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Abstract:  

Recent studies regarding the origin of life and Mars-Earth meteorite transfer simulations suggest 

that biological informational polymers, such as nucleic acids (DNA and RNA), have the potential 

to provide unambiguous evidence of life on Mars. To this end, we are developing a metagenomics-

based life-detection instrument which integrates nucleic acid extraction and nanopore sequencing: 

The Search for Extra-Terrestrial Genomes (SETG). Our goal is to isolate and sequence nucleic 

acids from extant or preserved life on Mars in order to determine if a particular genetic sequence 

(1) is distantly-related to life on Earth indicating a shared-ancestry due to lithological exchange, 

or (2) is unrelated to life on Earth suggesting a convergent origin of life on Mars. In this study, we 

validate prior work on nucleic acid extraction from cells deposited in Mars analog soils down to 

microbial concentrations observed in the driest and coldest regions on Earth. In addition, we report 

low-input nanopore sequencing results equivalent to 1 ppb life-detection sensitivity achieved by 

employing carrier sequencing, a method of sequencing sub-nanogram DNA in the background of 

a genomic carrier. 
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1. Introduction 

Major strides in understanding the origins of life and meteorite transfer simulations support the 

notion that life on Mars, if it ever existed, may share a common genesis or perhaps share a common 

ancestry with life on Earth. Namely, analogous pre-biotic environments (Grotzinger et al., 2014; 

Johnson et al., 2008; Morris et al., 2010; Ranjan et al., 2017; Ranjan and Sasselov, 2017; Stoker 

et al., 2010), molecular feedstocks (e.g., hydrogen cyanide) (Adcock et al., 2013; Brack and 

Pillinger, 1998; Parker et al., 2011), and plausible abiotic reactive pathways predicted on Earth 

and applicable on Mars may have resulted in parallel origin events in accordance to the RNA-

world hypothesis (Benner and Kim, 2015; McKay, 2010; Patel et al., 2015; Powner et al., 2010, 

2009; Ritson and Sutherland, 2012; Stairs et al., 2017). This hypothesis suggests that past or 

present Martian life may have utilized known building blocks (e.g., nucleic acids, sugars, amino 

acids) and closely resembled life as we know it. Moreover, non-sterilizing lithological exchange 

between Mars and Earth from impact ejecta produced during the presumed Late-Heavy 

Bombardment period (Boehnke and Harrison, 2016; Gomes et al., 2005) may have transported 

viable microbes between planets (Abramov and Mojzsis, 2009; Horneck et al., 2008; Shuster, 

2005; Weiss, 2000) resulting in ancestrally related life (Isenbarger et al., 2008).  

 To test these hypotheses, we are developing the Search for Extra-Terrestrial Genomes 

(SETG) life-detection instrument for in-situ extraction and nanopore sequencing of nucleic acids 

(Carr et al., 2017, 2016) from extant or preserved life on Mars. Assuming a convergent adoption 

of nucleic acids as the unitary solution of genetic information storage and transmission (e.g., DNA 

or RNA), long-read nanopore sequencing could be capable of detecting non-standard nucleic acids 

(Carr, 2016; Carr et al., 2017) possibly endemic to Mars (Ranjan et al., 2017). Furthermore, long-

read sequencing is of particular significance for taxonomic identification at or below the species 
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level (Benítez-Páez et al., 2016; Brown et al., 2017; Greninger et al., 2015; Quick et al., 2015) 

which would permit the detection of microbial forward contamination. For instance, in the case of 

ancestrally related life, comparing sequence data detected on Mars to conserved genes (Harris, 

2003; Makarova et al., 1999) on Earth (i.e., the ribosome) (Woese et al., 1975) could 

unambiguously discriminate contamination from a true life detection (Isenbarger et al., 2008). 

Conversely, detecting a genetic sequence unlike anything found on Earth (including non-standard 

bases) could signify a second genesis and perhaps indicate that nucleic acid-based life is likely 

universal, or at least common. 

  SETG operates by first extracting and isolating nucleic acids (DNA or RNA) from cells in 

solid or liquid samples using a modified Claremont BioSolutions (CBIO) solid-phase Purelyse® 

bacterial genomic DNA extraction kit. Prior studies have utilized OmniLyse, which is Purelyse® 

without extraction buffers, to lyse cells in an RNA extraction module aboard the International 

Space Station (Parra et al., 2017). Long-read sequencing is then conducted using the Oxford 

Nanopore Technologies (ONT) MinION which sequences nucleic acids via ionic current 

monitoring (Lu et al., 2016) and has been validated to sequence DNA in microgravity (Castro-

Wallace et al., 2017; McIntyre et al., 2016), Lunar and Mars gravity (Carr/Zuber in prep 2018), 

and under simulated Mars temperature and pressure (Carr in prep 2018).  

Our goal for SETG is to be capable of analyzing a variety of environmental samples 

relevant to the search for life (related or otherwise to life on Earth) on Mars. However, complex 

soils, especially those containing iron oxides found on Mars (Bell et al., 2000), greatly inhibit 

nucleic acid extraction from cells due to competitive adsorption onto mineral surfaces (Hurt et al., 

2014; Jiang et al., 2012) or destruction due to hydroxyl radicals (Gates, 2009; Imlay and Linn, 

1988) during cell lysis (Mojarro et al., 2017b). Additional inhibition may occur in the presence of 
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silicates (Melzak et al., 1996; Trevors, 1996), clays (Greaves and Wilson, 1969), and salts 

(Henneberger et al., 2006) due to adsorption and or DNA hydrolysis, denaturation and 

depurination at alkaline to acidic conditions (Gates, 2009). These interactions are further 

exacerbated in low-biomass environments and by nanopore sequencing, which presently requires 

substantial (~ 1 µg) input DNA not likely to be acquired from recalcitrant soils (without 

amplification) due to limitations related to sequencing efficiency and nanopore longevity (Mojarro 

et al., 2018). Roughly five in a million nucleobases are sequenced (R9.4 flowcells and chemistry) 

while nanopores are expended before detection of sub-nanogram input DNA (Mojarro et al., 

2017a, 2018) without library preparation modifications.  

 Extensive literature exists on methods used to mitigate soil-DNA interactions and yield 

quantifiable DNA from various soils species (e.g., Barton et al., 2006; Direito et al., 2012; 

Henneberger et al., 2006; Herrera and Cockell, 2007; Lever et al., 2015; Takada-Hoshino and 

Matsumoto, 2004). Competitive binders or blocking agents such as RNA, random hexamer 

primers, and skim milk (e.g, Takada-Hoshino and Matsumoto, 2004) are applied to inhibit mineral 

adsorption sites while dialysis, desalting, or chelation (e.g., Barton et al., 2006) is employed to 

precipitate or flush soluble metals and salts from soils. Our previous work from Mojarro et al., 

2017b focused on adapting the standard Purelyse® bacterial gDNA extraction kit to isolate DNA 

from Mars analog soils doped with tough-to-lyse spores of Bacillus subtilis. In that study, we 

concluded that with soil-specific mitigation strategies (e.g., desalting and competitive binders), we 

may be able to achieve adequate DNA extraction yields that are of sufficient purity for downstream 

sequencing.  

In this study, we now focus on validating the modified Purelyse® kit with low-biomass 

Mars analog soils containing cell densities observed in the driest regions of the Atacama Desert 
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(Navarro-Gonzalez, 2003) and McMurdo Dry Valleys (Goordial et al., 2016). We perform baseline 

and modified DNA extractions from 50 mg of Mars analog soil containing 104 spores of B. subtilis 

and vegetative E. coli cells, respectively. These experiments stress the importance of the mitigation 

strategies used to reduce detrimental soil-DNA interactions (e.g., adsorption to mineral surfaces, 

DNA destruction) and conclude in the development of a ‘near-universal’ extraction protocol for 

low-biomass Mars analog soils. As in our previous experiments (Carr et al., 2017, 2016), we 

require DNA extraction yields of at least 5% in order to achieve a minimum sensitivity target of 1 

ppb for life-detection (i.e., 104 cells in 50 mg of soil).   

Lastly, we investigate low-input nanopore sequencing by experimenting with 2 pg of 

purified B. subtilis DNA equivalent to 5% DNA yield from 104 spores. For many environmental 

samples, the total extractable DNA is far below the current input requirements of nanopore 

sequencing, preventing sample-to-sequence metagenomics from low-biomass or recalcitrant 

samples. On Mars, whole genome amplification could result in biasing microbial population 

results (Sabina and Leamon, 2015) while targeted amplicon sequencing such as 16S rRNA would 

assume a shared ancestry between Mars-Earth and could reduce taxonomic resolution (Poretsky et 

al., 2014). The absence of amplification is especially important in the case where non-standard 

bases have been incorporated into the Martian genome as primers may not function or 

amplification could theoretically mask an alien signal due to promiscuous base-pairing resulting 

in an ATGC sequence (Pezo et al., 2014). Here we address these problems by employing carrier 

sequencing, a method to sequence low-input DNA by preparing the target DNA with a genomic 

carrier to achieve ideal library preparation and sequencing stoichiometry without amplification 

(Mojarro et al., 2018; Raley et al., 2014). We then use CarrierSeq (Mojarro et al., 2018) a sequence 
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analysis script used to identify the low-input target reads from the genomic carrier, and analyze 

the results in the context of life detection. 

  

2. Materials and Methods: 

2.1. Mars analog soils 

A total of six Mars analog soils and one lunar basalt analog (Orbitec, JSC-1A) (McKay et al., 

1993) were utilized to develop our extraction protocols. Five Mars analog soils were produced in 

accordance to in situ mineralogical and geochemical measurements collected by rover and lander 

missions as described by Schuerger et al., 2017, 2012. These soils represent various potentially 

habitable paleoenvironments of astrobiological significance, for instance, ancient hydrothermal 

salt deposits in Gusev crater (Ming et al., 2006; Ruff and Farmer, 2016). The five soils represent 

(1) the highly-oxidized global aeolian dust (Bell et al., 2000; Ming et al., 2008a), (2) salt-rich 

(Burroughs subclass) soils of Gusev Crater (Ming et al., 2006; Morris et al., 2008), (3) jarosite-

containing acidic soils (Paso Robles class) of Meridiani Planum (Klingelhofer, 2004; Ming et al., 

2008a; Morris et al., 2006), (4) carbonate-rich alkaline Viking Lander soils (Clark et al., 1982; 

Wänke et al., 2001), and (5) perchlorate-rich Phoenix Lander soils (Ming et al., 2008b). In addition, 

we include a commercially available (6) aeolain spectral analog (Orbitec, JSC-Mars-1A)  (Allen 

et al., 1998). We henceforth refer to these Mars analog soils as aeolian, salt, acid, alkaline, 

perchlorate, and JSC, respectively. The lunar analog represents our unaltered soil control and is 

referred to as basalt. Details concerning the exact methods used to synthesize these soils can be 

found in Schuerger et al., 2012 and in Mojarro et al., 2017b. 

 

2.2. Bacillus subtilis spores 
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Spore suspensions of Bacillus subtilis (ATCC 6633) similar to those used in clean-room 

sterilization effectiveness (Friedline et al., 2015) and bacteriostasis testing under Mars-like 

conditions (Kerney and Schuerger, 2011; Schuerger et al., 2017, 2003) were acquired from 

Crosstex (Part# SBS-08) to represent a worst case DNA extraction scenario of a tough-to-lyse 

organism. Spore suspension were DNAse-treated (New England Biolabs, M0303L) in order to 

remove any extracellular DNA and counted using a viable spore assay on lysogeny broth agar 

plates (Mojarro et al., 2017b). We assume a single genome copy per DNAse-treated spore of B. 

subtilis for calculating DNA yield (DNAout/DNAin). 

 

2.3. Vegetative Escherichia coli cells 

Vegetative E. coli (OP50) cell cultures were grown overnight in flasks containing 200 mL of 

lysogeny broth medium inside an Innova® 44 incubator at 37º C and 200 rpm. After 12 hours, we 

measured optical density (OD600) on a DeNovix DS-11+ spectrophotometer, pelleted, and re-

suspended culture aliquots in phosphate-buffered solution (Thermo Fisher, 10010023). An 

estimated 1000 E. coli cells then underwent colony droplet digital polymerase chain reaction 

(ddPCR) with single copy metG (Wang and Wood, 2011) primers for absolute genome 

quantitation. In contrast to spores which contain a single genome copy, copy-number variation 

may exist in vegetative cells depending on growth stage (Pecoraro et al., 2011; Skarstad et al., 

1986). Therefore, ddPCR results allow us to correct for genome copy-number variation (e.g., 2000 

genome copies / 1000 cells) and calculate DNA yield similar to B. subtilis (DNAout/DNAin). 

 

2.4. DNA yield quantitation 
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Absolute DNA yield quantitation is possible through ddPCR paired with single copy primers. In 

contrast to traditional PCR, ddPCR fractionates one reaction into ~20,000 water-oil emulsion 

nanodroplets each capable of discrete amplification. When a sample is adequately dilute, Poisson 

statistics can precisely determine genome copy numbers independent of a standard curve (Brunetto 

et al., 2014; Yang et al., 2014). Paired with single copy primers and the presence of a DNA-specific 

fluorescent dye (EvaGreen), the results of a ddPCR reaction are either relatively weakly-

fluorescent droplets containing primer dimer or relatively highly-fluorescent droplets containing 

an amplified product. We then equate one highly-fluorescent droplet to one genome copy. DNA 

extracted from B. subtilis spores was amplified with spaC primers (forward: TGA GGA AGG 

ATG GGA CGA CA, reverse: AAC AGA TTG CTG CCA GTC CA) (Hu et al., 2004) while DNA 

extracted from vegetative E. coli cells was amplified with metG primers (forward: GGT GGA 

AGC CTC TAA AGA AGA AG, reverse: AGC AGT TTG TCA GAA CCT TCA AC) (Wang and 

Wood, 2011). Two ddPCR reactions per DNA extraction (one per elution) were performed and 

quantified on a BioRad QX200 ddPCR system. A total of 5 µL from each extraction elution was 

prepared in a 20 µL final reaction volume containing 3 µL of molecular grade water, 10 µL of 

QX200 EvaGreen SuperMix (BioRad, 186-4033), 1 µL of 3.3 µM forward primer, and 1 µL of 

3.3 µM reverse primer. All ddPCR reactions were prepared by an Andrew Alliance liquid handling 

robot within an AirClean 600 PCR Workstation while nanodroplets were generated using the 

automated QX200 AutoDG system. Thermocycling conditions were as follows: (1) 95º C for 5 

minutes, (2) 95º C for 30 seconds, (3) 60º C for 1 minute, (4) Repeat steps 2-3 40 times, (5) 4º C 

for 5 minutes, (6) 90º C for 5 minutes, (7) hold at 4º C until ready to measure.  

 

2.5. Purelyse® standard extraction protocol 
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The Purelyse® bacterial gDNA extraction kit is a miniature (dime-sized) and battery-powered 

bead-beating lysis device capable of solid-phase nucleic acid extraction without the need for 

centrifugation. Purelyse® kits work by shearing cells open at 30,000 rpm in the presence of a 

supplied low-pH (~3.5 pH) binding buffer which promotes the binding of negatively charged 

polymers to the surface of specialty oxide ceramic microbeads (~100 µm). The microbeads are 

then washed with a lower concentration binding buffer and DNA is eluted in a low-salt and high-

pH (~8.0 pH) elution buffer. The standard extraction protocol for cell cultures dictates: (1) 2-

minute lysis with 1x binding buffer solution (100 µL of 8x binding buffer and 700 µL of molecular-

grade water), (2) 45-second wash with 3 mL of 0.25x binding buffer wash solution (~100 µL of 

8x binding buffer and 2.9 mL of molecular-grade water), (3) two 1-minute elutions with 200 µL 

of 1x elution buffer all at 6V (equivalent to 4 AAA batteries). 

 

2.6. Baseline extractions of spore and vegetative DNA from water 

Two dilution series containing 108, 106, and 104 spores of B. subtilis and equivalent vegetative E. 

coli cells in water were processed using the standard extraction protocol. The E. coli dilution series 

originated from a single culture prepared in phosphate-buffered solution and DNA yield was 

corrected for genome copy-number variation using ddPCR. 

 

2.7. Unmodified extractions of spore and vegetative DNA from Mars analog soils 

An estimated 1.6 x 104 spores (about 70 pg of DNA) of B. subtilis were deposited on 50 mg of 

Mars analog soil and processed following the standard extraction protocol. For vegetative E. coli 

extractions, we utilized OD600 measurements to deposit approximately 1.6 x 104 cells on 50 mg 

of Mars analog soil or equivalent to spore concentrations. However, as E. coli genome copy 
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number may vary (Pecoraro et al., 2011; Skarstad et al., 1986) each E. coli extraction from a Mars 

analog included accompanying colony ddPCR results used for correcting genome copy-number 

variation. 

 

2.8. Modified extractions of spore and vegetative DNA from Mars analog soils 

To parallel the unmodified extractions, an estimated 1.6 x104 spores of B. subtilis and vegetative 

cells of E. coli were deposited on 50 mg of Mars analog soil, respectively. All samples were 

processed using the ‘near-universal’ modified extraction protocol: (1) Suspend sample in 800 µL 

of 8x binding buffer and vortex gently for 30 seconds, (2) desalt in a single 100K Amincon Ultra 

column (Z740183), (3) re-suspend the sample in 400 µL of molecular grade water and 400 µL of 

8x binding buffer, (4) add 4-6 µg of random hexamer primers (Promega, C1181) and vortex gently 

for 30 seconds, (5) lyse cells and bind DNA with Purelyse® at 6.5 V for 2 minutes, (6) wash with 

2.5 mL of 1x binding buffer at 1.5 V for 1 minute, (7) elute DNA with 200 µL of heated elution 

buffer to 70º C for 1 minute, (8) repeat step 7 for second elution. Basalt and alkaline samples 

contained 4 µg of random hexamer primers while JSC, acid, salt, aeolian, and perchlorate samples 

contained 6 µg.  

 

2.9. Nanopore sequencing 

The Oxford Nanopore Technologies (ONT) MinION sequencer and flowcell perform single-strand 

DNA sequencing through monitoring changes in an ionic current produced by the translocation of 

k-mers through a nano-sized pore (Lu et al., 2016). Nanopore sequencing encompasses library 

preparation, sequencing, and basecalling. First, library preparation is the process by which 

genomic DNA is converted into a readable format for the sequencer. This includes adding tethers 
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and a motor protein onto double-stranded DNA which guide and regulate the translocation rate 

(R9.4, 450 bp/s) through a nanonopore. Second, the prepared library is loaded onto the flowcell 

and sequencing is initiated. Up to 512 sequencing channels (pores) can be monitored and raw 

current (translocation) events are recorded. Lastly, the raw events are then basecalled into 

corresponding nucleobase assignments or oligomer sequences.  

 

2.10. Low-input sequencing library preparation 

The sequencing library was prepared following a modified one-direction (1D) Lambda control 

experiment protocol (Oxford Nanopore Technologies, SQK-LSK108). The ligation-based 

sequencing kit advises shearing 1 µg of Lambda genomic DNA to 8 kb fragments and spiking the 

sheared gDNA with a 3.6 kb positive control (Lambda genome 3’-end amplicon) in order to 

distinguish library preparation from sequencing failures. However, after validating our library 

preparation proficiency, we substituted 2 pg of B. subtilis DNA purified with Purelyse® in lieu of 

the 3.6 kb positive control and replicated the Lambda control protocol without additional 

modifications. This substitution results in a low-input carrier library with ideal stoichiometry 

(Mojarro et al., 2018). 

 

2.11. Sequencing and basecalling 

The low-input carrier library was sequenced using a MinION Mark-1B sequencer and R9.4 spot-

on flowcell for 48 hours on an Apple iMac desktop computer running MinKNOW 1.5.18. The 

resulting raw nanopore reads were basecalled using ONT’s Albacore 1.10 offline basecaller. 

 

2.12. Sequence analysis 
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All reads located in the Albacore workstation folder were compiled into a single fastq file and 

mapped directly to the B. subtilis reference genome using bwa (Li, 2013). In the context of an 

unknown sample, all reads were then processed with CarrierSeq (Mojarro et al., 2018), a sequence 

analysis script for carrier sequencing. CarrierSeq works by identifying all reads not belonging to 

the carrier (Lambda), applies quality-control filters, and implements a Poisson test to identify 

likely nanopore sequencing artifacts known as high-quality noise reads (HQNRs) which 

presumably originate from malfunctioning nanopores. The final subset or ‘target reads’ should 

therefore only contain B. subtilis and likely contamination (Mojarro et al., 2018). 

 

3. Results 

3.1. Baseline extractions of spore and vegetative cell DNA from water 

Water extractions of spore DNA remained consistent throughout the dilution series. At 108, 106, 

and 104 spores, yields were 14.7%, 9.7%, and 13.3% (Figure 1). In contrast, extractions of 

vegetative cell DNA decreased with cell concentrations. At 108, 106, and 104 vegetative cells, 

yields were 40%, 21.8%, and 13.2% (Figure 1). 

 

3.2. Unmodified extractions of spore and vegetative cell DNA from Mars analog soils 

No detectable DNA was measured from any Mars analog soil extraction containing either spores 

or vegetative cells with the exception of the basalt and alkaline soils. Unmodified spore DNA 

extractions yielded 7.1% for basalt and 8% for alkaline while vegetative DNA extractions yielded 

4.7% for basalt and 5.5% for alkaline (Figure 2).  

 

3.3. Modified extractions of spore and vegetative cell DNA from Mars analog soils 
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All modified Mars analog soil extractions of spore DNA achieved our 5% requirement using the 

‘near-universal’ protocol. DNA yields were modestly increased for alkaline and basalt samples 

while aeolian, salt, acid, perchlorate, and JSC samples increased significantly from undetectable 

amounts. The spore results were: basalt 9.2%, alkaline 10.7%, aeolian 6.1%, salt 6.7%, acid 5.1%, 

perchlorate 7.3%, JSC 7.8% (Figure 3). In contrast, several vegetative cell DNA extractions, e.g., 

JSC, aeolian, and perchlorate, failed to achieve 5% DNA yield. Similar to the spore extractions, 

yields for alkaline and basalt samples received a moderate increase while the remaining samples 

increased from undetectable amounts. The vegetative cell results were: basalt 13.1%, alkaline 

15.3%, aeolian 4.4%, salt 13.3%, acid 8.0%, perchlorate 4.5%, JSC 2.0% (Figure 3). 

 

3.4. Nanopore sequencing 

From the resulting 48-hours of sequencing, we detected a total of 8.7 gigabases or 1.3 million 

reads. Exactly 1,260,661 reads mapped to Lambda while 5 reads mapped to B. subtilis. Given the 

sequencing libraries Lambda to B. subtilis mass ratio, we expected approximately 2 B. subtilis 

reads per 1,000,000 Lambda reads. However, we detected ~4 B. subtilis reads per 1,000,000 

Lambda reads. Assuming Lambda is the only known sequence, the CarrierSeq analysis (Q = 9, p 

= 0.05, default values) isolated 29 ‘target reads’ (Table 1) that were identified using the NCBI 

blastn algorithm: 5 B. subtilis reads, 13 Homo sapiens reads, 1 Klebsiella pneumoniae read, 1 

Human mastadenovirus read, 1 Human DNA sequence (not able to be resolved to Homo sapiens), 

1 Streptococcus sp. read, 1 Staphylococcus epidermis reads, and 6 unidentified high-quality noise 

reads (HQNRs) (Table 2). The basecalled and unanalyzed sequencing fastq files can be 

downloaded from FigShare: https://doi.org/10.6084/m9.figshare.5471824.v2 or from the NCBI 

SRA database: [fast5.tar.gz upload pending and available upon request] 
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4. Discussion  

4.1. Extraction of DNA from synthetic Mars analog soils  

The extractions from spore DNA in water and soils at 104 spores yielded similar results to our prior 

experiments at 108 spores used to develop the initial modified protocol (Mojarro et al., 2017b). We 

previously hypothesized that low DNA yields from B. subtilis was generally due to small acid-

soluble proteins (SASPs) which bind to the DNA phosphate backbone and furnish protection from 

heat, salts, desiccation, and UV radiation in the spore state (Moeller et al., 2012, 2009). In short, 

SASPs could inhibit interactions between the phosphate backbone and the Purelyse® oxide 

ceramic microbeads, which would ideally attract negatively charged polymers (i.e., DNA). In 

Mojarro et al., 2017b we seemingly validated this hypothesis by increasing spore DNA yields in 

water from 15% to 43% using a proof of concept protein separation binding buffer/phenol cocktail. 

We therefore intuitively expected the DNA extraction yields from vegetative E. coli cells, which 

presumably do not contain SASPs, to be higher than B. subtilis spores. Extractions of spore DNA 

from our water control consistently yielded ~15% at all cell concentrations while extractions of 

vegetative DNA began with 40% at 108 cells and decreased to 13.3% at 104 (Figure 1). These 

extractions share the exact parameters across cell lysis and DNA elution voltage, time, buffer 

volumes, and approximate cell concentrations with the exception of cells being either spores or 

vegetative. We are presently unable to offer a definitive explanation for the decrease in vegetative 

DNA with decreasing cell concentration and the apparent convergence of DNA yields at 104 cells 

(Figure 1). Perhaps (1) cell concentration may affect DNA yield, (2) binding of nucleic acids to 

the Purelyse® oxide ceramic microbeads is proportional to the concentration of lysed DNA, (3) 

vegetative DNA is more prone to destruction (e.g., hydrolysis, etc) in solution without SASPs, or 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


(4) vegetative DNA has a stronger affinity towards the Purelyse® oxide ceramic microbeads 

and/or soil. Further work is ongoing in order to investigate this inconsistency between spore and 

vegetative DNA yields.  

In regard to the Mars analog soil extractions, prior work from Mojarro et al., 2017b had 

suggested that both alkaline and basalt soils would exert mild soil-DNA interactions due to 

adsorption effects by silicates (Melzak et al., 1996; Trevors, 1996; Zhou et al., 1996) while highly-

oxidized iron sulfate-containing Mars analog soils would undoubtedly destroy most DNA in an 

unmodified extraction (Figure 2). Nevertheless, once disruptive metals/cations (e.g., Fe3+,2+, Ca2+) 

were flushed and mineral adsorption sites were coated with competitive binders, DNA yields of at 

least 5% were achieved in all soils containing spores of B. subtilis (Figure 3). Extractions from 

vegetative E. coli cells were only capable of achieving a 5% yield within their standard errors with 

the exception of JSC (Figure 3). Comparing the mean spore and vegetative DNA yields for JSC, 

aeolian, and perchlorate soils suggests that perhaps DNA bound by SASPs increases resistance to 

destruction post-cell lysis and pre-binding to the Purelyse® oxide ceramic beads. In such a case, 

it appears that DNA is more susceptible to damage from free radicals in Mars soils containing 

Fe3+,2+ species (JSC, aeolian, perchlorate) than from hydrolysis, depurination and/or denaturation 

in acidic to alkaline soils (alkaline, salt, acid) (Figure 3).   

 

4.2 Ancient DNA on Mars 

 The relatively stable cryosphere on Mars since the Late-Noachian period (Head and Marchant, 

2014) makes it the ideal location for ancient DNA preservation. On Earth, the estimated half-life 

of DNA at -25º C is roughly on the order of 107 years (Millar and Lambert, 2013). However, local 

and global natural climate variability due to orbital cycles (Imbrie et al., 1992) and tectonics 
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(Raymo and Ruddiman, 1992) limit the extent of cold environments favorable towards ancient 

DNA preservation on geologic timescales. Today, the average temperature at Gale Crater is -48 C  

(Haberle et al., 2014) while similar conditions may have persisted since the Amazonian period 

(Head and Marchant, 2014) theoretically permitting the preservation on DNA beyond 10 million 

years. However, the likelihood of ancient DNA on the surface of Mars greatly decreases once we 

consider the effect of UV, cosmic ray exposure, and radioactive decay on nucleic acids (Hassler 

et al., 2014; Kminek et al., 2003; Kminek and Bada, 2006). Ancient DNA is prone to damage (e.g., 

hydrolysis, depurination) and fragmentation (Dabney et al., 2013; Millar and Lambert, 2013) once 

it is no longer actively repaired in a biologic system. In the unlikely case that nucleic acids are 

preserved and accessible at the surface, we then risk the possibility of destroying them once soils 

are hydrated during an extraction if they are not protected within cells (Gates, 2009; Mojarro et 

al., 2017b). The primary target for SETG is therefore extant or recently dead cells encapsulating 

nucleic acids that may survive the sample prep processes and yield long strands useful for 

taxonomic identification.  

 

4.3. Low-input Nanopore sequencing and contamination detection 

A great advantage of nanopore sequencing is the ability to produce long reads capable of 

taxonomic identification (Brown et al., 2017; Goordial et al., 2017; Greninger et al., 2015; Quick 

et al., 2015). This has allowed us to directly map all basecalled reads to the reference genome and 

identify the 5 belonging to B. subtilis without further processing. However, in a true life detection 

or unknown scenario, there must be a way to filter carrier (Lambda), low-quality, and low-

complexity reads in order to identify those belonging to the unknown organisms. As mentioned 

earlier, we used CarrierSeq which was developed in order to analyze all carrier sequencing reads 
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and identify the ‘unknowns’ in this context. This analysis identified 29 reads which did not map 

to Lambda, were not considered low-quality ( Q < 9, Albacore passing was Q > 6 at the time of 

analysis, currently Q > 7) or low-complexity (Morgulis et al., 2006), and did not originate from 

overly active “bad pores” that are known to produce spurious reads which we referred to as high-

quality noise reads (HQNRs) in Mojarro et al., 2018. These include the 5 B. subtilis reads detected 

by mapping, 6 HQNRs that originated from “good pores”, and most interestingly, 18 Homo sapiens 

and human microflora contamination reads (Table 2). Although we cannot recollect an exact point 

of contamination, this work was conducted in an open lab, with non-sterile gloves, and in an open 

bench without any non-standard precautions (e.g., routine sporicidal/bleaching was conducted 

between sets of extractions).  

The close abundance of contamination to B. subtilis reads possibly suggest comparable low 

levels of contamination (2 pg of B. subtilis), although, there is no certain strategy to ascertain the 

true initial contamination quantities. We instead see this as an opportunity to highlight the 

effectiveness of nanopore sequencing to discriminate between true detection and contamination. 

Particularly in the context of planetary protection where carrier sequencing could be employed as 

an effective method of detecting low-levels of microbial contamination on the surface of 

spacecrafts (Rummel and Conley, 2018). The presence of HQNRs, however, complicate the 

certainty between a true unknown read and noise.  In Mojarro et al., 2018 we proposed that HNQRs 

could possibly be the result of pore blockages from macromolecules (e.g., proteins) that may 

conceivably produce false signals. To date we have not produced a fully satisfactory approach to 

identify and discard such reads. Identifying HQNRs through k-mer matching (Menzel et al., 2016) 

and via the NCBI blastn algorithm is presently the best approach, while plotting DUST (Morgulis 

et al., 2006), quality (Phred) score, and read length and statistical tests not reveal any obvious 
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relationships (Figure 4, 5). Recent work by Pontefract et al., 2018 on the failure modes of nanopore 

sequencing has suggested that improvements to basecalling algorithms, library preparation, and 

sequencing chemistries have suppressed the occurrence of these spurious reads. However, as ONT 

matures its sequencing technology, more robust testing under simulated unknown sample 

conditions is required in order to confidently identify HQNRs (if they are still an issue) where 

these artefactual reads may complicate the identification of a new organism, or specifically, extra-

terrestrial life. 

 

4.4. Detecting non-standard bases 

Raw nanopore sequencing data represent the translocation of unique k-mers, or nucleotide 

sequences of k bases, through a critical pore region which produces an associated ionic current 

signal. For simplicity, let us imagine a sliding window that is 3 bases wide (a 3-mer) moving one 

base at a time over a single-stranded DNA of sequence AATCG. As the window slides we should 

observe AAT, ATC, and TCG each producing a unique signal. A moving 3-mer window over a 

DNA strand containing the four standard nucleobases (ATCG) could encounter up to 64 distinctive 

combination. Therefore, a DNA strand containing a theoretical fifth non-standard base would have 

125 possible combinations and so on. Raw data is then basecalled by applying algorithms such as 

Hidden Markov Models (Simpson et al., 2016) or Recurrent Neural Networks (Boža et al., 2017) 

that translate the collection of k-mers into consensus nucleic acid sequences.  In previous work, 

we have demonstrated the capacity for these algorithms to detect non-standard bases by sequencing 

Poly(deoxyinosinic-deoxycytidylic) acid, a synthetic DNA polymer composed of alternating 

deoxy-inosine (I) and deoxy-cytosine (C) bases (Carr et al., 2017). This proof of principle 

demonstrates the detection of the non-standard inosine nucleoside, the nucleobase (hypoxanthine) 
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of which which has been identified within meteorites (Martins et al., 2008); furthermore, work by 

others has demonstrated the ability to detect base modification such as methylation (Simpson et 

al., 2016) using novel basecalling algorithms. 

 

5. Conclusions 

Life on Mars, if it exists or existed in the not-so-distant past, may potentially be detected via in 

situ nucleic acid extraction and nanopore sequencing. We believe nucleic acids provide a sensitive 

and unambiguous indicator for life that facilitates distinguishing between forward contamination 

and putative nucleic acid-based Martian life (Isenbarger et al., 2008). Here, we have validated 

methodologies that enable the extraction and sequencing of nucleic acids from low-biomass Mars 

analog soils. Our results indicate that a ‘near universal’ extraction protocol may be capable of 

analyzing soils from various environments on Mars. Furthermore, nucleic acid–based life detection 

on Mars may only be practical in the context of extant or recently dead life-intact cells as 

extracellular DNA preserved in soil may be destroyed during sample preparation.  
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Figures 
 

 
 

Figure 1: Baseline extractions of spore and vegetative cell DNA from water. Two dilution series 
containing 108, 106, and 104 spores of B. subtilis and equivalent vegetative E. coli cells were 
processed using the standard extraction protocol. Water extractions of spore DNA remained 

consistent throughout the dilution series. In contrast, extractions of vegetative cell DNA 
decreased with cell concentrations (standard error shown, n = 3). 
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Figure 2: Unmodified extractions of spore and vegetative cell DNA from Mars analog soils. An 
estimated 1.6 x 104 spores (about 70 pg of DNA) of B. subtilis and equivalent vegetative cells of 

E. coli were deposited on 50 mg of Mars analog soil and processed following the standard 
extraction protocol. No detectable DNA was measured from any Mars analog soil extraction 
containing either spores or vegetative cells with the exception of the basalt and alkaline soils 

(standard error shown, n = 3). 
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Figure 3: Modified extractions of spore and vegetative DNA from Mars analog soils. All DNA 
yields from 104 vegetative cells and spores in 50 mg of Mars analog soils were increased with 

the ‘near-universal’ extraction protocol. Our results indicate that a combination of desalting and 
completive binders is an adequate strategy for achieving our extraction goals (standard error 

shown, n = 3). 
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Figure 4: Cross-plots of target reads identified by CarrierSeq displaying read length, quality 
score, and DUST score. There does not appear to be any separation of HQNRs and B. subtilis or 
contamination reads. We are presently only able to identify HQNRs through k-mer matching or 

via the NCBI blastn algorithm. 
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Figure 5: Principal component analysis of the CarrierSeq target reads (n = 29). There does not 
appear to be any separability based on read length, quality score, and DUST score parameters. 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Tables 

 

T
ab

le
 1

. L
ow

-i
np

ut
 c

ar
ri

er
 se

qu
en

ci
ng

 m
et

ri
cs

 
 

N
um

be
r o

f R
ea

ds
 

 
M

in
 L

en
gt

h 
 

M
ax

 L
en

gt
h 

 
M

ed
ia

n 
Le

ng
th

 
 

To
ta

l B
as

es
 

 

A
ll 

re
ad

s (
La

m
bd

a +
 B

. s
ub

til
is 

+ 
Co

nt
am

in
at

io
n +

 H
Q

N
Rs

) 
1,

30
3,

00
7 

re
ad

s 
16

 
ba

se
s 

50
1,

24
9 

ba
se

s 
6,

49
3 

ba
se

s 
8,

69
8,

02
6,

59
8 

ba
se

s 

Ta
rg

et
 re

ad
s (

B.
 su

bt
ili

s +
 

Co
nt

am
in

at
io

n +
 H

Q
N

Rs
) 

29
 

re
ad

s 
26

7 
ba

se
s 

1,
55

9 
ba

se
s 

59
5 

ba
se

s 
19

,9
81

 
ba

se
s 

B.
 su

bt
ili

s r
ea

ds
 

5 
re

ad
s 

84
8 

ba
se

s 
1,

55
9 

ba
se

s 
96

7 
ba

se
s 

5,
27

0 
ba

se
s 

Co
nt

am
in

at
io

n r
ea

ds
 

18
 

re
ad

s 
41

6 
ba

se
s 

1,
55

6 
ba

se
s 

58
2 

ba
se

s 
11

,7
78

 
ba

se
s 

H
Q

N
Rs

 
6 

re
ad

s 
26

7 
ba

se
s 

86
5 

ba
se

s 
45

3 
ba

se
s 

2,
93

3 
ba

se
s 

  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


 

Ta
bl

e 2
: T

ar
ge

t R
ea

ds
 

O
rg

an
ism

 
Re

ad
 L

en
gt

h 
 

Q
ua

lit
y 

Sc
or

e 
D

U
ST

 S
co

re
 

Q
ue

ry
 C

ov
er

 
 

E 
V

al
ue

 
Id

en
tity

 
 

Re
ad

 ID
 

Ba
ci

llu
s s

ub
til

is.
1 

84
8 

ba
se

s 
11

.7
 

1.
81

 
94

 
%

 
0 

89
 

%
 

@
ch

an
ne

l_
69

_7
44

7c
da

e-
d9

cc
-4

ce
8-

a7
f5

-b
06

02
b7

4f
48

5_
te

m
pl

at
e 

Ba
ci

llu
s s

ub
til

is.
2 

96
7 

ba
se

s 
11

.7
 

1.
79

 
96

 
%

 
0 

89
 

%
 

@
ch

an
ne

l_
20

0_
5d

bf
fb

79
-a

f0
2-

47
d8

-9
b8

0-
4b

1a
da

ab
20

e8
_t

em
pl

ate
 

Ba
ci

llu
s s

ub
til

is.
3 

15
59

 
ba

se
s 

11
.4

 
1.

85
 

96
 

%
 

0 
86

 
%

 
@

ch
an

ne
l_

21
7_

4e
9b

9a
3a

-4
d3

f-4
e8

5-
92

87
-1

60
70

85
86

7c
5_

te
m

pl
at

e 
Ba

ci
llu

s s
ub

til
is.

4 
87

2 
ba

se
s 

10
.0

 
1.

70
 

94
 

%
 

0 
83

 
%

 
@

ch
an

ne
l_

38
1_

2e
d7

f3
f3

-a
d2

0-
45

29
-a

63
e-

3a
f8

63
9d

17
69

_t
em

pl
ate

 
Ba

ci
llu

s s
ub

til
is.

5 
10

24
 

ba
se

s 
11

.2
 

1.
77

 
96

 
%

 
0 

86
 

%
 

@
ch

an
ne

l_
50

0_
33

7c
80

cf
-a

4b
9-

40
3d

-b
0b

3-
71

c4
43

33
9b

85
_t

em
pl

ate
 

St
re

pt
oc

oc
cu

s s
p.

 
15

56
 

ba
se

s 
11

.1
 

2.
08

 
94

 
%

 
0 

84
 

%
 

@
ch

an
ne

l_
14

9_
9b

52
52

18
-4

81
2-

46
a9

-b
8c

a-
dd

8e
0c

c3
26

b6
_t

em
pl

at
e 

St
ap

hy
lo

co
cc

us
 ep

id
er

mi
s 

56
1 

ba
se

s 
9.

39
 

2.
09

 
92

 
%

 
8.

E-
12

9 
83

 
%

 
@

ch
an

ne
l_

37
6_

9f
4b

cd
65

-7
08

3-
44

ca
-8

ee
1-

b2
0c

2b
22

df
2e

_t
em

pl
at

e 
Kl

eb
sie

lla
 p

ne
um

on
ia

e 
52

7 
ba

se
s 

11
.6

 
1.

59
 

91
 

%
 

0 
91

 
%

 
@

ch
an

ne
l_

49
1_

2e
67

e9
b2

-8
a6

7-
41

da
-b

4c
a-

d3
ba

18
24

83
50

_t
em

pl
ate

 
H

um
an

 m
as

ta
de

no
vi

ru
s 

59
5 

ba
se

s 
9.

45
 

1.
93

 
90

 
%

 
3.

E-
14

8 
85

 
%

 
@

ch
an

ne
l_

43
4_

cc
74

d4
a9

-b
62

f-4
27

4-
86

d0
-7

d9
53

70
b6

ab
a_

te
m

pl
at

e 
H

um
an

 D
N

A 
se

qu
en

ce
 

62
7 

ba
se

s 
9.

47
 

1.
95

 
57

 
%

 
7.

E-
10

0 
85

 
%

 
@

ch
an

ne
l_

40
8_

44
51

6f
bc

-2
f7

5-
46

e6
-8

70
e-

95
3c

50
ac

61
12

_t
em

pl
ate

 
H

om
o 

sa
pi

en
s.1

 
68

1 
ba

se
s 

11
.4

 
2.

08
 

93
 

%
 

0 
90

 
%

 
@

ch
an

ne
l_

13
_7

73
8e

bc
8-

3f
dc

-4
cf

2-
98

54
-9

b1
8b

81
ec

92
4_

tem
pl

at
e 

H
om

o 
sa

pi
en

s.2
 

49
6 

ba
se

s 
10

.2
 

3.
12

 
91

 
%

 
1.

E-
91

 
81

 
%

 
@

ch
an

ne
l_

18
2_

5e
d7

27
df

-d
d1

9-
48

1e
-9

82
0-

f7
7f

5c
20

d1
e9

_t
em

pl
at

e 
H

om
o 

sa
pi

en
s.3

 
41

6 
ba

se
s 

12
.1

 
1.

84
 

92
 

%
 

1.
E-

12
7 

88
 

%
 

@
ch

an
ne

l_
22

7_
f3

bf
08

2a
-8

27
e-

45
57

-a
9d

b-
20

f6
62

df
ce

22
_t

em
pl

ate
 

H
om

o 
sa

pi
en

s.4
 

98
9 

ba
se

s 
10

.9
 

2.
02

 
95

 
%

 
0 

86
 

%
 

@
ch

an
ne

l_
86

_e
52

fe
73

a-
e4

e7
-4

5d
5-

9a
72

-7
1c

47
3e

18
cb

4_
te

m
pl

at
e 

H
om

o 
sa

pi
en

s.5
 

43
4 

ba
se

s 
11

.9
 

1.
89

 
86

 
%

 
2.

E-
13

5 
90

 
%

 
@

ch
an

ne
l_

98
_a

c4
b4

21
2-

6f
d1

-4
9c

d-
90

42
-3

8f
b4

6a
94

3c
e_

tem
pl

at
e 

H
om

o 
sa

pi
en

s.6
 

63
8 

ba
se

s 
11

.7
 

1.
89

 
90

 
%

 
0 

89
 

%
 

@
ch

an
ne

l_
10

1_
35

0b
8d

e1
-2

28
8-

41
09

-8
b4

a-
a2

21
0c

0d
d2

2e
_t

em
pl

ate
 

H
om

o 
sa

pi
en

s.7
 

56
9 

ba
se

s 
11

.9
 

2.
29

 
92

 
%

 
6.

E-
18

0 
88

 
%

 
@

ch
an

ne
l_

13
9_

23
91

19
b0

-d
63

8-
4d

8b
-a

2f
2-

f6
ffb

8a
a0

00
3_

te
m

pl
at

e 
H

om
o 

sa
pi

en
s.8

 
93

3 
ba

se
s 

9.
35

 
2.

10
 

93
 

%
 

0 
83

 
%

 
@

ch
an

ne
l_

36
8_

2e
df

50
ed

-1
c6

2-
42

f0
-b

a3
2-

0c
05

22
9a

b9
a2

_t
em

pl
at

e 
H

om
o 

sa
pi

en
s.9

 
55

4 
ba

se
s 

10
.1

 
1.

99
 

91
 

%
 

2.
E-

15
0 

86
 

%
 

@
ch

an
ne

l_
37

5_
97

c1
39

b2
-fc

1a
-4

a9
f-9

6f
8-

4c
e6

62
47

db
e2

_t
em

pl
at

e 
H

om
o 

sa
pi

en
s.1

0 
66

1 
ba

se
s 

10
.1

 
2.

38
 

93
 

%
 

2.
E-

16
4 

84
 

%
 

@
ch

an
ne

l_
44

7_
47

2a
ec

e4
-a

8c
2-

40
90

-b
d1

a-
0a

0e
6e

35
ee

c1
_t

em
pl

at
e 

H
om

o 
sa

pi
en

s.1
1 

65
4 

ba
se

s 
11

.6
 

2.
44

 
95

 
%

 
0 

89
 

%
 

@
ch

an
ne

l_
29

0_
d2

80
6f

be
-0

e0
b-

43
f6

-a
a2

4-
02

7e
1f

48
16

30
_t

em
pl

ate
 

H
om

o 
sa

pi
en

s.1
2 

44
5 

ba
se

s 
9.

91
 

1.
76

 
96

 
%

 
1.

E-
13

2 
87

 
%

 
@

ch
an

ne
l_

30
0_

a9
53

20
14

-5
52

0-
48

fd
-9

d3
a-

6f
8f

52
c4

5e
eb

_t
em

pl
ate

 
H

om
o 

sa
pi

en
s.1

3 
44

2 
ba

se
s 

9.
65

 
2.

00
 

91
 

%
 

9.
E-

59
 

78
 

%
 

@
ch

an
ne

l_
31

8_
b6

34
ac

5d
-4

a8
d-

40
1d

-9
df

f-1
31

49
85

e8
fe

a_
te

m
pl

ate
 

H
Q

N
R.

1 
58

1 
ba

se
s 

12
.7

 
2.

44
 

- 
 

- 
- 

 
@

ch
an

ne
l_

33
4_

1b
63

71
9e

-2
74

5-
4e

b8
-a

fd
f-7

c5
c1

9d
94

ec
4_

te
m

pl
at

e 
H

Q
N

R.
2 

42
2 

ba
se

s 
9.

18
 

5.
99

 
- 

 
- 

- 
 

@
ch

an
ne

l_
14

3_
a1

98
d6

62
-4

30
6-

42
a5

-b
d5

3-
ca

f5
7c

77
44

fc
_t

em
pl

ate
 

H
Q

N
R.

3 
26

7 
ba

se
s 

9.
22

 
2.

21
 

- 
 

- 
- 

 
@

ch
an

ne
l_

54
_1

03
c0

06
a-

34
c3

-4
5e

c-
a5

21
-c

cb
f7

b4
61

e5
f_

tem
pl

ate
 

H
Q

N
R.

4 
86

5 
ba

se
s 

9.
16

 
1.

85
 

- 
 

- 
- 

 
@

ch
an

ne
l_

15
6_

54
ea

11
b1

-5
32

3-
48

05
-a

7b
8-

53
f0

84
0d

40
de

_t
em

pl
ate

 
H

Q
N

R.
5 

48
4 

ba
se

s 
11

.7
 

1.
94

 
- 

 
- 

- 
 

@
ch

an
ne

l_
16

6_
f5

01
42

50
-9

0d
6-

49
77

-9
30

7-
37

82
e7

e4
7a

0d
_t

em
pl

at
e 

H
Q

N
R.

6 
31

4 
ba

se
s 

9.
42

 
1.

98
 

- 
 

- 
- 

 
@

ch
an

ne
l_

24
1_

19
27

08
01

-9
58

b-
41

8b
-a

5f
c-

7f
8b

02
17

9e
fa

_t
em

pl
at

e 
  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Acknowledgements 

This work was supported by NASA MATTISSE award NNX15AF85G and the MIT Shrock and 

OGE Diversity Graduate Fellowships.  

 

Author Disclosure Statement 

No competing financial interests exist.  

 

Abbreviations 

SETG, Search for Extraterrestrial Genomes; DNA, deoxyribonucleic acid; gDNA, genomic 

deoxyribonucleic acids; ppb, parts per billion; RNA, ribonucleic acid; PCR, polymerase chain 

reaction; ddPCR, droplet digital polymerase chain reaction; NASA, National Aeronautics and 

Space Administration; HQNRs, high-quality noise reads.  

 

References 

Abramov, O., Mojzsis, S.J., 2009. Microbial habitability of the Hadean Earth during the late 
heavy bombardment. Nature 459, 419–422. https://doi.org/10.1038/nature08015 

Adcock, C.T., Hausrath, E.M., Forster, P.M., 2013. Readily available phosphate from minerals in 
early aqueous environments on Mars. Nature Geoscience 6, 824–827. 
https://doi.org/10.1038/ngeo1923 

Allen, C.C., Morris, R.V., Jager, K.M., Golden, D.C., Lindstrom, D.J., Lindstrom, M.M., 
Lockwood, J.P., 1998. Martian Regolith Simulant JSC Mars-1. Presented at the Lunar 
and Planetary Science Conference. 

Barton, H.A., Taylor, N.M., Lubbers, B.R., Pemberton, A.C., 2006. DNA extraction from low-
biomass carbonate rock: An improved method with reduced contamination and the low-
biomass contaminant database. Journal of Microbiological Methods 66, 21–31. 
https://doi.org/10.1016/j.mimet.2005.10.005 

Bell, J.F., McSween, H.Y., Crisp, J.A., Morris, R.V., Murchie, S.L., Bridges, N.T., Johnson, 
J.R., Britt, D.T., Golombek, M.P., Moore, H.J., Ghosh, A., Bishop, J.L., Anderson, R.C., 
Brückner, J., Economou, T., Greenwood, J.P., Gunnlaugsson, H.P., Hargraves, R.M., 
Hviid, S., Knudsen, J.M., Madsen, M.B., Reid, R., Rieder, R., Soderblom, L., 2000. 
Mineralogic and compositional properties of Martian soil and dust: Results from Mars 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Pathfinder. Journal of Geophysical Research: Planets 105, 1721–1755. 
https://doi.org/10.1029/1999JE001060 

Benítez-Páez, A., Portune, K.J., Sanz, Y., 2016. Species-level resolution of 16S rRNA gene 
amplicons sequenced through the MinIONTM portable nanopore sequencer. GigaScience 
5. https://doi.org/10.1186/s13742-016-0111-z 

Benner, S.A., Kim, H.-J., 2015. The case for a Martian origin for Earth life, in: Hoover, R.B., 
Levin, G.V., Rozanov, A.Y., Wickramasinghe, N.C. (Eds.), . p. 96060C. 
https://doi.org/10.1117/12.2192890 

Boehnke, P., Harrison, T.M., 2016. Illusory Late Heavy Bombardments. Proceedings of the 
National Academy of Sciences 113, 10802–10806. 
https://doi.org/10.1073/pnas.1611535113 

Boža, V., Brejová, B., Vinař, T., 2017. DeepNano: Deep recurrent neural networks for base 
calling in MinION nanopore reads. PLOS ONE 12, e0178751. 
https://doi.org/10.1371/journal.pone.0178751 

Brack, A., Pillinger, C.T., 1998. Life on Mars: chemical arguments and clues from Martian 
meteorites. Extremophiles 2, 313–319. https://doi.org/10.1007/s007920050074 

Brown, B.L., Watson, M., Minot, S.S., Rivera, M.C., Franklin, R.B., 2017. MinIONTM nanopore 
sequencing of environmental metagenomes: a synthetic approach. Gigascience 6, 1–10. 
https://doi.org/10.1093/gigascience/gix007 

Brunetto, G.S., Massoud, R., Leibovitch, E.C., Caruso, B., Johnson, K., Ohayon, J., Fenton, K., 
Cortese, I., Jacobson, S., 2014. Digital droplet PCR (ddPCR) for the precise 
quantification of human T-lymphotropic virus 1 proviral loads in peripheral blood and 
cerebrospinal fluid of HAM/TSP patients and identification of viral mutations. J 
Neurovirol 20, 341–351. https://doi.org/10.1007/s13365-014-0249-3 

Carr, C., 2016. Detection of Inosine via Strand Sequencing. 
https://doi.org/10.6084/m9.figshare.4276574.v1 

Carr, C.E., Mojarro, A., Hachey, J., Saboda, K., Tani, J., Bhattaru, S.A., Smith, A., Pontefract, 
A., Zuber, M.T., Doebler, R., Brown, M., Herrington, K., Talbot, R., Nguyen, V., Bailey, 
R., Ferguson, T., Finney, M., Church, G., Ruvkun, G., 2017. Towards in situ sequencing 
for life detection. IEEE, pp. 1–18. https://doi.org/10.1109/AERO.2017.7943896 

Carr, C.E., Mojarro, A., Tani, J., Bhattaru, S.A., Zuber, M.T., Doebler, R., Brown, M., 
Herrington, K., Talbot, R., Fuller, C.W., Finney, M., Church, G., Ruvkun, G., 2016. 
Advancing the search for extra-terrestrial genomes. IEEE, pp. 1–15. 
https://doi.org/10.1109/AERO.2016.7500859 

Castro-Wallace, S.L., Chiu, C.Y., John, K.K., Stahl, S.E., Rubins, K.H., McIntyre, A.B.R., 
Dworkin, J.P., Lupisella, M.L., Smith, D.J., Botkin, D.J., Stephenson, T.A., Juul, S., 
Turner, D.J., Izquierdo, F., Federman, S., Stryke, D., Somasekar, S., Alexander, N., Yu, 
G., Mason, C.E., Burton, A.S., 2017. Nanopore DNA Sequencing and Genome Assembly 
on the International Space Station. Scientific Reports 7. https://doi.org/10.1038/s41598-
017-18364-0 

Clark, B.C., Baird, A.K., Weldon, R.J., Tsusaki, D.M., Schnabel, L., Candelaria, M.P., 1982. 
Chemical composition of Martian fines. Journal of Geophysical Research 87, 10059. 
https://doi.org/10.1029/JB087iB12p10059 

Dabney, J., Meyer, M., Paabo, S., 2013. Ancient DNA Damage. Cold Spring Harbor 
Perspectives in Biology 5, a012567–a012567. 
https://doi.org/10.1101/cshperspect.a012567 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Direito, S.O.L., Marees, A., Röling, W.F.M., 2012. Sensitive life detection strategies for low-
biomass environments: optimizing extraction of nucleic acids adsorbing to terrestrial and 
Mars analogue minerals. FEMS Microbiology Ecology 81, 111–123. 
https://doi.org/10.1111/j.1574-6941.2012.01325.x 

Friedline, A., Zachariah, M., Middaugh, A., Heiser, M., Khanna, N., Vaishampayan, P., Rice, 
C.V., 2015. Sterilization of hydrogen peroxide resistant bacterial spores with stabilized 
chlorine dioxide. AMB Express 5. https://doi.org/10.1186/s13568-015-0109-4 

Gates, K.S., 2009. An Overview of Chemical Processes That Damage Cellular DNA: 
Spontaneous Hydrolysis, Alkylation, and Reactions with Radicals. Chemical Research in 
Toxicology 22, 1747–1760. https://doi.org/10.1021/tx900242k 

Gomes, R., Levison, H.F., Tsiganis, K., Morbidelli, A., 2005. Origin of the cataclysmic Late 
Heavy Bombardment period of the terrestrial planets. Nature 435, 466–469. 
https://doi.org/10.1038/nature03676 

Goordial, J., Altshuler, I., Hindson, K., Chan-Yam, K., Marcolefas, E., Whyte, L.G., 2017. In 
Situ Field Sequencing and Life Detection in Remote (79°26′N) Canadian High Arctic 
Permafrost Ice Wedge Microbial Communities. Front. Microbiol. 8. 
https://doi.org/10.3389/fmicb.2017.02594 

Goordial, J., Davila, A., Lacelle, D., Pollard, W., Marinova, M.M., Greer, C.W., DiRuggiero, J., 
McKay, C.P., Whyte, L.G., 2016. Nearing the cold-arid limits of microbial life in 
permafrost of an upper dry valley, Antarctica. The ISME Journal 10, 1613–1624. 
https://doi.org/10.1038/ismej.2015.239 

Greaves, M.P., Wilson, M.J., 1969. The adsorption of nucleic acids by montmorillonite. Soil 
Biology and Biochemistry 1, 317–323. https://doi.org/10.1016/0038-0717(69)90014-5 

Greninger, A.L., Naccache, S.N., Federman, S., Yu, G., Mbala, P., Bres, V., Stryke, D., Bouquet, 
J., Somasekar, S., Linnen, J.M., Dodd, R., Mulembakani, P., Schneider, B.S., Muyembe-
Tamfum, J.-J., Stramer, S.L., Chiu, C.Y., 2015. Rapid metagenomic identification of viral 
pathogens in clinical samples by real-time nanopore sequencing analysis. Genome 
Medicine 7. https://doi.org/10.1186/s13073-015-0220-9 

Grotzinger, J.P., Sumner, D.Y., Kah, L.C., Stack, K., Gupta, S., Edgar, L., Rubin, D., Lewis, K., 
Schieber, J., Mangold, N., Milliken, R., Conrad, P.G., DesMarais, D., Farmer, J., 
Siebach, K., Calef, F., Hurowitz, J., McLennan, S.M., Ming, D., Vaniman, D., Crisp, J., 
Vasavada, A., Edgett, K.S., Malin, M., Blake, D., Gellert, R., Mahaffy, P., Wiens, R.C., 
Maurice, S., Grant, J.A., Wilson, S., Anderson, R.C., Beegle, L., Arvidson, R., Hallet, B., 
Sletten, R.S., Rice, M., Bell, J., Griffes, J., Ehlmann, B., Anderson, R.B., Bristow, T.F., 
Dietrich, W.E., Dromart, G., Eigenbrode, J., Fraeman, A., Hardgrove, C., Herkenhoff, K., 
Jandura, L., Kocurek, G., Lee, S., Leshin, L.A., Leveille, R., Limonadi, D., Maki, J., 
McCloskey, S., Meyer, M., Minitti, M., Newsom, H., Oehler, D., Okon, A., Palucis, M., 
Parker, T., Rowland, S., Schmidt, M., Squyres, S., Steele, A., Stolper, E., Summons, R., 
Treiman, A., Williams, R., Yingst, A., Team, M.S., Kemppinen, O., Bridges, N., 
Johnson, J.R., Cremers, D., Godber, A., Wadhwa, M., Wellington, D., McEwan, I., 
Newman, C., Richardson, M., Charpentier, A., Peret, L., King, P., Blank, J., Weigle, G., 
Li, S., Robertson, K., Sun, V., Baker, M., Edwards, C., Farley, K., Miller, H., 
Newcombe, M., Pilorget, C., Brunet, C., Hipkin, V., Leveille, R., Marchand, G., Sanchez, 
P.S., Favot, L., Cody, G., Fluckiger, L., Lees, D., Nefian, A., Martin, M., Gailhanou, M., 
Westall, F., Israel, G., Agard, C., Baroukh, J., Donny, C., Gaboriaud, A., Guillemot, P., 
Lafaille, V., Lorigny, E., Paillet, A., Perez, R., Saccoccio, M., Yana, C., Armiens-

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Aparicio, C., Rodriguez, J.C., Blazquez, I.C., Gomez, F.G., Gomez-Elvira, J., Hettrich, 
S., Malvitte, A.L., Jimenez, M.M., Martinez-Frias, J., Martin-Soler, J., Martin-Torres, 
F.J., Jurado, A.M., Mora-Sotomayor, L., Caro, G.M., Lopez, S.N., Peinado-Gonzalez, V., 
Pla-Garcia, J., Manfredi, J.A.R., Romeral-Planello, J.J., Fuentes, S.A.S., Martinez, E.S., 
Redondo, J.T., Urqui-O’Callaghan, R., Mier, M.-P.Z., Chipera, S., Lacour, J.-L., 
Mauchien, P., Sirven, J.-B., Manning, H., Fairen, A., Hayes, A., Joseph, J., Sullivan, R., 
Thomas, P., Dupont, A., Lundberg, A., Melikechi, N., Mezzacappa, A., DeMarines, J., 
Grinspoon, D., Reitz, G., Prats, B., Atlaskin, E., Genzer, M., Harri, A.-M., Haukka, H., 
Kahanpaa, H., Kauhanen, J., Paton, M., Polkko, J., Schmidt, W., Siili, T., Fabre, C., 
Wray, J., Wilhelm, M.B., Poitrasson, F., Patel, K., Gorevan, S., Indyk, S., Paulsen, G., 
Bish, D., Gondet, B., Langevin, Y., Geffroy, C., Baratoux, D., Berger, G., Cros, A., 
d’Uston, C., Forni, O., Gasnault, O., Lasue, J., Lee, Q.-M., Meslin, P.-Y., Pallier, E., 
Parot, Y., Pinet, P., Schroder, S., Toplis, M., Lewin, E., Brunner, W., Heydari, E., 
Achilles, C., Sutter, B., Cabane, M., Coscia, D., Szopa, C., Robert, F., Sautter, V., Le 
Mouelic, S., Nachon, M., Buch, A., Stalport, F., Coll, P., Francois, P., Raulin, F., 
Teinturier, S., Cameron, J., Clegg, S., Cousin, A., DeLapp, D., Dingler, R., Jackson, R.S., 
Johnstone, S., Lanza, N., Little, C., Nelson, T., Williams, R.B., Jones, A., Kirkland, L., 
Baker, B., Cantor, B., Caplinger, M., Davis, S., Duston, B., Fay, D., Harker, D., Herrera, 
P., Jensen, E., Kennedy, M.R., Krezoski, G., Krysak, D., Lipkaman, L., McCartney, E., 
McNair, S., Nixon, B., Posiolova, L., Ravine, M., Salamon, A., Saper, L., Stoiber, K., 
Supulver, K., Van Beek, J., Van Beek, T., Zimdar, R., French, K.L., Iagnemma, K., 
Miller, K., Goesmann, F., Goetz, W., Hviid, S., Johnson, M., Lefavor, M., Lyness, E., 
Breves, E., Dyar, M.D., Fassett, C., Edwards, L., Haberle, R., Hoehler, T., Hollingsworth, 
J., Kahre, M., Keely, L., McKay, C., Bleacher, L., Brinckerhoff, W., Choi, D., Dworkin, 
J.P., Floyd, M., Freissinet, C., Garvin, J., Glavin, D., Harpold, D., Martin, D.K., 
McAdam, A., Pavlov, A., Raaen, E., Smith, M.D., Stern, J., Tan, F., Trainer, M., Posner, 
A., Voytek, M., Aubrey, A., Behar, A., Blaney, D., Brinza, D., Christensen, L., DeFlores, 
L., Feldman, J., Feldman, S., Flesch, G., Jun, I., Keymeulen, D., Mischna, M., 
Morookian, J.M., Pavri, B., Schoppers, M., Sengstacken, A., Simmonds, J.J., Spanovich, 
N., Juarez, M. d. l. T., Webster, C.R., Yen, A., Archer, P.D., Cucinotta, F., Jones, J.H., 
Morris, R.V., Niles, P., Rampe, E., Nolan, T., Fisk, M., Radziemski, L., Barraclough, B., 
Bender, S., Berman, D., Dobrea, E.N., Tokar, R., Cleghorn, T., Huntress, W., Manhes, 
G., Hudgins, J., Olson, T., Stewart, N., Sarrazin, P., Vicenzi, E., Bullock, M., Ehresmann, 
B., Hamilton, V., Hassler, D., Peterson, J., Rafkin, S., Zeitlin, C., Fedosov, F., Golovin, 
D., Karpushkina, N., Kozyrev, A., Litvak, M., Malakhov, A., Mitrofanov, I., Mokrousov, 
M., Nikiforov, S., Prokhorov, V., Sanin, A., Tretyakov, V., Varenikov, A., Vostrukhin, 
A., Kuzmin, R., Clark, B., Wolff, M., Botta, O., Drake, D., Bean, K., Lemmon, M., 
Schwenzer, S.P., Lee, E.M., Sucharski, R., Hernandez, M.A. d. P., Avalos, J.J.B., Ramos, 
M., Kim, M.-H., Malespin, C., Plante, I., Muller, J.-P., Navarro-Gonzalez, R., Ewing, R., 
Boynton, W., Downs, R., Fitzgibbon, M., Harshman, K., Morrison, S., Kortmann, O., 
Williams, A., Lugmair, G., Wilson, M.A., Jakosky, B., Balic-Zunic, T., Frydenvang, J., 
Jensen, J.K., Kinch, K., Koefoed, A., Madsen, M.B., Stipp, S.L.S., Boyd, N., Campbell, 
J.L., Perrett, G., Pradler, I., VanBommel, S., Jacob, S., Owen, T., Savijarvi, H., Boehm, 
E., Bottcher, S., Burmeister, S., Guo, J., Kohler, J., Garcia, C.M., Mueller-Mellin, R., 
Wimmer-Schweingruber, R., Bridges, J.C., McConnochie, T., Benna, M., Franz, H., 
Bower, H., Brunner, A., Blau, H., Boucher, T., Carmosino, M., Atreya, S., Elliott, H., 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Halleaux, D., Renno, N., Wong, M., Pepin, R., Elliott, B., Spray, J., Thompson, L., 
Gordon, S., Ollila, A., Williams, J., Vasconcelos, P., Bentz, J., Nealson, K., Popa, R., 
Moersch, J., Tate, C., Day, M., Francis, R., McCullough, E., Cloutis, E., ten Kate, I.L., 
Scholes, D., Slavney, S., Stein, T., Ward, J., Berger, J., Moores, J.E., 2014. A Habitable 
Fluvio-Lacustrine Environment at Yellowknife Bay, Gale Crater, Mars. Science 343, 
1242777–1242777. https://doi.org/10.1126/science.1242777 

Haberle, R.M., Gómez-Elvira, J., Juárez, M. de la T., Harri, A.-M., Hollingsworth, J.L., 
Kahanpää, H., Kahre, M.A., Lemmon, M., Martín-Torres, F.J., Mischna, M., Moores, 
J.E., Newman, C., Rafkin, S.C.R., Rennó, N., Richardson, M.I., Rodríguez-Manfredi, 
J.A., Vasavada, A.R., Zorzano-Mier, M.-P., 2014. Preliminary interpretation of the 
REMS pressure data from the first 100 sols of the MSL mission. Journal of Geophysical 
Research: Planets 119, 440–453. https://doi.org/10.1002/2013JE004488 

Harris, J.K., 2003. The Genetic Core of the Universal Ancestor. Genome Research 13, 407–412. 
https://doi.org/10.1101/gr.652803 

Hassler, D.M., Zeitlin, C., Wimmer-Schweingruber, R.F., Ehresmann, B., Rafkin, S., 
Eigenbrode, J.L., Brinza, D.E., Weigle, G., Bottcher, S., Bohm, E., Burmeister, S., Guo, 
J., Kohler, J., Martin, C., Reitz, G., Cucinotta, F.A., Kim, M.-H., Grinspoon, D., Bullock, 
M.A., Posner, A., Gomez-Elvira, J., Vasavada, A., Grotzinger, J.P., Team, M.S., 
Kemppinen, O., Cremers, D., Bell, J.F., Edgar, L., Farmer, J., Godber, A., Wadhwa, M., 
Wellington, D., McEwan, I., Newman, C., Richardson, M., Charpentier, A., Peret, L., 
King, P., Blank, J., Schmidt, M., Li, S., Milliken, R., Robertson, K., Sun, V., Baker, M., 
Edwards, C., Ehlmann, B., Farley, K., Griffes, J., Miller, H., Newcombe, M., Pilorget, C., 
Rice, M., Siebach, K., Stack, K., Stolper, E., Brunet, C., Hipkin, V., Leveille, R., 
Marchand, G., Sanchez, P.S., Favot, L., Cody, G., Steele, A., Fluckiger, L., Lees, D., 
Nefian, A., Martin, M., Gailhanou, M., Westall, F., Israel, G., Agard, C., Baroukh, J., 
Donny, C., Gaboriaud, A., Guillemot, P., Lafaille, V., Lorigny, E., Paillet, A., Perez, R., 
Saccoccio, M., Yana, C., Armiens-Aparicio, C., Rodriguez, J.C., Blazquez, I.C., Gomez, 
F.G., Hettrich, S., Malvitte, A.L., Jimenez, M.M., Martinez-Frias, J., Martin-Soler, J., 
Martin-Torres, F.J., Jurado, A.M., Mora-Sotomayor, L., Caro, G.M., Lopez, S.N., 
Peinado-Gonzalez, V., Pla-Garcia, J., Manfredi, J.A.R., Romeral-Planello, J.J., Fuentes, 
S.A.S., Martinez, E.S., Redondo, J.T., Urqui-O’Callaghan, R., Mier, M.-P.Z., Chipera, S., 
Lacour, J.-L., Mauchien, P., Sirven, J.-B., Manning, H., Fairen, A., Hayes, A., Joseph, J., 
Squyres, S., Sullivan, R., Thomas, P., Dupont, A., Lundberg, A., Melikechi, N., 
Mezzacappa, A., Berger, T., Matthia, D., Prats, B., Atlaskin, E., Genzer, M., Harri, A.-
M., Haukka, H., Kahanpaa, H., Kauhanen, J., Kemppinen, O., Paton, M., Polkko, J., 
Schmidt, W., Siili, T., Fabre, C., Wray, J., Wilhelm, M.B., Poitrasson, F., Patel, K., 
Gorevan, S., Indyk, S., Paulsen, G., Gupta, S., Bish, D., Schieber, J., Gondet, B., 
Langevin, Y., Geffroy, C., Baratoux, D., Berger, G., Cros, A., d’Uston, C., Forni, O., 
Gasnault, O., Lasue, J., Lee, Q.-M., Maurice, S., Meslin, P.-Y., Pallier, E., Parot, Y., 
Pinet, P., Schroder, S., Toplis, M., Lewin, E., Brunner, W., Heydari, E., Achilles, C., 
Oehler, D., Sutter, B., Cabane, M., Coscia, D., Israel, G., Szopa, C., Dromart, G., Robert, 
F., Sautter, V., Le Mouelic, S., Mangold, N., Nachon, M., Buch, A., Stalport, F., Coll, P., 
Francois, P., Raulin, F., Teinturier, S., Cameron, J., Clegg, S., Cousin, A., DeLapp, D., 
Dingler, R., Jackson, R.S., Johnstone, S., Lanza, N., Little, C., Nelson, T., Wiens, R.C., 
Williams, R.B., Jones, A., Kirkland, L., Treiman, A., Baker, B., Cantor, B., Caplinger, 
M., Davis, S., Duston, B., Edgett, K., Fay, D., Hardgrove, C., Harker, D., Herrera, P., 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Jensen, E., Kennedy, M.R., Krezoski, G., Krysak, D., Lipkaman, L., Malin, M., 
McCartney, E., McNair, S., Nixon, B., Posiolova, L., Ravine, M., Salamon, A., Saper, L., 
Stoiber, K., Supulver, K., Van Beek, J., Van Beek, T., Zimdar, R., French, K.L., 
Iagnemma, K., Miller, K., Summons, R., Goesmann, F., Goetz, W., Hviid, S., Johnson, 
M., Lefavor, M., Lyness, E., Breves, E., Dyar, M.D., Fassett, C., Blake, D.F., Bristow, T., 
DesMarais, D., Edwards, L., Haberle, R., Hoehler, T., Hollingsworth, J., Kahre, M., 
Keely, L., McKay, C., Wilhelm, M.B., Bleacher, L., Brinckerhoff, W., Choi, D., Conrad, 
P., Dworkin, J.P., Floyd, M., Freissinet, C., Garvin, J., Glavin, D., Harpold, D., Jones, A., 
Mahaffy, P., Martin, D.K., McAdam, A., Pavlov, A., Raaen, E., Smith, M.D., Stern, J., 
Tan, F., Trainer, M., Meyer, M., Voytek, M., Anderson, R.C., Aubrey, A., Beegle, L.W., 
Behar, A., Blaney, D., Calef, F., Christensen, L., Crisp, J.A., DeFlores, L., Ehlmann, B., 
Feldman, J., Feldman, S., Flesch, G., Hurowitz, J., Jun, I., Keymeulen, D., Maki, J., 
Mischna, M., Morookian, J.M., Parker, T., Pavri, B., Schoppers, M., Sengstacken, A., 
Simmonds, J.J., Spanovich, N., Juarez, M. d. l. T., Webster, C.R., Yen, A., Archer, P.D., 
Jones, J.H., Ming, D., Morris, R.V., Niles, P., Rampe, E., Nolan, T., Fisk, M., 
Radziemski, L., Barraclough, B., Bender, S., Berman, D., Dobrea, E.N., Tokar, R., 
Vaniman, D., Williams, R.M.E., Yingst, A., Lewis, K., Leshin, L., Cleghorn, T., 
Huntress, W., Manhes, G., Hudgins, J., Olson, T., Stewart, N., Sarrazin, P., Grant, J., 
Vicenzi, E., Wilson, S.A., Hamilton, V., Peterson, J., Fedosov, F., Golovin, D., 
Karpushkina, N., Kozyrev, A., Litvak, M., Malakhov, A., Mitrofanov, I., Mokrousov, M., 
Nikiforov, S., Prokhorov, V., Sanin, A., Tretyakov, V., Varenikov, A., Vostrukhin, A., 
Kuzmin, R., Clark, B., Wolff, M., McLennan, S., Botta, O., Drake, D., Bean, K., 
Lemmon, M., Schwenzer, S.P., Anderson, R.B., Herkenhoff, K., Lee, E.M., Sucharski, 
R., Hernandez, M.A. d. P., Avalos, J.J.B., Ramos, M., Malespin, C., Plante, I., Muller, J.-
P., Navarro-Gonzalez, R., Ewing, R., Boynton, W., Downs, R., Fitzgibbon, M., 
Harshman, K., Morrison, S., Dietrich, W., Kortmann, O., Palucis, M., Sumner, D.Y., 
Williams, A., Lugmair, G., Wilson, M.A., Rubin, D., Jakosky, B., Balic-Zunic, T., 
Frydenvang, J., Jensen, J.K., Kinch, K., Koefoed, A., Madsen, M.B., Stipp, S.L.S., Boyd, 
N., Campbell, J.L., Gellert, R., Perrett, G., Pradler, I., VanBommel, S., Jacob, S., Owen, 
T., Rowland, S., Atlaskin, E., Savijarvi, H., Garcia, C.M., Mueller-Mellin, R., Bridges, 
J.C., McConnochie, T., Benna, M., Franz, H., Bower, H., Brunner, A., Blau, H., Boucher, 
T., Carmosino, M., Atreya, S., Elliott, H., Halleaux, D., Renno, N., Wong, M., Pepin, R., 
Elliott, B., Spray, J., Thompson, L., Gordon, S., Newsom, H., Ollila, A., Williams, J., 
Vasconcelos, P., Bentz, J., Nealson, K., Popa, R., Kah, L.C., Moersch, J., Tate, C., Day, 
M., Kocurek, G., Hallet, B., Sletten, R., Francis, R., McCullough, E., Cloutis, E., ten 
Kate, I.L., Kuzmin, R., Arvidson, R., Fraeman, A., Scholes, D., Slavney, S., Stein, T., 
Ward, J., Berger, J., Moores, J.E., 2014. Mars’ Surface Radiation Environment Measured 
with the Mars Science Laboratory’s Curiosity Rover. Science 343, 1244797–1244797. 
https://doi.org/10.1126/science.1244797 

Head, J.W., Marchant, D.R., 2014. The climate history of early Mars: insights from the Antarctic 
McMurdo Dry Valleys hydrologic system. Antarctic Science 26, 774–800. 
https://doi.org/10.1017/S0954102014000686 

Henneberger, R.M., Walter, M.R., Anitori, R.P., 2006. Extraction of DNA from Acidic, 
Hydrothermally Modified Volcanic Soils. Environmental Chemistry 3, 100. 
https://doi.org/10.1071/EN06013 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Herrera, A., Cockell, C.S., 2007. Exploring microbial diversity in volcanic environments: A 
review of methods in DNA extraction. Journal of Microbiological Methods 70, 1–12. 
https://doi.org/10.1016/j.mimet.2007.04.005 

Horneck, G., Stöffler, D., Ott, S., Hornemann, U., Cockell, C.S., Moeller, R., Meyer, C., de 
Vera, J.-P., Fritz, J., Schade, S., Artemieva, N.A., 2008. Microbial Rock Inhabitants 
Survive Hypervelocity Impacts on Mars-Like Host Planets: First Phase of 
Lithopanspermia Experimentally Tested. Astrobiology 8, 17–44. 
https://doi.org/10.1089/ast.2007.0134 

Hu, J., Wu, W.-C., Sastry, S., 2004. Modeling Subtilin Production in Bacillus subtilis Using 
Stochastic Hybrid Systems, in: Hybrid Systems: Computation and Control, Lecture Notes 
in Computer Science. Presented at the International Workshop on Hybrid Systems: 
Computation and Control, Springer, Berlin, Heidelberg, pp. 417–431. 
https://doi.org/10.1007/978-3-540-24743-2_28 

Hurt, R.A., Robeson, M.S., Shakya, M., Moberly, J.G., Vishnivetskaya, T.A., Gu, B., Elias, 
D.A., 2014. Improved Yield of High Molecular Weight DNA Coincides with Increased 
Microbial Diversity Access from Iron Oxide Cemented Sub-Surface Clay Environments. 
PLoS ONE 9, e102826. https://doi.org/10.1371/journal.pone.0102826 

Imbrie, J., Boyle, E.A., Clemens, S.C., Duffy, A., Howard, W.R., Kukla, G., Kutzbach, J., 
Martinson, D.G., McIntyre, A., Mix, A.C., Molfino, B., Morley, J.J., Peterson, L.C., 
Pisias, N.G., Prell, W.L., Raymo, M.E., Shackleton, N.J., Toggweiler, J.R., 1992. On the 
Structure and Origin of Major Glaciation Cycles 1. Linear Responses to Milankovitch 
Forcing. Paleoceanography 7, 701–738. https://doi.org/10.1029/92PA02253 

Imlay, J., Linn, S., 1988. DNA damage and oxygen radical toxicity. Science 240, 1302–1309. 
https://doi.org/10.1126/science.3287616 

Isenbarger, T.A., Carr, C.E., Johnson, S.S., Finney, M., Church, G.M., Gilbert, W., Zuber, M.T., 
Ruvkun, G., 2008. The Most Conserved Genome Segments for Life Detection on Earth 
and Other Planets. Origins of Life and Evolution of Biospheres 38, 517–533. 
https://doi.org/10.1007/s11084-008-9148-z 

Jiang, S., Zhuang, J., Wang, C., Li, J., Yang, W., 2012. Highly efficient adsorption of DNA on 
Fe3+–iminodiacetic acid modified silica particles. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects 409, 143–148. 
https://doi.org/10.1016/j.colsurfa.2012.05.051 

Johnson, A.P., Cleaves, H.J., Dworkin, J.P., Glavin, D.P., Lazcano, A., Bada, J.L., 2008. The 
Miller Volcanic Spark Discharge Experiment. Science 322, 404–404. 
https://doi.org/10.1126/science.1161527 

Kerney, K.R., Schuerger, A.C., 2011. Survival of Bacillus subtilis Endospores on Ultraviolet-
Irradiated Rover Wheels and Mars Regolith under Simulated Martian Conditions. 
Astrobiology 11, 477–485. https://doi.org/10.1089/ast.2011.0615 

Klingelhofer, G., 2004. Jarosite and Hematite at Meridiani Planum from Opportunity’s 
Mossbauer Spectrometer. Science 306, 1740–1745. 
https://doi.org/10.1126/science.1104653 

Kminek, G., Bada, J., 2006. The effect of ionizing radiation on the preservation of amino acids 
on Mars. Earth and Planetary Science Letters 245, 1–5. 
https://doi.org/10.1016/j.epsl.2006.03.008 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 29, 2018. ; https://doi.org/10.1101/358218doi: bioRxiv preprint 

https://doi.org/10.1101/358218
http://creativecommons.org/licenses/by/4.0/


Kminek, G., Bada, J.L., Pogliano, K., Ward, J.F., 2003. Radiation-Dependent Limit for the 
Viability of Bacterial Spores in Halite Fluid Inclusions and on Mars. Radiation Research 
159, 722–729. https://doi.org/10.1667/0033-7587(2003)159[0722:RLFTVO]2.0.CO;2 

Lever, M.A., Torti, A., Eickenbusch, P., Michaud, A.B., Å antl-Temkiv, T., JÃ ŗgensen, B.B., 
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