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The identification of reliable biomarkers, such as amino acids, is key for the search of extraterrestrial life. A large number of microorganisms metabolize, synthesize, take up and excrete amino acids as part of the amino acid metabolism during aerobic and/or anaerobic respiration or in fermentation. In this work, we investigated whether the anaerobic microbial metabolism of amino acids could leave a secondary biosignature indicating biological activity in the environment around the cells. The observed fingerprints would reflect the physiological capabilities of the specific microbial community under investigation. The metabolic processing of an amino acid mixture by two distinct anaerobic microbial communities collected from Islinger Mühlbach (ISM) and Sippenauer Moor (SM), Germany was examined. The amino acid mixture contained L-alanine, β-alanine, L-aspartic acid, DL-proline, L-leucine, L-valine, glycine, L-phenylalanine and L-isoleucine. In parallel, an amino acid spiked medium without microorganisms was used as a control to determine abiotic changes over time. Liquid chromatography mass spectrometry (LC-MS) was used to track amino acid changes over time. When comparing to the control samples that did not show significant changes of amino acids concentrations over time, we found that glycine was almost completely depleted from both microbial samples to less than 3% after the first two weeks- This results indicates a preferential use of this simple amino acid by these microbial communities. Although glycine degradation can be caused by abiotic processes, these results show that its preferential depletion in an environment would be consistent with the presence of life. We found changes in most other amino acids that varied between amino acids and communities, suggesting complex dynamics with no clear universal pattern that might be used as a signature of life. However, marked increases in amino acids, caused by cellular synthesis and release into the extracellular environment (e.g., alanine), were observed and could be considered a signature of metabolic activity. We conclude, that substantial anomalous enhancements of some amino acids against the expected abiotic background concentration may be an agnostic signature of the presence of biological processes.
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INTRODUCTION
The search for signatures of extraterrestrial life, extinct or extant, is a key goal for the research field of astrobiology. One way to search for life is to seek the remains or products of biological processes (Hays et al., 2017). Examples include the fossil remains of single cells or communities (e.g., stromatolites; Grotzinger and Rothman, 1996), biologically processed minerals (Westall et al., 2011), stable isotope patterns unique for biological systems (House et al., 2000; Shen et al., 2001), gases that can be produced by biological processes (Seager et al., 2012), or complex biogenic organic molecules, such as carbohydrates, lipids, nucleic acids, amino acids, and proteins (Kvenvolden, 1973; Bada and McDonald, 1996; Deamer at al., 2002; Creamer et al., 2017).
Amino acids have previously been considered as a biosignature (Parnell et al., 2007; Hand et al., 2017; Georgiou, 2018) that may be preserved under certain conditions on planetary bodies for billions of years (Aerts et al., 2014). Amino acids are ubiquitous in life as main components of cells and, apart from glycine, which is not chiral, biological systems on Earth almost exclusively use the L enantiomeric form. However, some D-amino acids can be found in the cell membranes of bacteria (Kaiser and Benner, 2008; Lam et al., 2009). Evidence has been provided that indicates enantiomeric excess of certain amino acids in meteorites (Busemann et al., 2006; Glavin et al., 2010), but at ∼9% or less. Consequently, the ratio of the enantiomers of amino acids was proposed as a signature of life, with terrestrial life showing an enantiomeric excess of L-amino acids (Avnir, 2021). Although only twenty core amino acids are found in Earth organisms (proteogenic amino acids), there are several hundred known non-proteogenic amino acids (Gutiérrez-Preciado et al., 2010; Fichtner et al., 2017; Souza-Correa et al., 2019). Therefore, the mere presence of amino acids in an extraterrestrial sample does not indicate a signature of life and cannot be used as a biomarker itself (Parnell et al., 2007; Bada and McDonald, 2996). Nevertheless, the abundance of certain amino acids in a sample might provide clues on the presence of microorganisms. While abiotic processing of amino acids is driven by thermodynamic processes, in biological systems their relative abundance is the result of metabolic activity in any given organism or a community (Davila and McKay, 2014). In addition, life uses only a selection of amino acids, while extraterrestrial carbonaceous matter contains, as noted above, a much broader variety.
One method to investigate the presence of life, distinct from looking for the amino acids in life itself (e.g., within a microbial cell), might be to study the effects of microbiota on the abundance of amino acids expected to be present in an environment, and distinguish these patterns from abiotic sources, such as those delivered by meteoritic material (Summons et al., 2008).
In many extraterrestrial environments, including Mars, we would expect amino acids in addition to other organic compounds to be available to any putative biota. They are delivered to a planetary surface in carbonaceous chondrite meteorites (Cronin and Pizzarello 1983; Ehrenfreund et al., 2001a; Martins et al., 2007a; Cleaves et al., 2008; Elsila et al., 2016).
For example, a wide range of amino acids has been detected in carbonaceous chondrites. In the Murchison meteorite, amino acids are found at 10–60 μg g−1 meteorite (Sephton, 2002). The amino acids in carbonaceous meteorites are part of the soluble fraction that make up ∼30% of organic carbon in these materials. The frequency of the prebiotic synthesis of amino acids and their abundances follow thermodynamic principles with the chemically simple compounds being most abundant (Miller, 1993; Pizzarello, 2006; Pizzarello and Shock, 2010; Glavin et al., 2012).
A large number of microorganisms can use amino acids as electron donors for anaerobic respiration or in fermentation (Nixon et al., 2012). In this process, they degrade the amino acid molecules. Microorganisms are unlikely to degrade amino acids at the same rate compared to degradation by abiotic processes. Rather, they will degrade the molecules according to their metabolic pathways, the accessibility of certain amino acids, the availability of other metabolizable organic compounds, and other organism-specific effects. Thus, we could hypothesize that, in the process of degrading abiotic amino acids, microorganisms would leave a biosignature by the preferential degradation of certain amino acids in the environment around them. This biosignature might be superimposed on the biosignature of the amino acids in the organism itself and that were synthesized by the organism, but it would be a distinct and additional biosignature reflecting non-random biological destruction of the abiotic amino acid pool. One attraction of such a biosignature is that, if cells alter the amino acid concentration in the environment around them, then, particularly in low biomass environments, that signature might be much more pervasive and easier to detect than the amino acid signature of the cells themselves, which could be highly localized and poorly preserved. Furthermore, although this signature would assume the presence of amino acid-using life, the decrease (or increase) in any amino acids away from the expected background abiotic concentration could be an agnostic signature of metabolic processes.
In this study, we tested this hypothesis by investigating the metabolic usage of seven amino acids previously detected in both terrestrial environments and Martian meteorites by two distinct anaerobic microbial communities from Martian analog environments. We used two distinct communities to determine if there were common patterns of degradation of certain amino acids that could potentially suggest a universal signature of amino acid degradation by life. The almost complete degradation of glycine was common to both communities. For other amino acids, we observed different patterns of degradation with increased extracellular concentrations of some amino acids. We discuss the implications of these findings for life detection.
MATERIALS AND METHODS
Sampling Site
The samples investigated were collected in the frame of the MASE (Mars Analogs for Space Exploration) project, a 4-year collaborative research project supported by the European Commission Seventh Framework Contract. The aim of the project was to characterize Mars analogue environments on Earth with regard to habitability and the search for potential biosignatures of extraterrestrial environments (Cockell et al., 2017). Samples analyzed herein were collected from two sulfidic springs close to Regensburg, Germany, where many sulfide-containing springs emanate from Mesozoic karst formations. The two springs, in the Sippenauer Moor (SM) and Islinger Mühlbach (ISM) areas (48.8685° N; 11.9563° E and 48.9857° N; 12.1272° E, respectively) are characterized by a main sulfidic spring, emanating into a streamlet where whitish mats of sulfide-oxidizing bacteria cover the submerged surfaces. The sites SM and ISM are independent and not connected in the deep subsurface. Detailed analyses of the site microbiomes are already available (Moissl et al., 2002; Rudolph et al., 2004; Probst et al., 2014). All samples were taken under anoxic conditions (for a detailed description see Cockell et al., 2017) and an anoxic atmosphere was maintained throughout.
Cultivation
Cultivation was performed under anoxic conditions. Samples from SM and ISM were inoculated in anoxic MASE medium II and supplemented with a mixture of proteogenic and non-proteogenic amino acids. MASE II medium contains per liter: NH4Cl 0.1 g, NaHCO3 0.2 g, KH2PO4 0.06 g, MgSO4 × 7 H2O 0.2 g, CaCl2 × 2 H2O 0.1 g, FeCl2 0.023 g, selenite-tungstate solution 4 ml, 10 × Wolfe’s minerals 1 ml, 10 × Wolfe’s vitamins 1 ml, cysteine-HCl 0.5 g (Cockell et al., 2017). The medium was portioned (20 ml each) into 120 ml serum bottles and gassed with 1 bar N2/CO2 (80/20 vol/vol) and autoclaved. Prior to inoculation, the medium was supplemented with a filter-sterilized amino acid broth. Amino acids such as alanine, aspartic acid, glutamic acid, glycine, leucine, serine, and valine are common in both biological samples and for example, carbonaceous chondrite meteorite (Cronin and Pizzarello, 1983; Shimoyama et al., 1985; Martins et al., 2007b; Martins et al., 2007c; Pizzarello and Holmes, 2009; Cobb and Pudritz, 2014). Based on these data, the following mixture of amino acids was added to the medium: glycine, L-alanine, β-alanine, L-aspartic acid, DL-proline, L-leucine, L-valine, L-phenylalanine and L-isoleucine (Table 1). The amino acid broth used in this study included some proteinogenic amino acids that are most likely not found in meteorites due to their complexity in synthesis. These are amino acids with a relative high molecular weight of >100 Da, such as phenylalanine. The final concentration of each added amino acid was 10 mM, and the pH was adjusted to 7.0. One millilitre of the environmental sample was added to 20 ml of medium and incubated at 30°C. A negative control (NC), i.e., no microbial sample added, was set up to determine abiotic changes of amino acids.
TABLE 1 | Chemical properties of the supplemented amino acids and their side chains.
[image: Table 1]After defined time points, 1.5 ml of inoculated medium was withdrawn from the inoculum using a syringe and needle under aseptic conditions. The first sample was taken immediately after inoculation (T0), followed by samples after 7, 14, 28, 56, and 90 days of incubation.
The sample was sterilized using a 0.22 µm filter (polyethersulfone membrane, Fisher Scientific) to remove microbial cells and transferred into an Eppendorf tube and frozen at −80°C until further analysis.
Amino Acid Extraction
Amino acid extraction was performed using a simplified procedure described in Aerts et al. (2020) based on the protocol outlined in full detail in Botta and Bada. (2002). Therefore, the extraction protocol is described in the following only briefly. For sterilization, all glassware, including the columns with glass wool for amino acid extraction, were double wrapped in aluminum foil and placed into a furnace at 500°C for a minimum of 3 h.
Two-hundred μl of each microbe-filtered solution was pipetted into a sterile Eppendorf tube and dried in a centrifugal vacuum concentrator system overnight (CentriVap Centrifugal concentrator/ColdTrap system, LabConco) to remove the liquid media. Then, 3–4 ml of a resin suspension (100 ml ULC/MS grade water with 24 mg of AG®50W-X8 Resin, Analytical grade 100–200 mesh, Bio-Rad) was added to glass columns half-filled with glass wool used for the subsequent amino acid extraction. A sequential washing with basic-neutral-acid-basic solutions was made to activate the resin active sites. The basic solution was a 2 M sodium hydroxide solution (8 g of NaOH in 100 ml of ULC/MS pure grade water), and the acid solution was 1.5 M HCl (12.5 ml of 36% HCl in 87.5 ml of ULC/MS grade water). ULC/MS grade water was used for neutralisation after basic and acid washing, until a pH of about 7 was reached (detected by pH-indicator paper). After the sequential washing procedure, 1.5 ml of ULC/MS pure grade water was added to each dried sample. The sample was vortexTed at 2,800 rpm for 30 s and subsequently added to the column. Note, that this first elution was not collected for further analysis and was disposed. Five mL of a 2 M ammonia solution (ULC/MS grade water added to 15.3 ml of 25% ammonia for a final volume of 100 ml) was added subsequently to the columns to remove the amino acids bound to the resin; the eluent was collected using sterile glass tubes. The ammonia within the eluents was removed overnight using the CentriVap/Coldtrap system. The dried samples were either stored in a fridge or freezer or directly reconstituted in 100 µl ULC/MS grade water, representing amino acid sample solutions. For the LC-MS measurements, the sample solution concentration was too high (saturated the detector systems) and 1:50 dilutions were prepared using ULC/MS grade water for accurate analysis.
LC-MS Measurements
The system used for amino acid analysis is described in Aerts et al. (2020). Measurements were performed using an Agilent 1260 LC-MS system equipped with an ultraviolet (UV) and fluorescence (FL) detector system, an autosampler module where the amino acid derivatization is performed, and a 500-MS ion trap mass spectrometer with electrospray ionisation. The column used for analysis was a 150 × 3 mm 2.6 µm phenyl-hexyl stationary phase from Phenomenex, which was maintained at 25°C. The LC was operated in a binary gradient of mobile phases A (10 mM Ammonium Acetate in ULC/MS water) and B (ULC/MS grade Methanol). The MS was operated in positive mode with optimised conditions for each individual amino acid. Amino acids were derivatised using a method based on Nimura and Kinoshita (1986) which was then automated in order to increase the robustness of the method. This automation was achieved by programming the autosampler module (Agilent G1329B) of the HPLC to mix the various reagents. The approach used was as follows: the amino acid sample was mixed in a 1:3 ratio with 0.1 M sodium borate, this mixture was then mixed in 2:1 ratio with methanolic N-Acetyl-l-cysteine (NAC)/o-phthaldialdehyde (OPA) (8 mg OPA and 10 mg NAC in 1 ml methanol), this mixture was incubated for 2 min after which 2.5 μl was injected into the system. In a typical measurement run, amino acid samples from one time point (including negative control) were analysed sequentially, including wash procedures and the analysis of amino acid standard solutions (Agilent, part number: 5061–3332). Amino acids were identified by comparison to retention times of known standards as well as their associated m/z ratio for the derivatized molecules. Proline was not measurable as it cannot be derivatized and is therefore not detectable using the applied method. Standards were run at the beginning and end of each run in order to track reagent degradation and system performance. Note that the intensity measured for the amino acids at T0 for both sites (SM and ISM) was normalized to 100%. For the amino acids measured in the negative controls, the intensity is given relative to the mean, which is normalized to 100%. For each amino acid investigated in the NC the standard deviation was calculated (to the right in the panel of NC’s in Figures 1–3). The standard deviation was added as error bars to the measurements of the amino acids of SM and ISM.
[image: Figure 1]FIGURE 1 | Degradation of glycine from the two different enrichments (A) Islinger Mühlbach (ISM), and (B) Sippenauer Moor (SM) spiked with a broth of amino acids (final concentration of each added amino acid was 10 mM) over a time of 3 months. (C) Negative control, i.e., medium spiked with the amino acid broth but no inoculum.
[image: Figure 2]FIGURE 2 | LC-MS measurements of the three amino acids β-alanine, L-aspartic acid, and L-phenylalanine from the two different enrichments over a time of 3 months. (A) Islinger Mühlbach (ISM), and (B) Sippenauer Moor (SM) spiked with a broth of amino acids (final concentration of each added amino acids was 10 mM). (C) Negative control, i.e., medium spiked with the amino acid broth but no inoculum.
[image: Figure 3]FIGURE 3 | LC-MS measurements of the four amino acids L-alanine, L-valine, L-leucine, and L-isoleucine from the two different enrichments over a time of 3 months. (A) Islinger Mühlbach (ISM), and (B) Sippenauer Moor (SM) spiked with a broth of amino acids (final concentration of each added amino acid was 10 mM). (C) Negative control, i.e., medium spiked with the amino acid broth but no inoculum.
RESULTS
Using LC-MS measurements, we investigated the differences in the amino acid distribution in the medium of two different microbial enrichments and the negative control. We found that in the control samples in which no microbiota was added, no significant changes of amino acid concentrations were observed over time (Figures 1–3). Therefore, the changes observed in the inoculated samples are attributed to microbial activity. Note, because the signal of measured amino acids in NC for time point 56 days was significantly lower in comparison to the signal of the NC of the other time points, NC of time point 56 days was not considered for analysis. No such decrease was observed for the measurements of amino acids in the SM and ISM samples of the same time point, which points to a sample problem and not to an instrument malfunction.
Similar Glycine Fingerprint in Both Enrichments
The results after analysis using LC-MS revealed that the quantities of the non-glycine amino acids varied over time depending on the microbial community and the amino acid (see Figures 1–3). Although the concentrations of amino acids varied between the two enrichments, we found one amino acid characteristic that was consistent with both enrichments (Figure 1). Glycine was almost completely depleted from both samples from 100% to less than 3% after the first 2 weeks. The depletion follows an exponential decay; see fit to the date in panel B) of Figure 1. Note, the same fit could not be applied to ISM1 data (panel A)) because of missing sample for time point 7 days; the fit would be too steep at the beginning. These data suggest a preferential use of glycine by these microbial communities.
Different Metabolic Fingerprints of Amino Acids From Two Enrichments
For all amino acids, we observed two different patterns of the measured relative ratios: 1) a differential use of amino acids was revealed, i.e., the amount of detectable amino acid decreased or increased over time, but the same trend was seen in both enrichments (Figures 1, 2) or 2) the trend in amino acid degradation in the two enrichments were opposed (Figure 3).
For amino acids measured in ISM, significantly increased values of several hundreds of % relative to T0 can be observed, with Ala exceeding even 1,000% relative to the measured concentration at inoculation (Figure 3A). In contrast, in the SM samples, the same set of amino acids shows a significant depletion down to levels of about 50% and below relative to the concentration measured at T0. Because the observed enhancements and depletion in amino acids cannot be explained with the measurements conducted on the negative controls (scatter around 100%), the significant changes in concentrations relative to T0 are the result of the microbial activity of the respective microbial community.
B-ala, L-asp, and L-phe did not reveal a clear trend with time (Figure 2). For example, in the ISM inoculum, the amount of β-ala and L-asp decreased over the first 2 weeks, followed by a peak (2.5 × increase for β-ala; 1.5 × increase for L-asp) which remained stable until a decrease was measured on day 90 (Figure 2A). In the SM inoculum, L-asp increased over the first three measurements before a steady, but small decrease was observed. In contrast, for β-ala the initial decrease was prolonged, before a peak followed by a decrease (Figure 2B). L-phe followed a similar trend in the SM sample (Figure 2B), but it was less prevalent in the ISM sample (Figure 2A). However, these trends were not significant.
The measured amount of amino acids L-ala, L-val, L-leu, and L-ile in the media increased in IM enrichment compared to the observed decrease in the SM enrichment. All four amino acids in the IM enrichment followed a similar pattern: Within the first 3 weeks an increase was detected followed by a plateau phase (Figure 3A). The largest increase was seen for L-ala whereas only a small increase was detected for L-val. While in the SM sample, L-ile decreased the most and L-ala and L-leu were less depleted from the media, the plateau phase also started after about 2 weeks, revealing relatively small changes of the amino acid abundance (Figure 3B).
DISCUSSION
This study investigated whether the fingerprints of microbial amino acid metabolism could be used as a potential biosignature.
Our approach was to identify fingerprints that are characteristic of a microbial community’s catalytic speed and/or selectivity as evidence of biogenicity. Beside a preferential use of amino acids, the microbial community can release certain amino acids as metabolic products into their surroundings. The release can occur by excretion or passive diffusion or the result of cell death followed by cell lysis. In addition, a variety of abiotic processes leading to the formation or degradation of certain amino acids can result in a change of prevalent amino acid abundance within an environment.
The following discussion is based on the assumption that potential extraterrestrial life uses similar biochemistry in liquid water environments as observed for Earth-based life. Life as we know it is based on mainly CHNOPS elements and other mineral sources for generating energy and the usage of amino acids to form proteins.
The Absence of Glycine as a Potential Biosignature
The data obtained for glycine suggest a preferential use of glycine by microbial communities. We found that almost all the glycine was depleted and we observed this for both communities, suggesting the possibility that glycine depletion in an environment would be consistent with life.
There are several mechanisms in bacteria involved in glycine uptake and metabolism (Sagers and Gunsalus, 1961; Andreesen, 1994). In anoxic environments, glycine can be a substrate in the Stickland reaction, which is a coupled oxidation-reduction reaction mainly for amino acid pairs (Andreesen, 1994). Glycine serves preferentially as an electron acceptor which can be coupled to an energy conservation step. Glycine and alanine can act as a redox couple in which glycine is reduced while alanine is oxidized. This reaction would also lead to a decrease in alanine, which is observed for the Sippenauer Moor (SM) sample (Figure 2B) but not for the Islinger Mühlbach (ISM) sample (Figure 2A). Consequently, these results could either indicate the presence of different metabolic activities in these communities or that the Stickland reaction is not the main mechanism leading to the reduction of glycine in the medium.
Another explanation for the microbial removal of glycine from the medium could be the result of an energy-producing reaction where two molecules of glycine could be used to form serine and CO2. This has previously been reported for Pediococcus glycinophilus (Sagers and Gunsalus, 1961). Furthermore, glycine can be used as part of the peptidoglycan in the cell wall (Veuger et al., 2006).
With the current experimental set-up, a detailed analysis on the metabolic mechanisms underlying the preferred removal of glycine is not possible. However, the reduction of glycine and therefore the lack of detectability among the presence of other amino acids can be further explored as a potential biosignature.
In order to evaluate whether the absence of glycine is a valuable biosignature to find life on Mars, its abiotic stability on Mars needs to be considered. Glycine is one of the most abundant amino acids detected in meteorites and comets (Botta and Bada, 2002; Elsila et al., 2009). Various laboratory studies have investigated not only the abiotic degradation of glycine (Schuerger et al., 2011; Noblet et al., 2012; Gerakines and Hudson, 2015), but also its degradation under simulated Martian conditions (Ten Kate et al., 2005, 2006; Stalport et al., 2008).
Mars simulation studies determining the effect of UV irradiation on glycine revealed a degradation which results in the release of methane into the atmosphere (Schuerger et al., 2011). Owing to its simple chemical structure, glycine has the fastest degradation rate of amino acids. Extrapolated from ISS experiments, Noblet et al. (2012) estimated a half-life of approximately 51 h on the Martian surface. Another set of exposure experiments on the ISS (682 days for a total of 2,843 h solar constant radiation, equivalent to 1,043.4 MJm−2 of UV radiation in the range between 100 and 400 nm) showed that glycine was moderately stable in these conditions and even more so when mixed with meteoritic powder (Bertrand et al., 2015). Compared to UV radiation, galactic cosmic rays and solar energetic particles (mainly protons) can penetrate deeper into soil and ice (Mancinelli and Klovstad, 2000). A decrease by a factor 5–10 in a depth of a few meters is expected from the surface dose rate of 0.08 Gy/yr (Dartnell et al., 2007; Hassler et al., 2014).
Gerakines and Hudson (2015) performed experiments to study the half-lives of glycine in either CO2-ice or H2O-ice when irradiated with protons. The destruction rate constants indicated that glycine is less stable in CO2-ice (Mars) compared to H2O-ice (Mars and Europa). When extrapolating these data to conditions in the Martian subsurface, the half-life of glycine is modelled to be less than 100–200 million years even at depths of a few meters (Gerakines and Hudson, 2015). Other studies estimated that amino acids when shielded from radiation could potentially survive billions of years in cold and dry niches on Mars (Ehrenfreund and Charnley, 2000; Ehrenfreund et al., 2001b; Kminek and Bada, 2006; Aerts et al., 2016). Similar conclusions apply to Europa, Pluto, other icy satellites and to comets (Gerakines and Hudson, 2015).
Furthermore, a temperature effect has been observed in a previous study (Gerakines et al., 2012). With increasing temperatures, amino acids are less stable (Gerakines et al., 2012; Gerakines and Hudson, 2015). In addition, the mineralogy of the Martian regolith has an influence on the preservation of amino acids. Clay minerals or sulfate rich environments have been reported to show higher preservation rates compared to minerals containing ferrous iron (dos Santos et al., 2016). This effect was also noted in space exposure experiments where amino acids intermixed with meteorite powder had a higher stability than without (Bertrand et al., 2015).
These data imply that, in order to determine a biotic origin for the absence of glycine, several factors have to be considered. 1) Samples need to be shielded from radiation in general and UV radiation in particular. 2) Additional features such as the matrix in which glycine is trapped will have an effect on the stability. 3) Other environmental factors such as temperature can either decrease or increase the abiotic rate of glycine destruction in a certain niche. 4) Low molecular weight amino acids such as glycine, whose abiotic synthesis is kinetically favorable, dominate mixtures of amino acids synthesized by abiotic processes (Dorn et al., 2011). Due to the thermodynamics and kinetics of amino acid synthesis this observation is remarkably consistent for any synthesis environment. And lastly, the prevalence of glycine in an environment on Mars will be the result of a combination of these factors. In conclusion, the biotic degradation of glycine has potential as a biosignature of metabolic activity, but to avoid a false positive, it is necessary to understand the environmental conditions and context of the samples and the abiotic pathways and kinetics of glycine degradation.
Complexity of Other Amino Acids in Enrichments
Contrary to the glycine observations, there was no similar trend for the other amino acids in both samples. These complex and different changes in both enrichments could be the result of: 1) different chemical properties (Table 1), 2) the interaction of the various biochemical roles of amino acids, and 3) the composition of the microbial community. Amino acids are not only the building blocks of proteins, but have other functions including the use as energy metabolites, essential nutrients, or chemical messengers in communication between cells. Therefore, changes in the detectable amount of amino acids may represent the integrated effect of a diversity of metabolic pathways occurring in the respective microbial communities.
Microbial amino acid metabolism is a complex system involving transporters for uptake, biosynthesis as well as degradation and extraction of amino acids in a single microorganism. Transport mechanisms and metabolic pathways for the individual amino acids vary considerably in complexity (Krämer, 1994). There are two mechanisms that could lead to different fingerprints. On the one hand, as is the case in our experimental set-up, when amino acids are available in the environment, they are transported into the cells using different uptake systems. Differential consumption and utilization rates of the available substrate lead to a decrease of a certain amino acid. On the other hand, amino acids can be excreted from the cells. The formation of amino acids and intermediates in the course of amino acid metabolism which are released into the environment results in an increase of a certain amino acid. In addition, the complexity increases when investigating microbial communities as amino acid production and utilization are characterized by the sequential action of different metabolic pathways in organisms belonging to a consortium. There is the potential that an amino acid released into the medium from one member of the community can be utilized by another member and is therefore not detectable in the medium.
The results from the ISM enrichment revealed a higher amount of L-ala, L-val, L-leu and L-ile after incubation than initially added to the medium. This could be the result of amino acid synthesis from precursor molecules which then have been released into the medium either via active transport, diffusion or is a result of cell death and subsequent lysis (Gutiérrez-Preciado et al., 2010). Furthermore, the external increase of alanine might be indicative of a passive efflux which also has been observed for proline, aromatic and branched chain amino acids (Driessen, 1989; Krämer, 1994).
These results show how, in addition to the potential biosignature of the cells themselves, microbial metabolisms might increase the surrounding environmental concentrations of amino acids above those expected abiotically, suggesting that anomalously high concentrations of amino acids could be a biosignature. If these amino acids leached into preserved sediments where there was no preservation of cells themselves, they might act as an indirect signature of the proximal presence of life. Although we observed high concentrations of alanine, in principle an increase in any amino acid anomalously above the expected abiotic background could be an agnostic signature of biological processes.
We observed a decrease in the abundance of amino acids in the surrounding environment in the SM enrichment. One explanation for higher rates of substrate metabolism compared to biosynthesis leading to a reduction of amino acids, might be that the microbial community was performing maintenance metabolism rather than active growth. As with glycine, in order to be useful as a biosignature, these observed decreases would have to be considered alongside abiotic degradation rates. As for glycine, the UV photodestruction rate for L-alanine and β-alanine is dependent on whether the amino acids are on the surface (free) or embedded in UV non-penetrable solid surfaces (subsurface), or embedded in UV penetrable surfaces such as ice. On Mars, the half-life of ala with a radiation dose rate of 2.9 × 10–8 eV per year on the surface is 9.6 × 107 years compared to 1.7 × 108 years at 1 m depth with a radiation dose rate of 1.7 × 10–8 eV. Similar values with variations of about two orders of magnitude have been proposed for Pluto, comets in the outer Solar System, a cold diffuse and a dense interstellar medium (Gerakines and Hudson, 2015). As seen for glycine, the half-lives are several orders of magnitude lower for Europa at the near surface (1,200 years at 1 cm).
In summary, these data suggest that the individual fingerprints of the amino acids alanine, aspartic acid, valine, leucine, isoleucine and phenylalanine can vary, i.e., increase or decrease, depending on the composition of the microbial community. Cultivation and subsequent isolation has shown that the microbial communities from these two samples vary significantly (Cockell et al., 2017; Bashir et al., 2021). Although these complexities do not rule out such amino acid degradation patterns as biosignatures, they suggest that further investigation would be needed on any given sample, including its geological and temporal context, to determine if the differential changes in the amino acids in different communities can be disentangled from the expected abiotic degradation processes and attributed to a potential metabolic influence. Nevertheless, the observed synthesis and extracellular excretion of amino acids, leading to a large local increase in the concentration of some amino acids, as observed in the ISM sample, might be another promising signature of life.
CONCLUSION
The results of this study demonstrate a new type of amino acid imprint in an environment as a biomarker, which could be used alongside other methods to identify past and present life in extraterrestrial environments. The results indicate that the biologically mediated and almost complete depletion of glycine could be one amino acid signature that could be sought to corroborate the presence of life. Other amino acids showed diverse changes. Depletions could only be a biosignature if, like glycine, they can be disentangled from abiotic changes, but their presence would at least be consistent with life. Perhaps more interestingly, large increases in concentrations of amino acids resulting from excretion, might also be an agnostic indication of the presence of microbiota metabolizing amino acids. Finally, we note that the results address Objective 1A outlined in the Europa Lander SDT Report “… to seek evidence of biological activity by detecting and characterizing the organic composition of the sampled material.” (Hand et al., 2017). The results we present here show how the effects of life on the surrounding amino acid profile may be another organic signature of its presence and metabolic activities.
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