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Abstract The search for life, on and off our planet, can
be done by conventional methods with which we are all
familiar. These methods are sensitive and specific, and
are often capable of detecting even single cells. However,
if the search broadens to include life that may be different
(even subtly different) in composition, the methods and
even the approach must be altered. Here we discuss the
development of what we call non-earthcentric life de-
tection – detecting life with methods that could detect life
no matter what its form or composition. To develop
these methods, we simply ask, can we define life in terms
of its general properties and particularly those that can
be measured and quantified? Taking such an approach
we can search for life using physics and chemistry to ask
questions about structure, chemical composition, ther-
modynamics, and kinetics. Structural complexity can be
searched for using computer algorithms that recognize
complex structures. Once identified, these structures can
be examined for a variety of chemical traits, including
elemental composition, chirality, and complex chemistry.
A second approach involves defining our environment in
terms of energy sources (i.e., reductants), and oxidants
(e.g. what is available to eat and breathe), and then
looking for areas in which such phenomena are inexpli-
cably out of chemical equilibrium. These disequilibria,
when found, can then be examined in detail for the
presence of the structural and chemical complexity that
presumably characterizes any living systems. By this
approach, we move the search for life to one that should
facilitate the detection of any earthly life it encountered,
as well as any non-conventional life forms that have
structure, complex chemistry, and live via some form of
redox chemistry.
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complexity Æ Chemical analyses Æ Life’s
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Introduction

For centuries, people have looked at the stars with in-
quisitive and imaginative minds. Sailors and farmers
have found guidance; poets and lovers, inspiration; sci-
entists and scholars, answers. Many who have ever
looked heavenward have also found questions in the
cosmos. Perhaps the most common question pondered
over thousands of years is: Are we alone? The search for
life in the universe is at best an inexact science, and at
worst a seemingly impossible task. If one does not know
for sure that life will be similar to earthly life, then it is
almost farcical to begin the search with earthcentric
tools. Yet, given that the only example of life we now
have is our own, it is hard to break out of the earthcentric
mode. To a certain extent, the non-earthcentric approach
has been outlined for us by James Lovelock in his Gaia
hypothesis – proposing that one could identify a living
planet simply by the atmosphere it produced, an atmo-
sphere that would be remarkably out of equilibrium if life
was producing and consuming gases to its own end [9].
The non-earthcentric approach demands that we shed all
of our earthly life-detection ‘‘crutches’’, learning to de-
tect life without any of our usual aids. Having said that,
in searching for life one still has to rely on some general
features that should be fundamental to any kind of life,
should we encounter it. What can we learn from studying
the Earth that will aid us in finding life of any sort, if and
when we encounter it? What features does life have that
may be useful in searching for any kind of life in any
environment? When we ask these questions, we see that
our view of life provides us with a few general rules.

Our understanding of life has changed drastically in
the past two decades, as our eyes have been opened to the
limits of life and the ways in which life interacts with the
geosphere. With this in mind, the ‘‘rules’’ we develop

Int Microbiol (2002) 5: 223–230
DOI 10.1007/s10123-002-0092-x

K.H. Nealson (&)
University of Southern California,
Los Angeles, CA 90089, USA
E-mail: knealson@usc.edu
Tel.: +1-213-8212271
Fax: +1-213-7408801

A. Tsapin Æ M. Storrie-Lombardi
Jet Propulsion Laboratory, Pasadena, CA 91109, USA

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595.276 785.197 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: Dot Gain 10%
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICC
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile (Dot Gain 10%)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /UseDeviceIndependentColor
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice



must be universally applicable. For example, life as we
view it today is much ‘‘tougher’’ than we might have
imagined 20 years ago, and our appreciation for the
ability of life to survive extremes, and even thrive in
them, has changed our view of habitability to include a
much wider range of conditions (pH, salinity, tempera-
ture, aridity, etc.) [7, 19]. Intra-terrestrial life has been
found at kilometer depths in subsea-floor sediments and
in the basement crust beneath the sediments, up to
2,800 m deep in continental sedimentary rocks. This
toughness or ‘‘extremophily’’, as we call it, is, arguably,
one of the major discoveries about life made in the
twentieth century. The sun was considered to be the
ultimate source of energy for all ecosystems on Earth
until deep-subsurface microorganisms were discovered
[5, 10]. Second, life is tenacious; it is now routine to
isolate living microbes that have been entombed and/or
dormant for thousands and even millions of years [2, 18,
19, 22]. Finally, we know that life is metabolically very
diverse, apparently able to ‘‘eat anything or breathe
anything’’ [17]. These insights into earthly life can be
used to begin to frame the search for life both in extreme
environments on Earth, and on extraterrestrial sites, in
situ and in samples returned to the Earth.

Astrobiology has as one of its goals, the search for
life in other places in the universe. Such an endeavor
requires the joining of many sciences including physics,
chemistry, mathematics and, of course, biology; it is
decidedly interdisciplinary. Thus, one of the challenges
of astrobiology is to determine how to recognize the
signature of life on other worlds, and how to detect
present or past life. In this article we discuss this chal-
lenge, introducing some of the approaches we use now
for life detection.

The Red Planet: Mars

To a great extent, the challenge of life detection is also
one of searching for habitable sites (and life, should it
exist) elsewhere in the universe. In terms of where life
might be, we have the planets, and moons in our own
solar systems and we have other solar systems. In terms
of upcoming solar system exploration, Mars is the focal
point of the projected efforts. It is ‘‘easy’’ to get to (only

about one year of transit time), and provides an excel-
lent site in which to test methods for both in situ life
detection and sample return. Mars, the fourth planet
from the Sun, is about half the size of the Earth, and, in
the absence of an ocean, has a surface area approxi-
mately the same as the land area of Earth. Mars appears
reddish because much of it is coated with iron oxide
minerals (the material that forms rust on Earth). With
regard to factors important for life, Mars lacks a mag-
netic field, and is thus susceptible to the solar wind and
cosmic radiation. It lacks an atmosphere to protect it
from ionizing radiation (Mars’ atmosphere is only a few
millibars of pressure, primarily CO2). Mars’ geologic
history has been much simpler than the Earth’s, with
apparently little or no plate tectonics, although it
has some of the largest volcanoes known in the solar
system. The combination of the lack of a magnetic field
and the low gravity of Mars may account for the loss of
water (ionization of water combined with the escape of
hydrogen) and the present dry state of the planet.
Table 1 compares some physical and chemical properties
of the three neighbor planets, Venus, the Earth, and
Mars [12].

Nineteenth century astronomers, who looked at Mars
through telescopes, saw canals on its surface; they
imagined mysterious canal builders made by intelligent
green Martians. The Mariner spacecraft (Mariner 4, the
first successful spacecraft launched to Mars in 1963)
destroyed this vision of intelligent Martians when it sent
back images of an arid landscape, without any sign of
life. Nonetheless, there was still consensus that the
Martian surface offered the best chance of discovering
extant life on another planet. In 1976, the Viking landers
carried three biology experiments to the surface of Mars
to search for microbial life. No convincing evidence for
life was obtained in these surface experiments [8], al-
though the orbital images obtained from Viking strongly
suggested that liquid water flowed on the surface of
ancient Mars [13]. The lack of weathering of impact
craters on Mars suggests that water flow took place long
ago (>3.5 billion years). Subsequent orbital images by
the Mars Global Surveyor have supported this view, but
have also raised the possibility of episodic local water
flows having occurred much more recently (i.e. millions
of years ago) [11].

Table 1 Some physical and
chemical features of three
planets of the Sun (at present)
[12]

Venus Earth Mars

Diameter (·103 m) 12,104 12,756 6,794
Mass (·1027 g) 4.8689 5.9742 0.64191
Density (g cm–3) 5.24 5.52 3.93
Mean distance from Sun (·109 km) 108.2 149.6 227.9
Sideral period (days) 224.7 365.3 686.9
Pressure (atm) 90 1 0.0064
Temperature (K) 750 290 220
Water (m)a 0.003 3000 0.00001
Carbon dioxide, atmosphere (%) 98 0.04 95
Nitrogen, atmosphere (%) 1.7 (Ve)b 79 2.7 (Vi)c

Oxygen, atmosphere (%) Traces (Ve) 21 0.13 (Vi)
Satellites 0 1 2 (very small)

aDepth of water in meters
over the planet if all vapor
precipitated out of the atmo-
sphere
bVenera spaceship (USSR)
cViking spaceship (USA)
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If Mars was indeed ‘‘wet and warm’’ in its early his-
tory, then, many have argued, life may have originated
on Mars at that time. However, we have little knowledge
of the surface of Mars in its history – apart from orbital
images – and most of this knowledge comes from our
present collection of Martian meteorites. Only one of
these, ALH 84001, is of ancient age, and it has been
reported to contain possible traces of ancient Martian
life [4,14]. This meteorite, which was collected in the
Alan Hills area of Antarctica (in 1984), has been the
source of immense interest since these early reports,
which remain controversial and unresolved.

NASA’s program has amajor focus onMars, the most
accessible place for learning how to do in situ analysis
and sample return. While we think of it as ‘‘nearby’’, the
distance to Mars is still such that it takes on the order of
20 min to get a radio message there, making real time
(virtual reality) communication with landers and re-
search vehicles impossible, and necessitating the devel-
opment of smart landers and rovers that can make their
own ‘‘decisions’’. There are several Mars missions plan-
ned for the next decade, culminating with a sample return
sometime after 2011. With luck, we could have extensive
knowledge as well as pristine samples from Mars within
the next 15–20 years. Many things need to be learned
during this time period: precision landing, hazard
avoidance, and autonomous operation to name a few.
With regard to this, some of the orbiters we are sending
will be used not only for remote-sensing studies, but also
to establish a communications and navigation network
around Mars – if all goes well – to provide future re-
searchers with the equivalent of a primitive GPS system
to enhance ‘‘landing’’ accuracy. Presently the Mars
Odyssey orbiting spacecraft is gathering data at Mars.
One of the instruments it carries is called Themis, a
thermal emission imaging spectrometer. It is an infrared
spectrometer that not only measures the surface tem-
perature of Mars, but, by utilizing various infrared
wavelengths, gathers information about the mineralogy
of the surface, allowing us to assess the kinds and
amounts of minerals. Many minerals (carbonates, sand-
stones, metal oxides, etc.) on Earth are almost universally
colonized by microorganisms, and provide a friendly
habitat when conditions are extreme [17]. Finding such
minerals could have substantial impacts on site selection
for in situ exploration missions as well as sample return
missions.

Fundamental features of life

What have we learned studying the Earth that might be
valuable for asking if there is life on Mars? We know
what life here looks like. Therefore, can we develop
general methods that always detect life on Earth and
then apply them to Mars or anywhere else? What are the
fundamental features of life that one might be able to
measure to look for the evidence of present or past life?

Biology books are full of definitions of life, many of
them converging on many of the same key properties,
complex chemistry, metabolism, self-replication, and
evolution. As we have considered the various aspects,
and tried to ask which might be quantified and relatively
easily measured, we have converged on a few general
properties that we feel should be common to all life:

1. Life will of necessity have some structure (and thus
some structural complexity) that can be observed and
quantified. Life will consume energy, and will convert
it from one or more types of environmental energy to
chemical energy that can be used by the cell. Such
energy conversions require physical mechanisms
(energy transducers) and thus some sort of complex
structures. The size scale of such structures can not be
specified in advance, they could be nm in scale, like
some bacterial energy transducers, or quite large, but
they must be there.

2. The chemistry of the structures that make up life will
have complexity and unique features that make them
recognizable. These may include elemental composi-
tion, molecular composition, repeating polymeric
structures, specific types of unusual chemical bonds,
stable isotopic fractionations, and chirality. Once
structures are found, the chemistry of these structures
will provide the clues as to whether the structures are
simply geological or chemical imposters, or perhaps
the structures of life itself.

3. Life will show faithful replication, making, to its best
ability, copies of itself that lead to success in terms of
numbers of a given type of life. While measuring and
quantifying replication will probably be of great dif-
ficulty, it is very likely that, if life is present, the ability
to replicate will be easily inferred from the number of
copies (of molecules, polymers, or cells) that can
be observed. Thus, while the process itself can not be
observed, its presence can be easily inferred.

4. Life will show some type of evolution (alteration of
forms to new forms, and selection of the fittest),
leading to multiple types of life. This will almost
certainly include both chemical and morphological
evolution, neither of which can be measured directly,
although both of them can be inferred from envi-
ronmental measurements. As with replication, while
the process may be difficult to measure, it will be
rather straightforward to infer.

5. Life will use energy to make copies of itself, and
create energy disequilibrium that should be measur-
able as nutrient and/or energy depletion zones. These
may be measurable only in physically stratified
environments such as sediments, and at a variety of
spatial scales.

6. Alternatively, as metabolism progresses, life will
produce products – the waste products of the living
machines. As wastes accumulate at rates greater than
diffusion, they too will form detectable disequilibrium
signals – signals that would not be there in the
absence of life.
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7. Finally, and probably in response to utilizing
nutrients and/or producing wastes, life will show
non-random movement. This may take the form of
individual cells showing directed movement (bacte-
ria swimming or amoebae crawling and engulfing
prey), or the cytoplasmic streaming seen within
larger cells, but for a variety of reasons proba-
bly all life shows non-random movement of some
kind.

Based on molecular phylogenies, which are estab-
lished by 16S rRNA sequence comparison [1, 24], the
major genetic diversity on the planet (Earth) resides in
the prokaryotes, whereas the genetic diversity of the
eukaryotes is actually quite limited [6]. This view is
consistent with what we know about evolution of the
biota. In fact, the planet is believed to have been
inhabited only by prokaryotes for more than 3.5 bil-
lion years, whereas eukaryotes (those organisms with
chromosomes, nuclei, nuclear membranes, and many
visible internal structures) are in comparison relatively
recent inhabitants. Prokaryotes have remained small
and apparently simple throughout evolution, although
even the smallest cells must have a certain size to allow
for the minimal number of molecules need for the
simplest kinds of metabolism (Table 2). Nevertheless,
prokaryotic diversity is expressed in terms of physiol-
ogy and metabolism [15, 17, 23], whereas that of
eukaryotes is expressed in terms of structures and
behavior [16, 17].

Given these general features, a general non-earth-
centric strategy is proposed:

1. Complexity and chemical analyses. When we have
found the structures, then we can measure their
properties, chemical composition, chirality, isotope
fractionation, etc.

2. Thermodynamics and kinetics. The system may be
defined in terms of energy sources, electron donors,
and electron acceptors, and then temporal and spatial
extents of energy disequilibrium can be looked for.

This is often manifested in the formation of chemi-
cally layered communities, which may be the best
biosignatures on the planet.

Of course, there is one thing that would probably be
very exciting on its own: non-random movement. Non-
random directed movement presumably occurs very
rarely without life. So, its detection by any method
would be a cause for excitement with regard to the
presence of life.

First approach: complexity and chemical analyses

What kinds of measurements might be used for the
initial analyses of rock samples – the indications of the
haystacks in which the needles of life might be found?
These questions are being investigated now, but some
possibilities loom as hopeful. One approach that con-
tinues to be intriguing is that of X-ray tomography of
the type used for medical scanning. Such computerized
tomographic (CT) approaches have now been minia-
turized to the laboratory-bench scale, and are capable of
‘‘seeing’’ colonies of bacteria residing within lithic en-
vironments [21]. CT machines keep getting smaller and
in the near future it should be possible to send such
instrumentation to Mars via spacecraft for in situ ana-
lyses of the Martian surface. A picture in three dimen-
sions taken with the CT scan of an Antarctic rock shows
an area of different density about 2 mm under the sur-
face (Fig. 1).

Since the rock has a density much higher than that of
living cells, it is relatively easy to detect life, the major
component of which is water. This may be a reasonable
first step for life detection: simply looking for areas of
fundamentally different densities. Of course, none of this
proves the existence of life – rather it tells one to stop
and take a look, break the rock open, and do some more
studies. And this is the point of this strategy, that no
single test will tell you there is life. Instead, it sends a

Table 2 Size considerations for bacterial life and metabolism [16]

Cell size (lm)a Radius (lm)b Volume (lm3) molecules/cellc

1 M 10 mM 1 mM 10 lM 1 lM

1 0.495 0.12 3.06Æ108 3.06Æ106 3.06Æ105 3058 305.8
0.5 0.245 0.015 3.71Æ107 3.71Æ105 3.71Æ104 371 37.1
0.2 0.095 8.57Æ10–4 2.16Æ106 2.16Æ104 2.16Æ103 21.6 2.16
0.1 0.045 9.11Æ10–5 2.29Æ105 2.29Æ103 2.29Æ103 2.29 0.229
0.05 0.02 8.0Æ10–6 2.02Æ104 202 20.2 0.202 0.0202
0.02 0.005 1.25Æ10–7 315 3.15 0.315 3.15Æ10–3 3.15Æ10–4

aFor the purposes of this discussion, the cell is assumed to be spherical. Smaller bacteria are on the order of 500 nm, while those that pass
through 0.2-lm filters are referred to as ultramicrobacteria. Bacteria-like particles in the 20–50 nm range are referred to as nanobacteria
bRadius is assumed to be half the diameter, and then 5 nm are subtracted for the width of the double membrane. No space is assumed for
the rigid cell wall, so theses estimates are conservative in the direction of high volumes
cThese calculations are meant to show the number of molecules of any given compound (substrate, solute, etc.) within the spherical
volume specified. As shown, when bacteria get to a size of 50 nm, there is space for only about 20 molecules when concentrations reach
1 mM. At 10-lM concentration, a 100-nm-sized sphere has only two molecules per cell! Clearly, there must be some lower limits that
chemistry sets for a metabolizing cell
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message not to leave until you have done some chemical
analyses of the suspicious structures. Thus, a density
disparity (which is what the X-ray methods see) does not
prove the presence of life, it simply sends a message that
more sampling should be done, and indicates where such
efforts should be focused. Once such information is
available, it would be relatively easy to drill into the rock
and analyze the drill fragments or core contents by a
variety of other approaches, each of which could verify
or deny the presence of potential life in that particular
location.

Energy will indeed flow through life, and if chemical
energy is involved, almost certainly some redox trans-
formations will occur. Furthermore, double bonds will
probably (almost certainly) be involved in the energy
transformations. Double-bonded compounds interact
well with deep UV irradiation, revealing, without the
need for exogenous stains, the presence of potential
life-containing materials. Deep UV (224 nm) radiation
induces virtually no rock (mineral) fluorescence, thus
removing the primary interference encountered with UV
fluorescence methods in lithic environments [20]. Once
again, it is stressed that as structures do not prove life,
neither do structures that fluoresce; their discovery
simply suggests that more chemical analyses (of those
structures) should be done.

Defining complexity as information content and
abrupt changes in information content allows one to
apply standard data-compression algorithms to images,
looking for areas that qualify as complex. Such ana-
lyses have been used to classify the complexity of gal-
axies by the astrophysics community with great success.
Our experience with such approaches is that they work
quite well for ‘‘seeing’’ the complexity of biological
structures in images. One advantage of this approach is
that several sets of ‘‘eyes’’ can be used to examine the
same scene, thus looking for complexity that at one
wavelength might be cryptic, and at another rather

obvious. Figure 2 shows an example of such an
approach. A microbial community living inside an
Antarctic sandstone rock was detected using the native
fluorescence signature released when the proteins and
genetic material in the organisms were excited with a
224 nm ultraviolet laser. The original image on the left
was then transformed into the complexity map on the
right.

To put this another way, physical shapes or com-
plexities alone are insufficient. Once you have the
shapes, you must determine the chemistry. We can
find many things that look like bacteria, as shown in
Fig. 3, where two different ‘‘life-shaped’’ objects are
shown to be chemical artifacts. Figure 3A is a labo-
ratory-formed artifact that is composed of iron and
oxygen, and Fig. 3B is a sample from an evaporitic
environment that is made of calcium fluoride. From
morphology alone, it is easy to be deceived – these
forms appear to be bacteria. Chemical analysis, how-
ever, reveals that there is nothing there but calcium
and fluorine. Given that both of these compositions
are well-known mineral compositions, the excitement
about life will fade rapidly. In contrast, Fig. 3C shows
morphological forms that, when examined, have the
chemical composition of no known mineral. In this
case, its composition is compatible with earthly life,
but any unusual (i.e. unexpected composition with
regard to known minerals) would be grounds for
demanding more measurements of the morphologically
complex forms.

That is, following this approach on Earth would soon
lead to the identification of similarly shaped structures
that were composed of C, H, O, N, P, S, Ca, K, Fe, and
several trace elements. If you were a Martian who came
to Earth and you were doing this kind of analysis, every
time you came across one structure made of these
elements, you immediately would send a note back to

Fig. 1 Three-dimensional image taken with the computerized
tomograph (CT) of the endolithic layer of microorganisms inside
Antarctic rock using X-ray CT [22]

Fig. 2A,B Microbial community living inside an Antarctic sand-
stone. A Antarctic sandstone. B The central region containing the
fluorescing organisms appears dark in the complexity map because
the gra-scale encoding of the information content in the image
codes information-rich areas as dark gray, while the areas
containing less information appear white. [For more information
on the complexity analysis contact Michael C. Storrie-Lombardi
(mcsl@jpl.nasa.gov). For information on the LabView software
implementation of the algorithm contact Rohit Bhartia (rbhar-
tia@jpl.nasa.gov)]
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Mars saying: ‘‘we may have discovered life and this is
what it is made of’’. Because this particular mixture of
elements does not appear commonly in any known
minerals, it becomes a good candidate for further anal-
ysis. It is a feasible approach to use when we go to Mars.
We do not demand to hunt for specific Earth-centric
mixtures of elements, but instead, we look for something
that should not be there. Something that is different
from the standard minerals. If such an approach is used,
candidates for further analyses will be identified by
simple chemical measurements – candidates that, when
examined for complex organic chemistry, chirality, iso-
topic fractionation, etc., may well yield the evidence for
the presence of life [17].

Second approach: energetics (thermodynamics
and kinetics)

Earth is a light-dominated planet; 178,000 terawatts
(TW) of light energy are estimated to reach the Earth
annually, in comparison to the 30 TW of all the vol-
canic activity, with all other energy sources being
trivially small [3]. Not surprisingly, the planet is
‘‘tuned’’ to these energy sources, particularly light, us-
ing them to generate a wide variety of reduced com-
pounds (both organic and inorganic) that serve as
energy sources for our diverse life forms. This is par-
ticularly true with regard to the metabolically diverse
microbial life, which is able to (nearly) ‘‘eat anything
and breathe anything’’ [17]. Observing this on Earth
leads one to predict that any form of energy that could
be used to generate a variety of chemically reduced
species could, in theory, supply the components for a
metabolically diverse planet.

Thermodynamics

With regard to the tremendous redox versatility of life
(Fig. 4), we have put many of the fuels (reduced organics

and inorganics) that are abundant on Earth onto an
energetic scale (electrode potential, or pE), with the most
energetic at the top, and the least energetic at the bottom
(left side), and all of the oxidants (oxidized organics or
inorganics) on the same scale on the right side. In the
case of oxidants, the best oxidant used by life – oxygen –
is at the bottom, whereas the worst – CO2 – is at the top.
If one simply connects any fuel on the left with any
oxidant on the right, and the arrow slopes downward,
energy is available between this ‘‘redox couple’’, and
there will probably be a bacterium on this planet that
grows by that energy. This remarkable statement sug-
gests that virtually every source of redox energy on the
planet that is available and abundant has been ‘‘dis-
covered’’ by life. This is a very important perspective

Fig. 3A–C Shapes that look like microorganisms (bacteria);
chemical analyses reveal they are chemical precipitates. A Iron
and oxygen. B Crystals commonly found in evaporitic environ-
ments made of calcium fluoride. C Environmental scanning
electron microscope (ESEM) image of Shewanella oneidensis cells
on surface of manganite. [Images kindly supplied by: A Jillian
Banfield (UC Berkeley), B Carlton Allen (Johnson Space Center)]

Fig. 4 Thermodynamics of life. This drawing shows the energy
levels of reductants (left) that can be used by microbial life. This is
expressed on a scale of pE (electrode potential) in which the most
electronegative values (i.e. best electron donors) are at the top, and
the least good fuels are at the bottom. The various oxidants that
microbial life can use to burn the fuels are shown on the right. If
any reductant is connected to an oxidant, and the slope of the
arrow is negative, then energy is available, and some microbe on
Earth is almost certain to exist that can utilize this ‘‘redox pair’’ for
energy
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with regard to the search for life elsewhere – perhaps the
most important first set of measurements that need to be
made are those connected with available fuels and oxi-
dants: no sense to look for oxygen-utilizing life, or any
other kind, if the oxidant is not present.

Such a way of thinking allows one to propose a
process-related ‘‘new taxonomy’’ for the search for life:
one that looks at the types of processes rather than the
types of organisms (Fig. 5). While the humor of such an
approach may seem evident, we believe that it can be
used in a profitable way to frame the search for life.
Using this system, the importance of hunting for types
of energetic processes, rather than the organisms that
catalyze them, is stressed. In this context, we divide the
living world into three kingdoms: the physicists that use
physical sources of energy (on this planet, the photo-
trophs); the chemists that use chemical energy, either
organic or inorganic (the organotrophs and lithotrophs),
and the biologists that feed on other organisms of all
three kingdoms (while they are in essence organotrophs,
they prey on other organisms rather than utilizing their
waste or excreted products). On Earth, the only suc-
cessful members of the physicist kingdom are the
phototrophs, but one can easily imagine planets where
light is not the dominant energy source, and we should
not be so close-minded to think that there could not be
other types of ‘‘physicists’’ capable of utilizing other
energy sources. The kingdom of the chemists is divided
into two subkingdoms, organic and inorganic, both of
which can be expected in abundance on Earth, and
presumably on any planet where carbon-based life has
evolved. However, the extent of the redox scale that can

be used for life may be severely impacted by the avail-
ability of electron acceptors present. Finally come the
biologists, predators who live via the demise of their
prey. They are optimized for behavior rather than
metabolism, often increasing in size, speed, predation
specialization, etc.

Kinetics

While thermodynamic considerations such as those
above allow one to frame the search for certain types of
activities, the real indicator of life is that of kinetics – at
what rates these processes occur, and whether these rates
are indicative of extensive catalysis. This is most true in
low-temperature geochemical reactions, where natural
rate constants are often very slow (turnover types of
days to years, or even longer). In such cases, living
processes, catalyzed by biological enzymes (often with
turnover times of 103/s or greater), are easily spotted as
kinetic anomalies. In general, the enhancement of rates
between non-living and living systems is on the order of
six to ten orders of magnitude in rate. A good example is
glucose, which is readily consumed by bacteria, often at
very fast rates. Given that glucose under sterile condi-
tions is a very stable molecule, observation of its rapid
oxidation is a first-order biosignature because this sim-
ply will not happen without life. Such thinking allows
one to begin to plan strategies for finding life – when you
visit another site, you ask not only what is there (fuels
and oxidants), but what their rates of consumption are.
This type of approach allows one to frame the search for
life in a useful kinetic approach that may (if Earth is any
example) be quite easy to implement.

The utilization of substrates at rapid rates has the
possible outcome that gradients are produced. That is, if
the rate of consumption is greater than the rate of
replenishment via diffusion, then a gradient will form.
Such gradients are extremely common on Earth, as
oxygen diffuses downwards into stratified environments
such as sediments, where mixing is minimal (i.e. in mixed
lakes or oceans, such gradients are difficult to form be-
cause of convective mixing). Such an approach limits the
search for extant, and active, biomass. While living ac-
tive bacteria will produce perfectly good gradients, once
they are inhibited or killed, the gradients begin to
dissipate, and after some days disappear.

One might argue that the production of a gradient
could be done by inorganic catalysts as well as living
catalysts, and thus that, like other methods of searching
for life, this one is not definitive. On Earth, however,
gradients are a common feature of stratified ecosystems
including sediments, lakes, fjords, mat communities, and
even biofilms; they are found in tandem to each other,
each being the result of microbial activities, and each
depending on the layers above and below. Stratified
ecosystems are predominant on the planet, and can
range from hundreds of meters to mm or less in spatial
scale. They may be the best ‘‘biosignatures’’ available to

Fig. 5 The kingdoms of life. This cartoon, which began as an effort
to simplify our view of the tree of life, has become a way of
thinking with regard to searching for life. Here we view the vast
array of life in terms of processes and energy, with the physicists
being the photosynthetic organisms, the chemists being the
organotrophs and lithotrophs, and the biologists being those
organisms evolved for behavior and predation, which have adapted
to take advantage of all three kingdoms via predation
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us. Given the natural rate constants of the reactions
occurring at the interfaces between the layers, there is
simply no way that most of these gradients would exist
at all. The challenge is: (a) to develop methods to visu-
alize and measure such gradients over a large range of
spatial scales, searching for them as an indicator of ex-
tant life, and (b) to understand what signals might be left
behind by such layered communities so that they might
be recognized after the fact, as fossil communities indi-
cative of past life.

Concluding remarks

If we are going to search for life beyond Earth, we need
to use innovative, non-Earth-centric approaches. By
definition, these will be interdisciplinary, requiring the
best currently available technologies and the develop-
ment of new technologies. Unless something swims by in
front of your microscope, no single result will ever in-
dicate the presence of life. This approach can also be
applied to unknown areas on our own planet, and we
should not miss the opportunity to use our non-earth-
centric methods. Never forget to first determine the
physical and chemical properties as well as the geologi-
cal setting before looking for life, because this can pro-
vide clues as to what kind of life may exist there. If no
life is detectable, then this information can very likely
provide important clues as to its absence. Finally, the
most important piece of advice for young investigators
is: keep an open mind. If you do not have an open mind,
life could be standing in front of your eyes and you
would miss it.
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1. Amann R, Glöckner F-O, Neef A (1997) Modern methods in
subsurface microbiology: in situ identification of microorgan-
isms with nucleic acid probes. FEMS Microbiol Rev 20:191–
200

2. Cano RJ, Borucki MK (1995) Revival and identification of
bacterial spores in 25 to 40 million year old Dominican amber.
Science 268:1060–1064

3. Davis, G.R. (1990) Energy for planet Earth. Sci Amer 35:1–10

4. Friedmann EI, Wierzchos J, Ascaso C, Winklhofer M (2001)
Chains of magnetite crystals in the meteorite ALH84001:
Evidence of biological origin. Proc Natl Acad Sci USA
98:2176–2181

5. Guerrero R (1998) Crucial crises in biology: life in the deep
biosphere. Int Microbiol 1:285–294

6. Gupta RS (2001) The branching order and phylogenetic
placement of species from completed bacterial genomes, based
on conserved indels found in various proteins. Int Microbiol
4:187–202

7. Jeanthon C (2000) Molecular ecology of hydrothermal vent
microbial communities. Antonie van Leeuwenhoek 77:117–133

8. Klein HP (1978) The Viking biological experiments on Mars.
Icarus 34:666–675

9. Lovelock J (1989) The ages of Gaia. A biography of our living
Earth. Oxford University Press, Oxford

10. Pedersen K (2000) Exploration of deep intraterrestial microbial
life: current perspectives. FEMS Microbiol Lett 185:9–16

11. Malin, MC, Edgett KS (2000) Evidence for recent groundwater
seepage and surface runoff on Mars. Science 288:2330–2335

12. Margulis L, Guerrero R (1995) Life as a planetary phenome-
non: the colonization of Mars. Microbiologı́a SEM 11:173–184

13. McKay CP (1996) The search for life on Mars. Orig Life Evol
Biosph 27:263–289

14. McKay DS, Gibson EK, Thomas-Keprta KL, Vali H, Ro-
manek CS, Simon JC, Chillier XDF, Maechling CR, Claude R,
Zare RN (1996) Search for past life on Mars: possible relic
biogenic activity in Martian meteorite ALH84001. Science
273:924–930

15. Morowitz HJ, Kostelnik JD, Yang J, Cody GD (2000) The
origin of intermediary metabolism. Proc Natl Acad Sci USA
97:7704–7708

16. Nealson KH (1997) Sediment bacteria: Who’s there, what are
they doing, and what’s new? Annu Rev Earth Planet Sci
25:403–434

17. Nealson KH, Conrad PG (1999) Life: past, present and future.
Philos Trans R Soc Lond B Biol Sci 354:1923–1939

18. Nicholson WL, Munakata N, Horneck G, Melosh HJ, Setlow
P (2000) Resistance of Bacillus endospores to extreme terres-
trial and extraterrestrial environments. Microbiol Mol Biol Rev
64:548–572

19. Rothschild LJ, Mancinelli RL (2001) Life in extreme environ-
ments. Nature 409:1092–1101

20. Storrie-Lombardi MC, Hug W, McDonald G, Tsapin A,
Nealson K (2001). Hollow cathode ion lasers for deep ultra-
violet Raman spectroscopy and fluorescence imaging. Rev Sci
Instruments 72:4452–4459

21. Tsapin A, Storrie-Lombardi M, McDonald GD, Nealson KH,
and Nesson JW (2000) Application of computer tomography
(CT) for search of life in extreme environments. In: Lemarchand
G, Meech K (eds) A new era in bioastronomy. 213:387–389

22. Vreeland RH, Rosenzweig WD, Power DW (2000) Isolation of
250 million-year-old halotolerant bacterium from a primary
salt crystal. Nature 407:897–900

23. Whitman WB, Coleman DC, Wiebe WJ (1998) Prokaryotes:
the unseen majority. Proc Natl Acad Sci USA 95:6578–6583

24. WoeseCR (1987)Bacterial evolution.MicrobiolRev 51:221–271

230


