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Figure 1: A conceptual representation of possible 
biosignatures that could exist in the universe. 
‘Terran biosignatures’ applies specifically to 
biological features based on life on Earth and 
are not universal features of all life forms. ‘Exotic 
biosignatures’ refers to specific features displayed 
by potential life forms outside of Earth. ‘Universal 
biosignatures’ are features that are common to all 
possible life forms in the universe. 

A.  Motivations: Why do we need to improve life detection?
All possible forms of life, be it Terran or exotic, past or present, alive or dead, express potentially 
detectable signals termed biosignatures. Here, we depict a conceptual representation of biosignatures 
that could exist in the universe (Figure 1). This diverse spectrum of biosignatures contains 
commonalities that are universal features of all biology. In this paper, we define these features as 
“universal biosignatures” (also known as “agnostic biosignatures”). As one moves away from the 
center circle in Figure 1, the biosignatures become more specific to a particular evolutionary history, 
and thus, to the particular environmental context of a planetary body. It is important to note that 
while it is reasonable to assume that distinct origins of life will yield diverse biochemistries and 
macromolecules, how different exotic biosignatures will be from Terran biosignatures is formally 
an open question. Here, we operate under the assumption that life is diverse in the universe, but 
acknowledge that there is no existing science or theory that tells us how diverse biochemistries are 
across the universe. Terran-only biosignatures, as discussed here, are features that are specific to 
Terran biology (i.e., using DNA/RNA as informational polymers, diagnostic molecular fossils in 
the rock record, or even the presence of O2 in our atmosphere, to name a few) and epitomize our 
one example of biology. Most of our current life detection strategies stem from this single, limited 
example, in particular by leveraging what we know (Figure 2, in yellow) and what is detectable with 
our current technology (Figure 2, in blue). 

Executive Summary
The most daunting challenge in the search for life elsewhere may be contending with truly alien 
life. Much of the astrobiology research in the past decade has driven mission science to search for 
well-established, recognizable biosignatures based on Terran life. However, the probability that 
life in the universe would share a biochemical ancestry with life on Earth quickly diminishes the 
further away from Earth we explore. Thus, it is imperative that we build foundational knowledge 
for life detection strategies that target universal biosignatures.

This report advocates that NASA invest in the development and implementation of a more inclusive 
framework for universal biosignatures detection. We recommend that such a framework be used 
to guide mission and instrument selection. Specifically we urge: (1) strong and sustained support 
of R&A to develop universal theories to recognize life, along with an increase in the breadth of 
interpretations of returned mission data; (2) support of a more diverse program of instrument 
developments and maturations; and (3) examination of a wider range of complementary in situ 
science measurements using robust statistical methods.

Terran biosignatures

Universal biosignatures

Exotic biosignatures
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As a consequence of this narrowly focused exploration effort, we risk missing signs of life based 
on an unfamiliar biochemical system. Due to the cost and limited opportunities to look for life 
with space missions, it is vital that future life detection missions ensure they are casting the widest 
possible net by looking for signatures of life that are potentially universal to all possible life 
forms. This generalized strategy is a spending priority as it reduces the chance of a false-negative 
(contingent on our technological capabilities) and thus increases the chance of a successful science 
return. This is especially important in light of recent exciting discoveries about liquid environments 
on solar system worlds such as Mars (Orosei et al., 2018) and Europa (Jia et al., 2018), as well as 
organics on Titan (Niemann et al., 2010), Enceladus (Postberg et al., 2018), and Mars (Eigenbrode 
et al., 2018). Furthermore, recent advances in technologies such as innovative mobility solutions 
planned for Titan (NASA, 2019) and modern launch capabilities such as the Space Launch System 
(Klaus et al., 2013) widen the possible exploration targets and mission architectures to distant and 
unfamiliar worlds such as Europa (Hand et al., 2017) and Titan (NASA, 2019). 

B.  Recommendations for generalizing life detection strategies 
In order to successfully generalize our approach to life detection, we need to (1) broaden our 
knowledge base by understanding what features of Terran life are likely universal (Figure 2, 
Segments a & b), (2) expand our detection capabilities to match our state of knowledge of universal 
biosignatures (Figure 2, Segments b & c) and (3) implement current and future methods proposed 
to detect universal biosignatures that are based on developed technologies and new theory (Figure 
2, Segment b). Jointly, these steps increase our ability to detect life by steering exploration objectives 
from looking for features that are specific to life on Earth (Figure 1, Terran-only biosignatures), to 
looking for general features of life (Figure 1, Universal biosignatures) that, importantly, includes 
detecting Terran-like life.

(1) Broadening our knowledge base
To detect life beyond Earth, we first need to delineate what we are looking for. Even without a complete 
understanding of what defines a living system, life exhibits unique combinations of features not 

=  What we know

=  What we can detect

Terran biosignatures

Terran-only  biosignatures Universal biosignatures

Detectable recognized 
Terran biosignatures

Proposed universal biosignatures 
detectable using current tools 

a

b

c

Figure 2:  A conceptual representation of the state of Terran and universal biosignature knowledge 
and detection capabilities (based on Figure 1). We define different potential research focuses and 
implementation targets:  (a) proposed theoretical universal biosignatures we can’t currently detect, 
(b) proposed universal biosignatures we can detect using current tools, and (c) detectable but 
unrecognized universal biosignatures.
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found in abiotic systems. As such, 
we need to identify and understand 
those features. There are two aspects 
of universal biosignatures that must 
be considered:  is the proposed 
universal signature, or combination 
of signatures, robust (can it be used 
to distinguish life from non-life, 
discussed in Section C) and is it 
truly universal (can it be generalized 
to life beyond Earth). 

Concerning the latter, it is important 
to note that without at least another data point for life, any proposed universal signature remains an 
untestable hypothesis. That being said, we posit that insight into potential universal biosignatures 
can be harnessed from the one example of life that we have here on Earth, as outlined below. 
Knowledge concerning potential universal biosignatures can come from two types of approaches: 
bottom-up and top-down. 

1. A bottom-up approach here refers to research being conducted on universal principles of 
biology, physical laws of biology, complexity and emergence of life (Kim et al., 2019;  Walker,  
2019; Kempes et al., 2019; Libby et al., 2019). It is important to support strong modeling, 
theoretical, and even experimental research in these areas in order to strengthen our 
understanding of what makes life different from abiotic systems at the most fundamental  
level. This kind of principles-first approach can then lead to hypotheses about which key 
differences between the biotic and abiotic world could be reflected on a physical level and 
thus might constitute detectable signatures of living systems (past or present). Whether these 
proposed universal patterns are robust biosignatures then needs to be verified (using existing 
data or the reference sample set described in Section C.1).

2. A top-down approach here refers to searching for distinguishable features of Terran life and 
abiotic chemistry by examining data from various types of biotic and abiotic samples in order 
to reveal key differences between data stemming from biology or not (Chan et al., 2019). This 
could be achieved through analyzing comprehensive data sets (Section C.1) or looking at 
existing data in new ways. This approach can lead to the discovery of robust biosignatures, some 
of which might be universal. Whether these proposed biosignatures are in fact generalizable to 
life beyond Earth then needs to be supported by strong theoretical evidence, in order to validate 
these as proposed universal biosignatures.

Knowledge gained from these two approaches can also yield insights into what measurable imprints 
are hypothetically possible in a physical and chemical space in the absence of life, and thus allow 
for a more compelling rejection of a false positive or false negative interpretation. Additionally, 
these approaches can help refine the measurement requirements necessary for the detection of 
probable universal biosignatures. Meaningful insights into what could constitute a useful universal 
biosignature lie at the interface between hypotheses obtained from theoretical studies and those 
extrapolated from the data we have access to. Thus it is vital to support close collaborations between 
these two key approaches.

Aspects of universal life detection strategies that need to be 
considered:

→     Finding and implementing detectable universal                                                                                                                                        
        biosignatures by:

 ▷ Broadening our knowledge base
 ▷ Expanding our detection capabilities
 ▷ Implementing current proposed universal biosignatures

→     Strengthening the robustness of life detection by:

 ▷ Establishing a reference sample set
 ▷ Using complementary approaches to measurements
 ▷ Enhancing our contamination knowledge
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(2)  Expanding our detection capabilities
In parallel with an increased understanding 
of universal biosignatures (Section 
B.1), improved detection capabilities 
are needed. This can be achieved by (1) 
taking advantage of existing high heritage 
instrumentation to perform broader science measurements that could encompass universal 
biosignatures, (2) supporting technology development that brings proof-of-concept studies and 
instrumentation closer to flight readiness, and (3) developing new measurement capabilities to 
match newly proposed universal biosignatures that revealed a blind spot in our current technological 
capabilities. 

Employing existing high heritage technology is not only a cost-effective strategy, but also 
ensures higher success during future mission implementation. For example, conventional 
means to detect unequivocal Terran organic biosignatures (e.g., molecular fossils, or biogenic 
gases) utilize miniaturized mass spectrometers that have prevailed in space exploration since the 
1970’s (Biemann, 1979; Mahaffy et al., 2012). Because these instruments could also reveal intrinsic 
properties of molecules (such as fragmentation patterns or structures), they can be fruitful tools 
to help decipher potential universal biosignatures that may be represented in such data (Section 
C.3). However, a reconceptualization of the measurement requirements might be necessary in 
order to make the measurements more inclusive to potential universal biosignatures. These revised 
requirements can be informed by theoretical or proof-of-concept studies, as discussed previously. 
Further, these requirements can be implemented in current and future missions such as those 
under development for Mars and Titan (e.g., Li et al., 2017; Goesmann et al., 2017; NASA, 2019). 

Other proposed methods to detect universal biosignatures have advanced in technological 
developments, but have not yet achieved flight-readiness status. One such technique derives 
from the hypothesis that biological entities express an overabundance of diverse surface chemical 
expressions (e.g., a vast number of receptors on the surface of cells) relative to abiological substances 
(e.g., a few crystal faces of minerals). Regardless of the biochemistry of the purported biological 
entity, such differences in surface chemical diversity could potentially be detected (Stoltenburg et 
al., 2007; Sun and Zu, 2015). One proposed means of detection involves using the proximity ligation 
assay method that utilizes the ability of short strands of oligonucleotides1 to bind to those surface 
expressions. Combined with compact and low-power sequencing devices (e.g., nanopore2), such 
technology can provide a remarkable view into the complexity of surfaces (Johnson et al., 2018). 
In addition, enantiomeric enrichment of certain chiral compounds such as polyols are suggested 
to be a detectable universal biosignature, but are currently “beyond the capabilities of spaceflight 
instrumentation” (Glavin et al., 2020). Finally, all living systems by necessity maintain themselves 
in chemical disequilibrium from the environment. Hence detecting an unexpected chemical 
disequilibrium could serve as a universal biosignature. This could be achieved by  employing an 
inert, conductive electrode (e.g., graphite) in the environment, to measure redox state, to catalyze 
redox reactions, and to look for sustained disequilibria such as temporally invariable electrical 
currents (see Gartman et al., 2017).  Supporting the maturation of these proof-of-concept methods 
could dramatically increase the measurement capabilities to detect universal biosignatures in 
missions flown to search for evidence of life beyond Earth.

1 Oligonucleotide: short DNA or RNA molecule
2 Nanopore: third-generation miniature sequencing device capable of sequencing single DNA or RNA molecules

‘Terran-only biosignatures’: biological features based 
on life on Earth, and are not universal features of all life 
forms.
‘Universal biosignatures’: features that are common to 
all life forms in the universe. 
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Expanding our detection capabilities also requires support for the development of new 
instrument concepts (National Research Council, 2011) that would fill the need for currently 
undetectable universal biosignatures. For example, there are several key areas where we are 
currently lacking in detection capability, including the detection of polyelectrolytes (e.g., polymers 
with a repeating charge in their backbone have been proposed as essential to life; Benner, 2017), or 
more generally the detection of live organisms through the search for dynamic biosignatures such 
as responses to environmental changes or metabolic activity (detection of redox and other energy 
exchange reactions that are inconsistent with abiotic processes). 

Experiments to detect metabolic activity were famously attempted during the Viking mission, 
the first mission where the core aim was life detection. The results from these experiments were 
widely considered to be inconclusive (Biemann, 1979; Klein, 1979; Clark, 2018), but not without 
dissenting viewpoints (Levin et al., 2016). Similar missions with experiments based on Terran 
microbial metabolism knowledge have not been attempted since. The muddled outcomes revealed 
that better understanding of the signatures of metabolism was necessary, as well as better planning 
of in situ science experiments on other planets, especially considering the unknown geochemical 
variables that could impact the reliability of the signals. 

The steps necessary to develop or implement any universal biosignature detection technologies 
for targeted missions need to be established as a result of concerted transdisciplinary efforts. 
This should include discussions among fields such as instrument development, systems engineering, 
and mission development; but also astrobiology, in which critical formalization of high-level science 
objectives and measurement objectives can be made. Thus, we urge NASA to support and foster the 
community in this endeavor to establish a stronger partnership between instrument scientists and 
astrobiologists, not only during the conceptualization, planning, or development stage, but also the 
operations stage.

(3)  Current implementable proposed universal biosignatures
Recent efforts to look for general features of life have yielded potential actionable universal 
biosignatures of promise. Notably, recent work has proposed to make use of high heritage 
instruments such as mass spectrometers (MS) in order to look at the complexity of molecular 
structures within a sample (by proxy of fragmentation patterns observed in the spectra). This 
research is based on the hypothesis that only specific stepwise reactions would yield the kinds of 
complex molecules seen in Terran biology, and as such, molecules beyond a certain threshold of 
complexity are more likely to be a product of metabolic reaction networks than a product of their 
abiotic environment (Marshall et al., 2017). Additionally, it has been proposed to make use of  our 
knowledge of the relative abundances of compounds in samples analyzed, based on the hypothesis 
that living systems and abiotic systems will produce different distributions of compounds (Dorn et 
al., 2011), which can be obtained via MS. Another proposed universal biosignature that makes use 
of MS is the detection (and identification) of heteropolymers3. Heteropolymers hold a central role 
in Terran biology due to their ability to expand the functional chemical space, and their ability to 
store information in their sequences (information that can be accessed by the biological system, 
copied, propagated and mutated, allowing for evolution) (Hoehler et al., 2020). Thus, the detection 
of such polymers beyond Earth, regardless of the specific chemistry, has been argued as a potentially 
detectable universal biosignature (NASEM, 2018, Chou et al., 2020). Searches for these proposed 
universal biosignatures are implementable in current and future missions. 
3 Heteropolymer: a polymer consisting of two or more monomers
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C.  Recommendations for enhancing robustness of life detection
Our goals are to make any life detection research or mission more inclusive to different forms 
of life, as well as making it more robust in order to strengthen our confidence in the event of life 
detection. To achieve these goals, we strongly recommend that NASA establish rigorous guidelines 
for instrument selection criteria and science measurement requirements that are informed by the 
following:

(1) A comprehensive reference sample set that contains materials spanning the spectrum from 
inorganic substances that are not generally associated with life (abiotic) to unambiguously 
biological material (biotic), and materials between them such as abiotic organic samples and 
degraded biological material (Conrad and Nealson, 2001). Selection of biotic and abiotic 
materials with different preservation potential should also be incorporated, consistent with 
the recommendations of the National Academies of Sciences “Astrobiology Science Strategy 
for the Search for Life in the Universe” (NASEM, 2018). This sample set serves as a “testbed” 
for interrogating potential universal biosignatures proposed through theoretical work, as well 
as for extrapolating potential universal biosignatures by extracting distinguishable features 
between biotic and abiotic samples (Section B.1). This sample set should be collectively studied 
across wide ranges of disciplines where measurements on multiple instrument platforms 
are obtained, and the data generated from such efforts should be sharable and accessible 
across institutions. These data should help continuously refine instrument selection criteria 
and possibly even inform mission selection criteria in order to maximize the chances of life 
detection beyond Earth. Finally, having an expansive and comprehensive dataset should also 
aid in the development of science autonomy applications (i.e., machine learning and artificial 
intelligence) that could be implemented in space, especially if critical autonomous decision-
making is needed to enhance science return (Theiling et al., 2020). 

(2) A checks-and-balances approach between scientific measurements that increases the 
definitiveness of potential biosignatures and decreases the likelihood of false positive or false 
negative interpretations. This recommendation stems from the argument that definitive life 
detection requires multiple lines of observations and that no single measurement is adequate 
to fully confirm biogenicity, in line with standard practices in other scientific disciplines. 
Therefore, we recommend that instruments be selected for life detection missions as 
suites or collective units rather than as stand-alone tools designed for specific and narrow 
measurements. Strong evidence is supported by multiple lines of measurements made on 
samples across scales (i.e., molecular, microscopic, or macroscopic) and time, within an 
integrated environmental, geological, and chronostratigraphical context (Steele et al., 2016). 
Any interpretation of biogenicity needs to be considered in the context of complementary 
background information (chemical, isotopic, mineralogical, physical) and thus payloads need 
to be capable of characterizing the framing environment so that the novelty of an observation 
can be confirmed (NASEM, 2018). We recommend using a Bayesian approach to help identify 
which suites of complementary methods should be used to impart higher confidence in the 
evidence perceived, thereby quantifying the likelihood that life was detected (NASEM, 2018). 
This approach could also help assign probabilities to more convoluted signals from ambiguous 
cases such as old life, degraded life, products of life (e.g. viruses), early life, and gray cases just 
preceding the emergence of life.
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(3) An increase in knowledge on potential contaminating signals not native to the sample being 
measured. These signals could stem from a myriad of sources, such as events (e.g., pre-flight 
handling, exposure to contaminants during flight or landing, etc), pathways (e.g., processes 
within the instrument that can lead to accumulation of certain compounds over time, space 
conditions leading to significant changes to the instrument, deterioration of instrument 
detection capabilities) or materials (e.g., parts within the instrument, including chromatography 
columns, derivatizing agents, etc, that can appear in the measurement). Some practices are 
often discussed in the context of possible (Terran) biological contamination as it pertains to 
space exploration (notably Planetary Protection practices, Rummel, 2019), however standard 
control measures should be put in place to address physical and chemical contamination, 
as discussed in Dworkin et al. (2018). This includes cataloging all possible contamination 
sources (chemical, physical, or biological) that could “cast a shadow” on the definitiveness of a 
signal. Additionally, universal biosignature methods could be applied to protocols for tracing 
contaminations on spacecraft before flight.  Not only would these methods help capture signals 
that could convolute measurements, but they can also help account for contamination from 
potentially unrecognized Terran life or byproducts of life. These recommendations require a 
community effort to address the limitations and challenges associated with modern pre-flight 
contamination control and can be applied to any mission.

Conclusion:
As we broaden our exploration endeavors further into the solar system, the likelihood of 
encountering familiar life diminishes. Therefore, it is vital to expand the scope of life detection 
strategies to include universal biosignatures. We recommend focusing on research into universal 
features of life that can inform measurement requirements and guide data analysis and instrument 
selection, while accelerating the development of life detection technologies suitable for a more 
comprehensive search strategy. Strong and sustained support of R&A and technology development 
in the area of universal biosignatures and life detection is essential to achieving these goals. A 
universal approach to life detection will significantly diminish the potential for false negative results 
that could arise from constraining our search to ‘life as we know it’, and thereby would enhance 
NASA’s efforts to seek for evidence of life beyond Earth. 
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