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Abstract

Lipids are a geologically robust class of organics ubiquitous to life as we know it. Lipid-like soluble organics
are synthesized abiotically and have been identified in carbonaceous meteorites and on Mars. Ascertaining the
origin of lipids on Mars would be a profound astrobiological achievement. We enumerate origin-diagnostic
features and patterns in two acyclic lipid classes, fatty acids (i.e., carboxylic acids) and acyclic hydrocarbons,
by collecting and analyzing molecular data reported in over 1500 samples from previously published studies of
terrestrial and meteoritic organics. We identify 27 combined (15 for fatty acids, 12 for acyclic hydrocarbons)
molecular patterns and structural features that can aid in distinguishing biotic from abiotic synthesis. Principal
component analysis (PCA) demonstrates that multivariate analyses of molecular features (16 for fatty acids, 14
for acyclic hydrocarbons) can potentially indicate sample origin. Terrestrial lipids are dominated by longer
straight-chain molecules (C4-Cs,4 fatty acids, C14-Cy¢ acyclic hydrocarbons), with predominance for specific
branched and unsaturated isomers. Lipid-like meteoritic soluble organics are shorter, with random configura-
tions. Organic solvent-extraction techniques are most commonly reported, motivating the design of our novel
instrument, the Extractor for Chemical Analysis of Lipid Biomarkers in Regolith (ExCALiBR), which extracts
lipids while preserving origin-diagnostic features that can indicate biogenicity. Key Words: Fatty acid—
Lipid—Hydrocarbon—Mars analog—Biomarker—Carbonaceous chondrite. Astrobiology 24, 1-35.

1. Introduction processes, identifying evidence for life, or its absence, is

contingent upon the ability not only to detect organics but

IN THE SEARCH for life beyond Earth, molecular bio-
signatures can provide compelling evidence for ancient or
extant life. Molecular biosignatures include biogenic organic
compounds produced by life and subsequently preserved in
the rock record, serving as ‘‘molecular fossils” of the or-
ganisms from which they originated. However, since organic
molecules are synthesized through both biotic and abiotic

also to diagnose their origin, using information contained
within individual molecular structures and overall distribu-
tions within a sample. These origin-diagnostic features and
patterns can indicate whether the organics in question were
likely to have been synthesized biotically versus abiotically—
a potential key to determining whether life arose on other
bodies in the Solar System.
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This molecular biosignature-based approach to life de-
tection was first proposed in 1965 by James Lovelock, who
posited that physical parameters within sets of organic
molecules can indicate a biotic origin if they differ from
those observed in abiotic scenarios or expected within
thermodynamic constraints (Lovelock, 1965). Specifically,
evidence for order and/or evidence for non-equilibrium
chemistry can signal life. This framework, which formed the
basis for organics-focused life-detection experiments in
subsequent decades, is frequently cited as a key method for
astrobiologists (Dorn et al., 2011; Georgiou and Deamer,
2014) leveraged by numerous current missions to Mars (e.g.,
the Curiosity and Perseverance rovers), and recommended
by the Decadal Survey for astrobiology missions prioritized
in the coming decade (e.g., Enceladus flyby and Orbilander,
Mars Life Explorer, ExoMars, Europa lander) (National
Academies of Sciences, Engineering, and Medicine, 2022).
Lovelock’s approach is supported by tens of thousands of
biomarker analyses on Earth, where organic biogeochemists
utilize known molecular structures to track evolution, eco-
system dynamics, environmental change, and diagenesis re-
corded in organics preserved in geologic samples (Brocks
et al., 2005; Brocks and Schaeffer, 2008; Lee and Brocks,
2011; Vinnichenko et al., 2020). The results of these analyses
demonstrate that life has evolved mechanisms to preferen-
tially synthesize molecules that support cell structures, drive
metabolic processes, and pass genetic information.

The same properties and approaches can be key tools for
astrobiologists to apply to samples from other Solar System
bodies (Georgiou and Deamer, 2014; Mifibach et al., 2018).
With pattern-based analyses of geologically preserved or-
ganics, identifying whole cells or complex biomolecules (e.g.,
DNA, proteins, carbohydrates, membrane lipids) unique to
Terran organisms is not a requirement for detecting extrater-
restrial life. Instead, distributions of the monomers (e.g., nu-
cleobases, amino acids, sugar derivatives, carboxylic acids,
hydrocarbons) that make up those larger structures can pro-
vide origin-diagnostic information indicating whether life
exists or existed on another planet (McCollom et al, 1999;
Dorn et al., 2011; MiBbach et al., 2018). Critically, some of
these building blocks of life, namely lipids, are both geolog-
ically recalcitrant (e.g., Peters and Moldowan, 1993; Brocks
and Schaeffer, 2008; Eigenbrode, 2008; Lee and Brocks,
2011) and amenable to detection with analytical methods
utilized for characterizing extraterrestrial organics both in situ
and with returned sample analysis (e.g., mass spectrometry-
based) (e.g., Mahaffy et al., 2012; Martins, 2020). Few mol-
ecule classes fulfill all these criteria, but one class that does is
acyclic lipids.

Broadly defined, lipids are a diverse class of organic
molecules that are soluble in organic solvents (IUPAC, n.d.;
Ratnayake and Galli, 2009; Summons et al, 2022). On
Earth, a large diversity of lipids are biosynthesized and
fulfill life-enabling functions by building the cell mem-
branes that are universal to life as we know it (Summons
et al., 2008; Georgiou and Deamer, 2014). The lipid central
cores of bacterial and eukaryotic cell membranes are made
up of ester-linked monocarboxylic acids, i.e., fatty acids,
while archaeal membranes comprise ether-linked acyclic
isoprenoids, i.e., hydrocarbon chains composed of 2-methyl-
1,3-butadiene (isoprene) units (Fig. 1). Although “‘lipid”
traditionally refers to biosynthesized molecules, we leverage
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the term to describe soluble hydrocarbons of both biotic and
abiotic origin, since the same classes of molecules (e.g.,
carboxylic acids and hydrocarbons described in this paper)
are synthesized both biogenically and abiogenically and are
found in carbonaceous meteorites. Similarly, while ‘“‘fatty
acid” traditionally refers to biosynthesized longer-chained
(e.g., Ci4 or longer) monocarboxylic acids, we refer to
monocarboxylic acids of any chain length (e.g., C; and
longer) by this term for simplicity’s sake in this paper.
However, we note that there seems to be no commonly used
or universal term to describe a group of molecules that are
capable of forming cell membranes. ‘“‘Soluble organics’ is
an operational definition but lacks the specificity of the term
“lipid,”” which includes membrane-forming molecules (e.g.,
carboxylic acids, aliphatic hydrocarbons, polycyclic tri-
terpenoids, alcohols, etc.), but excludes other organics (e.g.,
amino acids, nucleic acids, and sugar derivatives) that may
be partially soluble in organic solvents but fulfill different
biological functions (e.g., proteins, DNA, and carbohy-
drates, respectively).

In cells, hydrophobic lipids are linked to various polar mol-
ecules forming a hydrophilic surface, and the resulting amphi-
philic structures segregate functional biological material from
the external environment (Sapers et al., 2019). Simple acyclic
lipids (e.g., monocarboxylic acids and hydrocarbons) also form
abiotically and are capable of self-assembling into functional
types of primitive ‘““membranes’’ that may have provided some
of the materials that helped facilitate the transition from prebi-
otic chemistry to biochemistry on Earth (Deamer, 1985; Dea-
mer and Pashley, 1989; Dworkin et al., 2001; Segré et al., 2001,
Apel et al., 2002; Deamer et al., 2002), particularly during early
stages of the Solar System’s formation, when meteoritic and
cometary impacts were significantly more frequent (Chyba and
Sagan, 1992; Pizzarello and Shock, 2017). Shorter-chain (<C,,
fatty acids, <Cjsq acyclic hydrocarbons), lipid-like hydrocarbons
are the most abundant soluble organics found in carbonaceous
meteorites and other infalling extraterrestrial extraterrestrial
materials. Short-chain fatty acids, n-alkanes and alkenes, and
branched alkanes make up well over half of the soluble fraction
of organic carbon in carbonaceous chondrites, where soluble
molecules comprise up to 25% of the total organic carbon
(TOC) contained in such meteorites (Pizzarello, 2006; Sephton,
2006; Remusat, 2014). The remaining organic carbon is bound
in insoluble organic macromolecules (IOM), consisting of
smaller molecules and fragments bound in a complex network,
structurally similar to terrestrial kerogen (e.g., Remusat et al.,
2007; Pizzarello et al., 2013; Alexander et al., 2017).

In addition to biological importance, lipid-derived hy-
drocarbons are geologically robust and can persist in the
terrestrial rock record for billions of years, which is orders
of magnitude longer than other molecular biomarkers, in-
cluding information-coding biopolymers (e.g., DNA, RNA),
amino acid enantiomeric excesses, and macromolecules
(e.g., proteins, sugars, pigments) (Peters and Moldowan,
1993; Brocks and Schaeffer, 2008; Lee and Brocks, 2011).
Extremely arid conditions, like those on Mars over the
last ~3.7 billion years (Gya), are expected to enhance
preservation of diagnostic structural features of biogenic
origin (Wilhelm et al., 2017), especially in the absence of
metamorphism and significant geothermal heating associ-
ated with burial, which is largely responsible for post-
deposition alteration of organics on Earth (Peters and
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FIG. 1. Visual representation of common features and structures, along with common conformations reported in the

literature, for biotic fatty acids, abiotic fatty acids, biotic acyclic hydrocarbons, and abiotic acyclic hydrocarbons. A straight
chain fatty acid contains no branches or double bonds; a polyunsaturated fatty acid contains more than one double bond; a
branched fatty acid contains one or more side chains made of linked carbon and hydrogen atoms that extend off the main
chain of the molecule; an isoprenoid fatty acid is made up of linked isoprene (i.e., 2-methyl-1,3-butadiene) units with a
carboxyl group at one end of the molecule; a cyclopropyl fatty acid contains a cyclopropyl group within the main chain of
the molecule. Molecular feature descriptors and nomenclature for acyclic hydrocarbons are similar to fatty acid schemes,
although these molecules lack a carboxyl head group. An n-alkane is straight-chained with no branches or unsaturations, an
alkane is straight-chained with no unsaturations (but may contain one or more branches), and an alkene is straight-chained
with one or more unsaturations. Acyclic hydrocarbons with a single methyl branch at the 2-carbon position within the main
chain are colloquially termed isoalkanes (e.g., iso-C4.¢), since these molecules are thought to originate from -iso branched
fatty acids that have undergone decarboxylation. Isoprenoids are made up of repeating isoprene (i.e., 2-methyl-1,3-
butadiene) units linked in various conformations. Highly branched isoprenoids display complex structures, which are often
unresolved or resolved with low confidence via GC-MS analyses.

Moldowan, 1993). The geologic longevity of lipid hydro-
carbon cores is on the same order as the age of the >3 Gy
sediments laid down during the most habitable surface
conditions on Mars (Summons and Walter, 1990; Brocks
et al., 2003; Brocks and Schaeffer, 2008; Lee and Brocks,
2011; Summons et al., 2022), making these structures some
of the most probable preserved and accessible indicators of
past life (Dorn et al., 2011; Georgiou and Deamer, 2014).

Biotic lipid structures and patterns linked to synthesis are
well known within terrestrial context, and lipid-like hydro-
carbons in meteorites are also well characterized. For ex-
ample, terrestrial biology synthesizes fatty acids via the
addition of 2-carbon groups (e.g., Brindley et al, 1969;
McCarthy and Hardie 1984). In contrast, abiotic mecha-
nisms add single carbons at a time through Fischer Tropsch—
type (FTT) synthesis (McCollom et al., 1999; Rushdi and
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Simoneit, 2001) or molecule-radical-ion reactions during
energetic processing of ices (Bernstein et al., 1995, 2001;
Dworkin et al., 2001; Sandford et al., 2020). A predomi-
nance for “‘even over odd”’ chain lengths is an oft-cited lipid
distribution of astrobiological interest (Lovelock, 1965;
Dorn et al., 2011; MiBlbach et al., 2018). However, acyclic
lipids possess additional molecular features, including the
number of carbon atoms, the presence or absence of double
bonds, cyclization, and branching structures and configura-
tions, which also provide insights into their origin. Criti-
cally, each of these individual structural elements can be
found in both biotic and abiotic molecules, but patterns in
presence, frequency, and positions differ (Georgiou and
Deamer, 2014; Summons et al, 2022). Consequently, a
single lipid sample can potentially hold multiple lines of
evidence for biogenicity or abiogenicity, in the case that
multiple origin-diagnostic patterns in distributions of these
features are observed within the same sample.

To build upon Lovelock’s pattern-based approach to life
detection, we have conducted an analytical review of data
reported in the literature to better constrain distributions of
naturally synthesized biotic and abiotic acyclic lipids, ex-
pand the breadth of known molecular patterns that may
indicate the presence of life or its absence, and build a
quantitative framework to support lipid-based analyses on
astrobiology missions. The goal of this study is not to
identify new biomarkers or quantify every molecule present
within natural lipid samples, but rather to characterize broad
trends, predominances, and endmembers to constrain the
types of features, molecular ranges, and patterns in distri-
butions most likely to indicate biogenicity within samples
on Earth. To do this, we collected published data on natu-
rally synthesized lipids found in natural samples of varying
age, input sources, and diagenetic histories from terrestrial
(i.e., biotic synthesis) and meteoritic (i.e., abiotic synthesis)
sources, collected data from 220 of these studies (references
listed in the Supplementary Information), and performed
numerical analyses on the datasets we created to identify
potential biomarker signatures.

We enumerate multiple origin-diagnostic patterns in the
distributions of certain molecular features (i.e., carbon chain
length, double bonds, branching) that can constrain their
origin as biotic or abiotic for two major types of lipids: fatty
acids and acyclic hydrocarbons. Our results expand the
utility of Lovelock’s physical approach to biomarker ana-
lyses, revealing a greater number of origin-diagnostic mo-
lecular features and patterns in distributions of fatty acids
and acyclic hydrocarbons that are broadly observed on Earth
and in meteorites and can be exploited in the search for life
beyond.

2. Methods
2.1. Data collection

Molecular data on the identities and distributions of fatty
acids and/or acyclic hydrocarbons as reported in each of the
220 studies were manually documented, used to populate
four separate datasets (biogenic fatty acids, abiogenic fatty
acids, biogenic hydrocarbons, abiogenic hydrocarbons), and
then analyzed with supervised numerical and unsupervised
statistical methods to elucidate patterns indicating biogeni-
city or abiogenicity. Each reviewed study included data
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from one or more unique lipid samples or sets of lipids
extracted from an individual geological specimen or water
sample. Although some papers reported abundances of both
fatty acids and acyclic hydrocarbons, each class was ana-
lyzed independently. For each lipid sample, data were
cataloged pertaining to three categories of molecular fea-
tures: chain length, unsaturations, and branching. Experi-
mental techniques used to extract and analyze lipids were
also collated (Fig. S1).

For terrestrial samples, we selected an astrobiologically-
relevant subset of studies from the literature on organic
geochemical analyses of fatty acids and acyclic hydrocar-
bons, with a focus on Mars analog environments primarily
dominated by prokaryotic (i.e., single-celled) input. Several
culture studies (22 studies with 208 individual samples)
were also included, as they are free of input from higher
plants and other multicellular organisms. Culture and geo-
logic samples were first analyzed independently, then to-
gether, and we identified no significant differences in
distributions between the two types of samples, except that
older samples generally contain fewer unsaturated species, a
known consequence of diagenesis (Peters and Moldowan,
1993; Canuel and Martens, 1996; Colombo et al., 1997,
Eigenbrode, 2008). The selected biotic studies are a repre-
sentative cross section of the literature. For each terrestrial
study, a subset with a maximum of 57 samples from any
single study was included so as not to bias the dataset.
Subsets were either selected at random if data presented in a
paper was numerically similar and from similar sample
substrate, based on endmembers to show spread of the data
presented if there was greater diversity substrate/soil hori-
zon/sample type (e.g., top, middle, and bottom of geologic
core sections), or chosen to encompass greatest diversity in
environments (e.g., individual samples from representative
samples within different sites).

Meteorite sample data was collected from studies of
carbonaceous chondrite that quantitatively report on mo-
lecular abundances and distributions of indigenous fatty
acids (i.e., monocarboxylic acids) and/or acyclic hydrocar-
bons and molecular features (e.g., chain length, unsatura-
tions, branching), using only studies where the researchers
could exclude terrestrial contamination based on analytical
measurements, such as isotopic analyses, blanks and witness
plates, extraction of exterior portions and protection of
interior portions, and so on (Table 1). There exist fewer
studies on meteoritic lipids compared to terrestrial, and to
the best of our knowledge our dataset encompasses all peer-
reviewed publications on carbonaceous chondrite—sourced
carboxylic acids and acyclic hydrocarbons to date that
match these criteria. All samples reported in each study
were included in our analysis, except for isolated cases
where the study reported the presence of contamination in
individual samples (e.g., on exterior exposed portions of the
meteorite). For every lipid sample, three categories of rel-
evant data were collected and recorded: (1) sample param-
eters, (2) sample processing techniques, and (3) molecular
information (Table 1).

2.1.1. Lipid nomenclature. Lipid nomenclature follows
standard schemes designated by IUPAC (IUPAC, n.d.). For
fatty acids, molecules are identified by the number of car-
bons in the main chain of the molecule, along with the
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TABLE 1. NUMBER OF PAPERS AND ASSOCIATED INDIVIDUAL SAMPLES
FROM PEER-REVIEWED PUBLICATIONS USED IN THIS STUDY

Number of
references Number of samples
Fatty acids/Monocarboxylic acids Terrestrial (biotic) 114 893
Meteoritic (abiotic) 22 58
Acyclic hydrocarbons Terrestrial (biotic) 100 592
Meteoritic (abiotic) 14 31

number of double bonds between carbon atoms within that
chain, branch position and length, and cyclopropyl groups
(Fig. 1). Carbons are counted from the carboxyl group. A
straight-chain fatty acid contains no branches or double
bonds; a polyunsaturated fatty acid contains more than one
double bond; a branched fatty acid contains one or more
side chains made of linked carbon and hydrogen atoms that
extend off the main chain of the molecule; an isoprenoid
fatty acid is made up of linked isoprene units with a car-
boxyl group at one end of the molecule; a cyclopropyl fatty
acid contains a cyclopropyl group within the main chain of
the molecule.

Fatty acid nomenclature is as follows. C,., denotes a fatty
acid by chain length and bonding, where x =the number of
carbons in the main chain of the molecule and y=the
number of double bonds within that chain; the positions of
those double bonds may be indicated by either a delta (A) or
omega (®) counting scheme (e.g., Cx2.6a4.7.10.13.16,19), Where
delta indicates the positions of unsaturations as counted
from the carboxyl end, while omega indicates the positions
of unsaturations as counted from the opposite terminal end
(IUPAC, n.d.). Branch length and position is also noted,
where Me indicates methyl branching (i.e., one -CHj group
extending off the main chain), DiMe indicates dimethyl
branching (i.e., two -CHj groups that extend off the main
chain), and Et indicates ethyl branching (i.e., a -C,Hs group
extending off the main chain). An iso prefix (e.g., is0-C¢.0)
denotes a single methyl branch positioned at the penultimate
carbon opposite the carboxyl end of the molecule, and an
anteiso prefix (e.g., anteiso-Cg.;) denotes a single methyl
branch positioned at the antepenultimate carbon opposite the
carboxyl.

Molecular feature descriptors and nomenclature for
acyclic hydrocarbons are similar to fatty acid schemes,
where molecules are named and grouped based on the
number of carbons in the main chain, unsaturations be-
tween carbon bonding, and branching (e.g., a C7.¢ acyclic
hydrocarbon contains 17 carbons in the main chain and no
unsaturations) (Fig. 1). An n-alkane is straight-chained
with no branches or unsaturations, an alkane is straight-
chained with no unsaturations (but may contain one or
more branches), and an alkene is straight-chained with one
or more unsaturations. Acyclic hydrocarbons with a single
methyl branch at the 2-carbon position within the main
chain are colloquially termed isoalkanes (e.g., iso-Cj4.9),
since these molecules are thought to originate from -iso
branched fatty acids that have undergone decarboxylation.
Isoprenoids are an important subclass of acyclic hydro-
carbons and are made up of repeating isoprene (i.e.,

2-methyl-1,3-butadiene) units linked in various conforma-
tions. Highly branched isoprenoids (HBIs) display complex
structures, which are often unresolved or resolved with
low confidence via gas chromatography—mass spectrometry
(GC-MS) analyses.

2.2. Sample parameters

Biotic samples span a range of terrestrial settings across
the globe (Fig. S2) and are binned into broad categories
based on environment, general lithology, and major input
source (Figs. S3a, S4a). Samples of various ages were in-
cluded, with a focus on older specimens. Fatty acid sample
ages span the Devonian period (~420 Mya) to present,
while acyclic hydrocarbons span the Precambrian supereon
(~4 Gya) to present (Figs. S3b, S4b), recognizing that some
reported ages may refer to the geologic unit and that mi-
crobial overprint may contribute younger organics. Abiotic
lipid sample data was collected from studies on carbona-
ceous chondrites that report the detection of fatty acids and/
or acyclic hydrocarbons (Fig. S5). Since meteorites repre-
sent materials formed during the early stages of Solar Sys-
tem formation, around 4.6 Gya (Pizzarello, 2006; Sephton,
2006), ages for these samples were not included, although
group, petrographic type, and specific meteorite were cata-
loged.

2.2.1. Terrestrial sample parameters.

- Geographical location (latitude/longitude);

- Age (if reported);

- Broad category pertaining to environment. See Fig. S4
for detailed category descriptions.

2.2.2. Meteorite sample parameters.

- Group and petrographic type;
- Individual specimen.

2.3. Sample processing techniques

Experimental protocols used to process samples were re-
corded, including the extraction technique used to isolate
lipids and the analytical method used to characterize molec-
ular structures. These methods are characterized according to:

- Lipid extraction technique (e.g., modified Bligh and
Dyer, Soxhlet, pyrolysis, solid-phase micro-extraction
[SPME], etc.) (Appendix 2);
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- Solvent cocktail (i.e., composition and ratio) when ap-
plicable;

- Analytical method (e.g., GC-MS, GC-FID, etc.) used to
identify and quantify lipids within a given sample
(Appendix 3).

2.4. Molecular information

For each sample, data were collected pertaining to (1)
carbon chain length, (2) unsaturations, and (3) branching,
then used to populate spreadsheets for analyses. Information
was recorded on the presence, relative abundance, fre-
quency, and position of each feature within the lipid sample,
as explicitly reported by authors. Not all features or pa-
rameters are present or reported in all samples; when fea-
tures are not present or parameters are not explicitly
reported, they were excluded from the spreadsheets we
generated (marked with “0”” or “‘n.a.”” as appropriate) and
calculations we performed. Since our review focuses on
monocarboxylic acids and acyclic hydrocarbons only, any
other lipid classes (e.g., hydroxy acids, dicarboxylic acids,
polycyclic hydrocarbons) reported in the studies reviewed
were excluded from our analysis. Conformations only ob-
served in biogenic samples (cyclopropyl groups and iso-
prenoids for fatty acids, isoprenoids for acyclic
hydrocarbons) were also identified. From a physical per-
spective, isoprenoids are branched molecules, so these
molecules and their structural features (e.g., chain length,
number and position of branches, etc.) were additionally
cataloged under the ‘“‘branching’ category.

2.4.1. Chain length parameters.

- Minimum and maximum chain lengths (i.e., the shortest
and longest molecules identified within a set of lipids
found within a natural or environmental sample);

- Statistical distribution of the chain lengths (if explicitly
reported by the researchers, e.g., Poisson, unimodal,
bimodal);

- Even or odd predominance of carbon atom number;

- Identity of the most abundant and second most abun-
dant molecules.

2.4.2. Unsaturation parameters provide details regarding
multiple carbon—carbon bonds.

- Presence or absence of unsaturated molecules;

- Number of unique unsaturated molecules (each isomer
counted as a unique molecule);

- Maximum number of double bonds found in a single
molecule;

- Identity of the most abundant unsaturated molecule pres-
ent within the sample (e.g., Cy3.1, Ci6:2, Ca0.6, €tc.). Double
bond position was not recorded, as determining this in-
formation requires additional chemical processing or de-
rivatization steps during sample preparation and was not
conducted or reported for many of the studies reviewed.

2.4.3. Branching parameters summarize the extent and
nature of structural branches.

- Number of unique branched molecules (each isomer
counted as a unique molecule);
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- Minimum and maximum chain lengths (i.e., number of
carbon atoms in the main chain) of molecules that
contain branches;

- Minimum and maximum number of branches present in
any single molecule;

- Length (e.g., number of carbon atoms) of the shortest
and longest branches present in any single molecule;

- Range of positions within the main chain where branch-
ing points occur (i.e., the first and last carbon atoms with a
branching point for any of the molecules in the sample);

- Identity of the most abundant branched molecule present
within a sample (main chain length and branch length/
position, e.g., iso, anteiso, 9-methyl, isoprenoid, etc.).

2.4.4. Acyclic hydrocarbon parameters specify.

- Presence of homologous series (e.g., iso, anteiso,
monomethyl alkanes);

- Presence of unresolved complex mixtures (UCMs), i.e.,
mixtures of hydrocarbons that cannot not be identified
on an individual basis because structural similarity and
numerous individual isomers precludes separation.

2.4.5. Biological acyclic hydrocarbon (isoprenoid) param-
eters tabulate.

- Total number of unique isoprenoids;

- Minimum and maximum number of carbon atoms (i.e.,
fewest and greatest number of carbon atoms present in
any isoprenoid);

- Identity of the single most abundant isoprenoid.

2.5. Principal component analysis

Principal component analysis (PCA) is a statistical tech-
nique used to identify patterns in high-dimensional data and
reduce its complexity by transforming it into a lower-
dimensional space, by selecting certain features of the data
and combining them in a specific way to create new
““principal components.”” These new principal components
are created using the eigenvectors and eigenvalues of the
covariance matrix of the original data. Eigenvectors show
the directions of maximum variance in the data, and the
eigenvalues show the amount of variance in those direc-
tions. PCA is often used as a preprocessing step for other
machine learning algorithms, as it can help reduce the data’s
dimensionality and complexity while preserving as much of
the underlying structure as possible. The versatility and in-
terpretability of PCA have been well documented and
shown to be effective in various fields (Jolliffe and Cadima,
2016). However, PCA is sensitive to outliers, which can
have a significant impact on the results of the analysis.
Outliers can affect the direction of the principal components
and the amount of variance captured by each component,
leading to a disproportionate influence on the results of the
PCA. To ensure reliable and meaningful results, it is gen-
erally good practice to identify and handle outliers before
running PCA. In our case, we omitted samples with missing
features when concatenating the biotic and abiotic fatty acid
datasets. Our resulting dataset comprises 381 biotic and 31
abiotic samples with 16 features (Table S1), which is a
subset of the features that were analyzed individually.
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To validate that the identified molecules and their struc-
tural qualities indicate biogenicity or abiogenicity, we ap-
plied the k-means clustering algorithm (Lloyd, 1982) over
the PCA-reduced data. The k-means clustering algorithm is
an unsupervised learning approach that groups unlabeled
data into sets of clusters, k, based on their degree of simi-
larity. Clusters are iteratively formed by minimizing the sum
of the distance of points from their respective cluster cen-
troid. From visual inspection, we determined a k value of
two and applied k-means over the subspace of the top two
PCs (which account for the highest variance in the dataset).

Given that our hydrocarbon dataset contains a mixture of
quantitative and qualitative values, we additionally required
a metric with the ability to measure the similarities between
datasets consisting of numerical, categorical, and text data.
To this end, we relied on the Gower distance metric, which
measures the similarities of two records that have numeric
and non-numeric entries (Gower, 1971). The resulting dis-
similarity matrix produced by the Gower can then be di-
mensionally reduced with PCA and/or clustered with
k-means.

The Gower similarity matrix Dgower 1S calculated as
the average score taken over all possible comparisons of
features,

Dgower (XI,XZ) =1- (l i Sj(xl’x2)>

Pi=1

where p are the features for two observations x;= (x;i,...,X;,)
and x;=(x;;,...,X;,), and the score s;j(x;,x) is the partial
similarity function defined as s;; € [0,1] for each descriptor.
If a feature k is comparable for x; and x;, then a score of
positive fraction or one is assigned (s;x=1), and a score of
zero if they are dissimilar (s;;=0). Whether features are
comparable depends on the type of feature k and is re-
presented by the quantity J,;, where 6, is equal to 1 when a
feature k can be compared for x; and x;, and zero otherwise.

The scores s can be determined for three feature types:
qualitative, quantitative, and dichotomous characters. For
quantitative values, s is determined as

=1 — Pl
Ry

where R;. is the range of feature £ and can be the total range
of the population or sample. For qualitative values, s; ;=1 if
feature k of the two observations x; and x; agree and ;=0 if
they differ. A third feature is dichotomous characters which
refer to missing k features in the dataset; since these ob-
servations are removed during preprocessing, their calcula-
tions are omitted. Our resulting dataset comprises 14
features (Table S2), which is a subset of the features that
were analyzed individually.

3. Results

Analysis of data reported for 1574 unique samples in total
from 220 peer-reviewed studies reveals 15 potential origin-
diagnostic patterns in distributions of molecular features for
fatty acids and 12 for acyclic hydrocarbons, where patterns
pertain to chain length, unsaturations, and branching.

7

Individual molecules that possess uniquely biogenic con-
formations (e.g., isoprenoids, cyclopropyl fatty acids) are
identified, along with a list of each individual fatty acid and
acyclic hydrocarbon reported in the dataset. Trends in
sample processing techniques and analytical methods used
to characterize lipid molecules and distributions are also
recorded.

3.1. Fatty acids

3.1.1. Trends and patterns in fatty acid distribu-
tions. Fatty acids extracted from terrestrial (893 samples)
and meteoritic (58 samples) specimens (Table 1) display
trends in (1) chain length range and distribution; (2) pres-
ence, frequency, and degree of unsaturations; and (3) length,
frequency, and positions of branches in chains (Fig. 1) that
can link to either biotic or abiotic origins (Figs. 2—-6, S6-S8).

3.1.2. Fatty acid chain length distributions. The terres-
trial samples in our dataset include fatty acids with main
chain lengths that range from 4 to 34 carbon atoms (Cy4 to
Cs34). The shortest fatty acid in each sample ranges from C4
to Cyp, with Cy4 being the most frequent minimum length
(44% [391/893] of samples). The longest fatty acid in each
of these samples ranges from C;q to Cs4, with C;g being the
most frequent maximum length (21% [188/893] of samples)
(Fig. 2). Predominance of either even or odd chain lengths
occurs for 279 terrestrial samples; almost all samples (278/
279) exhibit predominance of even chain lengths over odd
(Fig. S6), while only one sample exhibits odd chain length
predominance. While the data for the remaining 614 sam-
ples do not include even/odd predominance information, it
is important to note that a lack of reported information does
not necessarily imply a lack of predominance.

Meteoritic samples in our dataset include fatty acids with
main chain lengths that range from C; to Cy,. The shortest
fatty acid in each sample is either C; (47% [27/58] of
samples), C, (52% [30/58] of samples), or C3 (2% [1/58] of
samples). The longest fatty acid in these samples ranges
from C; to Cj,, with a maximum length of C;y occurring
most frequently (50% [29/58] of samples) (Fig. 2). No
abiotic samples report a chain length predominance
(Fig. S6).

3.1.3. Fatty acid chain lengths and chain configurations:
Most abundant fatty acid. In studies of terrestrial samples,
the most abundant fatty acid (i.e., the fatty acid with the
highest relative concentration compared to other fatty acids
within the same sample) contains between 4 and 28 carbon
atoms in the main chain; this information is reported for 863
of the 893 total samples in the dataset. The straight-chain,
saturated C¢. fatty acid is the most abundant molecule in
the majority of samples analyzed (54% [467/863] of sam-
ples) (Fig. 3a). The fatty acid with the second highest
abundance in each sample contains between 4 and 28 carbon
atoms in the main chain, as reported for 826 of the 893 total
samples in the dataset. The molecule with the second
highest abundance is Cy¢.9 in 21% (173/826) of the samples,
Cig.0 in 19% (158/826) of the samples, and C;g.; in 16%
(135/826) of the samples (Fig. 3b).

The configuration of the dominant fatty acid in terrestrial
studies is unbranched and saturated (with variable chain



Downloaded by NASA Ames Research Center from www.liebertpub.com at 01/19/24. For personal use only.

S ak - il T . ® Biotic

e T 119 * | 4 Abiotic

EI) 30 4 . ;o ® s+ @ .

c . c . s " o e Wi e Number of o . _

'® 25 o HE Samples FIG. 2. Minimum and maximum chain

S g mee g, @ ® 4 15 length of fatty acids found in each biotic (blue
. . . . s 9 o ® 4 30 . o e . .« .

o 5 | S < circles) and abiotic (orange triangles) lipid

g i @ eEa SEEEE el :g sample analyzed in this study. Minimum fatty

- . s s e s : : g acid chain length refers to the number of

£15 carbons in the shortest fatty acid chain, and

o ® A % . . .

w E . the maximum fatty acid chain length enu-

E07 .4 4 . merates the number of carbons in the longest

E 3 fatty acid chain. Symbol size scales with the

% 51 number of samples analyzed.

@ :

=

0

0 2 4 6 8 10 12 14 16 18 20
Minimum Fatty Acid Chain Length

a
400 -
w
@ 300 {
<%
EZOO‘ Biotic
© |
& 100
s 0 —_— =i =
» 30
[
0
£ 207
= Py
Abiotic
ZlD-l
Q2 Q9 9 Q@ 99 g9 9090 0@ aoddNnod0 o090 9Qdof §oo
- N M S N W O NS W 0N T O MY MW MO NN W N~NN~N®O C £
.—|.—|.—|.—|—|NNNN.—|.—|.—|.—;NH.—|.—|.—|—|'—|HN'§<"
6 L X2 oL p L 03
EU
~
. —
Most Abundant Fatty Acid
150 1
3
—CL].UU' Biotic
ESU-
v
Y —
o
j .
w
o
£ Abiotic
=]
Z lJ
== = = = = = = e B B B S B == = B L === R T - 4
AN Y 6B O NI O DO 0B 00O NV SO~ NG =
C VR RS- =
Nz 9 ©
™~
m o

Second Most Abundant Fatty Acid

FIG. 3. Most abundant (a) and second most abundant (b) fatty acids reported for each biotic (blue) and abiotic (orange)
sample, where X:Y (horizontal axis) refers to (X) the number of carbons in the main chain and (Y) the number of double
bonds between carbons within that main chain. Vertical axis is the number of samples. a- indicates anteiso branching, i-
indicates iso branching, Me denotes a methyl branch (preceding number refers to the position of that branch within the main
chain of the molecule), Et denotes an ethyl branch (preceding number is the position of the branch), br- refers to a branched
molecule with the branch length and position not specified, and cy- describes a cyclopropyl fatty acid. For clarity, for biotic
samples, the most abundant and second most abundant fatty acids having less than 3 occurrences were grouped and
displayed as “Other.”” “NA/NR” refers to samples where the most abundant or second most abundant fatty acid is not
reported. Due to axis scales, some of the lower abundance (i.e., 4-10 individual samples or counts) members of the
displayed dataset may be difficult to see and counted as ‘‘Other.”

8



Downloaded by NASA Ames Research Center from www.liebertpub.com at 01/19/24. For personal use only.

ORIGIN-DIAGNOSTIC DISTRIBUTIONS IN ACYCLIC LIPIDS

lengths) in 70% (608/863) of the samples, monounsaturated
in 17% (143/863), polyunsaturated with 2—6 double bonds in
7% (58/863), both iso branched and saturated in 3% (23/
863), anteiso branched in 1% (10/863), monomethyl bran-
ched in 1% (9/863), both iso branched and monounsaturated
in 0.7% (6/863), and cyclopropyl in 0.7% (6/863) (Fig. 3a).

For meteoritic studies, the most abundant fatty acid re-
ported in each sample contains between 1 and 6 carbon atoms
in the main chain and is most frequently C,.q in 57% (32/56)
of the samples, as studies for 2 of the 58 total samples do not
identify the dominant fatty acid. The second most abundant
fatty acid for these samples contains between 1 and 9 carbon
atoms in the main chain and is most frequently the Cs.q fatty
acid in 39% (22/56) of the samples (Fig. 3b).

The configuration of the dominant fatty acid in all abiotic
samples is straight-chained (i.e., non-branched) and satu-
rated (Fig. 3a). The second most abundant fatty acid in these
samples is straight-chained and saturated in 96% (54/56) of
the samples and branched in the remaining 4% (2/56) of
samples (Fig. 3b).

3.1.4. Distribution of unsaturated fatty acids. In biotic
studies, the presence of unsaturated fatty acids is reported in
77% (692/893) of the samples, while the remaining samples
contain only saturated species. Quantitative information on
the number, frequency, and degree of unsaturations are de-
tailed for 670 samples (Fig. 4). Approximately 37% (248/
670) of these samples contain monounsaturated fatty acids
only, while the remaining 63% (422/670) contain polyun-
saturated fatty acids with up to 6 double bonds in a single
chain (Fig. 4). The most abundant unsaturated fatty acid
(i.e., with the highest relative concentration compared to
other unsaturated fatty acids within the sample) is a
monounsaturated C,g.; in 47% (318/670) of the samples and
Cie:1 in 28% (185/670) (Fig. S7).

Unsaturated fatty acids are infrequently identified in
meteoritic studies; within the dataset, only 2 of 58 samples
are reported to contain fatty acids with double bonds. Both
these samples are from the Tagish Lake meteorite (Herd
et al., 2011; Hilts et al., 2014), and both samples contain the
same two monounsaturated C,.; fatty acid isomers (cis-Cy.;
and trans-Cy4.1) each (Figs. 4, S7).
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FIG. 4. Maximum number of unsaturations (i.e., C=C
bonds) in a single fatty acid, for the biotic (blue) and abiotic
(orange) lipid samples.
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3.1.5. Distributions of branched fatty acids. Branched
fatty acids are reported in 63% (562/893) of terrestrial
samples. Of the studies reviewed, branched fatty acids
consist of between 6 and 32 carbon atoms in the main chain,
each molecule contains between 1 and 5 branches that ex-
tend off this main chain, and individual branches contain
one carbon atom, that is, methyl (Me) branches only, except
for one study reporting three samples that contain a single
ethyl (Et) branched fatty acid each (Malherbe et al., 2017).
The position of the branches can vary but most frequently
occurs between the middle of the main chain and the ter-
minal carbon atom, that is, opposite from the carboxyl
group. Iso and anteiso configurations are favored. The most
abundant branched fatty acid (i.e., molecule with the highest
concentration relative to other branched fatty acids within
the same sample) in biotic samples is most frequently
anteiso-Cys.o (in 34%, or 151/446 samples that report this
information), followed by iso-Cis.o (in 25%, or 110/446
samples that report this information) (Fig. 5).

The main chain lengths of branched fatty acids are reported
for 551 of the 562 terrestrial samples that report branching. In
51% (281/551) of these samples, the shortest branched fatty
acid has a main chain length of 15 carbon atoms. In 41%
(224/551) of the samples, the longest branched fatty acid has
a main chain length of 17 carbon atoms (Fig. 6a).

All biotic samples with branched fatty acids explicitly
report that the maximum branch length is 1 carbon atom
long (i.e., methyl branching only), except for one study
(Malherbe et al., 2017) reporting the presence of one ethyl
branched fatty acid in each of three samples (Fig. S8).
Among samples with branched fatty acids, 92% (504/549)
of the samples that report this information contain
monomethyl-branched fatty acids only. The remaining 45
samples report fatty acids with 2, 3, 4, or 5 methyl branches
in a single molecule, and 31 of these samples contain one or
more fatty acids with an isoprenoid configuration (Fig. S8).

For the majority of terrestrial samples with branched fatty
acids, the range of branch positions, counted from the car-
boxyl group, tends to fall between the mid-chain and ter-
minal end (iso and anteiso), although branching at the
second or third carbon atom is occasionally reported
(Fig. 6b). The first branching point within the main chain for
any branched fatty acid in a sample is most frequently lo-
cated at the 13 (38%, 203/529 samples that report this
positional information) or the 10" carbon atom (31%, 162/
529 samples). The first branching point occurs at the 2"
carbon atom in 4.7% (25/529) of the samples and at the 3rd
carbon atom in 3.6% (19/529) of the samples. Finally, the
last branching point within the main chain for any branched
fatty acid in a sample is most frequently located at the 16"
(in 58%, or 314 of 545 samples that report this positional
information), 14™ (15% [81/545] of samples), or 15™ carbon
atom (12% [67/545] of samples) (Fig. 6b).

The configuration of the most abundant branched fatty acid
is reported for 449 terrestrial samples; it is iso branched in
48% (217/449) and anteiso branched in 43% (193/449) of the
samples. The most abundant branched fatty acid displays mid-
chain branching with a methyl group located at the 9", 10",
or 12™ carbon atom within the main chain in 5.6% (25/449) of
the samples, 2-Me branching in one sample, tetramethyl
branching with an isoprenoid configuration for 2.2% (10/449)
of the samples, and 2-Et branching in 0.7% (3/449) (Fig. 5).
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Branched fatty acids are reported in 79% (46/58) of the
meteoritic samples. For these samples, branched fatty acids
have 3-10 carbon atoms in the main chain, 1-2 branches
that extend off this main chain, and individual branches are
1-3 carbon atoms long. The most abundant branched fatty
acid is 2-Me-Cs.9 (i.e., is0-Cs.g) in 64% (21/33) of the
samples that contain branched fatty acids and for which the
identity of the most abundant branched fatty acid is re-
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ported; reports for 13 samples that contain branched fatty
acids provide information on the branching positions but do
not provide relative abundances for individual molecules.
The shortest branched fatty acid in each meteoritic sam-
ple has 3-6 carbon atoms in the main chain, with a mini-
mum length of 3 carbon atoms in 80% (37/46) of the
samples. The longest branched fatty acid in meteorite
samples contains 3—10 carbon atoms in the main chain, with
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acid sample from biotic (blue circles) and abiotic (orange triangles) studies. (b) First and last carbon atom in the chain that
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samples.



Downloaded by NASA Ames Research Center from www.liebertpub.com at 01/19/24. For personal use only.

ORIGIN-DIAGNOSTIC DISTRIBUTIONS IN ACYCLIC LIPIDS

a maximum length of 5 carbon atoms in 30% (14/46) of the
samples and a maximum length of 6 carbon atoms in 24%
(11/46) of the samples (Fig. 6a).

Information on the number of branches is reported for 41
of the 46 abiotic samples with branched molecules. A
maximum of either one (59% [24/41] of samples) or two
(41% [17/41] of samples) branches is identified in any single
fatty acid chain (Fig. S8). The length of those branches is
reported for 40 samples; 55% (22/40) of samples contain
fatty acids with methyl branches only, but ethyl-(Et) and
propyl-branched fatty acids are identified in 43% (17/40)
and 2.5% (1/40) of the samples, respectively (Fig. S8).

Of the 46 meteoritic samples that contain branched fatty
acids, analyses for 40 of them provide information on the
range of branching positions. For all 40 of these samples, the
first branching point within the main chain for any fatty acid
within the sample is located at the 2™ carbon atom. The last
branching point within the main chain for any fatty acid
within the main chain is located between the 2" and 5™
carbon atom and is most frequently at the 4™ carbon atom in
53% (21/40) of the samples, followed by the 3", 2", and 5™
carbon atom in 23% (9/40), 18% (7/40), and 2.5% (1/40) of
the samples, respectively (Fig. 6b).

The identity of the most abundant branched fatty acid is
reported for 33 of the 46 meteoritic samples that contain
branched molecules. The most abundant branched fatty acid is
monomethyl branched in the majority (29/33) of the samples
and is 2-Me-Cj.q (i.e., is0-Cs.g) in 64% (21/33) of the samples,
2-MC-C4:() (i.e., anteiso—C4;0) in 12% (4/33), and 3-MC—C4;()
(i.e., i50-C4p) in 9% (3/33). In the remaining samples, the
most abundant branched fatty acid is either ethyl branched (2-
Et-Cg.0 in 12% [4/33] of samples) or dimethyl branched (2,3-
dimethyl-Cg4.q in 3% [1/33] of samples) (Fig. 5).

3.1.6. Biogenic fatty acids. Certain subgroups of fatty
acids are only found in samples of biotic origin. These fatty
acids bear diagnostic configurations or repeating structural el-
ements that are uniquely biotic, as they are inextricably linked
to biotic synthesis or modification. These include cyclopropyl
fatty acids (Grogan and Cronan, 1997) and isoprenoid fatty
acids (Summons et al., 2022) (Fig. 1), which have not been
reported as indigenous in meteorites to our knowledge.
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3.2. Trends and patterns in acyclic hydrocarbon
distributions

Acyclic hydrocarbons in 592 terrestrial samples (Table 1)
display trends in chain length ranges and distributions, un-
saturations, and branching (Figs. 7-10, S9-S15). Because of
the low concentrations (compared to fatty acids), presence
of UCMs, widely reported contamination issues (Cronin and
Pizzarello, 1990; Sephton et al., 2001a, 2001b), and com-
paratively fewer studies published on acyclic hydrocarbons
extracted from meteorites, trends from the 31 meteoritic
samples reported in 14 studies only allowed for discernment
of clear patterns in chain length distribution, even/odd
chain-length predominance, and the presence of branches or
unsaturations in the chain (Figs. 7-10, S9-S15). However,
numerous trends were identified within the biotic samples.

3.2.1. Acyclic hydrocarbon chain length distribu-
tions. The terrestrial samples in our dataset include acyclic
hydrocarbons with main chain lengths that range from Cy4 to
Cy6.- The shortest acyclic hydrocarbon in each biotic sample
ranges from C4 to Cy6, with a minimum length of C;5 oc-
curring in 17% (100/592) of the samples, C;¢ occurring in
16% (97/592), and C,4 in 16% (93/592). The longest acyclic
hydrocarbon in these samples ranges from Cs to Cy, with a
maximum chain length of Cs3 occurring in 15% (88/592) of
the samples, Css in 13% (74/592), C34 in 12% (73/592), and
C5; in 12% (71/592) (Fig. 7). For biotic samples, unimodal
chain length distributions are reported in 15% (88/592) of
samples, bimodal distributions are reported in 12% (72/592)
of samples, a trimodal distribution is reported in 1 sample, a
uniform distribution is reported in 3 samples, and reports for
the remaining 428 samples do not include this information
(Fig. S9a). A predominance of odd (over even) chain lengths
is reported for 51% (302/592) of the samples, while a pre-
dominance of even chain lengths is reported for 10% (60/
592) of the samples. Approximately 9% (55/592) of the
samples exhibit no predominance of either even or odd, and
the remaining 30% (175/592) of the samples do not report
this information (Fig. S9b).

Meteoritic samples in our dataset include acyclic hydro-
carbons with main chain lengths that range from C, to Cs;.
The shortest acyclic hydrocarbon in each sample ranges
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length of acyclic hydrocarbons found in each
biotic (blue circles) and abiotic (orange tri-
angles) lipid sample analyzed in this study.
Minimum acyclic hydrocarbon chain length
refers to the number of carbons in the shortest
acyclic hydrocarbon chain, and the maximum
acyclic hydrocarbon chain length enumerates
the number of carbons in the longest acyclic
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from C; to C,4, with a minimum length of C; occurring in
23% (7/31) of the samples and a minimum length of Cjq
occurring in 19% (6/31) of the samples. The longest acyclic
hydrocarbon in each sample ranges from C; to Cz;, with a
maximum length of C, reported in 16% (5/31) of the
samples and a maximum length of either C;3, Cy4, or Cy5
each reported in 10% (3/31) of the samples (Fig. 7). Un-
imodal chain length distributions are reported in 16% (5/31)
of abiotic samples, a uniform distribution is reported in 1
sample, and the remaining 81% (25/31) of samples do not
report this information (Fig. S9a). None of the meteoritic
acyclic hydrocarbon samples were reported to display a
preference for either even or odd chain lengths (Fig. S9b).

3.2.2. Acyclic hydrocarbon chain lengths and chain con-
figurations: Most abundant acyclic hydrocarbon. The most
abundant acyclic hydrocarbon reported in terrestrial samples
contains between 10 and 33 carbon atoms in the main chain;
this information is reported for 487 of the 592 total samples
in the dataset. The single most abundant acyclic hydrocar-
bon is a Cy7.g n-alkane in 12% (57/487) of the samples and a
Ci7.0 n-alkane in 11% (53/487) of the samples. The acyclic
hydrocarbon with the second highest abundance in each
sample contains between 10 and 31 carbon atoms in the
main chain; this information is reported for 347 of the 592
terrestrial samples. The molecule with the second highest
abundance is a C,g.g n-alkane in 17% (58/347) of the sam-
ples and a C,7.¢ n-alkane in 13% (45/347) of the samples
(Fig. 8a).

The configuration of the most abundant acyclic hydro-
carbon in terrestrial samples is an n-alkane (i.e., straight-
chain and saturated, lacking branches) in 83% (404/487) of
the samples, a monounsaturated alkene in 1.8% (9/487),
polyunsaturated with 2—7 double bonds (including some
isoprenoids) in 2.5% (12/487) of the samples, and mono-
methyl branched in 1.4% (7/487) of the samples. An iso-
prenoid species is reported to be the most abundant acyclic
hydrocarbon in 13% (64/487) of the samples, and this
configuration includes both saturated and unsaturated spe-
cies (Fig. 8a).

In meteoritic studies, the chain length of the most abun-
dant acyclic hydrocarbon is only identified and reported in
19 out of 31 samples, and the chain length of the second
most abundant acyclic hydrocarbon is reported for 18 of
these samples. For those samples, the most abundant acyclic
hydrocarbon contains between 1 and 26 carbon atoms in the
main chain and is most frequently C; (in 26% [5/19] of
samples) or Cy4.9 (in 16% [3/19] of samples). In the other 11
samples, the most abundant acyclic hydrocarbon is a straight
chain, unsaturated n-alkane with variable chain lengths
(Fig. 8a). The second most abundant acyclic hydrocarbon in
these samples contains between 1 and 25 carbon atoms in
the main chain, often with branches, and there is no clear
result for the most frequent chain length. The second most
abundant acyclic hydrocarbon is a monounsaturated C,.;
alkene in one sample (Levy et al., 1973), but in every other
instance, the reported configuration of the second most
abundant acyclic hydrocarbon is straight-chained, unsatu-
rated, and unbranched (Fig. 8b).

3.2.3. Distribution of unsaturated acyclic hydrocar-
bons. Unsaturated acyclic hydrocarbons (i.e., alkenes)

BUCKNER ET AL.

with 1-7 double bonds are reported in 16% (95/592) of the
biotic samples (Figs. S10, S11). The most abundant alkene
in biotic samples is most frequently an isoprenoid posses-
sing one or more double bonds (in 55%, or 52/95 of sam-
ples) (Fig. S11).

Alkenes are reported in 9 out of 31 abiotic samples;
among these, the majority (7/9) derive from studies on
acyclic hydrocarbons extracted from the IOM, as opposed to
free compounds extracted from the soluble fractions of the
meteorites. Liberation of these alkene fragments from the
larger IOM structure requires additional processing steps
that often employ mineral dissolution with HF or HCI and/or
high temperatures (i.e., pyrolysis) to break the oxygen and
alkyl bridges that bind fragments into the larger macromo-
lecular matrix (e.g., Levy et al., 1973; Shimoyama, 1997;
Wang et al., 2005; Remusat et al, 2007; Okumura and
Mimura, 2011). The identity of the most abundant unsatu-
rated acyclic hydrocarbon is only reported in two of these
samples and is C,.; in both cases (Levy et al., 1973; Yuen
et al., 1984) (Fig. S11).

3.2.4. Distributions of branched acyclic hydrocar-
bons. Branched acyclic hydrocarbons are common in both
terrestrial and meteoritic samples, but the structures of all
isomers within a sample are not always characterized, es-
pecially in meteorites. UCMs are usually reported in mete-
orites and sometimes in terrestrial samples, but for biotic
samples, certain branched molecules are present in higher
relative abundances. These resolved structures and distri-
butions are included in our analysis of branching patterns,
and UCMs are addressed separately. Meteoritic samples
rarely identify individual branched species above back-
ground UCMs.

In studies of terrestrial samples, 70% (414/592) of the
samples contain branched acyclic hydrocarbons with be-
tween 4 and 41 carbon atoms in the main chain; each
molecule contains between 1 and 8 branches that extend off
this main chain, and individual branches contain between 1
and 6 carbon atoms. Branches are positioned between the
2™ and 33" carbon atom within the main chain, but
branching most frequently begins at the 2" carbon atom.
Isoprenoids are the most common branched configuration,
and the majority of the samples with branched acyclic hy-
drocarbons contain one or more isoprenoids. Pristane or
phytane is often the most abundant branched molecule
within a sample (Fig. S11).

The main chain lengths of branched acyclic hydrocarbons
are reported for 381 of the 415 samples that report
branching. Among these samples, the shortest branched
acyclic hydrocarbon contains between 4 and 24 carbon at-
oms in the main chain, with a minimum length of 15 carbon
atoms occurring in 35% (135/381) of the samples. The
longest branched acyclic hydrocarbon in these samples
contains between 12 and 41 carbon atoms in the main chain,
with a maximum length of 16 carbon atoms occurring in
32% (122/381) of the samples (Fig. 9a).

In biotic samples, branched acyclic hydrocarbons contain
between 1 and 8 branches in a single molecule, with a
maximum of 4 individual branches in 63% (258/412) of the
samples that report this information (Fig. S12a). It is re-
ported that 87% (348/400) of the samples contain molecules
with methyl branches only, and the remaining 13% (52/400)
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FIG. 8. Most abundant (a) and second most abundant (b) acyclic hydrocarbons reported for each biotic (blue) and abiotic
(orange) sample, where X:Y (horizontal axis) refers to (X) the number of carbons in the main chain and (Y) the number of
double bonds between carbons within that main chain. Vertical axis is the number of samples. Isoprenoid configurations
include phytadiene, highly branched isoprenoids containing 20 carbon atoms (C20 HBI), pentamethyleicosane (PMI),
phytane, pristane, and squalene. Me denotes a methyl branch (preceding number or numbers refer to the position of that
branch within the main chain of the molecule). For clarity, for biotic samples, the most abundant and second most abundant
acyclic hydrocarbons having less than 3 occurrences were grouped and displayed as ““Other.”” ““NA/NR”’ (i.e., not available
or not reported) refers to samples where the most abundant or second most abundant acyclic hydrocarbon is not reported.
Due to axis scales, some of the lower abundance (i.e., 4-10 individual samples or counts) members of the displayed dataset

may be difficult to see and counted as ‘‘Other.”

of the samples contain individual branches up to 6 carbon
atoms long (Fig. S12b). Complex, highly branched iso-
prenoids are often present, but details of these structures (i.e.,
number and length of branches, configuration) are typically
either not reported or reported as “low confidence.”

For the majority of the terrestrial samples with branched
acyclic hydrocarbons, the range of branching positions
usually begins at the 2™ carbon atom in the main chain then
extends to the mid-chain or terminal end (Fig. 9b). The first
branching point within the main chain for any branched
acyclic hydrocarbon in a sample is most frequently at the 2"

carbon atom (93% [383/412] of samples). For the remaining
7.0% (29/412) of the samples, the first branching point oc-
curs at the 3™, 4% 5% 6" or 7" carbon atom. The last
branching point within the main chain for any branched
acyclic hydrocarbon in a sample falls between the 2™ and
32" carbon atom and is most frequently located at the 14™
carbon atom, in 63% (259/412) of the samples (Fig. 9b).
The configuration of the dominant branched acyclic hy-
drocarbon is reported for 405 terrestrial samples and is an
isoprenoid in 77% (310/405) of these samples (Fig. 10).
These molecules contain multiple (between 3 and 8) methyl
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that contains a branch refers to the position of those branches within the main chain of the molecule, for acyclic hydro-
carbons found in biotic (blue circles) and abiotic (orange triangles) lipid samples. The position of the branch is counted from
the end of the molecule that is nearest to a branch. Size of circles and triangles indicates the number of samples.

branches spaced evenly throughout the length of the main comprehensively reported (only detailed in 5-9 samples).
chain (Figs. 1, S13-S15). Occasionally, these isoprenoids This is likely due to the structural complexity and poor
also possess one or more double bonds (e.g., squalene, chromatographic resolution of low-abundance branched
phytadiene). acyclic hydrocarbons. Therefore, trends in meteoritic bran-

In meteorites, branched acyclic hydrocarbons are reported ched acyclic hydrocarbons cannot be determined from so
in 52% (16/31) of the samples, but the identities, positions, few data points; however, information on the structural
and configurations of these molecules typically are not features, positions, and isomerization is cataloged.

et

£ s

g_cz T 40

c = Me-{2fjo|1|2|1EM10/0|0|8|0|1|0|0[0|0]|O

= | 8 — . ]

fz’ o iso{ofjo|o|o|lofjo|o|o|Oo|O|O|O|O|O|O|O|O 30 %_

4

8 j}:‘ anteiso{ofjo|ojo|o|jo|o|o|lo|o|O|O|4|0|1|0]0O %

= v . ' bl

BE’, diet{ofjojo|ojo|jo|lofo|0o|0|2|3|0|5]1 0;0 .20 6
| | -

g é diMe1o0fjo|1|o|o|1|o|o|0o|o|o|lo|lOo|O|O|O|O 8

Bo e

ﬁ @ Isoprenoid { 0o |0 pSERER 0 0| 1|13/ 2 (9 0|0 |00 |4 |2 -10 35

'CE =

L= HBI{oJ4|o|o|o|o|o|lo|lo|o|o|o|o|o|0o|0O]|6®6

E® _—

nm 4 1214151617 1819 20 23 24 27 28 29 30 32HBI

Chain Length of Most Abundant
Branched Acyclic Hydrocarbon

FIG. 10. Isomerization of the most abundant branched acyclic hydrocarbons within the biotic (blue outline) and abiotic
(orange outline) samples, where biotic and abiotic samples are displayed in one plot but binned within respective blue and
orange outlines. The box shade corresponds to the number of samples, with red indicating more samples and yellow
indicating fewer. Abbreviations: iso=methyl branch at the 2-Me position (counted as penultimate position, as these
molecules are thought to derive from iso branched fatty acids); anteiso=methyl branch at the 3-Me position (counted as
antepenultimate position, as these molecules are thought to derive from anteiso branched fatty acids); Me =single methyl
branch (position not specified); diMe=dimethyl branches (positions not specified); diEt=diethyl branches (position not
specified); isoprenoid =isoprenoid configuration; HBI=highly branched isoprenoid.
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Chain length information is reported in 9 samples, for
which the shortest branched hydrocarbon contains between
4 and 13 carbon atoms in the main chain and the longest
branched hydrocarbon contains between 4 and 20 carbon
atoms in the main chain. Information on branch number and
length is reported in 5 samples that contain molecules with
between 1 and 5 individual branches (Fig. S12a); individual
branches contain between 1 and 3 carbon atoms each (me-
thyl, ethyl, or propyl) (Fig. S12b). Branching position in-
formation is reyorted in 6 samples, for which branches fall
between the 2™ and 10™ carbon atom within the main chain.
The identity of the dominant branched acyclic hydrocarbon
is reported in 2 samples; in both cases, the most abundant
molecule is monomethyl branched, with 4 carbon atoms in
the main chain (Levy et al., 1973; Yuen et al., 1984).

3.2.5. Unresolved complex mixtures and homologous
series. Unresolved complex mixtures (UCMs) are reported
in 25% of 592 terrestrial samples and 71% of 31 meteoritic
samples (Fig. S16a). In biotic systems, certain molecules
and homologous series are discernable, with the balance of
the mixture unresolved (Figs. S16b-S16d). Series of
monomethylalkanes are reported in 29% of 592 samples,
defined as a sequence of molecules of varying chain lengths,
each possessing a single methyl branch located at variable
positions on the main hydrocarbon chain. Series of isoalk-
anes (i.e., 2-methylalkanes), which are thought to derive
from decarboxylated iso-fatty acids (Peters and Moldowan,
1993), are reported in 13% of 592 samples (Fig. S16¢), and
series of anteiso-alkanes (i.e., 3-methylalkanes) deriving
from decarboxylated anteiso-fatty acids are reported in 12%
of 592 samples (Fig. S16d).

3.2.6. Biogenic acyclic hydrocarbons. Aliphatic iso-
prenoids are diagnostic biosignatures and reported in 62% of
592 terrestrial samples. In 13% of the 487 of these samples for
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which the information is reported, the most abundant acyclic
hydrocarbon (including all acyclic hydrocarbons in the sam-
ple) is an isoprenoid. Up to 26 unique isoprenoids are reported
in a single sample, but most frequently there are 2 unique
isoprenoids present in a given sample, reported in 39% of these
335 samples (Fig. S14). Pristane or phytane are usually the
dominant isoprenoid present in a sample (81% of 331 samples
that identify the most abundant isoprenoid) (Fig. S13), but
many other isoprenoids occur, possessing between 13 and 40
carbon atoms in any given molecule (Figs. S14, S15); the
isoprenoids are arranged in either straight-chain, head-head,
head-tail, tail-tail, or highly branched configurations.

3.3. Principal component analysis of fatty acid
and acyclic hydrocarbon features

3.3.1. Fatty acid PCA. The concatenated biotic and abi-
otic fatty acid datasets consist of 381 terrestrial and 31 mete-
oritic samples with a total of 16 of the features we individually
analyzed (Table S1). Approximately 80% of the variance in the
dataset was contained within the first three principal compo-
nents. The k-means clustering algorithm reveals two clearly
distinguishable clusters that correctly differentiate samples as
biotic or abiotic (Figs. 11, S17). Our results suggest that the
two leading principal components derived from lipid features
can be used to distinguish a sample’s origin as biogenic or
abiogenic. This confirms the utility of lipids for life-detection
applications and supports the results of our supervised learning
analyses. Of the 16 features (Table S1) included in our PCA
(Figs. 11, S18), the parameters with the greatest influence on
separation between the biotic and abiotic clusters include
minimum and maximum chain length (Fig. 2), most abundant
unique fatty acid (Fig. 3a), and second most abundant unique
fatty acid (Fig. 3b).

3.3.2. Acyclic hydrocarbon PCA. After calculating the
Gower metric and applying PCA and k-means to the

K Cluster, Biogenicity
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ok 1, Abiotic
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2
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FIG. 11. Samples from the terrestrial and meteoritic fatty acid datasets are differentiated as biotic (circles) or abiotic
(crosses), using a 16-parameter PCA (listed in Fig. S1). Separation is visualized in 3-D by the first three principal
components. Three distinct clusters are identified, where red crosses are abiotic, blue circles are biotic, and red circles are a
distinct biotic subgroup characterized by shorter chain lengths and distinct branching patterns.
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resulting dissimilarity matrix, we identify three distinct
clusters (red: #0, blue: #1, green: #2) within the 14-
parameter analysis (Table S2). Most abiotic samples (cross)
are well clustered in blue while the remaining biotic samples
(circle) are evenly distributed between three cluster sets
(Table S2; Figs. 12, S18). We find samples that fall within
cluster #1 are samples without MMA and homologous series
features. We observe an abiotic outlier in cluster #0 (red),
and this outlier is the only abiotic sample that reports the
presence of MMA and homologous series; presence of
MMA and homologous series are common among samples
within this cluster #0. In addition, the presence of indige-
nous isoprenoids is an important feature in differentiating
between biotic and abiotic samples in the biotic sample type
determined by clustering (blue: cluster #1). We also observe
that cluster #2 (green) comprises samples that have the
presence of iso/anteiso-alkanes suggesting their importance
in differentiating between different types of biotic samples.
Taken together, these results suggest the possibility of
several types of distinct profiles that each may indicate
biogenicity.

3.4. Trends in lipid extraction and analytical
techniques

3.4.1. Solvent-based techniques for extracting lipids. In
the studies reviewed, solvent-based techniques are most com-
monly used to extract fatty acids and acyclic hydrocarbons
from natural, geologic, or environmental samples, reported in
83% of the 1574 samples included in our study. These tech-
niques are further binned below (Figs. 13a, 13b). Water ex-
traction (without addition of organic solvents) was used in 74%
of the 58 meteoritic fatty acid samples and 1 of 31 meteoritic
acyclic hydrocarbon samples, but none of the terrestrial sam-
ples. Pyrolysis (thermal extraction) techniques were used for
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7% of 1574 samples, and the remaining 7% of reported ana-
lyses used a variety of chemical extraction techniques that rely
on neither solvents nor pyrolysis as the primary method for
liberating lipids. Solvent refluxed through sample in a closed
vessel with use of a commercially available apparatus (i.e.,
Soxhlet, ASE) was reported in 22% of all samples, including
17% (165/951) of fatty acid samples and 29% (182/623) of
acyclic hydrocarbon samples (Figs. 13a, 13b).

The five most common extraction techniques for fatty
acids and acyclic hydrocarbons leverage organic solvents
(occasionally with added water, or buffer to adjust pH) in
tandem with other sample processing steps that can vary
with the apparatus (e.g., Soxhlet, accelerated solvent ex-
tractor), pressure, temperature, sonic energy applied, and/or
solvent type and ratio. A post-extraction, pre-analysis de-
rivatization or methylation step is typically applied for fatty
acids to increase volatility for GC-MS, but these procedures
are not included in our review.

For fatty acids, the five most common techniques are, in
decreasing order of frequency, (1) Modified Bligh and Dyer
(2:2:1.8 [v/v/v] ratio of methanol, water, and chloroform or
dichloromethane—this hallmark ratio of solvents defines
both modified and traditional Bligh and Dyer methods)
(Bligh and Dyer, 1959); (2) solvent extraction (an individ-
ual, sequence, or cocktail of organic solvent without re-
porting any use of commercial instrumentation, refluxing, or
ultrasonication); (3) ultrasonic extraction (organic solvents
with the addition of ultrasonic energy) (Keris-Sen er al.,
2014); (4) Soxhlet (organic solvent and sample are refluxed)
(Luque de Castro and Priego-Capote, 2010); and (5) accel-
erated solvent extraction (ASE) (organic solvent is intro-
duced wunder high temperature and pressure via a
commercially available instrument) (Richter et al., 1996)
(Fig. 13). For acyclic hydrocarbons, the five most common
extraction techniques are, in decreasing order of frequency,
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FIG. 12. Three distinct hydrocarbon profiles are identified from a 14-parameter PCA (listed in Table S2). Separation is
visualized in 3-D by the first three principal components. Three distinct clusters (red: #0, blue: #1, green: #2). Samples that
fall within cluster #1 (blue) are samples without MMA and homologous series features while cluster #2 (green) consists of
samples that have the presence of iso/anteiso-alkanes. For abiotic samples (crosses), the presence of indigenous isoprenoids
is apparently an important feature in differentiating between biotic and abiotic samples in the biotic sample type determined

by clustering (blue: cluster #1).
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FIG. 13. Extraction technique and analytical method in samples containing fatty acids (a) and acyclic hydrocarbons (b)
show that gas chromatography—mass spectrometry (GC-MS) is the most commonly used analytical technique, and solvent
extraction techniques (top five most frequent for both fatty acids and acyclic hydrocarbons) are the most commonly used.
The box shade corresponds to the number of samples, with red indicating more samples and yellow indicating fewer.
Analytical method abbreviations: GC-FID = gas chromatography—flame ionization detection; GC-IRMS =gas chromatog-
raphy—isotope ratio mass spectrometry; GC-MS = gas chromatography—mass spectrometry; GLC-MS =gas liquid chroma-
tography—mass spectrometry; LC-MS =liquid chromatography—mass spectrometry; MIS =microbial identification system;
GLC-FID =gas liquid chromatography—flame ionization detection. Extraction technique abbreviations: WE =water ex-
traction; SE =solvent extraction (without additional defined processing steps); SSE =sequential solvent extraction (use of
differing organic solvents in sequence applied to the same sample); B&D =Bligh and Dyer; Mod. B&D =Modified Bligh
and Dyer; Sox.=Soxhlet; ASE =accelerated solvent extraction; UsncE =ultrasonic assisted extraction; CuO Ox, SE = cupric
oxide oxidation followed by solvent extraction; HP, UsncE =hydrous pyrolysis followed by ultrasonic assisted extraction;
Pyr.=pyrolysis (i.e., thermal extraction); DCM =dichloromethane (i.e., where dichloromethane was the solvent used for
extraction, without use of additional techniques or apparatuses previously described, such as ASE, Soxhlet, or ultrasonic
agitation); HP=hydrous pyrolysis; Sap.=saponification; UsndE =ultrasound assisted extraction. Extraction technique re-
ports for fewer than 3 individual samples were combined and displayed as ““Other.”” The maximum value shown on the
color scale bar is 40 occurrences to highlight categories with lower frequencies.

(1) Soxhlet, (2) ultrasonic extraction, (3) solvent extraction,
(4) ASE, and (5) Modified Bligh and Dyer. Due to the wide
range of complex, multistep extraction techniques utilized in
the cited studies, some overlap may exist between the ca-
tegories we delineate (e.g., ‘‘solvent extraction” en-
compasses numerous sequences, sonic energy may be added
during some Modified Bligh and Dyer methodologies);
however, all are solvent-based (Fig. 13).

Two of the five most frequent extraction techniques for
both fatty acids and acyclic hydrocarbons utilize a com-
mercially available sample processing unit to extract or-
ganics from pre-ground samples. These include Soxhlet and
ASE, and both work by refluxing organic solvent through
samples in a closed vessel with variable times, temperatures,
and solvent cocktails (Fig. 13). Following extraction, the
analyte is separated from any residual minerals via filtration,
producing a purified lipid extract for downstream analysis.

3.4.2. Analytical techniques for characterizing lip-
ids. The analytical method most frequently used for molecule

identification was gas chromatography—mass spectrometry
(GC-MS), leveraged in 90% (1397/1574) of the samples
(Fig. 13). Identification using mass spectrometry (MS) was by
far the most common (97%, 1532/1574 samples).

4. Discussion

4.1. Origin-diagnostic distributions of fatty acids
and acyclic lipids can indicate biotic or abiotic origin

In the search for signs of life beyond Earth, an ideal mo-
lecular biosignature should (i) be fundamental to life as we
know it or can imagine it based on carbon chemistry in water
(Dorn et al., 2011; Georgiou and Deamer, 2014; Neveu et al.,
2018), (ii) possess one or more structural features and dis-
tributions that are distinct from abiotically produced coun-
terparts (e.g., meteoritic or hydrothermal organics within the
same molecular classes) (McCollom et al., 1999; Mif3bach
etal., 2018), (iii) display forms and conformations that reflect
evolution and indicate function within a cell (e.g., metabolite,
structural component, information storage, etc.) (Boucher
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et al., 2004; Summons et al., 2022), (iv) exhibit preservation
potential over geologically relevant timescales (Peters and
Moldowan, 1993; Brocks and Schaeffer, 2008; Lee and
Brocks, 2011; Grotzinger et al., 2014), and (v) be analyzable
with techniques that can be adapted to spaceflight (Lovelock,
1965; Mabhaffy et al., 2012). The acyclic lipid groups we
cataloged—fatty acids and acyclic hydrocarbons—fulfill
these criteria, demonstrating their utility as ideal astro-
biological targets.

For the terrestrial and meteoritic lipid data we analyzed,
each examined molecular structure (e.g., chain length,
branching, double bonds) and its distribution (e.g., fre-
quency, range, position, predominance) within a sample
falls on a spectrum based on both presence and diag-
nosticity and can be impacted by how well the structure is
preserved throughout geologic timescales. Furthermore, a
set of fatty acids or acyclic hydrocarbons present in a single
terrestrial or extraterrestrial sample typically contains
multiple indicators of biogenicity or abiogenicity, including
(1) patterns in chain length ranges and distribution; (2)
presence, frequency, and degree of unsaturations within a
chain; or (3) presence, frequency, number, length, and po-
sition of branches.

In total, we identify 15 potential origin-diagnostic distri-
butions for fatty acids (Table 2) found in natural samples
and 12 potential origin-diagnostic distributions for acyclic
hydrocarbons (Table 3), which are representative of the
acyclic lipid data we analyzed. Deeper analysis is likely to
reveal additional trends not reported here. In addition to
these distributions, the presence of unique, individual mol-
ecules that themselves contain repeating patterns in structure
(i.e., isoprenoids), and/or preference for one or more specific
conformers (e.g., iso-Cis. fatty acid, C;g.; fatty acid, pris-
tane, etc.) can constitute a potential biosignature, if prefer-
ential synthesis of that conformer is kinetically unlikely or
thermodynamically unfavorable in the context of known
abiotic reactions (e.g., observed in the natural environment
and/or in laboratory synthesis experiments) or expected
abiotic scenarios (Bernstein et al., 1995; Mifibach et al,
2018; Nuevo et al., 2018; Sandford et al.,, 2020). These
findings reiterate the astrobiological utility of acyclic lipids
as a ubiquitous class of organics that can provide a uniquely
rich and well-preserved range of origin-diagnostic infor-
mation displayed by physical parameters in molecular
structures (Georgiou and Deamer, 2014).

4.1.1. Origin-diagnostic distributions of fatty acids. Key
origin-diagnostic distributions of biotic fatty acids revealed
by our study include (i) chain lengths that can range from C4
to Cz4 but more frequently fall between C;4 and C;g, with
(i) a Cpax that usually peaks at Ci4 or C;g, and (iii) a
predominance of even-numbered fatty acids (Figs. 2, 3, S6);
(iv) frequent mono- and polyunsaturated molecules with up
to 6 double bonds in a single chain (Figs. 4, S7); (v) bran-
ched fatty acids with main chain lengths that can range
between 6 and 32 carbon atoms long but are most frequently
restricted to ranges between 15 and 17 carbon atoms long,
(vi) methyl groups (vii) positioned from the second carbon
atom (adjacent the carboxyl group) to the terminal end, with
mid-chain (e.g., 9-Me, 10-Me) and terminal (e.g., iso,
anteiso) positions most common (Figs. 5, 6, S8); and (viii)
occasional fatty isoprenoids or cyclopropyl fatty acids.

BUCKNER ET AL.

The molecular structures of these fatty acids are reflective
of well-known biochemical mechanisms and demonstrative of
cellular functionality. For example, C;¢.9 and C,g.q fatty acids
are preferentially synthesized to support membrane geometry
in both prokaryotes and eukaryotes, indicating that these traits
emerged early and have persisted throughout the history of
life on Earth (Coskun and Simons, 2011; Koga, 2012). The
incorporation of (poly)unsaturations, branching, and/or cy-
clopropyl groups into fatty acid tails serves as an adaptation to
regulate fluidity in cold environments (i.e., < 40°C) by cre-
ating space between molecules that make up lipid bilayers
(Grogan and Cronan, 1997; Hagve, 1988). Absent these
structural additions, closely packed saturated/unbranched
molecules with these chain lengths would otherwise exist in a
gel state at near- to subfreezing temperatures, leading to
membrane stiffening and loss of cell function by preventing
passage of solutes in and out of the cell (Hazel and Eugene
Williams, 1990; Mansy, 2009).

Hallmark fatty acid distributions observed in abiotic
meteorite samples include (i) chain length ranges from C; to
C,, with (ii) a Cp,.x that peaks at lower molecular weights
(e.g., Cy, Cy, C3), and (iii) no predominance of even versus
odd carbon atom number (Figs. 2, 3, S6); (iv) rare un-
saturations (Figs. 4, S7); (v) branched fatty acids with main
chain lengths that range between 3 and 10 carbon atoms
long, (vi) branching positions that always begin at the sec-
ond carbon atom but can extend throughout the length of the
main chain, (vii) individual branch lengths that range be-
tween 1 and 3 carbon atoms long with (viii) randomized
isomerization (Figs. 5, 6, S8), and (ix) no isoprenoid or
cyclopropyl fatty acids.

Laboratory experiments simulating the formation of or-
ganic compounds via energetic processing of ices at low
temperature (<80 K) have shown that the chemistry taking
place is one of opportunity, in which molecules, radicals,
and ions react with their closest neighbor, rather than a
chemistry driven by thermodynamics (Sandford et al.,
2020). The resulting products typically display distributions
in which smaller compounds are the most abundant and the
abundances of larger compounds decrease exponentially
with increasing carbon-chain length, as has also been ob-
served for amino acids and sugar derivatives (Nuevo et al.,
2008, 2018; Meinert et al., 2016). Other experiments sim-
ulating FTT reactions also suggest that while chain length
distributions display Poisson distributions, there is no pref-
erence for specific isomers or nonrandom positioning of
molecular features within fatty acids. This is illustrated by
the shorter chain lengths and highly branched molecules that
characterize the abiotic fatty acid distributions in our dataset
(McCollom et al, 1999; Rushdi and Simoneit, 2001;
MiBbach et al., 2018).

4.1.2. Origin-diagnostic acyclic hydrocarbon distribu-
tions. Biotically synthesized acyclic hydrocarbons are
characterized by (i) chain lengths that can range from Cy to
C,46 but more frequently fall between C,5 and Czy4, with (ii) a
Chmax that often peaks at C;; or C,;, and (iii) unimodal,
bimodal, or trimodal chain length distributions with (iv) an
occasional preference for either odd or even carbon number
(Figs. 7, 8, S9), (v) frequent mono- and polyunsaturated
molecules with up to 7 double bonds in a single chain
(Figs. S10, S11), (vi) branched acyclic hydrocarbons with
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ORIGIN-DIAGNOSTIC DISTRIBUTIONS IN ACYCLIC LIPIDS

main chain lengths that can range between 4 and 41 carbon
atoms long, (vii) branching positions that typically begin at
the second carbon atom and extend to the mid-chain or ter-
minal end, (viii) frequent methyl branching but occasionally
long and complex individual branches, and (ix) a clear pre-
dominance of isoprenoids with variable carbon atom num-
bers and configurations (Figs. 9, 10, S13-S15).

Monomethyl branched alkanes are often synthesized di-
rectly by various organisms, but can also represent diage-
netic products of membrane fatty acids that have undergone
decarboxylation. N-alkanes with odd or even chain length
preferences can be similarly sourced from fatty acids or
biosynthesized via head-to-head condensation and decar-
boxylation of fatty acids (Peters and Moldowan, 1993; La-
dygina et al., 2006; Georgiou and Deamer, 2014). UCMs are
sometimes present in older, degraded, or thermally pro-
cessed samples, but resolvable acyclic hydrocarbons with
diagnostic structures and distributions typically rise well
above this background. Other branching patterns are due to
the presence of isoprenoids, which are not known to form
abiotically. While chlorophyll is the source of the geologi-
cally ubiquitous isoprenoids pristane and phytane, which are
common to terrestrial samples, many other types of acyclic
isoprenoids are sourced from archaeal membranes, and the
numerous branches contained within these hydrocarbon
chains reinforce stability in high-temperature or extreme-pH
environments (e.g., Peters and Moldowan 1993; Summons
et al., 2022). Incorporation of double bonds within these
lipid chains regulates fluidity at lower temperatures, as with
eukaryotic and prokaryotic fatty acids (Kaneda, 1991;
Summons et al., 2022). Membrane-stabilizing isoprenoids
are sometimes incorporated into bacterial membranes as
well (Jordan et al, 2019). Isoprene units also serve as
bioessential metabolites and are subcomponents or precur-
sors of pigments, hormones, vitamins, membrane-stabilizing
polycyclic hydrocarbons, and other life-enabling molecules
in all branches of the tree of life (Zeng and Dehesh, 2021).

Meteoritic acyclic hydrocarbon distributions are not as
well-constrained as terrestrial acyclic hydrocarbons (or
meteoritic fatty acids) but typically include molecules that
are characterized by (i) chain lengths that range from C; to
no longer than Cjq, with (ii) a C,,,x that may peak at C; or
C14, and (iii) random or unimodal chain length distributions
with (iv) no predominance of even or odd carbon number
(Figs. 7, 8, and S9), (v) occasional unsaturations (i.e., most
typically in IOM-sourced components, where IOM is a
kerogen-like macromolecule containing smaller organic
fragments bound in a complex organic matrix via alkyl and
oxygen bridges) (Figs. S10, S11), (vi) the presence of a
complex mixture of highly branched molecules that exhibit
wide structural diversity and contain countless low-
abundance isomers with no clear preference for one con-
figuration (as the analytical methods used in the studies
reviewed did not have the resolution to obtain this infor-
mation), and (vii) no indigenous isoprenoids or similar
molecules.

Total hydrocarbons in meteorites are usually only present
in concentrations at part-per-million to part-per-billion lev-
els, that is, typically an order of magnitude less abundant
than total fatty acids in the same specimens, and are dom-
inated by UCMs of cyclic and acyclic molecules (Sephton,
2006; Pizzarello and Shock, 2010). These random structures
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that lack preference for specific isomers, chain lengths, and
patterns in unsaturations or branching are reflective of for-
mation, which is thought to proceed via many of the same
astrochemical and geochemical processes (e.g., molecule-
ion-radical reactions during energetic processing of ices)
responsible for fatty acid synthesis in these primitive ex-
traterrestrial materials (e.g., Nuevo et al, 2008, 2018;
Meinert et al., 2016; Sandford et al., 2020). However, while
UCMs comprise a significant majority of meteoritic acyclic
hydrocarbons, some ‘“‘resolvable’” acyclic hydrocarbons are
present in high individual abundances relative to the back-
ground UCM (e.g., n-alkanes with unimodal chain lengths),
possibly explained by FTT synthesis (Levy et al, 1973;
Yuen et al., 1984; Shimoyama, 1997; Wang et al., 2005;
Hilts et al., 2014; Simkus et al., 2019). Alternatively, a few
studies have suggested that the '’C signatures of free
n-alkanes in carbonaceous meteorites point to terrestrial
contamination source, as opposed to an extraterrestrial ori-
gin (Cronin and Pizzarello, 1990; Sephton et al., 2001a,
2001b). Other studies of meteoritic IOM find that n-alkanes
released at high temperatures via pyrolysis bear isotopic
signatures consistent with an extraterrestrial origin (Wang
et al., 2005; Okumura and Mimura, 2011). Indigenous iso-
prenoids are notably absent in meteorites.

4.2. Acyclic lipid distributions and the physical
approach to life detection

The numerous origin-diagnostic distributions revealed by
our study reaffirm the applicability of Lovelock’s physical
approach to life detection, while expanding the number of
potential biosignatures that may be used to discern origin
within extraterrestrial acyclic lipid samples, reinforcing the
utility of this class of organics in the search for life (Dorn
et al., 2011; Georgiou and Deamer, 2014). Critically, our
analysis quantitatively demonstrates that, on a global scale,
distributions of acyclic lipid biomarkers fall within specific
ranges and display unique and nonrandom distributions,
even when samples contain potentially mixed signals from
numerous organisms and geologic epochs. From an evolu-
tionary perspective, molecular form begets biological
function, and each of the structural features we examined
plays a life-enabling role. The genes coding for these bio-
synthetic pathways emerged very early in the tree of life,
and while this basic lipid template remained static, it was
decorated in response to changing environments and to infer
greater fitness (e.g., incorporation of double bonds,
branching, and specific chain lengths to reinforce membrane
stability and/or modulate membrane fluidity) (Hazel and
Eugene Williams, 1990; Segré et al., 2001; Boucher et al.,
2004). Although individual conformations and distributions
of acyclic membrane lipids can be unique to specific or-
ganisms, multiple distinct patterns are both broadly ob-
served and preserved in the rock record across Earth, as
illustrated by the distributions we delineate in this study
(e.g., Peters and Moldowan 1993; Summons et al., 2008).

Our results indicate that the determination of life does not
require the presence of specific biomolecules that may be
unique to terrestrial organisms (e.g., DNA, proteins, hopa-
noids), but rather can be demonstrated by analysis of gen-
eralized physical parameters within monomers. Finally,
identification of a sample’s origin does not hinge on
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detection of only one diagnostic molecule, pattern, or
structure, and confidence in origin is strengthened by the
identification of multiple, additive origin-diagnostic distri-
butions of independent structural features that can occur
within a single sample (Figs. 11, 12, S17, S18).

4.3. The spectrum of origin-diagnosticity

Results from our analyses indicate that, if sets of fatty
acids or acyclic hydrocarbons are detected in a geologic
sample, distributions of structural elements within that set of
lipids can fall into one of the following four categories along
what we term the “‘spectrum of origin-diagnosticity’’: (1)
always present and always origin-diagnostic, (2) sometimes
present and always origin-diagnostic, (3) sometimes present
and sometimes origin-diagnostic, (4) always present and
sometimes origin-diagnostic (Table 2). “‘Presence’ refers to
whether a given structural feature is observed in a sample in
some or all cases (e.g., chain length is always an observable
parameter, but molecules with branches or unsaturations are
only present in some samples). “‘Origin-diagnostic’’ refers
to whether the distribution of that feature is different for
biotic versus abiotic lipids in all cases analyzed within our
dataset, or only in some cases. A lack of certain patterns or
features does not necessarily indicate a lack of biogenicity,
but the presence of multiple distributions can provide evi-
dence in favor. Further, the distributions of individual fea-
tures can differ from one biotic sample to the next,
depending on the class (fatty acid or acyclic hydrocarbon),
source input, sample age, mineralogy, environment, or
diagenetic history, but for all the terrestrial lipid samples we
reviewed, the distributions of one or more features differ
relative to meteoritic lipids.

The parameters most closely linked with origin for both
fatty acids and acyclic hydrocarbons include (i) minimum
and maximum chain length (Figs. 2, 7), (ii) chain length
distribution and predominance (Figs. S6, S9), (iii) identity of
the most abundant and second most abundant molecules
within a sample (Figs. 3, 8), (iv) number and length of
branches (Figs. S8 and S12), (v) position and conformation
of branching (Figs. 5, 6, 9, 10), and (vi) degree of un-
saturation (Figs. 4, S10).

4.3.1. Origin-diagnostic features and patterns in fatty ac-
ids. Our analysis reveals 15 potential origin-diagnostic
distributions in fatty acids that can indicate whether a
sample is biogenic or abiogenic (Table 2). Some patterns
(e.g., min and max chain length) are inextricably linked to
(bio)synthesis and provide strong evidence on origin, while
other distributions (e.g., branch position and length) are less
diagnostic but can still provide added information to in-
crease confidence in assessing origin, when identified in
concert with other diagnostic distributions within the same
sample.

4.3.1.1. Always present and always origin-diagnostic:
Fatty acids. Fatty acid distributions that are always present
and always origin-diagnostic include:

(1) Minimum chain length of the molecules within a
sample (Fig. 2).

BUCKNER ET AL.

Biotic fatty acids have longer chains than abiotic fatty
acids and typically range from C4 to C3¢ (and rarely, lon-
ger), although short-chain (C4-C;,) molecules are relatively
uncommon. In contrast, meteoritic fatty acids are shorter,
with chain lengths ranging from C; to C;,. For all biotic
samples, the minimum chain length is C4 or longer, while
for all abiotic samples, the minimum chain length is C; or
shorter.

4.3.1.2. Always present but sometimes origin-diagnostic:
Fatty acids. Fatty acid distributions that are always present
but sometimes origin-diagnostic include:

(1) Maximum chain length present (Fig. 2);

(2) Even or odd preference (Fig. S6);

(3) Identity of the most abundant molecule (Fig. 3a);

(4) Identity of the second most abundant molecule
(Fig. 3b).

For all terrestrial samples, minimum-maximum chain
length range always differs relative to all meteoritic sam-
ples. However, while biotic fatty acids are longer, these
samples can contain short-chain molecules that fall within
the ““abiotic’’ range. When the maximum chain length in a
fatty acid sample contains more than 12 carbons in the main
chain, this indicates biogenicity. When the maximum chain
length in a fatty acid sample contains fewer than 10 carbons
in the main chain, this indicates abiogenicity. However, in
our study, there are studies in both the biotic and abiotic
datasets that report the maximum fatty acid chain length in a
sample is either a Cyq or Cy,, so these distributions are non-
diagnostic of origin.

A predominance of even or odd chain lengths is only
observed in biotic samples and reflects synthesis via addi-
tion of 2-carbon groups (e.g., Brindley et al, 1969;
McCarthy and Hardie, 1984). This sawtooth distribution is
often cited as an important lipid biomarker for astro-
biological applications (Dorn et al., 2011; Aerts et al.,
2014). Within our dataset, a predominance of either even or
odd chain lengths is reported for 31% of terrestrial samples
(odd predominance for one sample, even predominance for
the remainder). Chain length predominance is not explicitly
reported for the remaining 69% of the biotic samples in the
dataset, and some of these samples only contain fatty acids
with one or two different chain lengths, so that an even/odd
predominance cannot be measured. No meteorite samples
display a predominance of even or odd chain lengths, and
predominance is not kinetically or thermodynamically ex-
pected for abiotic synthesis (McCollom et al., 1999; Rushdi
and Simoneit, 2001; Mifibach et al., 2018). Predominance of
either even or odd chain lengths can provide added infor-
mation indicating a biotic origin, but lack of predominance
is non-diagnostic since this pattern is observed in all me-
teorite and some terrestrial samples. For example, on Earth,
diagenesis and microbial degradation are processes that can
lead to loss of predominance (e.g., Peters and Moldowan,
1993).

Since biotic and abiotic fatty acids span different chain
length ranges, the dominant molecules usually differ. For
biotic samples, the most abundant molecule is usually Cig.9
or Cyg.1, and the second most abundant molecule is usually
Ci6.0 or Cyg.0. Preferential synthesis of these chain lengths is
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enzyme-modulated and well-suited for building the mem-
brane bilayers that support cell structure, while unsatura-
tions enable membrane fluidity at lower temperatures
(Hagve, 1988; Shivaji and Prakash, 2010). For abiotic
samples, the most abundant and second most abundant
molecules are usually the shortest chained species within
those sets, typically C;, C,., or Cs.. This reflects the
Poisson distribution of chain lengths that characterizes
molecules that form abiotically from synthesis that proceeds
via addition of single carbon atoms. However, for three
samples from two biotic studies (Malherbe et al., 2017,
Williams et al., 2021), the most abundant fatty acid is either
Cy.o or Cg.o; several meteorite studies also report that a Cy.q
or a Cg. fatty acid is the most abundant molecule. Similarly,
the second most abundant fatty acid usually differs for biotic
and abiotic studies, but a few biotic studies report a Cy.q,
Ceé.0, C7.0, or Co.o fatty acid is the second most abundant
(Garcette-Lepecq et al., 2004; Williams et al., 2019, 2021).

When the most abundant fatty acid is a C;q.¢ or longer,
this indicates biogenicity, and when the most abundant fatty
acid is a Cj.o or shorter, this indicates abiogenicity. When
the second most abundant fatty acid is a C;,.¢ or longer, this
indicates biogenicity, and when it is Cs.o or shorter, this
indicates abiogenicity.

4.3.1.3. Sometimes present but always origin-diagnostic:
Fatty acids. Fatty acid distributions that are sometimes
present but always origin-diagnostic include

(1) Identity of the most abundant unsaturated molecule
(Fig. S7);

(2) Minimum—maximum chain length for molecules that
contain branches (Fig. 6a);

(3) Presence of isoprenoid fatty acids;

(4) Presence of cyclopropyl fatty acids.

For terrestrial samples, the most abundant unsaturated
fatty acid is usually C,g.; or Cy6.;. Monounsaturated fatty
acids (frequently in the cis conformation) are synthesized by
a vast array of prokaryotes and eukaryotes, and polyunsat-
urated molecules are common to a smaller set of organisms
(Kaneda, 1991; Mansy, 2009). These double bonds are in-
corporated at various positions within the main chain of the
fatty acid during biosynthesis or via post-enzyme modifi-
cation to increase fluidity (Shivaji and Prakash, 2010). In
meteoritic samples, unsaturated fatty acids are rarely re-
ported, but two of the studies of separate samples of the
Tagish Lake meteorite identify the short-chained Cy.;, and
for both of those samples, both the cis and trans isomers are
present.

For samples that contain branched fatty acids, the mini-
mum and maximum chain length of branched molecules and
the identity of the most abundant branched molecule within
each sample always differs for terrestrial and meteoritic
cases. Biotic fatty acids have longer chains to begin with,
and branching is usually restricted to a subset of those fatty
acids, with unbranched fatty acids comprising a significant
portion of biosynthesized molecules. Branched and unsatu-
rated fatty acids serve similar life-enabling functions in
modulating membrane fluidity (Kaneda, 1991; Jordan et al.,
2019). Although branched fatty acids with as few as 6 car-
bon atoms in the main chain are sometimes reported in
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terrestrial samples, the shortest branched fatty acid in a
sample in the studies we review usually has 15 carbon atoms
in the main chain, while the longest branched fatty acid most
often has 17 carbon atoms in the main chain. The most
abundant branched fatty acid in biotic samples is usually
iso-Cs.o or anteiso-Cs.o. Unlike biosynthesized fatty acids,
abiotic fatty acids display random and frequent branching
that appears in molecules of any length. This lack of pre-
dominance and presence of branching in molecules of any
length reflects synthesis that adds single carbon atoms to any
available position as chains are grown, instead of prefer-
entially in specific positions and conformations leveraged by
life (Sephton, 2002; Pizzarello, 2006).

Isoprenoid fatty acids and cyclopropyl fatty acids are
identified in some terrestrial samples but no meteoritic
samples in the studies we review. Isoprenoid fatty acids with
repeated, nonrandom branching on Earth are thought to
originate from biosynthesized isoprenoid fatty alcohols that
are subsequently oxidized by microbes (van den Brink and
Wanders, 2006). Cyclopropyl fatty acids derive from en-
zymatic modification of monounsaturated fatty acids in
membrane phospholipids in certain types of bacteria (Yuan
et al., 1995; Grogan and Cronan, 1997) and plants (Bao
et al., 2002). Synthesis of these ‘‘biogenic’’ conformations
requires multiple thermodynamically unfavorable steps and
specific biochemical pathways, which can explain why
molecules with these conformations have not been identified
(and are not expected) in abiotic contexts.

4.3.1.4. Sometimes present and sometimes origin-
diagnostic: Fatty acids. Fatty acid distributions that are
sometimes present and sometimes origin-diagnostic include

(1) Number of unique unsaturated molecules in a sample;

(2) Maximum number of unsaturations present within a
single molecule (Fig. 4);

(3) Identity of the most abundant branched molecule
(Fig. 5);

(4) Range of branch positions within the main chain (i.e.,
first and last carbon atom containing a branch)
(Fig. 6b);

(5) Maximum number of branches present within a single
molecule (Fig. S8a);

(6) Maximum branch length (i.e., number of carbon at-
oms within a single branch off the main chain)
(Fig. S8b).

Some terrestrial samples contain multiple unique unsat-
urated fatty acids, but the maximum number of unsaturated
fatty acids in any meteorite sample is 2. Terrestrial samples
can contain both monounsaturated and polyunsaturated
species with up to six double bonds in a single chain, but
polyunsaturated fatty acids have not been reported in me-
teorites. Double bonds are important molecular structures
that enable membrane function by modulating fluidity in
cold environments (Hazel and Eugene Williams, 1990;
Shivaji and Prakash, 2010), and different terrestrial organ-
isms synthesize a diverse array of monounsaturated and
polyunsaturated fatty acids. However, some organisms only
synthesize saturated species, while diagenetic processes and
microbial uptake can oxidize and cleave double bonds,
leaving only saturated fatty acids behind (Canuel and
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Martens, 1996; Meyers, 1997). Consequently, some terres-
trial samples contain no unsaturated fatty acids, only one or
two unique fatty acids, or fatty acids with only one double
bond in a single chain. This does not indicate a lack of
biogenicity, but these distributions are non-diagnostic of
origin since they have also been reported in meteorites.

Branch positions and length are sometimes origin-
diagnostic. In some biotic samples, the most abundant
branched fatty acid contains a methyl branch at the 2-Me or
mid-chain (9-Me, 10-Me) position; these configurations
serve similar purposes to iso and anteiso positional isomers
(Hazel and Eugene Williams, 1990; Mansy, 2009). Me-
teoritic samples contain branched fatty acids with between 3
and 10 carbon atoms in the main chain, but a minimum
length of 3 and a maximum length of 5 or 6 is most com-
mon. The most abundant branched fatty acid in abiotic
samples is usually 2-Me-Cs.¢ (i.e., iso-Cs.9). However, in
four meteoritic samples (Shimoyama et al., 1989; Pizzarello
et al., 2012; Aponte et al., 2014) and three terrestrial sam-
ples (from the same study) (Malherbe et al., 2017), the most
abundant branched fatty acid is 2-Et-Cg.9, making this
conformer non-diagnostic of origin.

Although some terrestrial samples contain fatty acids with
branching at the second carbon atom, branching is usually
restricted to mid-chain (e.g., 9-Me, 10-Me) or terminal (i.e.,
iso, anteiso) positions within the main chain of the mole-
cule. This predominance of specific, nonrandom branching
reflects directed synthesis (Hazel and Eugene Williams,
1990; Mansy, 2009). For all meteoritic samples with bran-
ched fatty acids, branching begins at the 2-Me position but
can continue down the length of the chain. Random and
frequent branching at every possible position has been
widely reported as a hallmark characteristic of abiotic or-
ganics in meteorites (Sephton, 2002; Pizzarello and Shock,
2010), and our analysis reiterates that this distribution is
indeed broadly observed.

Likewise, branch length is sometimes origin-diagnostic,
as the terrestrial samples in our dataset only contain methyl-
branched fatty acids aside from three outliers (from one
study; all samples are desert varnish) with one ethyl-
branched molecule each (Malherbe et al, 2017), while
meteoritic samples contain fatty acids with methyl, ethyl,
and propyl branches. Living organisms specifically synthe-
size fatty acids that contain single-carbon branches to add
space between membrane-packed molecules, but abiotic
synthesis has no similarly specific process and can randomly
add carbon atoms to both branches and main chain. For
samples that contain mid- to long-chain branched fatty acids
with branch positions that are restricted to the mid-chain to
terminal positions, biogenicity may be inferred. However,
when branching begins at the 2-Me position (regardless of
main chain length) and continues throughout the main chain,
branch position ranges are non-diagnostic, as this distribu-
tion is observed in both biotic and abiotic samples. When a
sample contains fatty acids with branches longer than two or
three carbon atoms, this may indicate an abiotic origin.
However, for samples that contain methyl-branched fatty
acids only, branch length is non-diagnostic because these
conformations are observed in samples of either origin.

4.3.2. Origin-diagnostic features and patterns in acyclic
hydrocarbons. Origin-diagnostic distributions are less
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distinct for acyclic hydrocarbons compared to fatty acids,
primarily because there are fewer published studies and lack
of quantitative data on meteoritic acyclic hydrocarbons
compared to fatty acids, along with historical issues with
terrestrial contamination from atmospheric, laboratory, and
biological sources, particularly for meteorites that are col-
lected after longer residence time on Earth before their
discovery (Cronin and Pizzarello, 1990; Sephton et al,
2001a). Additionally, acyclic hydrocarbons make up a far
smaller fraction of meteoritic organics than fatty acids and
are dominated by UCM. Terrestrial acyclic hydrocarbon
structures and distributions are better constrained than me-
teoritic, but there exist complexities that complicate eluci-
dation of origin-diagnostic patterns compared to terrestrial
fatty acids. For example, while biosynthesized terrestrial fatty
acids are primarily sourced from cell membranes, acyclic
hydrocarbons can derive from numerous sources and com-
plex parent molecules (e.g., plant waxes, decarboxylated fatty
acids, polycyclic compounds, etc.), each with varying distri-
butions of molecular features (Boucher et al., 2004; Sum-
mons et al., 2022). Furthermore, biological reprocessing and
diagenesis can degrade and transform molecules through
oxidation and loss of functionalization, potentially obscuring
origin-diagnostic features and distributions.

Despite these challenges, origin-diagnostic information
can still be obtained from acyclic hydrocarbons, especially
when multiple structural elements are examined together
(Figs. 7-10, 12, S9-S15). In particular, identification of the
most prevalent and most universal trends that characterize
terrestrial biological samples can provide an indication of
the types of deviations that should be expected in a biotic
extraterrestrial sample relative to a signal dominated by
exogenous input (Lovelock, 1965; Georgiou and Deamer,
2014). Despite lack of a comparably extensive set of me-
teoritic data, the numerous nonrandom and distinct distri-
butions displayed by terrestrial acyclic hydrocarbons in the
dataset suggest that extraterrestrial acyclic lipids have the
potential to hold key information on biogenicity or abio-
genicity (Table 3), but analysis of multiple structural ele-
ments and their distributions within a sample is critical for
predicting origin.

4.3.2.1. Always present and always origin-diagnostic. Of
the studies reviewed, no feature for acyclic hydrocarbons is
both always present and always origin-diagnostic. However,
when a sample contains multiple “‘biotic’ distributions of
structural elements, molecules with nonrandom and repeated
patterns in branching, both within individual molecules and
across the molecules in a sample, this may indicate bio-
genicity, as revealed by 14-parameter PCA (Figs. 12, S18).

4.3.2.2. Always present and sometimes origin-diagnostic.
Acyclic hydrocarbon distributions that are always present
and sometimes origin-diagnostic include

(1) Minimum and maximum chain length (Fig. 7);

(2) Preference for either even or odd chain lengths
(Fig. S9b);

(3) Chain length distribution (e.g., bimodal or trimodal)
(Fig. S9a);

(4) Most abundant molecule (Fig. 8a);

(5) Second most abundant molecule (Fig. 8b).
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Within our dataset, acyclic hydrocarbons with chain
length ranges that fall between C,;¢ and C4g are only ob-
served in terrestrial samples. Ranges between C; and C,, are
only reported in meteorite samples. These distributions
differ for biotic and abiotic samples. However, some ter-
restrial samples contain acyclic hydrocarbons as short as Cy,
and some meteoritic samples contain chain lengths up to
C30. These intermediate ranges are non-diagnostic, as they
are observed in samples of either origin.

In some terrestrial samples and no meteorite samples, the
most abundant molecules are isoprenoids, mono- or poly-
unsaturated alkenes, or saturated n-alkanes with chains that
are C,;7 or longer. On the other hand, in some meteoritic
samples (and no terrestrial samples), the most abundant
molecules are saturated n-alkanes with chains between C;
and Cs. However, there are both terrestrial and meteoritic
samples for which the most abundant molecule is an
n-alkane between C;; and C,s. When the most abundant
acyclic hydrocarbon is long-chained (>C,7), saturated, or an
isoprenoid, this indicates biogenicity; when the most abun-
dant molecule is short-chained (<Cg), this most probably
indicates a meteoritic origin; other cases are non-diagnostic.
The same differences are observed for the second most
abundant molecule within the same samples, except for one
meteoritic sample in which the monounsaturated C,.; alkene
is the second most abundant (Levy et al., 1973).

4.3.2.3. Sometimes present and always origin-diagnostic.
Acyclic hydrocarbon distributions that are sometimes pres-
ent and always origin-diagnostic include

(1) Presence of isoprenoids (Figs. S13-S15);
(2) Homologous series of iso or anteiso branched alkanes
(Figs. S16¢c-S16d).

Isoprenoids are diagnostic branched molecules that are
universal to life on Earth: they are metabolites for all life as
we know it, are used to build complex polycyclic com-
pounds in prokaryotes and eukaryotes (Zeng and Dehesh,
2021), and are acyclic building block components of ar-
chaeal cell membranes (Jordan et al., 2019). In our dataset,
acyclic isoprenoids are reported in many terrestrial samples
but never reported as indigenous in meteorites. The presence
of isoprenoids (or similar branched structures) indicates
biogenicity; however, the absence of isoprenoids in the
acyclic hydrocarbons of a sample is non-diagnostic, since
some biotic samples lack isoprenoids.

Homologous series of iso or anteiso branched alkanes are
observed in some terrestrial samples but not in meteoritic
samples (Figs. S16c—S16d). These series are thought to
derive from partially degraded fatty acids (e.g., Peters and
Moldowan, 1993); when they appear, this points to biotic
input, but lack of these series is non-diagnostic.

4.3.2.4. Sometimes present and sometimes origin-
diagnostic. Acyclic hydrocarbon distributions that are
sometimes present and sometimes origin-diagnostic include

(1) Number of unsaturations in a single molecule
(Fig. S10);

(2) Maximum number of branches in a single molecule
(Fig. S12a);
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(3) Maximum number of carbons in a single branch
(Fig. S12b);
(4) Position of branching within the chain (Figs. 9b, 10).

Unsaturations are biologically important molecular fea-
tures that allow organisms to regulate membrane fluidity
when incorporated into fatty acid tails or GDGT-bound
isoprenoids (Hazel and Eugene Williams, 1990; Mansy,
2009). Mono- and polyunsaturated acyclic hydrocarbons are
synthesized by a variety of organisms and frequently iden-
tified in the terrestrial studies we reviewed; monounsatu-
rated alkenes are reported in 9 of the meteoritic samples,
although 7 of them were sourced from IOM rather than the
organic-soluble fraction. It is well known that during dia-
genesis on Earth, double bonds are more susceptible to
cleavage and oxidation compared to C-C bonds; older and/
or thermally processed samples tend to contain fewer un-
saturated species compared to fresher material (Peters and
Moldowan, 1993; Canuel and Martens, 1996; Colombo
et al, 1997; Eigenbrode, 2008). Within our dataset, we
found that when a sample contains more than one unsatu-
rated acyclic hydrocarbon and/or any polyunsaturated mol-
ecules, biogenicity may be inferred, but when a sample
contains only saturated alkanes or a single monounsaturated
alkene, these distributions are non-diagnostic.

Branching distributions can indicate biogenicity in some
cases. Due to the presence of isoprenoids, many biotic
samples in our dataset include acyclic hydrocarbons that
contain between 3 and 8 individual branches within a single
molecule. Highly branched isoprenoids can contain indi-
vidual branches that are more than 3 carbon atoms long
(Summons et al., 2022). UCM containing many highly
branched species is common in meteorites (Fig. S16a), but
individual molecules are rarely resolved from one another
with the analytical techniques reported here. However,
several of the studies we reviewed did identify individual
branched hydrocarbons extracted from meteorites and con-
tain up to 3 branches within a single chain, with branches up
to 3 carbon atoms long. Acyclic hydrocarbon samples that
contain individual molecules with more than 3 individual
branches or branches that contain more than 3 carbon atoms
can indicate biogenicity, while samples with fewer or no
branches are non-diagnostic.

Finally, branching positions can sometimes indicate bio-
genicity. Only terrestrial samples exhibit branched acyclic
hydrocarbons with the first branch position at the 3™ carbon
atom or farther along the main chain of the molecule, and
only terrestrial samples exhibit the last branch position as
falling between the 10™ and 32" carbon atom. Both ter-
restrial and meteoritic samples can contain branched acyclic
hydrocarbons with the first branch position located at the 2™
carbon of the main chain of the molecule, and both have
been reported to have the last branch position located at the
8™ carbon atom or earlier along the main chain. This indi-
cates that when branching positions are restricted from the
mid-chain to the terminal end, the sample may be of biotic
origin, while earlier branching positions are non-diagnostic.

4.4. Additive origin-diagnosticity of molecular features
and distributions

4.4.1. Additive trends are revealed by PCA of fatty acid
distributions. Results from our 16-parameter PCA have
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revealed that each independent feature is additive in asses-
sing biotic versus abiotic origin for the lipids within our
dataset (Figs. 11, S17; Table S1). While independent ana-
lyses of each individual feature can, in some cases, provide
information on sample origin (e.g., the identity of the most
abundant fatty acid in a sample always differs for biotic and
abiotic samples, while certain branch lengths and positions
are only found in samples of either biotic or abiotic origin),
multivariate approaches incorporate multiple features from
the same samples into one analysis. The results of our PCA
show that confidence in assessing origin is strengthened
with this method, demonstrated by the clear separation of
biotic and abiotic samples into distinct clusters (Fig. 11,
Table S1). PCA additionally identified the parameters re-
sponsible for the greatest degree of diagnosticity for deter-
mining biogenicity (Fig. S18), which include minimum and
maximum chain length (Fig. 2), most abundant unique fatty
acid (Fig. 3a), and second most abundant unique fatty acid
(Fig. 3b).

4.4.2. Additive trends are revealed by PCA of acyclic hy-
drocarbon distributions. Results from our 14-parameter
PCA reveal that each independent feature is additive in
assessing biotic versus abiotic origin for the lipids within
our dataset (Table S2). Although lack of coverage within the
meteoritic dataset precluded PCA with as many features as
in our fatty acid analysis, and although there is crossover
between the biotic and abiotic pools of acyclic hydrocarbons
within this PCA, results indicate that multivariate analysis
can help improve confidence in origin, even when inde-
pendent analysis of individual features (e.g., identity of the
most abundant acyclic hydrocarbon, presence and number of
unsaturations) does not definitively indicate whether a
sample is biotic or abiotic in origin. Specifically, of the three
distinct clusters resulting from the 14-parameter analysis,
one cluster contained no abiotic samples, one contained a
single abiotic outlier, and one contained both biotic and
abiotic samples (Fig. 12). Additionally, these findings sug-
gest that further analysis of meteoritic acyclic hydrocarbon
structures and distributions has the potential to greatly en-
hance understanding of the differences between biotic and
abiotic lipids and would be an important step to support
astrobiological exploration of organics on other bodies.

4.5. Diagenesis and degradation: Mixed signals
of lipids and expectations for Mars

An extraterrestrial sample may contain a mixture of
lipids from abiotic and biotic sources, referred to as a
“mixed signal,”” which might include exogenous input,
abiotic molecules synthesized in situ, biomolecules from
extant or ancient life, and geologically re-processed or
partially degraded compounds of biotic or abiotic origin.
On Earth, fatty acids up to hundreds of millions of years
old have been reported (Das and Harris, 1970), while
preservation potential for acyclic hydrocarbons exceeds
several billion years (Brocks et al., 2005; Brocks and
Schaeffer, 2008; Lee and Brocks, 2011; Vinnichenko
et al., 2020). Acyclic hydrocarbons are directly synthe-
sized by both biotic and abiotic mechanisms, but these
molecules can also represent partially degraded fatty
acids that have undergone decarboxylation via geologi-
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cal processing (e.g., thermal and aqueous processes, ir-
radiation, exposure to oxidizing agents) or biological
re-uptake. The resulting hydrocarbon compounds that
remain can retain some or all the structural elements
(chain length, branching, unsaturations) possessed by the
parent molecules (Peters and Moldowan, 1993; Sum-
mons et al., 2008).

When distributions of these features in an acyclic hy-
drocarbon sample traces back to “‘biotic” fatty acid distri-
butions, biogenicity may also be inferred, while comparison
to carbonaceous chondrite fatty acids can inform predictions
for distributions of abiotic acyclic hydrocarbons that are
delivered exogenously to the surface of Mars (Freissinet
et al., 2015; Eigenbrode et al., 2018). Biotic hydrocarbons
in terrestrial systems can also contain UCMs, especially
upon burial, heating, and metamorphism, but certain types
of molecules and configurations frequently rise well above
this background, especially when samples have only un-
dergone low-grade metamorphism (i.e., <320°C) throughout
their diagenetic history (e.g., Peters and Moldowan, 1993).
Although homologous series are only observed in some
samples, their presence indicates biotic input. Monomethyl
and dimethyl alkanes are directly synthesized by bacteria
(e.g., Robinson and Eglinton, 1990; Shiea et al., 1990; Kenig
et al., 2003), while series of iso- and anteiso-alkanes are
thought to derive from decarboxylated iso- and anteiso-fatty
acids (Peters and Moldowan, 1993). Within the dataset we
have compiled, these distributions are never observed in
meteorites, and given the random isomerization that charac-
terizes abiotically synthesized organics, homologous series of
long-chained acyclic hydrocarbons with few discrete num-
bers of branches are not expected to occur outside of bio-
logically directed synthesis.

For abiotic scenarios, observations and laboratory ex-
periments provide information about the origin of the che-
mical composition of small, cold objects in the Solar System
such as asteroids and comets, in particular the origin of their
content of organic compounds. Through meteoritic impacts
during the early stages of the Solar System formation, these
organics are believed to have seeded with organics the
surface of the telluric planets, including Earth and Mars, and
may have triggered the emergence of life on Earth (Chyba
and Sagan, 1992). The distributions of sample features
identified in biotic samples can, therefore, serve as an in-
flection point for the types of nonrandom distributions that
occur in terrestrial biology but are thermodynamically un-
likely to occur in known abiotic systems.

Despite the lack of significant quantitative data on dis-
tributions of acyclic hydrocarbons in meteorites, data on the
distributions of meteoritic and terrestrial fatty acids can
provide insight into expected hydrocarbon distributions on
Mars. Because asteroids and meteoroids are less geologi-
cally active than planets (aside from transient aqueous epi-
sodes), organics in meteorites are exceptionally well
preserved (e.g., Sephton, 2002; Pizzarello, 2006). However,
when those objects fall onto a more dynamic planetary
body, physical and chemical weathering processes can alter
those molecules. Since short-chain (<C,,) fatty acids are the
most abundant class of meteoritic organics, these molecules
could potentially be an important source of acyclic hydro-
carbons on Mars. If these molecules undergo decarboxyl-
ation after reaching the planet’s surface, as is believed to
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have happened during the early diagenesis on Earth, the
resulting acyclic hydrocarbon compounds that remain are
likely to retain recalcitrant structural features (e.g., C;—Ci2.9
chain lengths, frequent branching, random isomerization).
Therefore, these products could potentially represent an
important source of acyclic hydrocarbons on Mars, and sets
of short-chain (<C,) acyclic hydrocarbons may indicate an
abiotic origin from decarboxylated meteoritic fatty acids.

Given the much lower abundances of indigenous acyclic
hydrocarbons, expected exogenous contributions could in-
clude a second set of longer-chain molecules containing
n-alkanes with random chain length distributions, abundant
UCMs, resolvable branched species with diverse and com-
plex branching, random isomerization, abundances of
polycyclic aromatic hydrocarbons (PAHs), rare unsatura-
tions, and no molecules with nonrandom repeated branching
(i.e., isoprenoids or structurally similar compounds), as
these general distributions are often cited for meteorites
(Sephton, 2002; Pizzarello, 2006). On the other hand, if
acyclic hydrocarbon patterns trace back to those identified,
observed, or expected in hydrocarbon tails of biotically
synthesized fatty acids, these distributions could provide
evidence for biogenicity, especially if multiple diagnostic
distributions are independently observed within one Martian
lipid sample. Additional parameters, such as compound-
specific stable isotope analyses, can additionally be applied
to the same samples to further query origin; however, re-
view of these techniques and distributions is outside the
scope of this work (e.g., Finkel et al., 2023).

4.6. A lipid biomarker approach to life detection

Given the biological imperativeness of cellular membranes
in aqueous environments, numerous origin-diagnostic distri-
butions that can indicate biosynthesis, and the geological
longevity of lipids postmortem for billions of years, acyclic
lipids are ideal targets for organics-based life detection on
astrobiological planetary bodies (Lovelock, 1965; Dorn et al.,
2011; Georgiou and Deamer, 2014). Martian surface condi-
tions during early geologic epochs mimicked and coincided
with those on Earth that facilitated the emergence of terres-
trial life (Craddock and Howard, 2002; Grotzinger et al.,
2014), while Europa and Enceladus contain potentially hab-
itable subsurface oceans that may host life today (Chyba,
2000; Hand et al., 2009; Deamer and Damer, 2017).

In the absence of modern or ancient life, lipid analysis can
provide information about the inventory of prebiotic or-
ganics and show how they compare or differ with exogenous
lipids from primitive extraplanetary materials (e.g., in situ
synthesis) (Pizzarello and Shock, 2010; Steele et al., 2018;
Schmitt-Kopplin et al., 2023). Since the Martian surface has
consistently been seeded with exogenous organics
throughout the history of the Solar System, identifying
Martian lipids with distributions that deviate from the me-
teoritic abiotic background could provide clues to ancient
life. Meteoritic lipids could represent a potentially important
source of prebiotic organics to the early Earth and Mars.

Distinct pools of endogenous abiotic organics have been
identified on Mars. Indeed, recent analysis of the Tissint
Martian meteorite has revealed a wide diversity of abiotic
organics, including C3-C; branched monocarboxylic acids,
polycyclic aromatic hydrocarbons (PAHs) and heterocycles,
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aldehydes, and unsaturated acyclic hydrocarbons, with a
signature unique from carbonaceous meteorites. Their
compositional distributions (i.e., elementary composition
identified by Fourier transform ion cyclotron resonance
mass spectrometry [FTICR-MS]) and spatial distributions
indicate these molecules formed via in sifu abiotic geo-
chemical processes (Schmitt-Kopplin et al., 2023). Other
analyses of Martian meteorites have similarly identified
complex organic matter with mineral associations, sug-
gesting endogenous abiotic synthesis (e.g., serpentinization,
carbonation, shocks) (Steele et al., 2016, 2022; Jaramillo
et al., 2019). On Earth, it has been hypothesized that abi-
otically synthesized carboxylic acids self-assembled to form
the vesicles that served as the first primitive cell membranes,
facilitating the transition from prebiotic to biotic chemistry
(Segré et al., 2001; Apel et al., 2002; Deamer et al., 2002).
If extraterrestrial life on Mars followed a similar trajectory,
synthesis of larger fatty acids and other complex lipids
would follow, yielding molecules with structures and dis-
tributions distinct from abiotic precursors (Segré et al.,
2001; Deamer et al., 2002).

4.6.1. Instrumentation to detect origin-diagnostic acyclic
lipid distributions in situ. To detect and characterize bio-
markers in situ, methods, instruments, and analytical tech-
niques developed and used in terrestrial laboratories are
frequently leveraged for robotic exploration of Mars (Ma-
haffy et al., 2012; Vago et al., 2017; Farley et al., 2020).
Knowledge gained from organic biogeochemical analyses of
analog environments on Earth is another essential tool in the
search for life, as an understanding of trends in biomarker
distributions is key to designing and interpreting experi-
ments for the detection of organics (e.g., Finkel et al., 2023).
In situ measurements taken by the Mars Science Laboratory
on board the Curiosity rover and the Scanning Habitable
Environments with Raman and Luminescence for Organics
and Chemicals (SHERLOC) instrument on board the Per-
severance rover have detected numerous organics on Mars,
including small, simple hydrocarbons, chlorinated organic
fragments, and S- and N-bearing heterocycles, where these
specific molecules have been identified by MSL (Ming
et al., 2014; Freissinet et al., 2015; Eigenbrode et al., 2018;
Scheller et al., 2022). Analyses of Martian meteorites have
found a staggering diversity of indigenous abiotic organics
with complex and diverse structures (e.g., carboxylic acids,
aromatic and aliphatic hydrocarbons, heterocycles) bound in
macromolecules (Lin et al., 2014; Steele et al., 2016, 2022;
Jaramillo et al., 2019; Schmitt-Kopplin et al., 2023).

Optimal sampling and processing approaches should fa-
vor the collection of these molecules while conserving
structural features and distributions in molecules outlined
here that can indicate biogenicity or its absence. Previous in
situ investigations of Martian organics using thermal ex-
traction only found evidence for the presence of simple,
non-origin-diagnostic hydrocarbons (Mahaffy ef al., 2012;
Ming et al., 2014; Freissinet et al., 2015; Eigenbrode et al.,
2018). While significantly operationally less complex than
solvent extraction, thermal extraction is known to alter the
origin-diagnostic structures and features of molecules (e.g.,
oxidation, chlorination, racemization, fragmentation), par-
ticularly in the presence of oxidants such as oxychlorine
anions including perchlorates which are prevalent on Mars
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(Kates, 1972; Sephton, 2012; Royle et al., 2022). In con-
trast, the use of solvent-based extraction techniques most
widely used on terrestrial samples maintains the origin-
diagnostic structural features identified here (Fig. 13;
Tables S2, S3), especially more thermally unstable features
such as double bonds (e.g., Sephton, 2012). Techniques
widely demonstrated on tens of thousands of terrestrial and
meteorite sample analysis rely on human operators and are
multistep, laborious, and require consumables (i.e., organic
solvents, filters), which is why their use has been historically
precluded for in situ analysis on planetary missions.

These laboratory lipid characterization techniques that
have been successfully implemented and refined over 70
years primarily use organic solvents at temperatures below
100°C to extract lipids from samples, often via mechanically
refluxing organic solvent through ground sample within a
closed vessel (Fig. 13) (Bligh and Dyer, 1959; Richter et al.,
1996; Luque de Castro and Priego-Capote, 2010). Our anal-
ysis of the literature has revealed the ubiquity of solvent-
based approaches for extracting lipids from natural samples
in the laboratory, and the capability of these methods to
conserve key origin-diagnostic structures and distributions
throughout the sample-handling process. Frequent successful
utilization of Soxhlet and ASE apparatuses demonstrates the
utility of automating portions of lipid extraction procedures.
Additionally, our review highlights the importance of cou-
pling organic solvent extraction to mass spectrometry—based
analyses to achieve a thorough understanding of the molec-
ular details of a given sample, including individual structural
features and conformations, and overall distributions.

These techniques would be suitable for Martian samples,
given their capacity to extract and concentrate low con-
centrations of biomass that may be heterogeneously dis-
tributed on the centimeter scale in a soil sample: multigram
samples of regolith can be processed so that lipids are ex-
tracted, purified, and concentrated, improving the analytical
instrumental signal by several orders of magnitude. Ad-
ditionally, solvent extraction, especially with sonication, can
disrupt molecular interactions between organics and the host
mineral matrix, liberating and separating lipids from the
associated minerals (Keil and Mayer, 2014), without sig-
nificantly altering the diagnostic molecular structures and
patterns reviewed here.

4.6.2. The Extractor for Chemical Analysis of Lipid Bio-
markers in Regolith (ExCALIBR). Ideally, a life-detection
instrument designed to measure acyclic lipids should detect
and resolve molecules in the same class but with different
chain lengths, number and position of branches, and double
bonds. This should include C, chains through longer chain
lengths (e.g., C35) for a complete window spanning known
terrestrial and exogenous inputs. Leveraging the sample
processing and analytical techniques used to identify lipids
in the laboratory, while searching within the same molecular
windows for the types of structures and distributions that set
lipid biomarkers on Earth apart from abiotically synthesized
exogenous organics, provides guidance for interpreting the
same molecular classes from a sample of unknown origin.
Because organic solvent extraction is most commonly uti-
lized in sample analysis on Earth (Figs. 13a, 13b), and de-
monstrably preserves the molecular structures, features, and
distributions that can help differentiate between biotic and

BUCKNER ET AL.

abiotic origin, we propose that these methodologies should
be integrated into the next generation of sample processing
instruments for life detection on astrobiology missions to
Mars. To enable autonomous laboratory-grade lipid extrac-
tion and analysis within planetary mission mass, volume,
and power constraints, we are developing an instrument
optimized to extract lipids from planetary samples, utilizing
low-temperature extraction techniques that preserve the
molecular features and structural nuances that can provide
key origin-diagnostic information.

Our instrument, ExCALiBR (Extractor for Chemical
Analysis of Lipid Biomarkers in Regolith), implements
common organic solvent-based laboratory sample proces-
sing techniques within a single, enclosed, autonomously
operated system that extracts, concentrates, and delivers
lipids from 25 cm® of raw drilled or scooped samples, while
fitting within the mass, volume, and power constraints im-
posed by most landed planetary mission bud3gets (Wilhelm
et al., 2021). By processing multiple 25cm” samples, the
quantity of a given lipid available for analysis is enhanced
by greater than an order of magnitude relative to previous
measurements on Mars. EXCALiBR has been included as an
option for the baseline payload package for the Mars Life
Explorer mission concept in the 2023 Planetary Decadal
Survey and prioritized by the National Academies for
maturation to flight scale within the coming decade (Na-
tional Academies of Sciences, Engineering, and Medicine,
2022). ExCALIiBR will enable the search for ancient, trace
quantities of preserved geolipids on Mars, with fidelity to
standard laboratory techniques to search for the origin-
diagnostic parameters outlined here. EXCALiBR specifically
targets organic classes with highest preservation potential
(i.e., lipids) while preserving molecular structures and fea-
tures that can indicate origin (e.g., chain length, unsatura-
tions, branching). ExCALiBR further overcomes common
sample handling challenges with fidelity to the techniques
most commonly employed on terrestrial samples (Figs. 13a,
13b) by reducing particle size and enable access to organics
trapped within mineral matrixes, extracting organics with
organic solvents to remove salts and inorganics that are
known to interfere with analysis (e.g., perchlorates can de-
stroy organics during thermal ramps [e.g., Sephton, 2012;
Royle et al., 2022]), applying ultrasonic energy to disag-
gregate particles and release molecules adsorbed onto
mineral surfaces or in interlayers, filtering to separate min-
erals from organics, and concentrating from large sample
volumes to improve signal from low-abundance or hetero-
geneously distributed natural samples. The design of our
instrument was driven by the results of this comparative
study. Materials were selected for compatibility with a range
of organic solvents, and solvent-based extraction techniques
and cocktails chosen based on methodologies most com-
monly reported in the studies reviewed (i.e., solvent ex-
traction is reported for 83% of the 1574 samples included in
our study) (Figs. 13a, 13b). ExCALiIBR extraction tech-
niques are further refined to target lipids within the chain
length ranges delineated (Figs. 2, 7), with the aim of pre-
serving for analysis the molecular features (i.e., chain length
[Figs. 2, 7], unsaturations [Figs. 4, S7, S10, S11], branching
[Figs. 5, 6a, 6b, 9a, 9b, 10, S8a, S8b, S12a, S12b, S13, S14,
S15) that provide origin-diagnostic information. The Ex-
CALiBR sample processing instrument is capable of
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coupling to a variety of novel and flight heritage analytical
instruments (e.g., GC-MS, Raman spectrometers, LDI-MS),
delivering purified and concentrated lipid aliquots for de-
tailed molecular characterization on flexible payload plat-
forms and packages. ExXCALiBR will advance the search for
life on Mars by implementing the highest Earth-heritage
lipid extraction techniques (i.e., organic solvent-based) into
a single sample processing unit, automating these methods
for robotic implementation on Mars.

5. Conclusion

This study examines life detection as a binary question:
biotic or abiotic? By cataloging published results, we better
understand the bounds on the two endmember organic
pools: (i) carbonaceous chondrite organics, presumably re-
sponsible for providing seed materials for life on Earth, and
(i1) modern terrestrial biology that is the product of billions
of years of evolution and subsequent geologic preservation.
In approaching the search for life on Mars, understanding
the molecular structures and distributions of these two pools
of organics can frame the bounds of what we will seek and,
at the very least, give us the range of solubility, molecular
weight, and structural features to which a payload instru-
ment suite should be sensitive and selective.

Previous papers have defined life detection as a departure
from distributions observed in natural samples of exogenous
origin (e.g., meteorites) or observed in laboratory synthesis
experiments. However, the reality of the problem is likely to
be more complex, therefore, our approach to life detection
must account for organic geochemical realities. Diagenetic
processes alter both biotically and abiotically synthesized
organics (Benner et al., 2000; Pavlov et al., 2012; Fornaro
et al., 2018; Fox et al, 2019; Roussel et al., 2022); the
physicochemical conditions imposed on organics in the
Martian environment such as radiation, soil oxidants, wet/dry
cycling, and temperature cycling are agents that may further
obscure diagnostic parameters relative to freshly synthesized
organics, and in situ abiotic synthesis is hypothesized to
impart an additional pool of organics that may display un-
ique distributions (Steele et al., 2016, 2018, 2022; Schmitt-
Kopplin et al., 2023). On other planets, we should not expect
organics to be pristinely preserved as the abiotic compounds
delivered by meteorites. Leveraging understanding of pools
of organic building blocks of life on Earth can help bound
the types of organics and molecular structures that will
provide clues to their origins on other planetary bodies and
set requirements for future life-detection payload suites.

Organics-assessment-based ~ life-detection  instruments
should be sensitive to both pools, meteoritic and biogenic, as
well as their mixture. An ideal approach to life detection would
enable us to recognize geological changes in organic content.
This includes a purely meteoritic source largely unaltered
abiotic organics, followed by altered abiotic organics, followed
by freshly synthesized biological material, followed by pre-
served ancient biomarkers heavily altered by geological pro-
cesses, while keeping in mind the possibility that molecular
signatures of any combination of these four stages of alteration
may still be present in a sample. Thus, we should not look at
the problem from the angle of a biotic/abiotic binary but rather
understand how nonrandom and thermodynamically unfavor-
able, kinetically favored patterns in distributions of preserved,
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biosynthesized lipids on Earth can inform us about how to
search for physical evidence of life in extraterrestrial pools of
organics. A simple deviation from observed or expected abi-
otic distributions is not sufficient; rather, a combination of
multiple lines of evidence (i.e., multiple patterns in distribu-
tions of structures and conformations) observed from within
those molecules will help increase confidence in the results.

Each of the features and patterns we identified in fatty
acids and acyclic hydrocarbons can hold origin-diagnostic
information. While each structural nuance could indepen-
dently indicate the original synthesis processes (i.e., bio-
chemical synthesis vs. abiotic synthesis), analyzing multiple
such indicators in concert to assess the absence, or presence
and degree, of biogenicity of a single lipid sample will di-
minish ambiguity and enhance the reliability of the answer
of life on another body.
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A. Appendix
A.1. Definitions

Acyclic hydrocarbon: straight-chain lipid containing
only carbon and hydrogen atoms, arranged in various
conformations.

Alkene: an acyclic hydrocarbon with one or more un-
saturations.

Biomarker: organic molecule synthesized by life and
preserved in the geologic record, serving as a molecular
fossil that records evidence of previous biological ac-
tivity (Peters and Moldowan, 1993).

Chnax: the molecule with the highest abundance within a
lipid sample, where the sample contains molecules
within the same lipid class (e.g., fatty acids only, acy-
clic hydrocarbons).

Even or odd carbon number predominance: predomi-
nance of molecules with chain lengths that contain ei-
ther even numbers of carbon atoms or odd numbers of
carbon atoms.

Fatty acid: straight-chain fatty acid comprising an
acyclic hydrophobic hydrocarbon ‘‘tail”” bound to a
hydrophilic carboxyl group (-COOH) ‘“head” at the
opposite end of the carbon chain relative to the tail.
Geolipid: a lipid preserved in the rock record.
Homologous series: series of numerous molecules of
many chain lengths that each display the same non-
random branching features, including length and/or
position (McCollom et al., 1999).

Insoluble organic macromolecule (IOM): macromo-
lecular materials found in carbonaceous chondrites,
comprising smaller aromatic, aliphatic, and functiona-
lized organic fragments that are bound in a complex
network via alkyl and oxygen bridging (Gilmour, 2003;
Alexander et al., 2007).
Isoprene: other name
(CsHy).

Isoprenoid: a biotically synthesized lipid made up of
isoprene subunits, linked together in various confor-
mations. Isoprenoids exist in both cyclic and acyclic
conformations, but for the purposes of this paper,
“isoprenoid’’ refers to acyclic compounds.

Lipid sample: a set of preserved lipids (either fatty
acids or acyclic hydrocarbons) extracted from a geo-
logical specimen.

Lipid: an organic molecule that is soluble in nonpolar
organic solvents. While “lipids’ traditionally refer to
compounds of biological origin IUPAC, n.d.), for our
purposes we refer to these classes of organics (i.e.,
carboxylic [fatty] acids and acyclic hydrocarbons) as
lipids, regardless of whether their origin was biotic or
abiotic. This is both for simplicity’s sake and because
within an astrobiological context an extraterrestrial or-
ganic molecule of unknown origin can fit the functional
definition of a lipid (i.e., soluble in organic solvents)
while its synthesis is unknown.

Molecular structure: a physical feature relating to
configuration, carbon bonding, or other molecular
subcomponent or feature with a discrete structure,
which can include the a chain of carbon and hydrogen
atoms, double or single bonding between carbon atoms,
branching, or cyclization.

of 2-methyl-1,3-butadiene

BUCKNER ET AL.

Monounsaturated: said of a molecule with a single
double bond.

n-Alkane: an acyclic hydrocarbon with no unsaturations
and no branches.

Origin-diagnostic: a distinctive distribution of sample
features observed in a set of lipids that indicates whe-
ther those molecules were synthesized biotically or
abiotically.

Polyunsaturated: said of a molecule with multiple
double bonds.

Unresolved complex mixture (UCM): complex mixture
of numerous branched, cyclic, and acyclic molecules
with numerous compounds such that separation and
characterization of individual molecular structures is
not feasible with traditional GC-MS methods.
Unsaturation: a double bond between two carbon atoms
(C=0).

A.2. Extraction techniques

Accelerated solvent extraction (ASE): a technique for
rapidly extracting lipids via organic solvents under el-
evated temperatures and pressures in a closed cell,
maintaining the liquid phase while above the boiling
point (Richter et al., 1996).

Bligh and Dyer: a technique for extracting lipids from
geological or biological samples (e.g., tissues, cultures)
using a CH3Cl:CH30H:H,0=2:2:1.8 (v/v/v) solvent
mixture (Bligh and Dyer, 1959).

Hydrous pyrolysis: thermal-based extraction technique
that uses superheated water in conjunction with pyrol-
ysis to liberate organics from mineral matrixes. Hy-
drous pyrolysis simultaneously liberates both free and
IOM-bound moieties (Komiya and Shimoyama, 1996;
Shimoyama, 1997; Oba and Naraoka, 2006).

Modified Bligh and Dyer: lipid extraction technique
based on the methods of Bligh and Dyer that maintains
the 2:2:1.8 (v/v/v) ratio but includes modifications, for
example, CH,Cl, substituting for CH;Cl, a pH buffer
added to the H,O, various time spent in solvent, and so
on. Many modifications exist, but for the purposes of
this paper, ‘‘Modified Bligh and Dyer”’ is used when-
ever the study being referenced reports their methods
with this terminology.

Pyrolysis: thermal-based extraction technique for lib-
erating organics from mineral matrices via heat, with no
solvents utilized. Upon heating, analytes are flashed
directly into the GC-MS inlet. Pyrolysis simultaneously
liberates both free and IOM-bound moieties.
Sequential solvent extraction: lipid extraction technique
that uses a series of solvents (as opposed to a single
mixture) to extract lipids.

Solid-phase micro-extraction (SPME): a technique for
extracting specific classes of molecules without the use
of solvents. Analytes of interest are directly adsorbed
onto coated fibers then desorbed into the GC-MS inlet.
Solvent extraction: lipid extraction technique that uses
a single organic solvent or a mixture of solvents (with a
ratio other than 2:2:1.8), without the addition of ultra-
sonic energy, at variable times and temperatures.
Soxhlet: a technique for extracting lipids via refluxing
in organic solvents through a closed-cell Soxhlet ap-

(Appendix continues —)
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paratus, for variable amounts of time (Luque de Castro
and Priego-Capote, 2010).

- Ultrasonic extraction: lipid extraction technique that
uses organic solvents with the addition of ultrasonic
energy, at variable times and temperatures (Lee et al.,
2010; Kong et al., 2014).
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A.3. Analytical method

- Gas chromatography—mass spectrometry (GC-MS)

- Gas chromatography—flame ionization detection
(GC-FID)

- Pyrolysis—gas chromatography—mass spectrometry (py-
GC-MS)



