a life-sustaining redox chemistry 
might exist. Of course, geological activity or me
teorite impacts might have brought evidence of 
subsurface life to the surface; therefore the abil
ity to identify and reach key sites with landers 
and rovers is also a high priority. 

In preparing for future missions to explore for 
life and/or prebiotic chemistry in the Solar Sys
tem, an important precursor activity for Astrobi
ology is to identify in situ instrumentation to sup
port the search for complex organic molecules 
and life. As a starting point, there is a critical need 
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for research to define unambiguous approaches 
to life detection over a broad range of environ
mental conditions that represent other planetary 
environments. Such research will also help ad
dress planetary protection issues, such as the ef
fects of forward contamination of other planetary 
surfaces and the risks of back contamination as
sociated with samples returned to Earth. 

In pursuing the question of extraterrestrial life, 
humans have long held a fascination with Mars. 
Indeed, our robotic exploration of the Red Planet 
has provided compelling evidence for surface en
vironments that could have supported life early 
in the planet's history. More recently, arguments 
have been made for the existence of a martian 
groundwater system that could harbor an extant 
subsurface biota. Key questions include the fol
lowing: If ever life arose on Mars, is it related to 
terrestrial life, or did Mars sustain an independent 
origin of life? If life never developed on Mars, is 
there a prebiotic chemical record preserved in an
cient martian rock sequences that might contain 
clues about how life began on Earth? 

Possibilities for subsurface habitable zones of 
liquid water have also been recognized in the 
outer Solar System. Induced magnetism, as well 
as surface geomorphology and chemistry, have 
provided compelling evidence for an ocean of liq
uid water (brine) beneath the icy crust of Europa. 
Similar conditions may also exist on two other 
Galilean satellites-Ganymede and Callisto. In 
addition, a complex prebiotic chemistry and 
zones of liquid water might exist on Titan. Some 
of these environments might resemble aspects of 
early Earth, and thus they can teach us about our 
own origins. However, other environments could 
be quite different, and these might have hosted a 
prebiotic chemical evolution that led to an alto
gether different form of biology. 

As the nature of the potentially habitable envi
ronments in our Solar System becomes better de
fined, the Astrobiology Program must interact 
with both observational astronomy and mission 
scientists to consider also the possibility of life in 
non-aqueous environments. Such a possibility can 
be explored during missions to places (like Titan) 
where liquid water is not predominant, and by 
developing the ability to recognize the biosigna
tures of life in non-aqueous environments. 

• Objective 2.1-Mars exploration. Through or
bital and surface missions, explore Mars for 
potentially habitable environments, as evi
denced by water or aqueous minerals. Study 
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martian meteorites to guide future Mars ex
ploration. Develop the methods and support
ing technologies for the in situ characteriza
tion of aqueous minerals, carbon chemistry, 
and/ or life. 

Example investigations 

Target well-instrumented robotic rovers to sites 
of past aqueous sedimentation to analyze rocks 
for geochemistry, aqueous minerals, organic 
matter, and fossil biosignatures. 

Develop flight-capable instrumentation for the un
ambiguous detection of biosignatures preserved 
in surface and subsurface rocks, soils, and ices. 

• Objective 2.2-0uter Solar System exploration. 
Conduct basic research, develop instrumenta
tion to support astrobiological exploration, and 
provide scientific guidance for outer Solar Sys
tem missions. Such missions should explore 
the Galilean moons Europa, Ganymede, and 
Callisto for habitable environments where 
liquid water could have supported prebiotic 
chemical evolution or life. Explore Saturn's 
moon, Titan, for environments favorable for 
complex prebiotic synthesis or life. 

Example investigations 

Explore the atmosphere and surface environ
ments of Titan for evidence of complex organic 
chemistry and water, to provide a context for 
understanding potential habitability and pre
biotic chemistry. 

Simulate the environment of Titan to aid in de
signing in situ missions and to interpret data 
returned therefrom. 

Develop astrobiology instrumentation that can 
survive the low temperature, high radiation en
vironments of the surface of Europa. Use in situ 
methods to test models that predict the pres
ence of energy sources for supporting life. 

GOAL 3-Understand how life emerges from 
cosmic and planetary precursors. Perform 
observational, experimental, and theoretical 
investigations to understand the general physical 
and chemical principles underlying the origins of 
life. 

How life begins remains a fundamental un
solved mystery. The origin of life on Earth is 
likely to represent only one pathway among 
many along which life can emerge. Thus the uni-
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GOAL 3. Vesicles formed sponta
neously from an aqueous solution 
of decanoic acid and decanol. Cour
tesy of D. Deamer, University of Cal
ifornia, Santa Cruz. 

versal principles must be understood that un
derlie not only the origins of life on Earth, but 
also the possible origins of life elsewhere. These 
principles will be sought by determining what 
raw materials of life can be produced by chemi
cal evolution in space and on planets. It should 
be understood how organic compounds are as
sembled into more complex molecular systems 
and the processes by which complex systems 
evolve those basic properties that are critical to 
life's origins. Such properties include capturing 
energy and nutrients from the environment, and 
manufacturing copies of key biomolecules. Clues 
from the biomolecular and fossil records, as well 
as from diverse microorganisms, should be ex
plored in order to define better the fundamental 
properties of the living state. 

Background. We must move beyond the cir
cumstances of our own particular origins in or
der to develop a broader discipline, a "Universal 
Biology." Although this discipline will benefit 
from an understanding of the origins and limits 
of terrestrial life, it also requires that we define 
the environmental conditions and the chemical 
structures and reactions that could support life 
on other habitable planets. These may be very dif
ferent than what we have learned to expect from 
the biology of Earth. For example, liquid water is 
essential for all life on Earth; however, at least 
under laboratory conditions, certain chemical 
systems can undergo a form of replication in non
aqueous solvents. Furthermore, laboratory ex
periments that involve analogs of the nucleic 
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acids, proteins, sugars, and lipids indicate that 
the particular molecular structures found in 
Earth-based life would not be essential in life 
forms having a genesis independent of life on 
Earth. The perspectives gained from such re
search will improve both the search for habitable 
environments in the Solar System and the recog
nition of biosignatures within those environ
ments. The invention of translation, the creation 
of new metabolic pathways, the adaptation of or
ganisms to extreme environments, and the emer
gence of multicellular life forms and other higher 
order functions are all constrained by the intrin
sic chemistry of the molecules that supported the 
particular example of life that achieved these in
novations. Given this abundance of chemical op
portunity, it seems likely that an expanded re
search effort will lead to novel molecular systems 
having the combination of properties that we as
sociate with life processes. Such research will 
help us to understand better the link between 
molecular evolution and chemistry that is central 
to astrobiology. 

Sources of organic compounds required for the ori
gin of life. To understand how life can begin on a 
habitable planet such as the Earth, it is essential 
to know what organic compounds were likely to 
have been available, and how they interacted 
with the planetary environment. Chemical syn
theses that occur within the solid crust, hydro
sphere, and atmosphere are potentially important 
sources of organic compounds; therefore they 
continue to be an important focus of research on 
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this question. Prebiotic chemistry might begin in 
interstellar clouds. Laboratory simulations have 
recently demonstrated that key molecules can be 
synthesized in interstellar ices that are incorpo
rated into nascent solar systems, and astronomi
cal observations and analyses of extraterrestrial 
materials have shown that many compounds rel
evant to life processes are also present in mete
orites, interplanetary dust particles, and comets. 
It is likely that substantial amounts of such or
ganic material were delivered to the Earth dur
ing late accretion, thereby providing organic 
compounds that could be directly incorporated 
into early forms of life or serve as a feedstock for 
further chemical evolution. An important re
search objective within this goal is to establish 
sources of prebiotic organic compounds and to 
understand their history in terms of universal 
processes that would take place on any newly 
formed planet. This will require an integrated 
program of pan-spectral astronomical observa
tions, sample return missions, laboratory studies 
of extraterrestrial materials, and realistic labora
tory simulations of inaccessible cosmic environ
ments. 

Origins and evolution of functional biomolecules. 
Life can be understood as a chemical system that 
links a common property of organic molecules
the ability to undergo spontaneous chemical 
transformation-with the uncommon property of 
synthesizing a copy of that system. This process, 
unique to life, allows changes in a living molec
ular system to be copied, thereby permitting Dar
winian-like selection and evolution to occur. At 
the core of the life process are polymers com
posed of monomeric species such as amino acids, 
carbohydrates, and nucleotides. The pathways by 
which monomers were first incorporated into 
primitive polymers on the early Earth remain un
known, and physical properties of the products 
are largely unexplored. A primary goal of re
search on the origin of life must be to understand 
better the sources and properties of primitive 
polymers on the early Earth, and the evolution
ary pathway by which polymerization reactions 
of peptides and oligonucleotides became geneti
cally linked. 

Origins of energy transduction. AXiomatically, 
life cannot exist in an environment at thermody
namic equilibrium. If the environment were at 
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equilibrium, then, by the Second Law of Ther
modynamics, no net chemical transformation 
would be possible. Thus we assume that life be
gan in an environment that was far from ther
modynamic equilibrium, so that free energy was 
available to drive the chemical transformations 
required for life processes. A fundamental ques
tion concerns the mechanisms by which this en
ergy was captured by the earliest forms of life. 
The forms of available energy include light, 
chemical bond energy, and the energy of electron 
transfer reactions involving compounds with dif
ferent redox potentials. It seems likely that pho
tosynthesis appeared very early in evolutionary 
history; thus it is important to identify primitive 
pigment systems. Hydrothermal vents and other 
geothermal environments offer a second poten
tial source of energy in the form of dissolved 
gases such as hydrogen and hydrogen sulfide, 
and mechanisms by which reduced gases in so
lution can deliver energy to living systems should 
be investigated. In contemporary cells, the energy 
present in chemical bonds is captured by metab
olism, and the first forms of life must have in
corporated linked chemical reactions as simple 
metabolic pathways. A primary research objec
tive will be to identify mechanisms by which any 
of these energy sources were coupled to poly
merization chemistry. 

Origins of cellularity and protobiological systems. 
For life to begin in a natural setting such as a plan
etary surface there must be mechanisms that 
concentrate and maintain interacting molecular 
species in a microenvironment. From this per
spective, life began as a bounded system of in
teracting molecules, none of which has the full 
property of life outside of that system. A bounded 
system of replicating, catalytic molecules is by 
definition a cell, and at some point life became 
cellular, either from its inception or soon there
after. Besides separating the contents of a cell 
from the environment, membranes have the ca
pacity to develop substantial ion gradients that 
represent a central energy source for virtually all 
life today. Boundary membranes also divide com
plex molecular mixtures into large numbers of in
dividual structures that can undergo selective 
processes required to initiate biological evolution. 
A primary objective of research is to assemble lab
oratory versions of model cells. These will incor
porate systems of interacting molecules within 
membrane-bounded environments. They will 
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have the capability to capture energy and nutri
ents from the environment, grow through poly
merization, and reproduce some of their poly
meric components. Approaching this challenging 
problem will lead to a more refined definition of 
the living state, and will clarify the hurdles faced 
by self-assembled systems of organic molecules 
as they evolved toward the first life on the Earth. 

• Objective 3.1-Sources of prebiotic materials and 
catalysts. Characterize the cosmic and endoge
nous sources of matter (organic and inorganic) 
for potentially habitable environments in the 
Solar System and in other planetary and pro
toplanetary systems. 

Example investigations 

Trace the cosmic formation of prebiotic materials 
from the formation of interstellar molecules 
and solids through the processing of these ma
terials to produce more complex compounds. 

Conduct laboratory experiments and simulations 
to provide a framework for analyzing mete
orites and samples returned from asteroids and 
comets, and for interpreting spectra of inter
stellar clouds. Analyze meteorites and re
turned samples to understand the nature of ex
traterrestrial organic compounds. 

Identify the organic compounds and complexes 
produced under primordial planetary condi
tions through laboratory simulation experi
ments. 

• Objective 3.2-0rigins and evolution of functional 
biomolecules. Identify multiple plausible path
ways for the condensation of prebiotic 
monomers into polymers. Identify the poten
tial for creating catalytic and genetic functions, 
and mechanisms for their assembly into more 
complex molecular systems having specific 
properties of the living state. Examine the evo
lution of artificial chemical systems that model 
processes of natural selection to understand 
better the molecular processes associated with 
prebiological evolution in the universe. 

Example investigations 

Search for mechanisms of enantiomeric enhance
ment that introduced chirality into biological 
systems. 

Investigate polymers other than nucleic acids that 
have the potential to have been precursor mol-
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ecules capable of containing genetic informa
tion. 

Investigate the RNA-catalyzed active site in ri
bosomes to better understand how RNA could 
have first evolved to mediate translation in 
early forms of life. 

• Objective 3.3-0rigins of energy transduction. 
Identify prebiotic mechanisms by which avail
able energy can be captured by molecular sys
tems and used to drive primitive metabolism 
and polymerization reactions. 

Example investigations 

Search for pigments that were plausible compo
nents of the prebiotic environment and have 
the capacity to capture and transduce light en
ergy into chemical energy. 

Investigate redox reactions in which hydrogen 
serves as a source of free energy that could 
plausibly be available for early forms of life. 

Investigate mechanisms by which early bound
ary membranes could couple the energy avail
able in ion gradients to the synthesis of high
energy compounds such as pyrophosphate. 

• Objective 3.4-0rigins of cellularity and protobio
logical systems. Investigate both the origins of 
membranous boundaries on the early Earth 
and the associated properties of energy trans
duction, transport of nutrients, growth, and di
vision. Investigate the origins and early coor
dination of key cellular processes such as 
metabolism, energy transduction, translation, 
and transcription. Without regard to how life 
actually emerged on Earth, create and study ar
tificial chemical systems that undergo muta
tion and natural selection in the laboratory. 

Example investigations 

Determine how ionic and polar nutrients could 
permeate membrane boundaries to supply 
monomers and energy for intracellular metab
olism and biosynthesis. 

Investigate polymerase reactions that can take 
place in membrane-bounded microenviron
ments, using external sources of monomers 
and chemical energy. 

Establish membrane-bounded protein synthesis 
systems that incorporate ribosomes and 
mRNA in lipid vesicles. 
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GOAL 4. Archean world, 3.5 billion years ago. Courtesy of the Smithsonian Institution, Peter Sawyer, 
artist. 

GOAL 4-Understand how past life on Earth 
interacted with its changing planetary and Solar 
System environment. Investigate the historical 
relationship between Earth and its biota by 
integrating evidence from both the geologic and 
biomolecular records of ancient life and its 
environments. 

Understand how the planetary environment 
has influenced the evolution of life and how bio
logical processes changed the environment. An 
improved knowledge of how life has altered di
verse environments throughout Earth history will 
improve our ability to detect remnant biosigna
tures, even in cases where life has become extinct 
[see Goal 7 (biosignatures)]. Correlations and 
cause-and-effect relationships should be sought 
between biological evolution and both long-term 
and episodic environmental changes. Insights 
that emerge from syntheses of these perspectives 
will guide our search for life elsewhere. 

Background. A full understanding of the histor
ical relationships between life and the environ
ment requires a synthesis that draws from many 
different fields of science. For example, our 
knowledge of long-term environmental change is 
largely inferred from research in geophysics, geo
chemistry, and sedimentology. The ongoing re
construction of the phylogenetic tree of life and 

the time scale of evolution derive from morphol
ogy, fossils, and, especially, information stored in 
the genomes of living organisms. Molecular bio
markers help to link biological evolution to past 
environments. Likewise, biogeochemical cycles 
of carbon and its redox partners, oxygen, sulfur, 
and iron, are integral to Earth's biosphere, and 
their isotopic records help us understand how the 
biosphere evolved. Knowledge of chemistry, 
physics, and Solar System dynamicS places con
straints on Earth's history of environmental 
change. With these tools and methodological 
framework, astrobiologists can study the recip
rocal interactions of organisms and their plane
tary environment and address the following 
questions: What was the chemical and physical 
environment like when the earliest life (microbes) 
covered the Earth? Was this environment similar 
to the early environment of Mars? How, why, and 
when did the composition of the atmosphere 
change through time, including the stepwise in
crease in the oxidation state of the biosphere, and 
how did these changes impact Earth's biota? How 
did life respond to major planetary disturbances, 
such as bolide impacts, sudden atmospheric 
changes, and global glaciations, and were some 
disturbances caused by life? How has the plane
tary environment influenced the evolution of 
complex, multicellular, eukaryotic life, and what 
environmental changes were associated with the 
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GOAL 5. Cyanobacterial and fungal endolithic 
microbial community in the Beacon Sandstone, 
Antarctica. (Reprinted with permission from E. 
Imre Friedmann. Endolithic microorganisms in the 
Antarctic cold desert. Science 215,1045-1053. Copy
right: 1982 American Association for the Advance
ment of Science.) 

appearance of intelligent life? These and other 
questions are tied to this overarching goal that 
seeks to understand the historical interconnec
tions between Earth and its biota to help guide 
our search for life elsewhere. All of this research 
requires a deeper understanding of evolutionary 
mechanisms at the levels of molecules, organ
isms, and ecosystems (Goal 5). The results con
tribute directly to the identification of biosigna
hues (Goal 7). 

• Objective 4.1-Earth's early biosphere. Investigate 
the development of key biological processes 
and their environmental consequences during 
the early history of Earth through molecular, 
stratigraphic, geochemical, and paleontologi
cal studies. 

Example investigations 

Examine the earliest sedimentary rocks for biosig
natures, such as microfossils and chemical fossils. 

Search for biosignatures of key microorganisms 
and metabolic processes (e.g., photosynthesis) 
in rocks of Archean age. 

Analyze genomic sequence data of prokaryotes 
and identify correlations between lineage di
vergence and events in the history of the bio
sphere. 

• Objective 4.2-Foundations of complex life. Study 
the origins and evolution of life forms that even
tually led to more complex multicellular biota 
that appear in the fossil record or exist today. 

Example investigations 

Study carbon isotopes and other proxies of envi
ronmental change in Neoproterozoic rocks to 
better understand the history of global climatic 
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perturbations that may have influenced the 
early evolution of complex life. 

Search for fossil evidence of eukaryotes in rocks 
of Proterozoic age to determine the morphol
ogy, ecology, and diversity of early eukaryotes. 

Analyze genomic sequence data of unicellular eu
karyotes to gain insights into the early evolu
tion of eukaryotic complexity, including the ac
quisition of cellular organelles. 

• Objective 4.3-Effects of extraterrestrial events 
upon the biosphere. Examine the records of the 
response of Earth's biosphere (both the habit
able environment and biota) to extraterrestrial 
events, including asteroid and comet impacts. 

Example investigations 

Examine the evolutionary, ecological, and taxo
nomic changes in Earth's biota following a 
known asteroid impact event. 

Investigate a known mass extinction event in the 
fossil record to determine whether it was 
caused or intensified by an extraterrestrial 
event, such as an impact or a nearby supernova. 

GoalS-Understand the evolutionary 
mechanisms and environmental limits of life. 
Determine the molecular, genetic, and 
biochemical mechanisms that control and limit 
evolution, metabolic diversity, and acclimatization 
of life. 

The diversity of life on Earth today is a result 
of the dynamic interplay between genetic oppor
tunity, metabolic capability, and environmental 
challenges. For most of its existence, our habit
able environment has been dominated by mi
croorganisms and subjected to their metabolism 
and evolution. As a consequence of such micro-
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bial activities on a geological time scale, the phys
ical-chemical environment on Earth has been 
changing, thereby determining the path of evo
lution of subsequent life. For example, the release 
of molecular oxygen by cyanobacteria as a by
product of photosynthesis as well as the colo
nization of the Earth's surface by metazoan life 
induced fundamental, global changes in the 
Earth's environment. The altered environment, in 
turn, posed novel evolutionary challenges to the 
organisms present, which ultimately resulted in 
the formation of our planet's major animal and 
plant species. Therefore this "co-evolution" be
tween organisms and their environment is ap
parently an inherent feature of living systems. 

Life survives and sometimes thrives under 
what seem to be harsh conditions on Earth. For 
example, some microbes thrive at temperatures 
of 113°C. Others exist only in highly acidic envi
ronments or survive exposures to intense radia
tion. While all organisms are composed of nearly 
identical molecules, evolution has enabled such 
microbes to cope with this wide range of physi
cal and chemical conditions. What are the fea
hues that enable one microbe to thrive under ex
treme conditions that are lethal to many others? 
An understanding of the tenacity and versatility 
of life on Earth, as well as an understanding of 
the molecular systems that some organisms uti
lize to survive such extremes, will provide a crit
ical foundation for the search for life beyond 
Earth. These insights will help us to understand 
the molecular adaptations that define the physi
cal and chemical limits for life on Earth. They will 
provide a baseline for developing predictions and 
hypotheses about life on other worlds. 

Background. The evolution of biogeochemical 
processes, genomes, and microbial communities 
has created the complexity and robustness of the 
modern biosphere. However, we lack a funda
mental understanding of how evolutionary 
forces, such as mutation, selection, and genetic 
drift, operate in microorganisms that act on and 
respond to changing microenvironments. We can 
examine the reciprocal interactions between bio
sphere and geosphere that can shape genes, 
genomes, organisms, and species interactions. 
Accordingly, we will begin to develop an under
standing of the evolution of biochemical and 
metabolic machinery that drives the global cycles 
of the elements, as well as the potential and lim
its of such evolution. Furthermore, we must ob-
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serve their coordination into genetic circuitries, 
and their integration into more complex biologi
cal entities, such as whole cells and microbial 
communities. 

While co-evolution of the Earth's physical
chemical environment and its living world is dy
namic and proceeds at all organismic levels, 
prokaryotic microorganisms have played a criti
cal role in shaping our planet. Microbes can serve 
as highly advanced experimental systems for bio
chemical, genetic, and genomic studies. To date, 
over 100 microbial genomes have been se
quenced. This unprecedented wealth of informa
tion, together with the experimental tools now 
available, provides a tremendous opportunity for 
experimental studies to be conducted on the evo
lution of microbial genes, genomes, and micro
bial communities. Such studies will uncover fun
damental principles of molecular, cellular, and 
community level evolution with relevance to 
Earth and other planets. Of specific interest is ob
serving or simulating the evolution of those mo
lecular properties that facilitate the metabolic 
coupling of the oxidation/reduction cycles of el
ements and the adaptation to novel environ
ments, especially extreme environments, created 
by simulated perturbations. Hypothesis-driven 
experimentation on microbial ecosystems using 
single species with known genome sequences can 
be employed to predict environmental changes 
and evolutionary solutions. Such studies can be 
extended to defined mixed communities to study 
the plasticity and adaptation of the "meta
genome," comprising the genomes of all mem
bers of a microbial community, when subjected 
to environmental changes and genetic flux. The 
evolved genotypes and phenotypes should be 
correlated to the specific changes they induce in 
the physical-chemical environment. 

Our ongoing exploration of the Earth has led 
to continued discoveries of life in environments 
that have been previously considered uninhabit
able. For example, we find thriving communities 
in the boiling hot springs of Yellowstone, the 
frozen deserts of Antarctica, the concentrated sul
furic acid in acid-mine drainages, and the ioniz
ing radiation fields in nuclear reactors. We find 
some microbes that grow only in brine and re
quire saturated salts to live, and we find others 
that grow in the deepest parts of the oceans and 
require 500-1,000 bars of hydrostatic pressure. 
Life has evolved strategies that allow it to survive 
even beyond the daunting physical and chemical 
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limits to which it has adapted to grow. To sur
vive, organisms can assume forms that enable 
them to withstand freezing, complete desiccation, 
starvation, high levels of radiation exposure, and 
other physical or chemical challenges. Further
more, they can survive exposure to such condi
tions for weeks, months, years, or even centuries. 
We need to identify the limits for growth and 
survival, and to understand the molecular mech
anisms that define these limits. Biochemical stud
ies will also reveal inherent features of biomole
cules and biopolymers that define the physical
chemical limits of life under extreme conditions. 
Broadening our knowledge both of the range of 
environments on Earth that are inhabitable by mi
crobes and of their adaptation to these habitats 
will be critical for understanding how life might 
have established itself and survived in habitats 
beyond Earth. 

• Objective 5.1-Environment-dependent, molecular 
evolution in microorganisms. Experimentally in
vestigate and observe the evolution of genes, 
metabolic pathways, genomes, and microbial 
species. Experimentally investigate the forces 
and mechanisms that shape the structure, orga
nization, and plasticity of microbial genomes. 
Examine how these forces control the geno
type-to-phenotype relationship. Conduct envi
ronmental perturbation experiments on single 
microbial species to observe and quantify 
adaptive evolution to astrobiologically rele
vant environments. 

Example investigations 

Experimentally observe the assembly of genes 
into novel metabolic pathways as an adaptive 
response to environmental changes. 

Examine microbial genome rearrangements, in
cluding gene deletion and acquisition 
processes, in response to nutrient change and 
physical-chemical stress. 

Investigate the diversity of genome stability in 
physiologically and genomically different mi
crobes. 

• Objective 5.2-Co-evolution of microbial commu
nities. Experimentally examine the metabolic 
and genetic interactions in microbial commu
nities that have determined major geochemical 
processes and changes on Earth. Investigate 
how these interactions shape the evolution and 
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maintenance of metabolic diversity in micro
bial communities. Investigate how novel mi
crobial species establish and adapt into exist
ing communities. 

Example investigations 

Investigate small molecule interactions and their 
role in coordinating metabolic activities in 
mixed phototrophic/ chemotrophic microbial 
communities. 

Examine adaptive mutations in individual mi
crobial species of mixed communities in re
sponse to environmental perturbations. 

Examine the susceptibility of established micro
bial communities to invasion by foreign mi
crobes. 

• Objective 5.3-Biochemical adaptation to extreme 
environments. Document life that survives or 
thrives tmder the most extreme conditions on 
Earth. Characterize and elucidate the bio
chemical capabilities that define the limits for 
cellular life. Explore the biochemical and evo
lutionary strategies that push the physical
chemical limits of life by reinforcing, replac
ing, or repairing critical biomolecules (e.g., 
spore formation, resting stages, protein re
placement rates, or DNA repair). Character
ize the structure and metabolic diversity of 

GOAL 6. The environments of Earth and space. 
Courtesy of C. Triano, Boomerang Design. 
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microbial communities in such extreme envi
ronments. 

Example investigations 

Investigate the intrinsic properties and stability 
of critical biomolecules that allow microorgan
isms to survive severe freezing and thawing cy
cles. 

Biochemically characterize DNA-repair mecha
nisms that allow microorganisms to recover 
from radiation damage. 

Study survival strategies that might allow mi
crobes to maintain their viability for very long 
periods of time (thousands to millions of 
years). 

GOAL 6-Understand the principles that will 
shape the future of life, both on Earth and 
beyond. Elucidate the drivers and effects of 
ecosystem change as a basis for projecting likely 
future changes on time scales ranging from 
decades to millions of years, and explore the 
potential for microbial life to adapt and evolve in 
environments beyond its planet of origin. 

Life on Earth is based upon networks of bio
chemical reactions that interact with the crust, 
oceans, and atmosphere to maintain a biosphere 
that has been remarkably resilient to environ
mental challenges. These networks of metabolic 
reactions developed within self-organized micro
bial ecosystems that collectively responded to en
vironmental changes in ways that apparently sta
bilized the biosphere. Evolutionary biologists are 
working to understand how such biological and 
environmental processes have shaped specific 
ecosystems in Earth's history. However, it is far 
more difficult to employ such principles to for
mulate accurate predictions about the state of 
future ecosystems, especially when changes in 
planetary conditions are faster than the tempo of 
evolution. Predictions of this nature will require 
improved models of the biogeochemical cycling 
of critical elements, as these cycles represent the 
first-order interplay between the metabolic se
quences of life and the surrounding physical 
world. 

Viewing Earth's ecosystems in the context of 
astrobiology challenges us to consider how "re
silient" life really is on a planetary scale, to de
velop mathematical representations of stabilizing 
feedbacks that permit the continuity of life in the 
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face of rapidly changing physical conditions, and 
to understand the limits of these stabilizing feed
backs. Ideally, this consideration will provide in
sight into the potential impacts of physical 
changes at time scales ranging from seasonal 
and/ or abrupt changes to changes that develop 
over millions of years. 

The potential for microbial life to adapt and 
evolve in environments beyond its planet of ori
gin should be assessed. Little is currently known 
regarding the consequences when earthly micro
biallife is transported into space or to other plan
ets, where the environment is very different from 
that of Earth. The findings from such studies will 
determine whether life on Earth is strictly a local 
planetary phenomenon or can expand its evolu
tionary trajectory beyond its place of origin. 

Background. Humans are increasingly per
turbing Earth's biogeochemical cycles. In addi
tion to impacting the carbon cycle, humans 
have doubled the natural global sulfur emis
sions to the atmosphere, doubled the global 
rate of nitrogen fixation, enhanced levels of 
phosphorus loading to the ocean, altered the 
silica cycle, and, perhaps most critically, altered 
the hydrological cycle. Relative to many nat
ural perturbations, the effects of human activ
ities have been extremely rapid. Understand
ing how these changes will affect planetary 
climate, ecosystem structure, and human habi
tats is an urgent research priority in which as
trobiology can play an important role. 

A conceptual continuum embraces the devel
opment of biogeochemical cycles, the evolution 
to the modern biosphere, and ongoing human ef
fects. Studies of processes over long time scales 
(millenia to millions of years) offer an observa
tional context that extends and strengthens the 
interpretation of shorter time scale (annual to 
century) phenomena. While longer-term changes 
in Earth's ecosystems are strongly affected by 
processes such as tectonics and evolution, the rel
atively rapid rates of recent change, influenced 
by anthropogenic forcing, may have analogues in 
previous important events such as major extinc
tions. 

A key objective for elucidating the sign of the 
feedbacks in biogeochemical cycles and for un
derstanding how the cycles respond to perturba
tions is to develop quantitative models that in-
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corporate the interactions between metabolic and 
geochemical processes. For example, how are the 
key biogeochemical cycles of the light elements 
(e.g., C, N, 0, 5, P, etc.) related? What constrains 
these cycles on time scales of years to millions of 
years? How are these cycles altered by rapid 
changes in climate? Does functional redundancy, 
as indicated by a great diversity within microbial 
ecosystems, ensure ecosystem resilience? Are 
specific metabolic pathways more sensitive to 
perturbations than others? How have the bio
geochemical cycles co-evolved with Earth on time 
scales of millions of years? Our vision of the fu
ture will be sharpened by a retrospective view of
fered by such a biogeochemical model that is ver
ified by preserved records. This effort is needed 
in order to expand the current focus on short
term changes and "what is happening" in order 
to perform more hypothesis-testing and thus ad
dress "why this is happening." 

Biota that are transported beyond their planet 
of origin perhaps experience the ultimate envi
ronmental perturbation, one that, in most, if not 
all, cases, challenges their very existence. Still, un
derstanding survival and evolution beyond the 
planet of origin is essential for evaluating the po
tential for the interplanetary transfer of viable or
ganisms and thus the potential that any life else
where in the Solar System might share a common 
origin with life on Earth. Conditions in space and 
on other worlds might, in some cases, be much 
more extreme than those encountered by any of 
the habitable extreme environments on Earth. 
Therefore, studies of survivorship beyond Earth 
are an ultimate test of the resilience of Earth-orig
inated life and thus its potential for diversifica
tion far beyond the limits of our current under
standing. 

• Objective 6.1-Environmental changes and the cy
cling of elements by the biota, communities, and 
ecosystems. Conduct remote sensing, laboratory, 
and field studies that relate the effects of envi
ronmental changes during Earth history to the 
cycling of key elements. Relate changes in ele
mental cycling to effects on the structure and 
functioning of organisms, populations, commu
nities, and ecosystems. Develop predictive mod
els that integrate biogeochemical cycles with bi
ological evolution and environmental change 
[both anthropogenic and non-anthropogenic, in
cluding extraterrestrial events (see Objective 4.3)]. 

233 

Example investigations 

Construct biogeochemical models of ecosystems 
and test the models with isotopic and func
tional genomic analyses of the constituent parts 
of the ecosystems. 

Document the ecological impact of changes in cli
mate, habitat complexity, and nutrient avail
ability upon the structure and function of a se
lected ecosystem, as a guide for understanding 
changes that might occur over time scales rang
ing from abrupt events (a few years or less) to 
millions of years. 

• Objective 6.2-Adaptation and evolution of life be
yond Earth. Explore the adaptation, survival, 
and evolution of microbial life under environ
mental conditions that simulate conditions in 
space or on other potentially habitable planets. 
Insights into survival strategies will provide a 
basis for evaluating the potential for interplan
etary transfer of viable microbes and also the 
requirements for effective planetary protection. 

Example investigations 

Document the impact of the space environment 
upon microbial ecosystems that might be 
ejected into space by an impact event. 

Examine the survival, genomic alteration, and 
adaptation of microbial ecosystems in a simu
lated martian habitable environment. Interpret 
the significance of the findings regarding the 
potential for the forward biological contami
nation of Mars. 

Examine the effects of the space environment 
upon the biosynthesis and utilization of mi
crobial biomolecules that play key roles in bio
geochemical processes. 

GOAL 7-Determine how to recognize 
signatures of life on other worlds and on early 
Earth. Identifij biosignatures that can reveal and 
characterize past or present life in ancient 
samples from Earth, extraterrestrial samples 
measured in situ, samples returned to Earth, 
remotely measured planetary atmospheres and 
surfaces, and other cosmic phenomena. 

Our concepts of life and biosignatures are in
extricably linked. To be useful for exploration, 
biosignatures must be defined in terms that can 
be measured and quantified. Measurable attri
butes of life include its complex physical and 
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chemical structures and also its utilization of free 
energy and the production of biomass and 
wastes, phenomena that can be sustained through 
self-replication and evolution. Habitable planets 
create non-biological features that mimic biosig
natures and therefore must be understood in or
der to clarify our interpretations. We must create 
a library of biosignatures and their nonbiological 
mimics of life as we know it. A strategy is needed 
for recognizing novel biosignatures. This strategy 
ultimately should accommodate a diversity of 
habitable conditions, biota, and technologies in 
the universe that probably exceeds the diversity 
observed on Earth. 

Background. Astrobiological exploration is 
founded upon the premise that signatures of life 
(biosignatures) encountered in space will be rec
ognizable. A biosignature is an object, substance, 
and/ or pattern whose origin specifically requires 
a biological agent. The usefulness of a biosigna
ture is determined, not only by the probability of 
life creating it, but also by the improbability of 
non-biological processes producing it. An exam
ple of such a biosignature might be complex or
ganic molecules and/ or structures whose forma
tion is Virtually unachievable in the absence of 
life. A potential biosignature is a feature that is con
sistent with biological processes and that, when 
it is encountered, challenges the researcher to at
tribute it either to inanimate or to biological 
processes. Such detection might compel investi
gators to gather more data before reaching a con
clusion as to the presence or absence of life. 
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GOAL 7. Stromatolite, Traans
vaal Dolomite, 2.5 billion years 
old, Republic of South Africa. 
Courtesy of D. Des Marais, Ames 
Research Center, NASA. 

Catalogs of biosignatures must be developed 
that reflect fundamental and universal character
istics of life, and thus are not restricted solely to 
those attributes that represent local solutions to 
the challenges of survival. For example, certain 
examples of our biosphere's specific molecular 
machinery (e.g., DNA and proteins) might not 
necessarily be mimicked by other examples of life 
elsewhere in the cosmos. On the other hand, ba
sic principles of biological evolution might in
deed be universal. 

However, not all of the universal attributes of 
life will be expressed in ancient planetary mate
rials or detectable remotely (e.g., by astronomical 
methods). For example, the processes of biologi
cal evolution are highly diagnostic for life, but ev
idence of biological evolution might NOT be 
readily detected as such in a sample returned 
from Mars. However, better-preserved evidence 
of life might include complex structures that are 
often retained in aquatic sediments or can be pre
served in large quantities in the environment. 
Thus, for example, categories ofbiosignatures can 
include the following: cellular and extracellular 
morphologies, biogenic fabrics in rocks, bio
organic molecular structures, chirality, biogenic 
minerals, biogenic stable isotope patterns in min
erals and organic compounds, atmospheric gases, 
and remotely detectable features on planetary 
surfaces (photosynthetic pigments, etc.). On 
Earth, biosignatures also include those key min
erals, atmospheric gases, and crustal reservoirs of 
carbon, sulfur, and other elements that collec
tively have recorded the enduring global impact 
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of the utilization of free energy and the produc
tion of biomass and wastes. Oxygen-producing 
photosynthesis has simultaneously created large 
reservoirs of atmospheric oxygen, marine sul
fates, and sedimentary ferric iron and sulfates (its 
oxidized products), as well as large sedimentary 
reservoirs of biogenic organic matter and sulfides 
(its corresponding reduced products). Again, 
such features must be sufficiently complex 
and/ or abundant so that they retain a diagnostic 
expression of some of life's universal attributes. 
Also, their formation by non-biological processes 
should be highly improbable. 

As more complex biological features eventu
ally evolved, as evidenced by plants and animals, 
the associated biosignatures became easier to dis
tinguish from the abiotic world. Human technol
ogy continues this trend, with the added benefit 
that it might be detected remotely. Thus, al
though technology is probably much more rare 
than life in the universe, its associated biosigna
tures perhaps enjoy a much higher "signal-to
noise" ratio. Accordingly, current methods 
should be further developed and novel methods 
should be identified for detecting electromagnetic 
radiation or other diagnostic artifacts that indi
cate remote technological civilizations. 

• Objective 7.1-Biosignatures to be sought in Solar 
System materials. Learn how to recognize and 
interpret biosignatures that, if identified in 
samples from ancient rocks on Earth or from 
other planets, can help to detect and/ or char
acterize ancient and/or present-day life. 

Example investigations 

Determine additional organic biomarkers that 
will help to chart the presence and develop
ment of photosynthetic microbiota in Precam
brian rocks. 
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Determine the features of sedimentary laminated 
textures that uniquely require biological pro
cesses. 

Identify examples of chemical, mineralogical, and 
stable isotopic biosignatures that can indicate 
the presence of subsurface biota (e.g., microbes 
living in aquifers), and that can be preserved 
in ancient rocks. 

• Objective 7.2-Biosignatures to be sought in 
nearby planetary systems. Learn how to measure 
biosignatures that can reveal the existence of 
past or present life through remote observa
tions. 

Example investigations 

Determine the nature and fate of reduced gases 
that are produced by specific microbial eco
systems in an anoxic ("pre-oxygenated") bio
sphere. 

Carry out laboratory, observational, and model
ing studies to separate false from true biosig
natures [e.g., atmospheric O2 in a range of plan
etaryenvironments (see Objective 1.2)]. 
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Text Box
Such misleading "road maps" for Astrobiology supported by NASA have greatly damaged the search for life in the universe.  Collisional fluid mechanics and modern turbulence and fossil turbulence theory have shown that the fragmentation scale of the plasma epoch is able to produce protogalaxies and weak turbulence starting 30,000 years after the cosmological big bang (10^12 s).  Hot (3000 K) mostly hydrogen gas planets in clumps of a trillion are produced at 10^13 s, that promptly form larger planets, the first stars, supernovae, and C,N,O etc. stardust, and host the first life in the massive water oceans that condense on the planets.  The planets merge as binaries such as Pluto-Charon to make small binary stars.  Condrules show that the planets condensed iron and nickel cores, gas free "firey rain" drops, and finally water rain as the universe cooled.  By these HGD cosmology mechanisms and the cometary panspermia of Hoyle/Wickramasinghe, all planets are sprinkled by water and life.
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