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Abstract

Determining a reliable method to detect life on another planet is an essential first step in the pursuit of discovering
extraterrestrial life. Polyhydroxyalkanoates (PHAs), bioplastic polymers created by microorganisms, are strong
candidates for defining the presence of extraterrestrial life due to their water insolubility, strong ultraviolet resist-
ance, high melting points and high crystallinity, amongst other qualities. PHAs are abundant on Earth, and their
chemical properties can easily be distinguished from non-biological matter. Their widespread distribution and con-
ferred resistance to astrobiologically relevant extreme environments render PHAs highly favourable candidates for
astrobiological detection. Integrating detection of PHA biosignatures into current and future life-detection instru-
ments would be useful for the planetary search for life. PHAs are analysed and characterized in laboratories by gas
chromatography-mass spectrometry, infrared spectroscopy, Raman spectroscopy and immunoassay analysis in add-
ition to other methods. We outline a path forward to integrate PHA detection in astrobiology missions to aid the
search for extraterrestrial life.
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Introduction

The pursuit of extraterrestrial life is often likened to searching for a needle in a haystack. While scien-
tists understand and have characterized life on Earth to a great extent, it is still unknown if life has ever
existed on extraterrestrial worlds. Moreover, if life existed on other worlds, we do not know if it would
even be recognizable. Because Earth is the only current example of how life could manifest in the
Universe, an underlying assumption of many astrobiology missions past, present and future is that
extraterrestrial organisms are carbon-based with similar chemistry and structures as terrestrial life.
The limitations of this assumption, compounded with the habitability limitations of nearby worlds
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and the long-term preservation potential of biological signatures (i.e. biosignatures), is why searching
for extraterrestrial life feels like searching for a needle in a haystack on a literal universal scale.

To date, the only missions directly looking for life on other worlds have been conducted on the sur-
face of Mars. NASA’s Viking missions in the 1970s were the first (and only) to have tested for evidence
of extant life (Klein, 1979a). Of the multiple experiments that Viking performed to test for life, the
Labeled Release experiment remains the most noteworthy. A significant increase in the radioactive car-
bon dioxide production of Martian soil samples, as compared to a heat-sterilized negative control, led
the lead scientists to believe that this was a sign of biological metabolism on Mars (Levin and Straat,
2016). Nevertheless, this claim has since been extensively disputed. Because of the unique quality of
Martian soils, these results could be recreated abiotically (Klein, 19795), by geological and chemical
means without processes. Refining life detection techniques is an important task in order to avoid these
confusions in the future. A chief lesson learned was that future astrobiological experiments should be
capable of discriminating between biotic and abiotic processes and should also consider the distinct
geology and chemistry that might bias any instruments (Klein, 19795).

Since the Viking missions, Mars Science Laboratory (i.e. the Curiosity rover) has confirmed the
presence of complex organic compounds in Gale crater (Eigenbrode et al., 2018) and reported a strong
seasonal variation in atmospheric methane (Webster et al., 2018). While neither finding is definitive
evidence of past or present life on Mars, life could be a contributor to these effects (Eigenbrode
et al., 2018; Yung et al., 2018), necessitating further scrutiny. One of the key goals of the
Perseverance rover, which arrived on Mars in early 2020, is to search for signs of past life.
Still, signs of life are yet to be detected; however, there have been recent in situ data consistent with
the presence of diverse organic molecules (Sharma et al., 2023). The currently delayed ExoMars
rover, Rosalind Franklin, is planned to arrive at Oxia Planum sharing Perseverance s goal of searching
for signs of past life while also searching for extant life on the Red Planet (Quantin-Nataf ez al., 2021).

While Mars remains the only extraterrestrial environment where life has been specifically investi-
gated, other worlds in the solar system have been discussed as potentially hosting habitable environ-
ments such as Europa, Enceladus, Ceres, Titan and Venus. The Europa Clipper mission, currently
slated to reach Jupiter’s tidally heated, icy moon in 2030, will fly close enough to Europa to sample
potential plumes of ejected water in order to identify organic and inorganic compounds (Howell and
Pappalardo, 2020), which could better characterize the potential for this environment to host life.
In fact, a number of icy bodies in the outer solar system are now thought to host subsurface oceans
that could potentially be habitable, or even inhabited (e.g. Hand ef al., 2020; Postberg et al., 2023).
In 2020, Venus was in the spotlight for the detection of relatively high concentrations of phosphine
in its atmosphere (Greaves et al., 2020), a potential biosignature. An independent analysis reports
no finding of phosphine in Venus’ atmosphere (Villanueva et al., 2021), but Greaves et al. (2020) assert
that they still discovered phosphine in Venus’ atmosphere even though their initial methods required a
recalibration (Greaves et al., 2021a, 2021b). Nevertheless, altitudes of Venus’ atmosphere where tem-
peratures and pressures match those in Earth’s atmosphere remain an interesting astrobiological target
for future missions (Izenberg et al., 2021).

In addition to providing unequivocal evidence of a biological process, the highest regarded bio-
signatures are those that are also highly common to life on Earth. If the search for life takes place
in relict extraterrestrial environments (e.g. Martian palaeolacustrine features and hydrothermal sys-
tems), then the preservation potential of molecular biosignatures is key to whether they can be discov-
ered presently (Farmer and Des Marais, 1999). For example, lipids and biopolymers (and their oxidized
and reduced products) are expected to be the best preserved biosignatures on Mars if life was present
early in its history ~3.5—4 Ga (Simoneit, 2002).

A bioplastic is an overarching term for a plastic-like biopolymer produced from a biological source.
Many of the well-described bioplastics can only be derived in manufacturing settings as they are deri-
vatives of other biological products (e.g. corn, food waste, oils), but some, like polyhydroxyalkanoates
(PHAs), are produced naturally by microorganisms from a host of different environments (Raza et al.,
2018). Many biosignatures, such as lipids and sugars, are well understood and studied for
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astrobiological purposes (Simoneit, 2002). In contrast, scientific literature for detecting PHASs in situ in
natural environments, as opposed to in manufacturing or laboratory settings, is exceedingly rare.

To our knowledge, this paper is the first incidence that any bioplastic material has been assessed for
its astrobiological potential. As PHAs are only known to be formed by biological processes, have
unique preservation qualities, are produced by microorganisms in numerous planetary analogue envir-
onments on Earth and can likely be detected extraterrestrially using current instruments and techniques,
we argue that PHAs may be a useful and viable biosignature in the search for extraterrestrial life.

PHA production, degradation and material properties

PHAs are a type of polyester, meaning that the ester functional group links chains of hydroxyalkanoate
groups together (Raza et al., 2018). PHAs are classified by the length of the carbon chain: short-chain
length PHAs (scl-PHAs) have less than five carbon atoms, medium-chain length PHAs (mcl-PHAs)
have between 5 and 14 carbon atoms and the less-studied long-chain length PHAs have more than
14 carbon atoms (Raza ef al., 2018). PHAs can be copolymerized, and there are over 150 different
monomers that are known to be incorporated into PHA chains, which makes PHAs the largest
group of natural polyesters (Kim et al., 2007). The first discovered, and the most common, PHA is
the scl-PHA polyhydroxybutyrate (PHB) (Fig. 1) (Raza et al., 2018).

Ongoing research efforts into PHAs have focused on both nanobiotechnology applications and
using them to manufacture more environmentally safe alternatives to petroleum-derived plastics
(Raza et al., 2018). PHAs are hypothesized to be created and utilized as energy and carbon stores
in times of stress and starvation in microorganisms (Urtuvia et al., 2014). PHAs are synthesized in
both nutrient-rich and nutrient-poor environments by at least 92 genera of Gram-positive and
Gram-negative bacteria (Alamgeer, 2019; Vicente et al., 2023) including both heterotrophic and auto-
trophic bacteria as well as cyanobacteria living under aerobic and anaerobic conditions (Palleroni and
Palleroni, 1978; Xiao and Jiao, 2011), and in extreme environments of astrobiology relevance (Wang
et al., 2022a). PHAs are also synthesized by archaea and eukaryotes, including plants and recombinant
yeast (Terentiev ef al., 2004; Xiao and Jiao, 2011).
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R Group  Carbon Number  PHA Polymer
Methyl Cs Polyhydroxybutyrate
Ethyl Cs Polyhydroxyvalerate
Propyl Cs Polyhydroxyhexanoate
Butyl C Polyhydroxyheptanoate
Pentyl Cs Polyhydroxyoctanoate
Hexyl Co Polyhydroxynonanoate
Heptyl Cuo Polyhydroxydecanoate
Octyl Cn Polyhydroxyundecanoate
Nonyl Ci Polyhydroxydodecanoate
Decyl Ci Polyhydroxytridecanoate
Undecyl Cu Polyhydroxytetradecanoate
Dodecyl Cys Polyhydroxypentadecanoate
Trideeyl Cis Polyhydroxyhexadecanoate

Figure 1. (a) General chemical structure of PHAs with (b) nomenclature and carbon number deter-
mined by the functional alkyl R group (adapted from Tan et al., 2014a). (c) Pseudomonas putida CA4-3
cells with PHA granules from a transmission electron micrograph (Ward Patrick et al., 2005).
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PHAs are synthesized and degraded in the PHA cycle (Fig. 2). The PHA cycle branches off from
many well understood and common carbon metabolisms including glycolysis, the citric acid cycle,
fatty acid biosynthesis, the B-oxidation pathway, the glyoxylate cycle, the ethylmalonyl-coenzyme A
pathway, the Entner—Doudoroff pathway and methane oxidation (Urtuvia et al., 2014; Liu et al.,
2020; de Vogel et al., 2021; Wang et al., 2022a).
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ScoA/ScoB 3 id CoA i bunit A and B

Figure 2. (a) Overview of the PHA cycle with chemical structures, connected metabolic pathways, and

(b) enzyme-catalysing reactions. CoA, coenzyme A; ACP, acyl carrier protein. Adapted from de Vogel
et al. (2021).
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PHAs form insoluble, complex and well-organized granule structures inside cells measuring from
0.2 to 0.5 um in diameter intracellularly (Jendrossek et al., 2007) and from ~100 nm to several micro-
metres extracellularly (Backstrom et al., 2007). PHA granules (Fig. 3) are commonly surrounded by
proteins bound to the core, with PHA granule-associated proteins (PhaP or ‘phasins’) being the
most common. Phasins are a group of amphipathic proteins that bind specifically and hydrophobically
with the PHA core, and they can coat up to 54% of the PHA granule (Tian et al., 2005; Backstrom
et al., 2007). A phospholipid membrane surrounding the PHA core is heavily debated (Maestro and
Sanz, 2017); while original studies detected phospholipids attached to the PHA granule, Wahl et al.
(2012) and Bresan et al. (2016) argue that prior findings of phospholipids were due to contamination
in PHA extraction and preparation techniques.

Bacteria have been able to produce up to 90% (w/w) PHAs of their cell dry weight (Tan et al.,
2014b). PHAs are water insoluble (resistant to hydrolytic degradation), and they sink in aqueous envir-
onments (Noreen ef al., 2020), which could help with biopreservation through burial. As a material,
PHAs are easily attacked by acids and alkalis and dissolve in chlorinated solvents; nevertheless,
PHAs have strong ultraviolet (UV) resistance (Bugnicourt et al., 2014). PHAs have exhibited melting
points between 50 and 180°C and crystallinity between 30 and 70% (Béackstrom et al., 2007; Rehm,
2010). Zhang et al. (2022) reported thermal and mechanical properties for multiple scl-PHAs and
mcl-PHAs.

Photolysis of biodegradable plastics, including PHAs, has been shown in experiments to result in
photodegradation and certain structural changes (Kaing et al., 2024). For example, UV photodegrada-
tion has been shown to cause some chemical and structural changes to PHBs in experiments, leading to
decreased biodegradability from increased crystallinity (Sadi et al., 2010). Experiments investigating
abiotic hydrolysis of PHAs discovered that longer side-chain lengths and higher crystallinity (>40%)
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Figure 3. Schematic of a PHA granule structure from Maestro and Sanz (2017).
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interfere with abiotic degradation under alkaline conditions, providing a higher stability against
hydrolysis (Tarazona et al., 2020).

Since most research into PHAs has been focused on enhancing biodegradability in industrial set-
tings, there is limited knowledge on PHA’s preservation potential extracellularly and its long-term sta-
bility without microbial degraders in various environments, particularly for geologic timescales when
searching for relict life. PHA’s weak resistance to solvents would make biopreservation a challenge in
aqueous environments with non-neutral pHs, however it is possible that the cell membrane and protein
layer surrounding PHA granules could help improve preservation, especially if the cell membrane is
composed of certain phospholipids from extremophiles that are temperature and pH resistant
(Sollich et al., 2017). Encapsulation from extremophile phospholipids also would inherently assist bio-
preservation of any other biomolecule. It should be noted that extremophiles producing PHAs have
been found in many extremophile environments (Gambarini ef al., 2022), though the literature is scarce
on PHA biosignature detection in these environments and the material’s stability extracellularly.

The strong UV resistance of PHAs makes them an attractive candidate when looking for biosigna-
tures in planetary environments with high radiation, like Mars and Europa, where radiation can degrade
molecules (Merino ef al., 2019). While PHAs may not be as well preserved as some other biosignatures
(e.g. lipids, pigments, biomembranes), the high crystallinity, melting temperature, water insolubility
and binding with proteins (and potentially lipids) may make PHAs a stronger biosignature than
other labile compounds (e.g. amino acids, sugars, DNA/RNA). While long-term stability is challenged
until further experimentation, the material properties of PHAs combined with the diversity of the poly-
mer and the many ways in which they can bind and be preserved by other biomolecules make them a
candidate biosignature for astrobiological purposes, especially in the search for extant life.

PHA-producing microbes in extreme environments

PHAs are not only found in all three branches of life (bacteria, archaea and eukarya), but they are found
in many extremophiles living in astrobiological-relevant environments. The adaptability of some
microorganisms to their extreme environments has even been attributed to PHAs and their material
properties, as summarized in Table 1.

Acidic environments are astrobiologically relevant, as life is hypothesized to have been harboured in
hydrothermal environments on Mars (Wang et al., 2022a) and perhaps currently on the moons of
Europa and Enceladus where hydrothermal activity could provide heat and nutrients for life
(Deamer and Damer, 2017). Sulphur discovered via remote sensing on Europa could be associated
with sulphur-metabolizing microorganisms (Carlson et al., 1999; Trivedi Christopher et al., 2020)
and life on Venus is even hypothesized to live in the sulphuric acid clouds where Earth temperatures
and pressures are found (Izenberg et al., 2021). Thus, biosignatures generated by acidophiles may be of
importance in future astrobiology space missions.

PHA metabolism is a key feature of microbes in the Acidiphilium genus, an aerobic acidophile cap-
able of a wide array of metabolisms and adaptations including sulphur oxidation and metal detoxifica-
tion (Li et al., 2020). Wang et al. (2022a) noted that genes allowing for PHB metabolism, a type of
PHA, were present in their Acidiphilium-dominated metagenome of microorganisms from the crater
lake of the Poas Volcano. The Poés Volcano is an extreme Martian acid-sulphate hydrothermal ana-
logue exhibiting frequent phreatomagmatic eruptions, with pH measurements as low as —0.87, and
temperatures as high as boiling (Hynek et al., 2018). While low pH fluids easily react with PHAs mak-
ing them unstable in these kinds of environments, Wang et al. (2022a) suggested PHB metabolism may
actually be one of the key factors allowing for the persistence of Acidiphilium spp. in this extremely
acidic and dynamic environment. The authors hypothesized that the presence of PHB metabolism
genes in the Acidiphilium spp. bacteria survived the frequent phreatomagmatic eruptions between
their multiple field campaigns using PHB metabolism to manage periods of carbon starvation (in either
the crater lake, connected groundwater or the surrounding soils) thus allowing future recolonization of a
locale if it was sterilized. Note that the authors did not find nor search for PHB’s in their field samples,

https://doi.org/10.1017/51473550424000193 Published online by Cambridge University Press


https://doi.org/10.1017/S1473550424000193

International Journal of Astrobiology 7

Table 1. Summary of various PHA-producing microorganisms from varying environments

Microorganisms Conditions Environment
Acidophiles Acidiphilium spp. Low pH, high temperature, Poas Volcano, Costa
phreatomagmatic eruptions Rica

Alkaliphiles Serpentinimonas raichei High pH, serpentine reactions The Cedars
Sp. nov. serpentinization site
Serpentinimonas in Northern
barnesii sp. nov. California
Serpentinimonas
maccroryi Sp. nov.

Thermophiles Geobacillus High temperature Hot springs
stearothermophilus
Cupriavidus cauae

Aerobic soil Alcaligenes eutrophus ~ Aerobic Soil

microbes Alcaligenes latus

Pseudomonas
oleovorans

Anaerobic soil  Clostridium botulinum  Anaerobic Soil

microbes Clostridium

acetireducens

Methanotrophs ~ Methylosinus High methane, nutritional Obtained from culture
trichosporium imbalance collections
Methylocystis hirsute

Psychrophiles Pseudomonas Cold and variable temperature, Antarctic freshwater
extremaustralis low nutrient availability, sources
Janthinobacterium oxidative stress, radiation
spp. resistance
Pseudomonas spp.

Halophiles Natrinema altunense High salinity Chott EI Jerid, Tunisia

Haloterrigena jeotgali

so even if PHAs may be an integral feature of acidophilic microorganisms in extraterrestrial environ-
ments, further studies into PHA preservation in low pH would need to be conducted to assess their
functionality as a biosignature in acidic environments.

Hydrothermal environments undergoing serpentinization reactions are also of astrobiological rele-
vance as they are hypothesized to have been important for the origin of life on Earth (e.g. Russell
et al., 2010) and potentially extraterrestrial life in environments on Europa, Enceladus, Titan and
Mars (Vance and Melwani Daswani, 2020), including Jezero crater (Simon et al., 2023),
Perseverance’s main target. Serpentinization is a water-driven reaction of mafic and ultramafic minerals
(i.e. olivine and pyroxene) which generates serpentine, hydrogen and methane amongst other products.
This can occur at temperatures between ambient and 400°C and at high pH values (Ehlmann et al.,
2010); moreover, the alkalinity of Enceladus’ Ocean, pH ~11-12, as inferred from Cassini spacecraft
data, is attributed to serpentinization processes (Glein et al., 2015). In a study performed by Bird ef al.
(2021), PHA accumulations were produced by three cultures of facultative autotrophic, highly alkali-
philic bacterial strains (pH ~9.0-12.5) that were isolated from terrestrial serpentinizing springs.
The cultures were dominated by members of the Comamonadaceae family, which have also been
characterized for their poly(3-hydroxybutyrate-co-3-hydroxyvalerate)-degrading denitrifying activity
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(Khan Shams et al., 2002; Bird et al., 2021). Thus, it is conceivable that microbial life in extraterrestrial
environments dominated by serpentinization processes may also metabolize PHAs.

In addition to acidity and alkalinity, hydrothermal environments frequently exhibit high tempera-
tures. Many thermophiles are capable of producing PHAs, and they have been reported to do so in tem-
peratures of up to 80°C (Obulisamy and Mehariya, 2021). For example, Geobacillus
stearothermophilus strain K4E3 SPR_NPP was shown to produce a PHA copolymer containing
poly(3-hydroxybutyrate)-poly(3-hydroxyvalerate)-poly(3-hydroxyhexanoate) (Rodge et al., 2023),
and Cupriavidus cauae PHS1 was able to produce a 47% cell dry weight of PHB at a temperature
of 47°C (An et al., 2023). Considering that the last universal common ancestor of life on Earth is
hypothesized to be a thermophile or hyperthermophile (Nisbet and Sleep, 2001; Giulio, 2003;
Gaucher et al., 2008), high-temperature compatibility is crucial when assessing PHA’s astrobiological
potential.

One of Mars Perseverance’s top-level goals is to search for biosignatures in a palaco-
fluviolacustrine environment by searching for biomarkers at or near the surface (Farley et al., 2020).
PHAs are found in a variety of soil environments utilizing either aerobic metabolism (e.g.
Alcaligenes eutrophus, Alcaligenes latus, Pseudomonas oleovorans) or anaerobic metabolism (e.g.
Clostridium botulinum, Clostridium acetireducens) (Santhanam and Sasidharan, 2010; Fliichter
et al., 2019). Since the majority of extraterrestrial astrobiology targets contain low concentrations of
oxygen gas or are completely oxygen-free (Cockell et al., 2018), the ability for PHA metabolism to
be compatible with both aerobic and anaerobic respiration better supports its use as a biosignature
for a variety of environments. Note that the aerobic soil bacteria A. latus was studied extensively by
Palleroni and Palleroni (1978) and was found to have optimal growth at low oxygen levels (atmos-
pheric O, at ~8%) and could utilize molecular hydrogen for autotrophic growth.

PHA metabolism has also been found in Methylosinus trichosporium and Methylocystis hirsute,
methanotrophic bacterial strains that convert methane to PHB when nutrient supplies are ‘imbalanced’
(Liu et al., 2020). Methanotrophs and methanogens have been postulated on Mars as a source of sea-
sonal variation in atmospheric methane (Webster et al., 2018; Seto et al., 2019). Methanogens generate
methane, often live in symbiosis with methanotrophs (Wang et al., 2022b), and have been postulated to
live on the surface of Saturn’s moon Titan (McKay and Smith, 2005). While Titan’s ultra-low tempera-
tures allowing for liquid nitrogen and frozen water on the surface would likely make life on the moon
very different for any terrestrial organisms (McKay, 2016), any discovery of PHAs on Titan would war-
rant an astrobiological interpretation.

While low temperatures resembling that of Titan are unfathomable on Earth, the survival mechan-
isms of PHA-producing psychrophiles are very well studied. PHAs in Pseudomonas sp. 14-3 were
shown to protect the cells from oxidative stress (Ayub et al., 2007), and an increased motility in bio-
films developed by Pseudomonas extremaustralis was attributed to PHA accumulations (Tribelli and
Lopez, 2011). In another study, Tribelli et al. (2020) reported the bacterial diversity of cultivation-
dependent freshwater samples from the Ecology Glacier foreland in King George Island, Antarctica.
They noted that genes for PHA synthesis were present in all five sampling sites (temperatures ranging
from 2.8 (£1.8) to 6.1 (+2.1)°C) in more than half of their isolated strains. In particular, PHA synthesis
genes were found in six strains of Pseudomonas and four strains of Janthinobacterium. In their natural
environments, these organisms were subject to very cold and variable temperatures, low nutrient avail-
ability and low water quality; however, it was hypothesized that PHAs helped the bacteria survive
longer by providing a reserve source for when there were low nutrient and carbon supplies (Tribelli
et al., 2020). Similarly, Ciesielski et al. (2014) isolated the psychrophile P extremaustralis, a producer
of PHBs and mcl-PHAs, from a temporary water pond in Antarctica and subjected it to extreme cold
and radiation. The authors found that higher PHB accumulation conferred with colder temperature tol-
erances and higher radiation resistance after a lethal ultraviolet-A (UVA) exposure (Ciesielski et al.,
2014). These studies suggest that PHAs are not only present in these psychrophilic and radiation-
resistant microorganisms, but that PHAs confer better survival in both cold and high radiation
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environments. PHAs would then be beneficial to any microorganisms living in cold and/or high radi-
ation environments (e.g. on Mars, Europa and Enceladus).

Two archaeal halophilic strains, Natrinema altunense and Haloterrigena jeotgali, found in the
extremely salty lake, Chott El Jerid (salt concentration up to 330 g17"), are producers of PHB and poly-
hydroxyoctanoate (Abdallah er al., 2016, 2020). Briny hydrothermal activity has been postulated on
Mars (e.g. Schmidt er al., 2008) making halophilic compatibility an interesting consideration for
PHAs astrobiological potential. A leading hypothesis for the recurring slope lineae (RSLs) on Mars
is the presence of briny water, and thus RSLs have been given special consideration under many
space agencies’ planetary protection protocols as life could potentially live in this kind of environment
(McEwen et al., 2021). Moreover, halopsychrophiles, living in both cold and briny environments, have
been proposed to possibly be capable of inhabiting hypothesized saline subsurface oceans of the dwarf
planet Ceres, those of the moons Titan and Europa, and in Cl-rich subsurface brines on Mars (Merino
et al., 2019).

While PHAs are not ubiquitous in all living organisms, they are found in all three branches of life, in
both heterotrophs and autotrophs, in aerobes and anaerobes and in a wide array of environments (i.e.
cold, hot, acidic, basic, briny, high radiation). Not only are PHAs (or PHA genes) found in these
extreme environments, but the adaptability of these microorganisms to these extremes are also attrib-
uted to the presence and utilization of PHAs in the case of nutrient imbalance (Tribelli et al., 2020),
cold temperatures and lethal UVA radiation (Ciesielski ef al., 2014), oxidative stress (Ayub et al., 2007)
and survival in an acidic environment exhibiting frequent phreatomagmatic eruptions (Wang et al.,
2022a). Thus, it is conceivable that microorganisms on other worlds may exploit PHAs, perhaps util-
izing it as a primary metabolic and survival strategy.

Astrobiology detection and instrumentation

While the use of PHAs would be beneficial to microorganisms living in many extreme environments
and potentially extraterrestrial worlds, the ability to detect them using current and upcoming techniques
searching for biosignatures comes with limitations. The two primary technical limitations to detecting
PHAS on other worlds we have identified are that: (i) the samples taken for analysis may contain impur-
ities so that they interfere with or mask the PHA signal, and (ii) there may not be high enough PHA
mass in samples to reach minimum detection limits. However, these limitations are problems for all
molecular biosignatures, not just for PHAs.

To the knowledge of the authors, literature on detecting PHAS in situ is extremely limited, and this is
the first paper that discusses using PHAs as an astrobiological biosignature. To determine whether cer-
tain instruments and techniques could be utilized to detect PHAs for astrobiology purposes, we review
and report numerous methods that are utilized to measure PHAs in modern laboratories that are analo-
gous to current or upcoming astrobiological instrumentation. Samrot et al. (2021) also discuss many
characterization techniques for analysing PHAs beyond those of astrobiological relevance.
Note from the section ‘PHA production, degradation and material properties’ that PHAs are diverse
and can range from short-chain to long-chain lengths. This inherently results in varying detection sig-
nals for different kinds of PHAs. In this section, we review the most cited and relevant techniques for
studying varying PHAs (Table 2) and then later provide future recommendations for furthering PHA
detection technology for astrobiological purposes in the section ‘Conclusions and future directions’.

Gas chromatography-mass spectrometry (GC-MS) is a popular method for identifying molecular
compounds, and instruments have flown on various spacecraft. In GC-MS, a mass spectrometer
uses an ionized beam of electrons to break the GC output to calculate a mass to charge ratio (m/z)
with a relative abundance. Four GC-MS experiments have been sent to Mars: one on each Viking lan-
der, the Sample Analysis at Mars (SAM) instrument on Mars Science Laboratory and the Mars Organic
Molecule Organizer (MOMA) instrument on ExoMars (Klein, 1979a; Mahafty ef al., 2012; Arevalo
et al., 2015). As PHAs are composed of multiple polyester units and do not have volatile tendencies,
the PHA biopolyester must be broken down into volatile (or semi-volatile), low molecular weight and
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Table 2. Summary of techniques to identify PHA in situ for astrobiology missions

Analogous planetary

Analytical method Detection range Sample preparation instrument
Gas Mass-to-charge ratio Methanolysis, pyrolysis SAM on Curiosity
chromatography-mass  (m/z) between 40 and ~ with TMAH and MOMA on ExoMars
spectrometry 600 depending on MTBSTFA DraMS on Dragonfly
preparation derivatization
Infrared spectroscopy Absorption peak at Pure and mixed Current planetary IR
1728 cm™" and microbial biomasses spectrometer (e.g.
absorption band at collected through ISEM on ExoMars)
5.80 um centrifugation do not cover the
appropriate spectral
range
Fourier-transform 1165-2925cm™" Pure and mixed No current planetary
infrared spectroscopy depending on type of  microbial biomasses FRIT instruments;
PHA and collected through prototype from
intracellular versus centrifugation Anderson et al.
extracellular (2005)
Raman spectroscopy 800-1800 cm™" with a Cell suspensions were ~ SHERLOC on
785 nm laser analysed and Perseverance RLS on

calibrated with DNA ExoMars
and amide I to obtain
reported
wavenumbers
Immunoassay N/A Liquid or solid sample SOLID3

thermally stable compounds prior to being analysed by any GC system (Tan et al., 2016). Of the ways
to prepare PHAs for GC-MS analysis, methanolysis, pyrolysis using tetramethylammonium hydroxide
(TMAH) and derivatization using N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MTBSTFA)
are techniques utilized by both SAM and MOMA. Both SAM and MOMA can perform MTBSTFA
derivatization prior to GC-MS and TMAH pyrolysis prior to GC-MS (i.e. pyr-gc-ms), and SAM
can also perform methanolysis (Mahaffy et al., 2012; Arevalo et al., 2015). The mass to charge
ratio for PHAs depends on the type of PHA, the method of preparation and the ionic source, but
m/z values have been reported to range from 40 to 600 (Tan et al., 2014c), which overlaps well
with the detectable ranges of both SAM and MOMA. In addition to these Martian rovers, NASA’s
Dragonfly mission, which is a rotorcraft poised to arrive on Titan in 2034, will carry a Dragonfly
Mass Spectrometer (DraMS). DraMS uses heritage hardware from SAM and MOMA and is capable
of performing pyrolysis and derivatization GC-MS (Trainer et al., 2018; Barnes et al., 2021).
It must be noted that while GC-MS can identify and quantify PHAs in samples, the retention time
and m/z values will depend on the individual instrument, sample preparation and internal standards.
GC-MS was one of the first astrobiological relevant techniques used to search for life when it was uti-
lized in the Viking landers; it is currently being utilized by spacecraft, and it will be exploited in future
astrobiological missions. With access to and testing with SAM-, MOMA- and DraMS-analogues,
it would be beneficial to determine the signals for various PHAs for each of these instruments.
Infrared (IR) spectroscopy is used to characterize absorptions in particular wavelengths that can be
mapped to specific molecules based on characteristic vibrations released from the molecular bonds or
angles shifting in space (e.g. Stuart, 2015). Poly(3-hydroxybutyrate) (P(3HB)) has a notably strong car-
bonyl absorption peak at 1728 cm™' in the IR spectrum and a sharp absorption band at 5.80 um
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(Godbole, 2016). Compared to current instrumentation, Infrared Spectrometer for ExoMars (ISEM) has
a spectral range between 1.15 and 3.30 pm with a spectral resolution varying from 3.3 nm at 1.15 pm to
28 nm at 3.30 um (Korablev ef al., 2017), which is beyond the range of what can detect P(3HB). Yet
there are no technical issues in sending mid-to-thermal IR instruments to Mars, which have already
been demonstrated on orbiters including Viking, Mars Global Surveyor and Mars Odyssey.

Fourier-transform infrared (FTIR) spectroscopy instruments, however, have the appropriate spectral
ranges to detect PHAs. FTIR employs a mathematical process known as Fourier transformation to inter-
pret the interference of two beams of radiation to generate an interferogram which achieves high-
resolution spectral ranges (e.g. Stuart, 2015). The FTIR spectra of a pure PHA containing short-chain
length and medium-chain length monomers such as hydroxybutyrate, hydroxyoctaoate and hydroxyde-
canoate have shown strong detection bands at 1728, 1740 and 1732 cm™", respectively (Hong ef al.,
1999). Additionally, the intensity of the methylene band near 2925 cm™ is very strong which helps
confirm PHA detection, and accompanying bands near 1280 and 1165 cm™" help identify the type
of PHA (Hong et al., 1999). When analysing PHAs within bacterial cells, the strong marker bands
were 1732, 1744 and 1739 cm™' corresponding to intracellular PHB, mcl-PHA and P (HB+
mcl-PHA), respectively (Hong ef al., 1999). While no FTIR instruments have been used or developed
for an upcoming space mission, Anderson et al. (2005) proposed an FTIR for Mars research instrument
with a resolution between 700 and 5000 cm™', which covers the appropriate spectral range for PHA
detection. Note that in addition to the limitations as discussed in the beginning of this section, the
IR and FTIR detection bands for PHAs are non-specific to PHA and can also be interpreted as another
compound. Thus, we propose if any type of IR analysis is used for PHA detection that it be followed up
with another technique more sensitive to PHAs for biosignature confirmation.

Raman spectroscopy analyses the lattice vibrations of molecules by measuring the shift in frequency
by inelastically scattered light when incident photons hit the sample (Moon et al., 2023). Raman spec-
troscopy is similar to IR spectroscopy; however, instead of measuring infrared absorption lines, Raman
spectroscopy focuses on the dipole moment that is induced in the molecule by the electric field of the
photons which generates Raman emission lines (Moon et al., 2023). Samek ef al. (2016) identified the
relevant spectral region for a PHB as 800-1800 cm™" utilizing a 785 nm laser. They calibrated their
Raman emission lines for a PHB line at 1736 cm™" using two internal standards (DNA at 786 cm™
and amide I at 1662 cm™") by performing gas chromatography of PHB samples ranging in concentra-
tion from 12 to 90% (w/w) (Samek et al., 2016). This preparation resulted in several Raman peaks at
837, 1455 and 1736cm™'. In comparison, the Scanning Habitable Environments with Raman &
Luminescence for Organics & Chemicals instrument (SHERLOC) on Perseverance has a Raman
region between 800 and 4000 cm™' with a 248.6 nm laser (Bhartia et al., 2021) and the Raman
Laser Spectrometer (RLS) on ExoMars has a Raman region between 70 and 4200 cm ™" with a spectral
resolution of 6-10 cm™" with a 532 nm laser (Veneranda et al., 2020). Inherently, the purity of the sam-
ple in Samek et al. (2016) allows for distinct Raman lines, and the calibration, internal standards and
laser wavelength used by the authors resulted in the specific peaks for their PHB sample. For Raman
spectroscopy to be used to detect PHAs on Mars or other planetary bodies, more studies working to
identify PHA Raman lines using rover equivalent instrumentation and impure PHA samples should
be conducted.

Another method, which we argue would be the most definitive, to detect PHAs in extraterrestrial
worlds would be to exploit the binding between phasins and PHAs. Recall that phasins (PHA
granule-associated proteins or PhaP) are a group of amphipathic proteins that bind specifically and
hydrophobically with the PHA core. An instrument capable of detecting phasin-PHA associations
in a sample would be a more definitive method to detect PHAs. The ‘Signs Of LIfe Detector’ 3rd gen-
eration (SOLID3) utilizes the LDChip300, a sandwich microarray immunoassay detection tool that
analyses hundreds of different biosignatures from a small sample (Parro et al., 2011). It employs
fluorescent-based immunoassay antibodies (or antibody-like probes) to microscopically detect and
report the presence of biosignatures. SOLID3 has been tested in multiple field campaigns and it was
one of the instruments included in a proposed mission to Mars (Fairén et al., 2020). If a phasin
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could be added as an affinity tag, then SOLID3 may be able to detect PHAs on other worlds, in add-
ition to the hundreds of different biomarkers it is already searching for.

There are many other methods to identify, quantify and analyse various types of PHAs including
high-performance liquid chromatography, UV—visible spectroscopy, scanning and transmission elec-
tron microscopy, nanomagnetic resonance and other techniques as summarized by Koller and
Rodriguez-Contreras (2015), Godbole (2016) and Samrot ef al. (2021). These methods may require
either heavier machinery or more human input and customization that is not conducive to planetary
mission instrumentation. Nevertheless, considering NASA’s plans for a Mars 2020 sample return mis-
sion (Haltigin et al., 2021) and plans for a human mission to Mars, these other techniques may soon be
able to scrutinize returned samples.

Conclusions and future directions

We argue that bioplastics could be a useful tool to search for extraterrestrial life. PHAs are a class of
bioplastic that have unique properties already exploited in nanobiotechnologies and environmentally
friendly manufacturing. They come in varying chain lengths and structures resembling a granule
core surrounded by proteins (i.e. phasins) and potentially a heavily debated phospholipid membrane.
Properties such as water insolubility, strong UV resistance, sinking in aqueous environments, high
melting points, high crystallinity and being able to occupy a high percentage of bacterial cell weight
make PHAs a strong candidate biosignature. Still, more experiments need to be conducted to determine
PHA’s preservation potential and degradability for geologic timescales in a variety of environmental
conditions. This will help scrutinize whether we can expect PHAs to be detected in all environments
of astrobiological relevance or only some (i.e. relict versus extant life and neutral versus non-neutral
pH’s).

Despite not being universal in all terrestrial life like some other biosignatures (e.g. DNA/RNA, cer-
tain types of lipids and amino acids), PHAs are found in all three branches of life, in both heterotrophs
and autotrophs, in aerobes and anaerobes and in a wide variety of extreme environments with astrobio-
logical relevance. Additionally, it has been noted in numerous cases that PHAs (or PHA genes) may
contribute to the adaptability of some extremophiles to their environments. Considering that many
potentially past or present habitable planetary environments host extreme and hostile environmental
conditions, evolution of a stable carbon and energy store such as PHAs would be considerably bene-
ficial to extraterrestrial organisms.

Discussions of incorporating PHA detection in astrobiology space missions are under-developed
and almost non-existent outside of this review. We have identified five experimental methods in
which they could be incorporated in current and future space missions (Table 2) with varying levels
of technical maturity. While more work needs to be done to incorporate PHA detection and character-
ization in these methods, only one method would require a redesign (i.e. adding phasin as an affinity
tag to SOLID3) while the others only require more laboratory testing to determine the various mass to
charge ratios and retention times (for GC-MS) and wavelength absorption ranges (for FTIR and Raman
spectroscopy) for different PHAs using the standards and sample preparations found on relevant rover
instruments (i.e. SAM, MOMA, DraMS, SHERLOC and RLS).

To successfully implement PHA detection into current and future astrobiology missions, we recom-
mend first starting by performing laboratory tests using rover analogous instruments and conditions to
determine the appropriate detection values for various types of PHAs. With this knowledge, we recom-
mend scrutinizing previous and current rover data for signal evidence of PHAs using GC-MS and
Raman spectroscopy (e.g. from Viking 1 and 2, Curiosity, Perseverance). This would allow future
results from Curiosity, Perseverance, ExoMars and Dragonfly to immediately be able to detect for
PHAs without redesigning the instruments. Next, we recommend adding phasin as an affinity tag to
SOLID3 to allow for PHA detection in future experiments and its maiden voyage. To help mature
PHA detection with GC-MS, Raman spectroscopy, IR spectroscopy and immunoassay analysis, we
suggest that these instruments test field samples from astrobiology analogue environments and taken
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into the field to perform in situ detection of PHAs. Results from these laboratory experiments and field
campaigns can inform and help optimize future astrobiology instrumentation for PHA detection. We
argue that given the unique properties and preservation potential of microbial bioplastic PHAs, their
consideration in the search for life beyond Earth will only strengthen our chances of success.
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