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SUMMARY

Biosignatures are molecular, mineral or
isotopic patterns that can be unam-
biguously interpreted as evidence of
life and so provide the means for us to
address our most fundamental ques-
tions about the origins and evolution
of life. Biosignatures of microbial life
are especially important to our under-
standing of early Earth history, and
can be recorded in magnetic mineral
traces, various carbon compounds, and
stable isotope ratios of many elements.
These signatures, preserved in the geo-
logic record, represent the primary
means by which we gain insight into
the early history of life on Earth,
including the timing of the origins of
life and major interactions of life with
its environment, such as the oxidation
of the Earth’s atmosphere. In addi-

tion, microbial biosignatures are also
considered one of the most likely tar-
gets in the search for life beyond
Earth. However, identifying and inter-
preting geochemical biosignatures of
microbial life is challenging and
involves careful differentiation between
signatures of biological processes and
those of abiological processes. Canada
is playing an important role in biosig-
nature research, both through the geo-
logic record of life preserved in our
ancient rocks, and through many exam-
ples of microbial life in extreme envi-
ronments. The latter provide the mod-
ern understanding required to interpret
the biosignature record from early
Earth and perhaps one day from
another planet.

SOMMAIRE

Les biosignatures sont ces arrange-
ments moléculaires, minéraux et iso-
topiques qui sont des preuves évi-
dentes de I'existence de vie organique,
et qui sont donc autant de moyens
nous permettant de tenter de répondre
aux questions fondamentales sur 'orig-
ine et I’évolution de la vie. Les biosig-
natures microbiennes sont particulicre-
ment importantes pour la compréhen-
sion des premiers stades de ’histoire
de la Terre; elles sont constituées de
traces de minéraux magnétiques, de
composés organiques divers, ou de
ratios particuliers d’isotopes stables de
nombreux éléments. Ces signatures
conservées dans la roche sont des indi-
cateurs de premicre importance nous
permettant de déchiffrer les premiers
stades de I’histoire de la vie sur Terre,
incluant la chronologie des origines de
la vie et des grandes interactions de la
vie avec Penvironnement, comme
loxydation de 'atmospheére terrestre.
De plus, on considére que les biosigna-
tures microbiennes sont I'un des indi-

cateurs les plus probables de la
présence de vie extraterrestre. Cela dit,
I'identification et I'interprétation de
biosignatures géochimiques microbi-
ennes est délicate; il faut pouvoir dis-
tinguer les biosignatures de processus
biologiques de celles de processus abi-
ologiques. Le Canada joue un réle
important dans la recherche sur les
biosignatures, a la fois par les traces de
vie préservées dans les roches anci-
ennes de son histoire géologique, et du
fait des exemples de vie microbienne
dans des environnements extrémes de
son territoire. Les recherches en
milieux extrémes nous permettent
d’acquérir les connaissances nécessaires
pour interpréter les biosignatures des
premiers stades de ’histoire géologique
de la Terre, et peut-étre un jour d’une
autre planete.

INTRODUCTION

Understanding the origin and evolution
of life remains one of the grand chal-
lenges of scientific inquiry. Our inter-
est in this question is further increased
by tantalizing glimpses of other solar
system bodies where we can imagine
life may exist or may have existed, such
as Mars, Europa and Enceladus
(McKay 2008). Furthermore, the
recent detection of planets orbiting
distant stars (Lovis et al. 2006) con-
jures the image of a universe where we
may not be alone. However, while we
may hope that new research into these
extra-terrestrial systems may answer
these fundamental questions, there
remains only one planet on which we
are certain that life arose and has exist-
ed, the planet Earth. Thus, the study of
the history of life on Earth is at once
the study of our own history and the
only basis we have to build our knowl-
edge of what represents evidence of
life. The study of the history of life on
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Earth has a second important rele-
vance to society today and that is an
awareness of the response of life to
changes in environmental conditions,
particularly climate. As evidence
increases that human activities are
impacting the Earth’s environment,
learning the impacts of such changes
on life, from the micro to the macro
scale, is more pressing than ever.

Although our anthropocentric
view may suggest otherwise, the domi-
nant form of life on Earth today and
throughout the geologic record is
microbial life. Microbial life is also the
most likely form of life to exist else-
where in the universe. We are increas-
ingly recognizing the crucial role
played by microbes in Earth systems,
from cycling of nutrients (Falkowski
1997; Canfield and Raiswell 1999;
Falkowski et al. 2008) and organic car-
bon (Petsch et al. 2001), to weathering
of rock (Roberts and Bennett 2004).
Such processes have the potential to
leave recognizable signatures (i.c.
biosignatures) in minerals, organic
compounds and/or isotopic ratios, and
these signatures can be preserved in
the geologic record. By understanding
the metabolic capabilities, impacts and
biosignatures of microbial life, we can
gain insight into how the Earth func-
tions, and into the history of life on
Earth. Furthermore, this insight forms
the only basis we have for the search
for life on other astronomical bodies,
whether this involves looking for spe-
cific signatures that have been
observed on Earth, or for biogeo-
chemical patterns created by a type of
life unlike that known on Farth.

The goals of this paper are
twofold: 1) to highlight recent research
into microbial biosignatures in the geo-
logic record and in modern analogue
systems; and ii) to describe the contri-
butions this research has made and the
questions it has raised about evidence
for life on ancient Earth and beyond
Earth. In particular, this paper focuses
on several key issues being faced today
and the role that Canada and Canadian
scientists are playing in addressing
them. These issues include: i) the
potential for abiogenic production of
organic matter and the significance of
this to our understanding of the timing
of life’s origins; ii) the timing of oxida-
tion of earth’s atmosphere; and iii) the

continued expansion of our under-
standing of the capabilities and limits
of microbial life. As will be evident
from the examples discussed herein,
there may be no single signature that
can serve as unambiguous evidence of
life; instead, research is needed to bring
together multiple lines of evidence in
order to convincingly demonstrate the
presence and impacts of life.

TYPES OF BIOSIGNATURES

Biosignatures and Abiosignatures
In any discussion of biosignatures, one
of the first and most pressing ques-
tions is how we can differentiate
between biosignatures and ‘abiosigna-
tures’. In this usage, the term ‘abiosig-
natures’ refers to a signature derived
from an abiotic (i.e. chemical or physi-
cal) process. Only by demonstrating
that a given signature can only be pro-
duced by biological activity can we
conclude that it represents evidence of
life. Therefore, in order to interpret a
mineral, organic or isotopic signature
as a biosignature, we must also be cer-
tain that it cannot be produced by abi-
otic processes, i.c. that it does not
mimic a biosignature. It is worth not-
ing that such interpretations should
always be made with the awareness
that as our understanding increases,
what was once assumed to be a biosig-
nature may cease to be considered so
in light of new information.

Mineral Biosignatures

The stability of minerals over long
periods of time and a wide range of
conditions means that they have the
potential to preserve biosignatures.
Chains of single-domain magnetite
crystals produced by magnetotactic
bacteria represent one example of a
mineral biosignature that has received
attention recently (Sukumaran 2005).
These bacteria form magnetite crystals
as part of a magnetosome (Fig. 1),
which allows them to orient their
movement and stay at the geochemical
interface between oxic and anoxic con-
ditions in the sediments where their
optimal growth conditions occur
(Kopp and Kirshvink 2008). These
magnetofossils are present in the geo-
logic record back to the Cretaceous,
and potentially to the Archean (Chang
and Kirshvink 1989; Kopp and Kir-
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Figure 1. Electron micrograph of a
magnetotactic bacterium showing the
chains of single domain magnetite
crystals that make up the magneto-
some and are considered a biosigna-
ture. The scale bar represents 0.5
micrometers. Image courtesy A. Davi-
la.

shvink 2008). However, recognition of
these crystals as biosignatures requires
careful assessment in order to differen-
tiate them from abiotically produced
crystals (Kopp and Kirshvink 2008).
The observation of magnetite crystals
has been proposed as evidence for life
in the meteorite ALH84001 (Thomas-
Keprta et al. 2002), but this argument
has yet to be accepted as definitive.
Ongoing study seeks to further define
the biogenic characteristics of mag-
netofossils (Kopp and Kirshvink 2008)
and to add other lines of evidence to
support their biogenicity, such as iso-
topic ratios (Mandernack et al. 1999).

Organic Biosignatures

Because life on Earth is based on car-
bon chemistry, organic compounds
have a great deal of potential as biosig-
natures. In fact, it was organic geo-
chemists who originally used the term
“biological marker compounds” or
“biomarkers” to describe organic com-
pounds that could survive over the
long periods and potential diagenetic
alterations associated with geological
processing, and still retain an ability to
be related to a specific biological origin
(Eglinton et al. 1964). Determination
of effective biomarker compounds
requires that their production by mod-
ern organisms be characterized. For
instance, one class of biomarker com-
pounds produced by bacteria, the
hopanoids, is found throughout the
geologic record (Summons et al. 1999;
Brocks et al. 2003), and one hopanoid
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class in particular, the 2-methyl
hopanoids, have been used to illumi-
nate the role of cyanobacteria in the
rise of photosynthesis (Summons et al.
1999). However, as with all biosigna-
tures, understanding how these signa-
tures are synthesized by modern organ-
isms is crucial to their interpretation.
Recent research in measuring the pro-
duction of bacteriohopanpolyols, par-
ticularly 2-methyl bacteriohopanpolyol
in modern cyanobacteria, has found
that, although they are produced by the
majority of species, the most prolific
marine picocyanobacteria do not pro-
duce them, whereas two prolific
marine nitrogen-fixing species do (Tal-
bot et al. 2008). This new information
does not call into question the utility of
these compounds as a biomarker of
microbial life in general, but it does
raise important questions regarding the
extent to which they can be used as a
marker of specific species.

Because of the complexity of
organic chemistry and its fundamental
role in life as we know it, organic bio-
markers are of great interest as a focus
of the search for life on other astro-
nomic bodies. The state of knowledge
concerning organic biosignatures and
their application was recently summa-
rized by Summons et al. (2008), who
describe a series of general patterns of
measurable molecular biosignatures
that may be used to identify life. These
patterns include i) molecular distribu-
tions that display a preference for one
specific spatial arrangement of atoms
(known as a stereoisomer) over anoth-
er; ii) molecules constructed of repeat-
ing constitutional sub-units (e.g. pro-
teins, which are constructed of amino
acids); and iii) uneven distributions of
structurally related compounds (biolog-
ical systems will often produce very
large amounts of a small sub-set of
potential compounds rather than a
continuum of compounds built from
smaller sub-units). These general pat-
terns have been developed from our
observations of life on Earth, but by
focusing on general properties of bio-
logical compounds we may be able to
develop a framework that will also
enable us to recognize signatures of
life that is based on different
chemistries.

Isotopic Biosignatures
Isotopic biosignatures are changes in
stable isotope ratios that can be direct-
ly related to biological activity. Specific
isotopic distribution patterns are also
included in the Summons et al. (2008)
description of organic biosignatures.
However, isotopic biosignatures can
exist for nearly all elements because,
with a few exceptions, all elements
comprise an array of stable isotopes.
The term isotope comes from the
Greek meaning ‘same place’ because all
isotopes of a given element occupy the
same place in the periodic table. This
means that isotopes of an element all
have the same basic chemical propet-
ties, the primary difference being their
atomic mass, which varies according to
the number of neutrons in the nucleus.
In radioactive isotopes the nucleus is
unstable and decays via one of several
mechanisms. The extent of radioactive
decay is the basis for much of our dat-
ing of geological materials (Faure
1986) and has therefore contributed a
great deal to our understanding of the
timing of biosignatures observed over
the history of life on Earth. However,
because the abundance of radioactive
isotopes is constantly changing, they
cannot preserve a direct isotopic
biosignature over long periods of time.
In contrast, stable isotopes, isotopes in
which the mass difference does not
cause the atom to be unstable, do not
change over time and can therefore
preserve a biosignature (Faure 19806).
For example, carbon has two stable
isotopes, carbon 12 and carbon 13,
which compose approximately 98.9%
and 1.1%, respectively, of any mass of
carbon on Earth. For any sample of
carbon-bearing molecules, we can
determine the precise ratio of the iso-
topes of carbon, and express it in delta
notation as follows:
6"C = (Rsnmple - Rstandurd)/Rsmndard * 1000
in units of per mil (%) ),
where R is the ratio PC/"C. This
expression for isotopic ratios can be
generalized to any atom by replacing
"C and "C with the isotopes of inter-
est. Note that by convention in geo-
chemistry, the heavier (and less abun-
dant) isotope is divided by the lighter
(more abundant) isotope. In our exam-
ple, PC has the same chemical proper-
ties as "*C, but is one atomic mass unit
heavier, hence when it is involved in

processes in which mass plays a factor,
it behaves in different ways. These dif-
ferences in behaviour result in isotopic
‘fractionation’ of the ratio of C to "*C
in a sample. This isotopic fractionation
can be described by a fractionation fac-
tot, which is characteristic for the
process:

o = 1000 + 8"C,/1000 + 8“C, (2),
where A and B are two components or
phases of a chemical process, such as
the reactant and product, or gas phase
and aqueous phase. Both the stable
isotopic ratios and the fractionation
factors that change them can be char-
acteristic for different processes and
have been used as biosignatures of life
on Earth.

Application of Biosignatures
Biosignature research uses all of the
foregoing types of signatures, ideally in
combination, to generate an interpreta-
tion of the history of life. Developing
this interpretation is contingent on
studies focused in two areas. The origi-
nal focus of biosignature research was
the acquisition of samples from the
entire geologic record that could be
used to provide a history of life on
Earth. Canada is a logical location for
this type of research because our rocks
record a broad swath of geologic his-
tory, including some of the oldest
rocks known. The second focus of the
research requires study of modern ana-
logues to aid in the interpretation of
the geological samples. In other words,
to interpret the signatures observed in
the rock record, we must have some
grasp of the processes that created
those signatures. By using examples of
modern systems that are analogous to
past systems, we can explain the mech-
anisms by which biosignatures form,
we can differentiate between biosigna-
tures and abiosignatures, and we can
determine what these signatures tell us
about life and/or its environment at
the time. The remainder of this paper
highlights some of the current research
on both of these fronts, and how it is
contributing to our understanding of
the origins and evolution of life.
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BIOSIGNATURES IN THE GEOLOGIC
RECORD

Biogenic and Abiogenic Hydrocar-
bons

One of the most fundamental unan-
swered questions concerning life on
Earth is the timing of its origin.
Because Canada hosts some of the
oldest rocks on Earth, e.g. the
Nuvvuagittuq greenstone belt in
Northern Quebec (Cates and Mojzsis
2007; O’Neil et al. 2008), this country
is well positioned to contribute sam-
ples that can provide unique insights
into this question. Interpreting signa-
tures in these ancient samples as evi-
dence of early life on Earth hinges on
the issue of biosignatures versus
abiosignatures. In general, the geologic
record shows that organic carbon is
isotopically depleted in *C compared
to inorganic carbon. Schidlowski
(2001) summarized the data on organic
and inorganic isotopes (Fig. 2), and
stated that isotopically depleted organic
carbon (8"C <-16%) is a bona fide bio-
logical signature. Furthermore, it has
been widely stated that isotopic deple-
tion in C is a result of biological
activity. However, this conclusion is
now being reconsidered in the light of
recent research demonstrating that
abiogenic hydrocarbon formation via
chemical reactions between water, dis-
solved inorganic carbon and minerals
is not only capable of producing
reduced organic carbon, but that this
organic carbon is strongly isotopically
depleted with respect to its inorganic
source. Methane with isotopic compo-
sitions ranging from -19 to -53% rela-
tive to initial isotopic compositions of
-4.1% for the carbon source, was
described by Horita and Berndt (1999),
and 8"C values ranging from -40 to -
50% for hydrocarbons produced via
the Fischer-Tropsch synthesis, corre-
sponding to fractionations of 38%,
were reported by Taran et al. (2007).
McCollom and Seewald (2000) also
documented the production of strong-
ly depleted hydrocarbons (87°C of -44
to -50%), corresponding to similar
fractionations of 31-36%, during abio-
genic reactions under hydrothermal
conditions (250°C, 325 bar) (Fig. 2).
Comparison of these ranges with those
observed in the geologic record
demonstrates that isotopic depletion of
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Figure 2. General trends in 8”C of organic (lower grey area) and inorganic (upper
black area) carbon over time modified from Schidlowski (2001). The approximate
mean 8"”C (organic) is in the middle of the grey area. Data for the oldest points
come from the Isua sequence where metamorphism may have affected 6"”°C values.
Schidlowski (2001) proposed a 87C of less than -16% as a “bona fide” biosigna-
ture. The range of 3"C for abiogenic hydrocarbons based on laboratory fractiona-
tion factors from the 8"C of inorganic carbon is shown by the black bars on the
right. A — C ranges observed by Horita and Berndt (1999); B — "C ranges based
on the results of Taran et al. (2007); C — “C ranges based on the results of McCol-
lom and Seewald (2006). The ovetlap of biogenic and abiogenic 8"C values means
that depleted 8"°C cannot be assumed to be a biosignature.

8”C in organic matter cannot be con-
sidered an unambiguous biosignature.
This point is emphasized by recent evi-
dence of abiogenic hydrocarbons in
natural systems, based on unique “C
and “H signatures in hydrocarbons
from Kidd Creeck mine in Northern
Ontario (Sherwood Lollar et al. 2002).
Subsequently, evidence of abiogenic
hydrocarbons has also been found in
the Lost City hydrothermal system
near the Mid Atlantic Ridge
(Proskurowski et al. 2008).

The observation of abiogenic
production of isotopically depleted
hydrocarbons, both in laboratory stud-
ies and in the field, raises significant
questions regarding the conclusion of
Schidlowski (2001) and others that iso-
topically depleted organic carbon
observed in ancient rocks is a biosigna-
ture. Since the presence of hydrocar-
bons is a necessary precondition for
life, and since hydrocarbons formed by
abiogenic processes may not be iso-

topically distinguishable from biogenic
hydrocarbons, it is extremely difficult
to assess whether the isotopic deple-
tions observed in ancient rocks are
indeed a biosignature that records the
origins of life on Earth. It follows that
observation of isotopically depleted
organic matter on other planets or
solar system bodies can not be unam-
biguously interpreted as a biosignature.
To overcome this limitation, we need
to find multiple converging lines of
evidence that demonstrate the presence
and activities of life.

Biosignatures in the Geologic
Record: Oxygenation of the Atmos-
phere

Another example of how our under-
standing is changing with the acquisi-
tion of new information has to do
with oxygenation of the atmosphere.
The rise of atmospheric oxygen, often
referred to as the Great Oxidation
Event (GOE; Canfield 1998), is one of
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the most significant events in the histo-
ry of life on Earth; this event repre-
sents one of the greatest impacts that
life has had on the global environment,
and on all subsequent life. In this
instance, microbial life drastically
affected its environment and changed
its properties, making the Farth’s
atmosphere an ‘extreme’ environment
to the anaerobic organisms then living
under the anoxic conditions that pre-
vailed. However, it also created the dis-
equilibrium between reduced carbon
and free oxygen that provided the ther-
modynamic energy basis for aerobic
life on Earth, and is arguably a require-
ment for the development of terrestti-
al macrobiota. This disequilibrium is
accepted as a biosignature of photo-
synthetic life on Earth; hence, spectro-
scopic evidence of oxygen in the
atmospheres of new planets being dis-
covered around distant stars is a poten-
tial biosignature. However, the extent
to which atmospheric oxygen can be
considered a biosignature is defined by
our ability to be certain that it could
not also be created by abiotic process-
es. Ongoing research into the oxy-
genation of Earth’s atmosphere is one
approach that contributes to our ability
to answer this question.

Because of the crucial role it
has played in the development of life
on Earth, the occurrence and timing of
the increase in concentration of oxy-
gen in the atmosphere is the subject of
multiple lines of current research,
including new approaches in isotopic
analysis. A prime example is the use of
Mass-independent Isotopic Fractiona-
tion (MIF) of sulphur as a tracer of
the sulfur cycle, and, through geo-
chemical connection, as a measure of
the abundance of oxygen in the atmos-
phere (Farquhar et al. 2000). MIF
occurs by significantly different
processes than the mass dependent
fractionation described in the previous
section. As the name suggests, it is not
related to the mass difference between
isotopes, but to other atomic proper-
ties. The specific mechanisms of MIF
are the subject of ongoing research
(Theimens 20006). However, using the
MIF of sulphur 33 (A¥S), Farquhar et
al. (2000) have demonstrated signifi-
cant changes in the Earth’s atmospher-
ic sulphur cycle (Fig. 3), which they
have used to argue that a massive
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Figure 3. Ranges of A”S (%) (Farquhar and Wing 2003) and 8*Fe (%) (Rouxel et
al. 2005) over time. The rise of atmospheric oxygen is demonstrated by dramatic
decreases in the ranges observed in both isotopic systems.

increase in atmospheric oxygen
occurred at 2450 Ma.

Rouxel et al. (2005) have
applied new approaches in iron isotope
analysis to the same question and have
shown that the range in iron isotopic
compositions was drastically reduced
within the same timeframe as that pro-
posed by the sulphur MIF signal for
the GOE (Fig. 3). The decrease in neg-
ative 8*Fe signatures observed across
the GOE is interpreted by Rouxel et al.
(2005) as the result of the oxidation
and precipitation of large amounts of
iron. The continued presence of posi-
tive 3*Fe during the GOE is argued to
be evidence of ongoing redox stratifi-
cation in the ocean at this time; i.e. the
deep ocean was not fully oxic. The
timing of the changes in 6*Fe coin-
cides very closely with the changes in
A”S, indicating that these two inde-
pendent isotope systems are recording
evidence of the same event.

The timeframe for these iso-
topic excursions is concurrent with the
formation of large deposits known as
banded iron formations. Banded iron
formations are alternating layers of
iron oxide-rich and silicate-rich miner-
als that range in thickness from meter

to sub-millimeter scales and range in
age from ca. 2.7 to 1.9 Ga. They have
long been related to the oxygenation of
the Earth’s atmosphere, but recent
research is investigating new roles that
microbial activity likely played at sever-
al steps in the formation of these
structures. Konhauser et al. (2005)
developed a model indicating that het-
erotrophic (i.e. requiring organic com-
pounds of C and N for nourishment)
microbial metabolism was an impor-
tant component in their genesis,
whereas Johnson et al. (2008) applied
iron isotope systematics to suggest a
specific role for microbial iron reduc-
tion. Although our knowledge of the
complex processes that led to the pro-
duction of banded iron formations is
by no means complete, by bringing
together multiple lines of evidence
from multiple biosignatures, we are
getting much closer to a conceptual
model of what occurred at this crucial
time in Earth history.

THE SEARCH FOR NEW GEOLOGIC
BIOSIGNATURES

Microbe - Rock Interactions
Microbial impacts on the environment
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Figure 4. SEM images of tubular structures of inferred microbial origin. The image on the left is a sample from modern
oceanic crust, whereas the image on the right was preserved in ancient crust. Each of these images is approximately 350
micrometers in width. Images courtesy N. Banerjee.

can also occur at much smaller scales
than the oxidation of the atmosphere,
and can be far more difficult to recog-
nize. However, these smaller-scale
effects have the potential to engender
new biosignatures that may be pre-
served over long geologic timescales.
For example, Furnes et al. (2004)
reported the occurrence of (microbial)
microtubules in volcanic glasses from
the Barberton Greenstone Belt in
South Africa and in samples from
modern oceanic crust, that have been
interpreted as a new biosignature (Fig.
4). Although modern examples of sur-
face etching by microorganisms can be
observed in the laboratory, the
timescales required to form such
extended tubules are too great to allow
experimental testing, Without the abili-
ty to directly demonstrate microbial
creation of these tubules, researchers
are bringing together multiple lines of
evidence, including element mapping,
carbon isotopes, scanning transmission
x-ray microscopy (STXM), transmis-
sion electron microscopy (TEM),
molecular genetic techniques, and dat-
ing methods (Banerjee et al. 20006,
2007; Benzerara et al. 2007). These
techniques are being applied to sam-
ples of pillow lava from South Aftrica,
Australia and the Abitibi Greenstone
Belt in Canada, to determine their ori-
gin and whether the tubules constitute
a biosignature.

Modern Microbial Biosighatures
To provide the foundation needed to
interpret biosignatures in the geologic

record, research characterizing modern
biosignatures is required. This research
must address a wide range of ques-
tions/conditions, since much of life’s
diversity arises from the ability of
microbial life to evolve metabolic capa-
bilities that allow it to inhabit almost
every known environment on Earth.
Microbes have been found to thrive in
extreme ranges of temperature, salinity,
pH, radiation, pressure, water activity
and oxygen availability. Furthermore,
they are extremely metabolically diverse
and can obtain energy from a wide
array of sources, both autotrophically
and heterotrophically. If research suc-
ceeds in characterizing the potential
biosignatures that may be associated
with this wide range of adaptability
and metabolic flexibility, the informa-
tion can then be used as a modern
template by which cither ancient ter-
restrial or extraterrestrial biosignatures
are interpreted.

The range of natural environ-
ments within Canada provides impor-
tant opportunities to investigate the
formation of biosignatures, the mecha-
nisms by which life creates them, and
fundamental aspects of the limits of
life. This environmental diversity is
used to advantage by the Canadian
Space Agency’s ‘Canadian Analogue
Research Network’ (CARN), which
supports a wide range of research at
sites across Canada, including the three
main sites at the McGill Arctic
Research Station on Axel Heiberg
Island, the Houghton Mars Project on
Devon Island, and the Pavilion Lake

Research Project in British Columbia.
Research conducted at these sites
focuses on how life survives in
extreme environments and the signa-
tures it leaves behind. Documentation
of microbial biosignatures generated at
these sites will increase our knowledge
of the capabilities of life and allow us
to interpret evidence of life not only
from Earth’s geologic record, but also
in samples from Mars and elsewhere.

Modern Biosignatures: Life in
Extreme Environments

Microbialites and Microbial Mats
The interaction between rocks and
microbial communities is the primary
focus of the collaborative work led by
Canadians as part of the Pavilion Lake
Research Project in Pavilion Lake,
British Columbia. The large calcium
carbonate microbialites at Pavilion
Lake (Laval et al. 2000; Fig. 5) atre
being investigated to determine the
role of biology in their formation, in
their unique morphologies, and in their
potential for preservation of associated
biosignatures. The term microbialite
refers to organo-sedimentary structures
that arise from interactions between
microbes and geologic environments
(Burne and Moore 1987). Understand-
ing the formation of microbialites will
provide insight that may contribute to
interpreting the early record of life
preserved in other organo-sedimentary
structures such as stromatolites
(Grotzinger and Knoll 1999). Research
also aims to compare these micro-
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Figure 5. The carbonate microbialites
found in Pavilion Lake provide a
unique opportunity to study the role
of microbes in their formation and
morphogenesis, and the potential for
preservation of associated biosigna-
tures. Image courtesy D. Reid.

bialites to the cyanobacterially domi-
nated microbial mats present in the
saline, alkaline lakes of the Cariboo
plateau (Renaut and Stead 1990;
Renaut 1993). These evaporitic sys-
tems, which have high salinities (>sea-
water), high alkalinities, and pHs rang-
ing from neutral to over 10, provide a
natural laboratory to investigate the
microbial metabolisms, processes and
signatures of microbial mat systems.
This knowledge can then be used as an
analogue for microbial mat systems in
Earth’s geologic record or on the sur-
face of Mars, where water might have
existed (Squyres et al. 2004), possibly
in association with high solute concen-
trations (Fairen et al. 2009).

Microbes in the Deep Subsurface
Microbe-rock interactions also occur in
the extreme environment of the deep
terrestrial subsurface. Microbial life in
the deep subsurface is the most likely
form of life to have existed recently on
Mars (Mancinelli 2000) and has been
hypothesized as a potential location for
the origin of life on Earth (Onstott et
al. 1998; Whitman 1998). Discovering
the dynamics of subsurface life, the
timescales over which it occurs and the

signatures it leaves behind, represents
another avenue of biosignature
research. For example, investigations in
the deep, crystalline rocks of the ter-
restrial subsurface has shown evidence
of methane generated by the reduction
of inorganic carbon (Chappelle et al.
2002; Ward et al. 2004), and has result-
ed in the observation of several unique
organisms whose metabolic capabilities
and modes of survival are just starting
to be revealed (Chivan et al. 2008;
Wanger et al. 2008). Further research
to increase our understanding of
microbial life in these extreme systems
is ongoing at several sites, including
sites in the Canadian Shield such as
Kidd Creek mine. This research into
deep microbial life also has economic
implications: Investigation of the
biodegradation of petroleum deposits
in sedimentary subsurface environ-
ments is being undertaken to learn
how microbial metabolic activities
affect petroleum deposits over geologic
timescales (Bennett et al. 2000).

Cryoenvironments: Arctic Research
Researchers at the McGill Arctic
Research station and other locations in
the Canadian Arctic have been investi-
gating microbes capable of living
under extremes of cold and limited
availability of water. Conditions in
Earth’s polar desert and permafrost are
one of the best analogues for the cold,
permafrost conditions that exist near
the poles of Mars (Steven et al. 2000).
Recent research has identified a wide
range of organisms living in the per-
mafrost (Steven et al. 2007a) including
a novel aerobic, spore-forming bacteri-
um (Steven et al. 2008). These organ-
isms are biogeochemically active and
use a range of metabolisms from aero-
bic (Steven et al. 2008), to anaerobic
(Rivkina et al. 1998), to methanogenic.
Furthermore, these organisms are
metabolically active below the freezing
point of water both in laboratory
(Rivkina et al. 2000) and field studies
(Steven et al. 2007b). Extensive
research continues in order to better
comprehend the mechanisms by which
these organisms survive, and to identi-
fy the biosignatures that may be pre-
served in this unique environment.

Viruses
It is increasingly apparent that any

study of the functioning of microbial
communities must also investigate
viruses. Viruses are particularly inter-
esting when considering the search for
life on other planets because, while
they clearly have many attributes of
life, they fail certain assessments that
are thought to be fundamental to life,
such as the ability to self-replicate.
Viruses certainly do replicate, but only
via interactions with a host organism.
We are just beginning to understand
the huge impact that viruses have in
the modern environment, let alone the
crucial role they may have played in the
past. The prevalence of viral infections
and the transfer of genetic material
that this involves means that viruses
have possibly played a major role in the
evolution and diversification of life
and the global ecosystem (Suttle 2007).
Research has shown that the number
of viruses in the marine system is far
above expectations, and that these
viruses are highly active in the marine
carbon cycle (Suttle 2007). This activity
not only has significant implications
for the global carbon cycle, but it may
also play a significant role in the trans-
fer of genetic material between
microorganisms and therefore in the
evolution of new metabolic capabilities
(Suttle 2005).

CONCLUSIONS

Without doubt the research discussed
herein touches only a small component
of the extensive work being done to
gain insight into life’s biosignatures.
The ongoing studies of modern micro-
bial systems in extreme environments
provide the foundations for interpret-
ing the biosignatures of life on the
eatly Earth, and also the fundamental
knowledge required to interpret the
results of the search for life on other
planets. It is becoming evident that this
is by no means a simple task, and our
understanding is certainly not com-
plete. But only by continuing to inves-
tigate biosignatures in the geologic
record, and the modern analogues that
allow us to interpret them, will we be
able to define the differences between
biosignatures and abiosignatures. Cana-
da is contributing a great deal to
biosignature research, both from the
perspective of the geologic and mod-
ern environments represented in Cana-
da, and via the ongoing studies at
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Canadian institutions. As this work
progresses and we clucidate the nature
and implications of biosignatures,
Canada and Canadian researchers have
the potential to contribute much more
toward understanding the history and
diversity of life on Earth, and in deter-
mining whether life may have existed
elsewhere in the solar system.
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