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Discriminating between extinct
and extant life detection:
implications for future Mars
missions

Katherine A. Dzurilla*' and Bronwyn L. Teece*!

NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, United States

The search for biosignatures on Mars has been a high priority for astrobiology.
The approach to detecting putative biosignatures has largely been focused on
chemical analyses targeting predominantly extinct life. However, this approach
has limited the characterization of extant life, preventing differentiation between
extinct and extant biosignatures. Detecting an extant martian lifeform requires
approaches focused on identification of biological features. Identifying potential
features of life, such as growth or reproduction, can contribute evidence
necessary to identify extant biosignatures. While an unambiguous extant
biosignature might not be possible with biologically focused approaches, the
combined data can provide supporting evidence to attribute a biosignature to an
extinct or extant lifeform in conjunction with flight tested instrumentation. With
upcoming initiatives, such as the planned Mars Sample Return campaign and
the Mars Life Explorer mission concept, the incorporation of extant life specific
analysis is paramount for the future of Mars exploration.
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1 Introduction

Our neighbor, Mars, once had habitable conditions before the surface became
inhospitable (e.g., Westall et al., 2013; Cockell, 2014; Grotzinger et al., 2014; Cockell et al.,
2016; Cabrol, 2018). Given this context, the search for martian life has typically focused on
detecting ancient “extinct” life, but recent research has identified potential “special regions”
where temperature and water availability may be suitable for extant life (Rummel et al.,
2014). To persist, potential extant martian life would need to co-evolved with its
environment and evolved favorable traits for harsh present-day conditions.

The detection of biosignatures guide the search for life (NASEM, 2022). For this
perspective, we adopt the definition “A biosignature is any phenomenon for which biological
processes are a known possible explanation and whose potential abiotic causes have
been reasonably explored and ruled out” (NASEM, 2022; Gillen etal., 2023). Notably,
none of the common definitions of biosignatures differentiate between extinct and extant
biosignatures (Gillen et al., 2023). We define extinct life as geologically preserved life
that can no longer exhibit characteristics of metabolism, reproduction, and growth. We
define extant life as systems that have the potential to perform metabolic redox reactions,
reproduction, and growth (Conrad and Nealson, 2001; Benner, 2010; Westall and Cavalazzi,
2011; Neveu et al., 2018). Therefore, a confirmed detection of extant martian life requires
evidence of an organism carrying out metabolism-like redox reactions, or evidence of
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current growth or reproduction (Conrad and Nealson, 2001; Benner,
2010; Westall and Cavalazzi, 2011; Carrier et al., 2020).

The ladder of life detection (LoLD) (Neveuetal., 2018),
outlines a framework wherein a biosignature’s utility depends on
its detectability and survivability, differentiability from abiotic
sources, and whether it is agnostic. Additionally, the instrumental
methods must be sensitive enough for accurate detection, free
of contamination, and the measurements must be repeatable
in triplicate (Neveuetal, 2018). Specific measurable features
possibly representative of life include, organics not found
abiotically, macromolecule building blocks, and distribution
of metals (Neveu et al., 2018).

Some rungs on the LoLD are indicative of extant life
(such as Darwinian evolution, growth and reproduction).
While Viking (Klein, 1978) carried out some biological experiments,
the inclusion of such experimentation on subsequent mission
payloads has been limited. Since Viking, mission design and
instrument payloads have focused on molecular biosignatures
that limit identifying biological features. Current flight-ready
detection methods do not observe biological functions, but chemical
or physical byproducts, which could also result from abiotic
reactions. For example, instruments such as gas chromatography-
mass spectrometry (GC-MS), - historically a common mission
instrument - are designed to detect the compounds and chemical
patterns associated with life.

Therefore, an “extant biosignature” must be indicative of life and
be attributed to ongoing biology. To robustly detect extant lifeforms,
the focus must be on the features and processes associated with
active organisms, such as the potential to perform metabolism,
growth and reproduction. Many biological and biochemical
analytical techniques (e.g., those measuring turbidity, conductivity,
or various microscopic observables; Casida, 1971; Richards et al.,
1978; Castro et al., 1995; Madrid et al., 1999; Liet al., 2004) are
tailored to detecting and qualifying active biological processes.
While there are short-lived molecules which may indicate recent
biotic input, (e.g., DNA), these molecules rapidly degrade under
exposure to martian surface conditions (e.g., Fajardo-Cavazos et al.,
2010) and can be difficult to extract from samples, even from an
extant biological cell (Gates, 2009; Jiang et al., 2012; Mojarro et al.,
2017). Additionally, acquisition and analysis of samples may
cause alteration (e.g., as a potential source of chlorination,
decarboxylation, and oxidation, Freissinet et al., 2020). Therefore, it
is possible that even if a chemical biosignature is detected, it may not
be possible to differentiate whether the signal is an extant or extinct
biosignature.

The two Viking landers carried three biological experiments to
perform a life detection mission on Mars in the 1970s (Klein et al.,
1976; Levin and Straat, 1977; Brown et al., 1978; Klein, 1978). First,
a gas exchange experiment showed CO, and O, uptake upon
“wetting” of regolith, followed by a “release” of CO,. Second,
labeled release experiments were designed to measure uptake of
organic compounds by microorganisms by adding radioactively
labeled organics to regolith samples and observe any labeled volatile
compounds produced as waste from potential metabolic activity.
These experiments showed immediate release of labeled organics.
Finally, the pyrolytic release experiment measured carbon fixation
of CO, and CO into organic compounds, to test for potential
microbial carbon fixation over a few days. Small amounts of organic
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matter were detected after the experiments but were not affected by
heating (essentially sterilizing the sample) indicating the process that
synthesized the organic matter might not be biological. The results
have been highly debated, but are largely attributed to non-biologic
perchlorate reactions (Hecht et al., 2009). Lessons from Viking can
inform improved experimental frameworks for life detection on
missions as we move forward.

Below, we describe approaches to life detection on Mars, and
argue that additional measurements of potential biological function
are necessary for extant life detection. While more recent Mars life
detection approaches are largely calibrated to detect fossilized life,
detection methods should also be calibrated to determine if the
organism(s) are currently viable.

2 The search for martian biosignatures
guided by the early Earth biosphere

Our understanding of life on Earth has developed through
decades of conducting multiscale interdisciplinary investigations,
guiding site selection for astrobiological investigations on Mars
(Summons et al., 2011). Earth is the only data point we have for life,
so we consider where life may have emerged on Earth and compare
these sites to the geological settings on early Mars. For example,
evidence for more abundant water on the surface of Mars exists
from the late Noachian until the end of the Hesperian (3.8-3 Ga)
(McKay et al., 1996; Grotzinger et al., 2014) with evidence for lakes,
rivers, potential hot springs, and hydrothermalism (Ehlmann et al.,
2008; Schwenzer and Kring, 2009; Grotzinger et al., 2014; Ruff and
Farmer, 2016) presenting potentially habitable environments in
which life could have emerged.

Analog environments from similar evolutionary eras on Earth
allow researchers to observe features that may be indicative of life
and form hypotheses about their origin and evolution (Preston and
Dartnell, 2014). Terrestrial sites analogous to Mars are typically
selected based on some level of similarity with a specific martian
environment. In terrestrial analogs, microbial signatures have
poor morphological preservation, and primarily depict traces
of community scale interactions of microbes with sediments
(e.g., stromatolites) with rare examples of possible microfossils
(Sugitani et al., 2009). It can be challenging to untangle primary
and secondary signals in ancient fossils, leading to common debates
about the process behind the suspected biosignature (Nutman et al.,
2016; Allwood et al., 2018). However, a limitation of Early Earth
analogs is that Earth has plate tectonics—a primary cause of
alteration - while Mars does not currently have plate tectonics
and the extent to which it ever did is unknown (e.g., Zhou et al.,
2022). Increasingly, laboratory studies have been utilized to
understand possible martian processes that could lead to the
formation of biotic and abiotic signals (McMahon, 2019; Ruff et al.,
2020). No single analog represents a perfect match of another
planetary body. Yet, through a combination of laboratory
simulations, modelling and spaceflight data we are able to
build a more complete picture of planetary conditions to direct
biosignature constraints and detection methodologies during
mission development.

Lipids are an organic biosignature highly resistant to
degradation and preservable in deep time. During diagenesis
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they typically lose functional groups or become saturated, e.g.,
the microbial lipid hopanol loses its functional OH group to
become a hopane (Ourisson et al., 1979; Ourisson and Albrecht,
1992). Although they are altered, many lipids can still be traced
to particular biochemical pathways, community structures and
microbial phylogenies and can provide information on the
depositional environment (Vestal and White, 1989; Sturt et al., 2004;
Summons et al., 2022). Because of this utility and preservability,
Summons et al. (2011) proposed a strategy to look for organic
matter preserved within ancient sedimentary deposits on Mars.
This approach led to the detection of a variety of molecules with
Sample Analysis at Mars (SAM) on Curiosity and SHERLOC
on Perseverance (Freissinetetal., 2015; Eigenbrode etal., 2018;
Scheller et al., 2022; Sharma et al., 2023). However, these detections
have been impeded by source ambiguity where meteorites may
represent a large source of potential abiotic organic matter
(Summons et al., 2011; Stern et al., 2022). The presence of strong
oxidants and ionizing radiation in the martian regolith further
complicate interpretations, processes known to alter even the
most recalcitrant polyaromatic molecules (Benner etal., 2000).
For example, UV irradiation experiments show degradation of
aromatic compounds after only 6 hours (Kopaczetal., 2023).
However, in most organic geological studies on Earth, these
compounds are highly resistant to alteration (Grotheer etal,
2015), and are detectable in highly metamorphosed ~2.7 Ga
Archean rocks (French etal., 2015). This example highlights that
our understanding of what is recalcitrant on Earth may not be
applicable to Mars.

3 Evolutionary constraints on
potential extant martian life

Terrestrial analogs from extreme environments are limited
by Earth-specific evolutionary contexts (Michalski et al., 2018), as
potential martian organisms would have adapted and coevolved
with a changing Mars rather than Earth. The evolutionary history
of Earth can provide a framework to understand how martian
organisms could have adapted as Mars transitioned to a drier, colder,
geologically dead world. On Earth, life eventually adapted to almost
all terrestrial environments. For example, a martian analog, the
Atacama Desert, is home to modern extremophiles adapted to these
hygroscopic environments (Davila and Schulze-Makuch, 2016).
Like Mars, the Atacama has low water availability, high UV and large
temperature fluxes. At the Atacama, microorganisms have adapted
to the dry and perchlorate rich conditions (Horneck, 2000; Navarro-
Gonzalez et al., 2003; Bull and Asenjo, 2013; Preston and Dartnell,
2014). For example, some cyanobacteria in the Atacama incorporate
pigments as a UV protectant against the high radiation levels, or
colonize areas that are more likely to concentrate water (Azua-
Bustos et al., 2012). In these harsh environments, life is so highly
adapted to specific microenvironments (e.g., soil, inside rocks)
that there is little crossover between species, resulting in highly
specialized communities (Wierzchos et al., 2012). Since life on Earth
had the capability to evolve and survive in harsh environments
analogous to modern Mars, it is possible that potential martian
organisms underwent a similar transition.
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Compounds important to metabolisms have been detected
on ancient and modern Mars. For example, redox important
elements used on Earth by phototrophs (such as Fe’* as
observed in photoferrotrophy) and chemotropism (H2/SO,*
for sulfate reduction) have been hypothesized and detected on
Mars (Cockell, 2014; Westall et al., 2015; Tarnas et al., 2018).
The evolution of heterotrophs, including chemolithotrophs and
chemoorganotrophs, would have been possible within ancient
martian hydrothermal systems (Schulze-Makuch etal.,, 2005;
Schwenzer and Kring, 2009; Ruff and Farmer, 2016), where
they could utilize inorganic (such as ferrous-bearing minerals
like olivine) and organic resources. While these metabolisms
might have emerged, a changing martian environment would
have driven some organisms to extinction, at least near the
surface. For example, increasing scarcity of liquid water on
the surface, along with the increasing radiation, would have
caused extinction events for potential photosynthetic organisms
as access to light would have required their presence on the
uninhabitable surface (Horneck, 2000; Schulze-Makuch et al.,
2005; Westall et al., 2013; 2015; Michalski et al., 2018). However,
other autotrophic metabolisms, such as methanogenesis which
is anaerobic and non-photosynthetic, would have been possible
within more habitable locations on modern Mars. Some
methanogenic species are capable of surviving in the presence of
perchlorates, common compounds in modern martian regolith
(Shcherbakova et al., 2015; Kral et al., 2016).

One potential environment of sustained martian habitability is
the subsurface, specifically at depths where water, lack of radiation,
and connected environments (e.g., caves or lava tubes), would
allow for a more global distribution of extant life (Horneck, 2000;
Schulze-Makuch et al., 2005; Cabrol, 2018; 2021). While the depth
would vary within the specific era in the evolution of the martian
surface, any depth that could maintain habitable environments
(protection from radiation, increased water activity) could harbor
life. On Earth, organisms adapt to similarly niche environments.
The Antarctic Dry Valleys also have an arid climate and high
UV irradiance (Preston and Dartnell, 2014), and organisms here
employ a similar method of survival, colonizing under rocks to
block high UV radiation (Cary etal.,, 2010). While the potential
for continued evolution within these environments is low (Warren-
Rhodes et al., 2006; Goordial etal., 2016), these examples show
mitigation strategies biology can employ to survive. Investigating
biological life within these environments also informs best practices
for observing extremophiles. For example, specifically choosing
locations in which life could be protected (i.e., under ice/rocks),
could be translated into mission architecture and landing site
selection, such as in the Mars Life Explorer (MLE) mission
concept, which would target low latitude ices to look for extant
martian life (NASEM, 2022).

4 Approaches to detecting extant
martian life

When the Viking spacecrafts landed on Mars, they discovered
an apparently barren wasteland (Soffen and Snyder, 1976). Because
of this, instrumentation on subsequent missions has focused on
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understanding the geological and environmental history of Mars.
The Sojourner rover detected geological evidence of a large flood
(Rieder etal., 1997), while Spirit and Opportunity demonstrated
that water activity was widespread (Squyresetal., 2006). More
recently, Curiosity has revealed that Gale Crater records a 3.6 Ga
habitable shallow lake environment (Grotzinger et al., 2014), that
preserves a variety of hydrocarbons (e.g., Freissinetetal., 2015;
Millan et al., 2016; 2022; Eigenbrode et al., 2018; Stern et al., 2022)
similar to early life environments on Earth (Allwood et al., 2007;
Marshall et al., 2007). Since 2020, the Perseverance rover has
been studying a deltaic system for signs of ancient biosignatures
(Farley et al., 2020), and has revealed fluorescence signals consistent
with aromatic hydrocarbons in several samples which are being
cached to be brought back to Earth in the proposed Mars Sample
Return campaign (Scheller et al., 2022; Sharma et al., 2023). While
this approach has provided essential data in our understanding of
Mars, in general, there has been a lack of mission focus on the
detection of extant life due to the hostile martian surface conditions.
However, some recently proposed missions have incorporated
instruments for extant life detection. For example, the MLE mission
concept prioritized by the 2023-2032 Planetary Decadal Survey,
would look for extant life by investigating organics within martian
ice deposits (NASEM, 2022).

As we move to investigating a potential extant martian
biosphere, we must investigate methods to differentiate between
extant and extinct biosignatures, and assess if current mission
architecture is capable of distinguishing between the two. Extant
biosignature detection depends on our ability to classify whether
a signature is indicative of extant biology, paleobiology, or purely
geological (Figure 1). Within current mission architectures, features
identified during the search for biosignatures are largely attributed
to either geological or biological sources. However, the search
for extant life introduces additional complexity, wherein potential
geological, biological and paleobiological sources need to be
untangled.

Molecules retaining structure and function can be preserved
across the geological record, unaltered eukaryotic lipids (sterols)
have been detected in the Devonian (~380 Ma) (Melendez et al.,
2013). Analytical methods common on mission instrumentation,
such as GC-MS, are often used to detect and identify these
compounds, and data obtained are interpreted to determine origin.
However, information gained from this approach is often limited as
many compounds can also be produced abiotically (e.g., Barge et al.,
2022). Additionally, while growth and reproduction are primarily
regulated to extant biology; there are some abiotic processes
which exhibit growth, (e.g., chemical gardens, crystals), and thus
are depicted in Figure 1 as being representative of extant and
abiotic processes, but not paleobiological ones (McMahon and
Cosmidis, 2021).

To unambiguously determine if a biosignature is from an extant
source, some indication of biological activity is required. Features
such as Darwinian evolution, metabolism, and reproduction can
provide the necessary information to detect extant life. Previous
approaches to biosignatures have focused on identifying chemical
compounds and their distributions, and then extracting biological
significance from the resulting data. For extant life detection,
instrumentation capable of providing evidence of biological
function is required. Since the Viking mission, instrumentation
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A ternary diagram depicting the rungs described in the Ladder of Life
Detection (Neveu et al., 2018) and where they plot in their likelihood
of being extant, extinct, biotic or abiotic. To detect extant life, potential
biosignatures must be differentiated from biotic and abiotic sources
and must also distinguish between extant (biological) and extinct life
(paleobiological). Within this new framework, potential biosignatures
can be recontextualized to support evidence of geological,
paleobiological, and biological sources, and are depicted on this
diagram in terms of their relationship to each category.

dedicated to observing biological features has not been prioritized.
In addition, direct observations of Darwinian evolution are most
likely not possible within a mission timescale, limiting our ability
to detect extant life by missions. While we do not advocate for any
specific biological technique, there are some existing laboratory
methods that could be optimized for mission development.

As demonstrated by Viking, biologically directed measurements
are not without heritage. Features of life can be observed through
techniques that can be adapted into mission ready instrumentation.
Detection of reproduction (and subsequently growth), require
approaches sensitive to these processes, such as measurement of
sample turbidity or conductivity (Richards et al., 1978; Castro et al.,
1995; Madrid et al.,, 1999). On Earth, these data can be used
to measure bacterial cultures, growth curves, activity levels,
etc. Even within an optimized laboratory, microbial growth is
challenging, often resulting in low yields (Wade, 2002). However,
there are mitigation strategies to help improve culture rates, such
as optimizing for host mineralogy and environmental context
(Wilson et al., 1997), improving the utility of this technique. To
translate these lessons into mission concepts, we should formulate
and optimize instrumentation with slow biological functions in
mind. Metabolism detection presents a more complex problem
as many metabolic byproducts (such as O, and CO,) can be
produced abiotically, and their provenance is often difficult to
assess. For example, measuring changes in responses to nutrients
can provide evidence of a metabolic reaction. However, in lessons
from the Viking mission (where the results have been attributed to
geological redox reactions), we know that environmental context
must also be investigated and understood to account for false
detections of extant life. Lastly, growth can be observed through
various biological techniques, including microscopic observation
of changes in cells and cellular features, such as an increase
in cell count or identification of cells at various stages of
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growth. Some types of microscopy (such as light-diffraction,
fluorescence, and confocal laser scanning microscopy) are capable
of observing cellular features in soil samples (Casida, 1971; Li et al.,
2004). Importantly, a potential martian biosphere might contain
microorganisms with slow metabolic, reproductive, and growth
rates, necessitating instruments with sensitive detection limits.
Including techniques with high signal-to-noise ratio [e.g., observing
sub-micron bacterial growth through changes in microfluidic
systems (Songetal., 2010; Fernandezetal., 2017)], or storing
samples over a longer period of time to be reanalyzed later could help
detect microorganisms with slower, smaller biological responses.

Building on Viking’s foundation can provide a framework to help
distinguish extant and extinct life. The ambiguous results from the
biological experiments were the result of unexpected environmental
factors (perchlorates) (Hechtetal., 2009) stemming from a lack
of knowledge of the martian surface conditions. Since Viking, we
have gained a better understanding of complementary biosignatures,
martian environments and improved flight ready technology. In
the future, incorporating biologically focused instrumentation that
expands on the potential biological functions of the molecule could
provide more evidence for extant life. In particular, multiple lines of
evidence will be needed for robust interpretations, such as classifying
attributes of functional molecules (such as polymer length and
shape) in addition to detecting chemical biomolecular components
could provide an indication of additional complexity missed by
classic chemical techniques (such as GC-MS).

5 Conclusion

Life may have emerged on early Mars and adapted to persist
into the present day. The last National Academies Planetary Science
Strategy prioritized a Mars mission to seek extant life, yet, current
missions are not designed to differentiate between extinct and
extant biosignatures. Data indicating ongoing biological activity is
required to identify an extant organism. While the LoLD provides
some examples of indicators of extant life, current flight-ready
instrumentation generally measures chemical byproducts of life, and
cannot speak to the state of the original source. Previous missions,
such as Viking, have shown the potential for biological investigations
utilizing mission architecture. Incorporating analytical approaches
specific to biological features into future missions can provide
information necessary to detect extant martian biosignatures.
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