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Fragmented deoxyribonucleic acid could
be extractable from Mars’s surface rocks
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Detecting biomolecules in rocks is vital for understanding life’s evolution on Earth and its possible
existence on Mars. The Curiosity rover measured Total Organic Carbon (TOC) levels of 201-273 ppmiin
3500 million years (Ma)-old Martian mudstones exposed to radiation for 78 + 30 Ma. Here we
investigate whether deoxyribonucleic acid (DNA), a unique biological polymer, can be recovered under
comparable conditions. We extracted and sequenced DNA from terrestrial sedimentary rocks with
TOC ranging from 182 to 63,000 ppm, yielding 184,000 to 3.8 million nucleobases from a 0.5 g rock
sample. After exposure to 10.45 MGy of gamma radiation, equivalent to 136 Ma on the Martian
surface, we measured a radiolytic constant of K = 0.17 MGy in microbialite (2800-year-old) and oxide
iron formation (2930 Ma old) samples. Despite fragmentation, 1.48-8.45% of sequences remained
taxonomically identifiable, demonstrating that DNA fragments can persist in rocks for over 100 Ma.

The study of organic molecules preserved in ancient sedimentary rocks can
provide insights into the evolution of life on Earth and its potential existence
on Mars. The earliest widely accepted evidence of life on Earth includes
microbial mats, preserved as stromatolites, dating back to 3500 million years
(Ma) [In this text, we use “Gy” to refer to radiation units. To prevent
confusion between time and radiation units, we use “a” to represent years
instead of “y” following standard notation. As a result, “Ma” stands for
million years] formed in shallow marine environments". During this per-
iod, Mars also hosted liquid water, suggesting potential habitability’. This
raises the possibility that life may have emerged on Earth and Mars during
the same period of time.

In situ analysis by the Curiosity rover at Gale Crater, Mars, indicates
that a shallow lacustrine environment existed around 3600 Ma, supporting
habitability conditions’. The Sample Analysis at Mars (SAM) instrument
measured Total Organic Carbon (TOC) concentrations of 201-273 ppm in
3500 Ma-old lacustrine mudstones from Yellowknife Bay". Following their
initial deposition, these mudstones experienced rapid burial, which helped
preserve their organic content. Subsequent erosion removed the overlying
material, exposing the rocks to cosmic radiation for approximately
78 + 30 Ma’. Various simple organic molecules have been identified in situ
at Gale Crater**"', suggesting the idea that ancient Martian environments
may have had conditions suitable for prebiotic chemistry and the pre-
servation of organic compounds. Notably, the most recent findings from the
SAM instrument report the detection of long-chain alkanes (Cyo to Cy,) in
the Cumberland mudstone, representing the largest organic molecules

identified on the Martian surface to date and demonstrating the potential for
long-term preservation of more complex organics despite the ~3.7 Ga age of
the mudstone and ~80 Ma of cosmic ray exposure'”.

These findings strengthen the scientific justification for sample return
missions, such as the NASA/ESA Mars Sample Return (MSR)" and China’s
Tianwen-3 mission'’, and for future in situ robotic or crewed missions
focused on the search for life. The first part of the MSR mission is already
underway with the Perseverance rover, which has been exploring Jezero
Crater: an ancient paleolake system that once supported fluvial and lacus-
trine environments conducive to prebiotic chemistry and, perhaps, life'>'*.
The crater’s deltaic deposits, formed by episodic water inflow at
~3700-3800 Ma, consist primarily of fine-grained mudstones, sandstones,
and conglomerates, suggesting prolonged aqueous activity and past
habitability'”"". Since 2021, Perseverance has been systematically sampling
these geologically diverse regions, collecting sealed rock cores (3-7 cm in
length, 13 mm in diameter, and weighing ~10-25 g)"*"***'. In situ analyses
by the Perseverance rover at Jezero Crater have provided strong evidence for
the presence of organic compounds within Martian rocks. SHERLOC data
revealed that these organics are closely associated with sulfate and carbonate
minerals”, suggesting mineralogical contexts favorable to preservation.
Supporting this, Scheller et al. (2022)* reported that organics co-occur with
hydrated phases formed during aqueous alteration, highlighting the
potential for past habitable conditions. While fluorescence signals offer key
detection pathways, some may arise from inorganic sources, underscoring
the complexity of spectral interpretation’. Together, these findings
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emphasize the importance of mineral-organic interactions in assessing
biosignature preservation on Mars. After being brought to Earth, Martian
samples will undergo analysis in a biosafety-controlled laboratory to search
for biosignatures while maintaining containment until the samples can be
deemed safe for release by the planetary protection safety assessment
protocol”. This objective emphasizes the importance of examining bio-
molecules, at concentrations as low as parts per billion (ppb), and even
lower, as potential evidence of past or present life.

DNA (deoxyribonucleic acid) is the most definitive biomolecule for
life, as is universally used by all known terrestrial cellular life forms, ie.,
prokaryotes (bacteria and archaea) and eukaryotes (plants, animals, fungi
and protists). DNA uniquely encodes genetic information, forming the
foundation of genetic inheritance. Its identification as a biosignature is
uncontroversial because no non-biological processes are known to produce
it. DNA is a long polymer made up of repeating units called nucleotides.
Each nucleotide consists of three components: a phosphate group, a deox-
yribose sugar molecule, and a nucleobase. The recent analysis of the samples
returned from asteroid Bennu by NASA’s OSIRIS-REx mission has iden-
tified all the nucleobases found in terrestrial DNA and RNA (ribonucleic
acid) within the asteroid regolith samples, which contain roughly 4wt%
carbon. Although there is no evidence for polymers of nucleobases with
sugar and phosphate group, each gram of Bennu sample contained an
average of 101 ng (101 x 10”°g) of uracil (U), 71.973 ng of thymine (T), 34 ng
of cytosine (C), 67 ng of adenosine (A), and 18 ng of guanine (G)*. This
asteroid is estimated to be about 4500 Ma old.

The detection of nucleobases in Bennu, at levels of several parts per
billion (ppb = 10), suggests that the fundamental building blocks of DNA
can form and persist in extraterrestrial environments over geological
timescales. Research on carbonaceous chondrites, such as the Murchison
and Orgueil meteorites, and the Ryugu asteroid (see Extended Data Table 6
in ref. 26), has also shown the presence of extraterrestrial nucleobases,
supporting the idea that prebiotic chemistry may have also occurred beyond
Earth. However, what remains uncertain is whether nucleotide polymers
(rather than just individual nucleobases) could have formed on Mars during
its habitable period and, if life did arise, whether DNA polymers could
survive over time when exposed to cosmic radiation. Understanding the
long-term preservation of DNA in geological substrates over multimillion-
year timescales is critical for Mars exploration, particularly for life detection
and biosafety assessments.

DNA remains the principal marker for life detection due to its biolo-
gical specificity and established role in identifying terrestrial contamination.
However, synthetic biology has expanded the landscape of genetic polymers
to include Xeno Nucleic Acids (XNAs), a class of nucleic acid analogues with
non-natural backbones or sugar moieties that still support heredity and
molecular recognition”’. Among the known XN As are Threose Nucleic Acid
(TNA), Glycol Nucleic Acid (GNA), and Peptide Nucleic Acid (PNA): 1)
TNA uses a four-carbon sugar (threose) and shows potential for prebiotic
evolution™; 2) GNA employs a minimal glycol backbone and exhibits high
thermal and chemical stability’’; and 3) PNA, which replaces the sugar-
phosphate backbone with a neutral peptide-like scaffold, offers exceptional
resistance to enzymatic and hydrolytic degradation™. These and other
XNAs demonstrate that alternative genetic systems are chemically viable
and could, in principle, serve as information carriers in extraterrestrial
environments. However, given their shared reliance on base-pairing and
polymeric stability for heredity, it is reasonable to expect that their response
to ionizing radiation would parallel that of DNA, particularly in terms of
strand breakage, base damage, and secondary structure disruption. There-
fore, DNA remains an appropriate and informative model for investigating
radiation-induced damage in potential nucleic acid-based life beyond Earth.

The oldest DNA recovered on Earth, dating back approximately 2 Ma,
was extracted from organic-rich sediments in northern Greenland™. Pre-
viously, the oldest known preserved DNA came from three mammoth
specimens from the Early and Middle Pleistocene, two of which are over
1 Ma old™. On Earth, heat accelerates DNA degradation by causing the loss
of functional groups and reducing the average molecular weight”, while

biological activity further breaks down organic compounds. Ancient DNA
fragments are quickly reduced to 40-500 base pairs (bp) and develop lesions
due to depurination and cytosine deamination®. The primary environ-
mental factors driving organic degradation include microbial activity,
hydrolysis, oxidation, pH, temperature fluctuations, and sedimentary pro-
cesses. Microorganisms degrade organics through enzymatic reactions,
while water promotes hydrolysis, accelerating molecular breakdown.
Additionally, oxygen-rich environments enhance oxidation, and extreme
pH or temperature shifts destabilize complex biomolecules. Over geological
timescales, the pressure from burial and diagenesis further alter organic
materials, affecting their preservation.

However, these factors are largely irrelevant on present-day Mars, where
plate tectonics, active volcanism, and liquid water are absent, and the only
ongoing resurfacing process is minimal aeolian erosion. Today, Mars is
hyperarid and cold™, conditions that favor organic preservation but are
inhospitable to life as we know it. The scarcity of liquid water limits hydrolytic
breakdown, while Mars’s thin atmosphere reduces the role of atmospheric
oxygen in organic degradation. However, Mars’s surface contains highly
reactive oxidants, including perchlorates ( ~0.4-1wt%), as detected by
Phoenix and Curiosity”**, and also highly reactive oxygen-containing species
such as superoxide ions, peroxides, and hydroxyl radicals, which can form
through UV photolysis, radiolysis, and mineral-mediated redox reactions™ ",
These reactive species can potentially degrade organics. Additionally, with no
global magnetic field and only a tenuous atmosphere, the Martian surface is
exposed to intense cosmic and solar radiation, making radiation-induced
degradation one of the most significant challenges for the long-term pre-
servation of organic matter*>*. Interestingly, recent studies suggest that over
95% of uracil and 92% of purine nucleobases added at 25-50 ppm to a 5 cm
thick Martian mudstone analogue (kaolinite) rock, can withstand a dose of
0.072 MGy*. This suggests a radiolytic constant of K=1.11 MGy" (for
purine) and 0.73 MGy (for uracil), supporting the possibility of nucleobases
to survive radiation exposure embedded within Martian rocks.

The Perseverance rover sample collection consists of igneous and
sedimentary rocks, rich in silica and iron oxides, with carbonates, and
chloride and sulfate salts. Future Mars missions targeting past habitable
environments (and potential biomarker preservation) will likely focus on
similar rock types. In this study, we examine terrestrial analogue rocks from
carbonate- and iron-rich sedimentary environments, in saline aqueous
settings, that have undergone different degrees of diagenetic and meta-
morphic transformation. The goal of this research is to evaluate the potential
of these sedimentary rocks to preserve DNA after exposure to radiation
levels equivalent to 100 million years on the Martian surface.

Results

Sample collection and preparation

We assembled a collection of analogue sedimentary rocks, including 2800-
year-old microbialites (see Fig. 1A), 541 Ma-old stromatolite (see Fig. 1B),
and carbonate (see Fig. 1C, D) and oxide iron formation samples from
Earth’s oldest carbonate sedimentary platform (2930 Ma). Further details
on the geological origins of these samples are provided in the Materials and
Methods section.

The samples were pulverized and sealed in borosilicate glass vials,
replacing the air in the headspace with nitrogen (N,), see Fig. 2A. A set of
sealed samples was exposed to sterilization-level gamma irradiation doses of
1) D; = 0.86 MGy (see Supplementary Fig. 1) and geological-timescale doses
of2) D, = 10.45 MGy (see Fig. 2B-D). To reduce DNA contamination in the
laboratory analysis, all extractions, dilutions, and library preparations for
sequencing were conducted in an ISO (International Organization for
Standardization) Level 5 cleanroom®, see Fig. 2E. The sample preparation
and analysis workflow are illustrated in Fig. 2 and described in detail in the
Material and Methods section.

Ultra-low biomass detection limit
All sample types were analysed by nanopore sequencing in triplicate, see
Table 1 and Supplementary Tables 1 and 2. To assess potential kitome
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Fig. 1 | Analogue sedimentary sample collection. A A microbialite ( ~ 2800-year-
old) was sampled in Alchichica, Mexico, an alkaline crater lake with high con-
centrations of NaCl and Na,COs. These microbialites formed through microbially
mediated carbonate precipitation and remain submerged in shallow waters, where
they continue to accrete carbonate minerals and support diverse microbial com-
munities. B A stromatolite ( ~ 541 Ma) was sampled from this field in Morocco,
which is part of the Mangour Group within the Ouarzazate Supergroup (Anti-Atlas
region). This carbonate stromatolite formation (400 m x 500 m) developed in a
shallow marine environment and was later buried beneath volcanic and volcani-
clastic sediments. Tectonic uplift and erosion during the late Paleozoic and Cenozoic
exposed the stromatolites, which are primarily composed of limestone (CaCO3) and

dolomite (CaMg(CO:s),), formed by cyanobacteria-driven sediment trapping and
binding before the Cambrian explosion. C Carbonate samples ( ~ 2930 Ma) from
drilled cores extracted from a depth of 133 m, in the carbonate formation from the
Bridget Lake area. These samples consist of dolomite (CaMg(COs).). They pre-
cipitated in an open marine environment as dissolved calcium and bicarbonate ions
reached saturation. Cyanobacteria likely influenced this process through photo-
synthesis, which removed CO,, increased carbonate alkalinity, and promoted
mineral precipitation. D Detailed view of a carbonate formation fragment

(~2930 Ma). Small portions (4-5 g) were extracted from fragments of each sample
type for further analysis.

Fig. 2 | Sample preparation and analysis workflow.
A Sample sealing under N, atmosphere: About4-5g
of pulverized rock samples were sealed in vials under
a neutral, dry atmosphere (N, gas). B Hermetic
container preparation: half of the samples were
placed inside a container, which was then hermeti-
cally sealed with a lid. C Gamma irradiation expo-
sure: The container was submerged in the
irradiation facility pool, surrounded by Co* units,
and exposed to radiation. The net radiation rate
inside the container was 21.91 kGy/h, the total
accumulated dose on the sample after 20 days was
D, = 10.45 MGy. D Radiation-induced changes: The
irradiated sample vials show a color change in the
borosilicate glass after radiation exposure. E DNA
extraction and sequencing of irradiated rocks:
samples were removed from the vials and processed
in the ISO 5 cleanroom, where DNA extraction and
sequencing were conducted.
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Table 1| Characterization of DNA threads from pristine and gamma irradiated rock samples (D, = 0.86 MGy and D, = 10.45 MGy)
across various rock formation ages and composition, compared to a blank sample of nuclease-free water

3 replicates (0.5 g) T+ T L+xo L GC +0_GC Qxo_Q K (MGy™) TOC (ppm) +6_TOC
Blank 153,239 + 122,063 63 +10.47 41.33+5.13 3.13+0.23 = =
Microbialite (~2800 a) 3,813,449 + 1,392,360 659.23 + 362.37 59+1.73 8.5+0.85 - 63,262.30 + 9230.3
Microbialites (~2800 a), 0.86 MGy 1,403,205 + 835,166 169.53 +41.75 48.33+4.73 4.97 +0.67 1.161+0.585 18,870.40 + 3951.4
Microbialites (~2800 a), 665,510 + 247,034 189.33 +64.77 44.33+3.79 3.9+0.75 0.168 + 0.085 42,841.36 +17,660.5
10.45 MGy

Stromatolites (~541 Ma) 748,005 + 500,367 216 +65.76 4567 £2.52 4.33+0.71 - 448.79 £213.7
Stromatolites (~541 Ma), 917,383 + 427,995 210.5+43.59 49.67 £2.52 3.87+£0.72 - 182.75+16.4
10.45 MGy

Oxide iron formation (~2930 Ma) 1,097,511 + 370,325 199.33 +76.46 4433+1.15 3.63+0.21 - 8500 + 1000
Oxide iron formation (~2930 Ma), 184,893 + 15,993 150.37 +40.06 44 +5.00 3.57+£0.25 0.171+0.080 -

10.45 MGy

Carbonate (~2930 Ma) 760,257 + 475,632 140.03 +54.24 44 +1.00 3.57 £0.60 - 619.68 + 304

Average and standard deviation of total amount of bases T, mean length L (in number of bases), mean GC % content — i.e., the percentage of number of guanine (G) and cytosine (C) bases relative to the total
number of sequenced bases, calculated as (G + C)/ T x 100 —, and mean quality factor Q over three replicates. The radiolytic constant K after exposure to adose D, is calculated comparing the total number
of bases before and after irradiation. TOC was analysed independently from three to four replicates of the same sample type.

DNA was extracted from 0.5 g of rock per replicate.
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Fig. 3 | Sequenced DNA mass (in ng) per gram of sample, a reference limit set at
1 ppb is included for comparison. After exposure to 10.45 MGy of radiation, the
oxide iron formation, which is primarily composed of magnetite (Fe**Fe’*,0,) and
chert (Si0,), exhibits the lowest DNA yield of 0.05 ng per gram. In addition to this,
the kitome contamination adds about 0.13 ng per analysis.

contamination, three control samples (blank) were processed with the same
DNA extraction and library preparation kits using nuclease-free water. The
total organic carbon (TOC) content of the rocks was also measured for three
or four replicates (see Supplementary Table 3), for all samples, except for the
oxide iron formation sample, whose TOC was previously determined®.

In pristine samples there is a linear correlation between the total
number of sequenced bases (T) from sequenced DNA extracted from rock
samples and the total organic carbon (TOC), as shown in Supplementary
Fig. 2 (left). Additionally, a linear relationship exists between the total
number of bases and the DNA mass measured by Qubit fluorometry in
microbialite samples, as illustrated in Supplementary Fig. 2 (right). In non-
irradiated microbialite, the DNA mass was M, = 3.81 £ 0.27 ng per 0.5 g of
sample, while in the irradiated microbialite (D1), it decreased to
M =1.77 £ 0.59 ng per 0.5 g of sample. In all other cases, the DNA mass was
below the detection threshold of the Qubit fluorometer. A linear regression
analysis reveals that this method detects approximately 1.046 x 10° bases
(i.e. 1 Mb) per nanogram of DNA extracted from rock samples, as shown in
Supplementary Fig. 2 (right). Using this linear relationship as a calibration
curve, and after subtracting the blank, we can estimate the mass of DNA (ng)
per 1 g of rock, as presented in Fig. 3. It is important to note that the DNA

extracted and sequenced in this study derives from contemporary microbial
communities inhabiting an ancient rock matrix (up to ~2.93 Ga) and, thus,
represents modern genetic material. Ancient subsurface rocks can support
metabolically active modern microorganisms, as demonstrated in recently
recovered 2.0 Ga mafic rock cores, where living microbial populations were
identified”.

It should be noted that nanopore sequencing is also applicable to
RNA, although this requires distinct extraction protocols and
quantification methods. While RNA possesses biomarker potential,
its significantly lower chemical stability and generally shorter poly-
mer length compared to DNA limit its practical use. Consequently,
we have focused on DNA owing to its greater molecular stability,
longer polymer length even after exposure to radiation, and the
availability of comprehensive reference databases, which collectively
enhance the reliability of microbiome analyses in rock samples.

Radiation impact

The radiolytic constant of nucleobases was calculated for the microbialite
and iron sample cases using the equation T =T, exp (—K-D), where T
and T, represent the final and initial total number of bases, respectively,
after exposure to a radiation dose D (see Table 1 and Fig. 4). The radiolytic
degradation constants (K) determined following exposure to a
dose of D,=1045 MGy are highly similar for both the iron oxide
formation (K=0.171+0.080 MGy"') and the microbialite sample
(K=0.168 + 0.085 MGy™"). When the two datasets are combined, the
resulting radiolytic constant is K = 0.17 + 0.09 MGy, suggesting consistent
degradation behaviour across these lithologies. In contrast, in the stroma-
tolite sample, the number of nucleotides across the three replicates showed
considerable variability both before and after irradiation (see Supplemen-
tary Information Table 1), with no discernible reduction in the mean value
T. This may suggest that the stromatolite rock is more effective in shielding
against radiation, or that the microbiome within the stromatolite is highly
dispersed and faint, leading to inconsistent values in each replicate.

All analysed DNA samples exhibit highly fragmented reads (see
Table 1 and Figs. 5 and 6). The read length histograms show different
distributions based on sample type (see Fig. 6). All rock DNA samples have a
few reads that are 50,000-100,000 bp or longer whereas blank sample reads
are shorter (Supplementary Fig. 3). The median read length of the Micro-
bialite (~2800 a) is 304 bp, whereas after exposure to 10.45 MGy is 47 bp.
The median read length of the oxide iron formation (~2930 Ma) is 57 bp,
whereas after exposure to 10.45 MGy, it is 46bp (see Supplementary
Information Table 2).
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Taxonomic classification of the microbiome

Despite the damage induced by radiation, the irradiated DNA reads can be
sequenced successfully, with signals surpassing that of kitome contamina-
tion (blank). The quality score Q decreases significantly for sequences
shorter than 600 bp. In metagenomic analysis, short DNA sequences with
low Q scores are usually discarded. However, even degraded nucleobase
fragments from damaged and fragmented DNA in rocks contain infor-
mation, and can serve as biomarkers, allowing, in the case of terrestrial
samples, to do phylogenetic investigations. Between 1.48 and 51.94% of the
sequences matched existing databases of terrestrial organisms, offering
insights into the rock’s microbiome (see Supplementary Table 2). For the
irradiated samples, despite fragmentation, 1.48-8.45% of sequences
remained taxonomically identifiable. We performed the genus-level taxo-
nomic tree analysis concatenating the reads of the 3 replicates and sub-
tracting the blank taxonomy (See Figs. 7 and 8 and Supplementary
Figs. 4 and 5).

Discussion
This study introduces a novel approach using nanopore sequencing to
analyse DNA extracted from just 0.5 g of rock, with yields as low as 0.6 ng
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Fig. 4 | Calculation of the nucleobase radiolytic constant K=0.17 + 0.09, after
exposure to D, = 10.45 MGy of gamma radiation. An exponential fit is applied to
the triplicate measurements of microbialite and oxide iron formation samples,
before and after irradiation. Despite differences in the nature, age, and environment
of these sedimentary rocks, the observed DNA radiolytic decay is similar.
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Fig. 5 | Radiation induces a significant reduction in the total mean amount of

nucleobases and in the mean fragment length in the microbialite and oxide iron
formation cases. Mean and standard deviation of (left) the total nucleobase content
(T) and sequence length (L), and (right) the quality factor (Q) and GC% content for

(D, irradiated microbialite, stromatolite and carbonate) to 3.10 ng of DNA
mass (microbialite). The analysis of DNA is performed with nanopore
technology, without amplification, enabling the direct quantification of
nucleobases and the characterization of read length distributions. This
method has been applied here to investigate DNA preservation in rocks
exposed to gamma radiation. With NASA/ESA’s Mars Sample Return'” and
China’s Tianwen-3 returned sample missions'* on the horizon, discussions
about in situ life searching robotic missions and human exploration accel-
erating, there is an urgent need for a transformative yet feasible approach to
life detection. Due to its sensitivity, this approach holds potential for bio-
safety assessments, contamination control, and life detection in returned
Martian samples, as well as for the reconstruction of microbiomes in ter-
restrial rocks. In particular, this methodology shows strong potential as a
payload for future in situ robotic missions to Mars and other potentially
habitable extraterrestrial environments, enabling biosignature detection and
planetary biosafety assessment.

The cleanroom analysis of irradiated stromatolite samples ( ~ 541 Ma),
which contain only 183 ppm of organic carbon and approximately 0.65 ng
of DNA in a 0.5g rock sample (ie. 1.3 ppb), shows that nanopore
sequencing can generate around 0.9 Mb of DNA fragments without the
need for amplification. It is worth noting that the total organic carbon
content (TOC) of this rock is similar to that reported for the mudstones at
Gale Crater on Mars. Despite radiation exposure, fragmented DNA can still
be sequenced and phylogenetically assigned, offering insights into the rocK’s
microbiome. In the DNA extracted from terrestrial sedimentary rocks, we
observe a linear correlation between the total amount of nucleobases and the
total organic content of the rock, see Supplementary Fig. 2-(Left). This
correlation in the four pristine (non-irradiated) rock samples suggests that,
in these rocks, endolithic microbial life is at least partially sustained by
preserved organic matter and thus that rocks are organic carbon-limited
oligotrophic environments. It also suggests that the microbiome of the rocks
has a critical role in the decomposition, transformation, and recycling of
organic carbon. A strong microbial biomass-TOC correlation reinforces the
idea that organic-carbon-rich sites are prime candidates for life detection
efforts.

Recent studies employing the Qiagen DNeasy PowerSoil Pro DNA
extraction kit on Mars-analog soils have reported comparable DNA yields
across diverse extreme environments”. This research has shown DNA
concentrations ranging from ~0.9 ng/g in Antarctic Dry Valley soils, a
hyperarid, cold desert, to ~100 ng/g in calcium carbonate deposits formed
by ancient hydrothermal activity in the Trona Pinnacles (California), in an
arid, desert region®. These findings align with expectations for such low-
biomass environments, where extreme desiccation and temperature
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all samples and the blank. In the microbialite and oxide iron formation samples,
radiation exposure clearly causes DNA fragmentation and nucleobase destruction.
In the microbialite samples, radiation exposure clearly reduces Q and GC%.
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Microbialite (2800 a)
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Oxide iron (2930 Ma)
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Fig. 6 | Normalized histogram distribution of sequenced DNA reads as a function
of nucleobase length (log-transformed). The distribution of DNA read lengths
shifts toward shorter reads after radiation exposure, with this effect being most
pronounced in the microbialite and oxide iron formation samples. In all other

3 4 5 6

Log-transformed read length

samples, DNA fragments were very short. The median read length of the micro-
bialite (2800 a) is 304 bp, whereas after exposure to 10.45 MGy, it is 47 bp. The
median read length of the oxide iron formation (~2930 Ma) is 57 bp, whereas after
exposure to 10.45 MGy, it is 46 bp, see Supplementary Information Table 2.

fluctuations significantly limit microbial survival and reproduction.
Importantly, this work demonstrated that DNA recovery efficiency can vary
by up to a factor of 50, depending on the extraction method, even within the
same soil type. In our study with rocks, and Qiagen DNeasy PowerSoil Pro
DNA extraction kit, we have observed DNA vyields ranging from 0.03 to
6ng/g in pulverized rock samples, falling within the expected range for
ultra-low biomass settings.

The presence of salts, particularly perchlorate salts, present at
0.5-1 wt% in Martian regolith”, pose significant challenges for DNA
preservation and sequencing. As strong oxidizers, perchlorates can
degrade nucleic acids, especially under UV exposure, complicating
extraction and detection efforts™. High salt concentrations also disrupt
nanopore sequencing by altering ionic conductivity, increasing noise, and
occasionally blocking nanopores’. To address this, desalting and
purification protocols are essential for maintaining DNA integrity in salt-
rich samples™. Similar approaches should be applied to future Martian
samples containing salts.

A critical consideration in such studies is the contribution of kitome
DNA contamination, which persists even under stringent decontamination
protocols. Our analysis, conducted under ISO 5 cleanroom conditions,
indicates that reagents DNA contamination can contribute up to ~0.13 ng
per sequencing dataset. These findings highlight the necessity of rigorous
contamination control strategies and methodological refinements to
enhance the reliability of DNA-based biosignature detection in planetary
exploration and astrobiology.

Further research is needed to optimize DNA extraction methods for
ultra-low biomass environments and to develop bioinformatics approaches
capable of distinguishing indigenous microbial signals from extraneous
contamination. The use of blanks is crucial in this process. For example, in
this work the taxonomic classification identified human contamination
(Homo sapiens) in the blank, as well as in samples of carbonate, iron oxide
formation, stromatolite, and stromatolite D1-irradiated samples. Conse-
quently, Homo sapiens sequences were subtracted in the phylogenetic tree
analysis of the studied samples.

As for the future analyses of samples returned from Mars, con-
tamination could lead to false positives when assessing Martian rock

samples for polymers of nucleotides, potentially complicating the identifi-
cation of biosignatures. To mitigate this risk, martian samples could be
analysed in a Biosafety Level 4 (BSL-4) facility, which operates under the
highest planetary protection standards'>”. All equipment, reagents, and
instruments used in this facility must undergo rigorous decontamination
protocols to ensure the complete absence of exogenous DNA. Additionally,
continuous ambient monitoring and strict quality control measures should
be implemented to document and quantify background DNA contamina-
tion (including reagents), ensuring the integrity of life-detection experi-
ments. Previous studies on laboratory cleanliness, such as those conducted
on the OSIRIS-Rex with the Bennu asteroid samples"’, underscore the
necessity of stringent protocols to prevent terrestrial contamination in
astrobiological investigations of extra terrestrial samples. Similarly, before its
flight to Mars, the Perseverance rover’s sampling tubes and drills were
assembled on Earth under strict contamination control, including thorough
cleaning and the use of flight witness tubes™. The Hayabusa and Hayabusa2
missions implemented strict contamination control measures, including
sterilization of sampling mechanisms and the use of witness plates to
monitor and document terrestrial contamination during sample collection
and return™.

In both the microbialite and oxide iron formation samples, exposure to
D, =10.45 MGy resulted in a radiolytic constant of K=0.17 MGy (see
Fig. 4). However, no detectable degradation was observed in the stromatolite
samples. Notably, these samples exhibited the lowest TOC content. We
hypothesize that the high variability in the total number of nucleobases per
replicate may be attributed to an uneven and sparse distribution of
microorganisms. Alternatively, the stromatolite mineral composition itself
may provide enhanced shielding against radiation. For lower dose D; = 0.86
MGy, we obtain for the microbialite samples, K =1.161 + 0.585. This is
comparable with the reported K= 1.11 MGy after exposure to a dose of
0.072 MGy, for purine, added in 25-50 ppm to a 5cm long kaolinite
(mudstone) rock sample*. Previous experimental studies suggest that the
radiolytic constant of amino acids increases with mass”. As for other
organic molecules it has been shown that, glutamic acid exhibited a radi-
olysis constant of 0.172 MGy " at a similar dose to Dy, while 8-aminoctanoic
acid showed no degradation under the same conditions™. Other research on
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Fig. 7 | Genus-level taxonomic tree constructed from 1.5 g (three replicates) of
~2800-year-old microbialite samples, collected from a shallow, alkaline lake
where they remain submerged. The analysis compares microbiome diversity
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between non-irradiated samples (top) and samples subjected to a radiation dose of
10.45 MGy (bottom), simulating 136 million years of exposure on Mars.

amino acid preservation in silica at liquid nitrogen temperatures and
varying radiation doses indicates Kgjycine (SiO; in LN,) = 0.36 + 0.04 MGy
and Kigovaline (SiO; in LN,) = 0.45 + 0.01 MGy~ "*". The variation in K values
across different organic molecules, materials and doses suggests that the
mineral matrix and the specific molecular structure of the organics sig-
nificantly influence the radiation-induced reactivity. Lower values of K
indicate that a molecule is more resistant to degradation under radiation,
while higher values indicate a greater susceptibility. Our analysis of DNA in
rocks, shows that radiation induces nucleobase damage and DNA frag-
mentation. The median read length of the microbialite (~2800 years) DNA
reads before radiation exposure is 304 bp, whereas after exposure to

10.45 MGy is 47 bp. The median read length of the oxide iron formation
(~2930 Ma) is 57 bp, whereas after exposure to 10.45 MGy, is 46 bp (see
Supplementary Information Table 1). Although DNA exhibits a radiolysis
constant comparable to that of other organic molecules, our experiments
indicate that its long polymeric structure allows it to undergo radiation-
induced fragmentation, yielding smaller segments that often retain infor-
mative sequence data.

Itis important to note that our irradiation experiments were conducted
at near-room temperature (17 °C-19 °C), which is higher than the current
estimated maximum temperatures experienced by surface materials on
Mars, for instance at Jezero Crater (-20 °C for outcrops and +10 °C for
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Fig. 8 | Genus-level taxonomic tree derived from 1.5 g (three replicates) of ~2930
Ma-old oxide iron formation samples, collected from a depth of approximately of
67.8 m, within the carbonate platform of the Red Lake area. The analysis
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compares microbiome diversity between non-irradiated samples (left) and samples
exposed to a radiation dose of 10.45 MGy (right), simulating the equivalent of 136
million years of exposure on Mars.

regolith) based on thermal modeling”. Previous studies have shown that
radiolysis rates can decrease significantly at lower temperatures; for
instance, glycine irradiated at -50 °C exhibited a radiolysis rate approxi-
mately 1.8 times lower than at room temperature”’. Conversely, the presence
of perchlorates, detected on Mars, may enhance radiolytic degradation, with
magnesium perchlorate increasing glycine radiolysis rates by ~1.5 times”’.
These factors suggest that our results may slightly overestimate or under-
estimate DNA degradation under Martian surface conditions, depending on
local temperature and mineralogy.

In situ measurements of the Radiation Assessment Detector (RAD)
instrument on Curiosity at Gale crater indicate that the present-day galactic
cosmic ray radiation dose on Mars is 0.07665 Gy/year®. Extrapolating from
these measurements, a dose of 10.45 MGy corresponds to 136 Ma of
exposure to radiation on the surface of Mars, which is greater than the
exposure time of the mudstones at Gale Crater, where the SAM instrument
measurements report a TOC of about 200 ppm. Our analysis shows that
rocks may adequately shield nucleobase polymers from radiation for over
100 million years on Mars, facilitating the investigation of extant or recently
extinct life. Near-surface sedimentary rocks in Gale Crater exhibit a wide
range of cosmic-ray exposure ages, with samples like Cumberland and
Windjana showing relatively short exposure times of approximately 78 and
45 Ma, respectively, consistent with scarp retreat erosion processes’. How-
ever, the Mojave 2 sample displays more complex exposure ages, with *He
measurements suggesting up to ~1 Ga and **Ar data indicating ~300 Ma,
implying that some sedimentary rocks on Mars may have experienced
significantly longer cosmic-ray exposure than those tested in this study®.
The degradation impact of other Martian environmental conditions, like
perchlorate exposure or thermal cycling of the rock samples with con-
densation, hydration, dehydration and sublimation water cycles, should also
be explored in the future. These effects may accentuate radiation damage as
the interaction of water and salts with radiation produces highly reactive
species™®.

This study demonstrates that although nucleobases are significantly
damaged by radiation and DNA polymers are fragmented, the remaining
DNA threads still contain important biological information. Despite con-
siderable degradation, 1.48-8.45% of the remaining DNA fragments were
still taxonomically identifiable (see Figs. 7 and 8, and Supplementary
Information Table 2). The taxonomic trees illustrate that each sample type
possesses a unique phylogenetic signature, confirming that the identified
DNA reads are indigenous rather than contaminants. Notably, the analysis
of irradiated DNA continues to provide a coherent representation of the
rock’s microbiome genera.

The phylogenetic tree analysis of both pristine and irradiated micro-
bialite samples reveals the presence of Cyanobacteria, a dominant group in
microbialite structures (see Fig. 7). Earlier phylogenetic studies on the

microbialites of Alchichica lake, utilizing small subunit ribosomal RNA gene
sequencing and amplification®, have identified overlapping bacterial orders,
including Cyanobacteria, Alphaproteobacteria, Betaproteobacteria, Gam-
maproteobacteria, Deltaproteobacteria, Firmicutes, Actinobacteria, Verru-
comicrobia, Planctomycetales, Chloroflexi, Bacteroidetes, ~Chlorobi,
Nitrospirae, and Spirochaetes. Specifically for Cyanobacteria, we also iden-
tified taxa similar to those previously reported®, such as Nostocales and
Pleurocapsales. Additionally, our analysis detected eukaryotic groups (Vir-
idiplantae, Alveolates, Fungi, and Metazoa) which were also reported“, but
revealed a greater microbial diversity, including Archaea.

In the oxide iron formation sample, we identified Acidovorax, Acine-
tobacter, and Acetobacter, all of which are iron oxidizers and metal-tolerant
microorganisms capable of surviving in acidic environments (see Fig. 8 and
Supplementary Table 2). Similarly, the microbiome of the stromatolite and
carbonate samples, also shows a distinctive community that can be directly
linked to this type of rocks (see Supplementary Figs. 4 and 5, and references
herein). The sequenced DNA represents microorganisms that currently
inhabit the rock, which may have been introduced through water, diagenetic
fluids, or air. Although the microbial diversity information extracted from
the extremely ancient rocks represents modern life, this work shows that the
microbial record remains largely intact even after the irradiation.

There is consensus in the astrobiology community that any proposed
life detection approach requires measurements to be highly sensitive, con-
tamination-free, and repeatable. Any putative biosignature must be
detectable, preserved, reliable (distinct from abiotic signals), and compatible
with known life forms, with a biological interpretation only made after all
possible abiotic hypotheses have been ruled out as suggested in NASA’s
Confidence of Life Detection (CoLD) scale®. There are natural environ-
mental conditions that can result in the abiotic synthesis of nucleobases,
however, only life can form long (over several thousand) nucleotide poly-
mers. In our study, all natural and irradiated rock samples, the extracted
DNA has at least a few reads that are 50,000 bp or longer. Based on our
analysis of the rocks, we propose that a correlation of the total amount of
sequenced nucleobases with TOC, combined with the detection of
nucleotide polymers of different lengths, especially long reads, may serve as
a potent indicator of life in oligotrophic environments such as Mars.
Nanopore technology shows potential for sequencing diverse DNA-like
polymers, including those with non-canonical nucleobases”, expanding
beyond the standard G, C, T, and A nucleobases used on Earth. This
property is essential to allow agnostic nucleobase polymer sequencing for
the study of life on Martian rocks. To make a definitive assessment of life’s
presence, this technique should be used alongside others, such as analysis of
molecule-specific carbon, hydrogen and nitrogen isotopic ratios, analyses of
molecular chirality, as well as the characterization of other polymers with
life-related functions (like lipids from cell membranes). Finally, our analysis
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of blanks within an ISO 5 cleanroom, highlights the importance of mini-
mizing ambient and kitome contamination to prevent false positives.
Maintaining ultra-cleanroom conditions and using DNA/RNA-free
reagents at every stage of sample processing will be essential.

Methods

The sedimentary samples analysed in this work, listed in order of
increasing age, are:

2800-year old microbialite from Alchichica Lake, Mexico. Alchichica
Lake, an inland saline lake situated on the borders of Puebla, Tlaxcala,
and Veracruz in the Central Mexican Plateau, serves as the study area®,
The sampled microbialite originates from this lake (19°25'N, 97°24'W) at
an elevation of 2305 meters above sea level. Alchichica is Mexico’s dee-
pest crater lake™*, with a maximum depth of 64 meters and an average
depth of 39 meters”*”". The samples were collected on November 1, 2023.
The lake’s waters are primarily composed of NaCl and Na,COs, classified
as lacustrine evaporites, with a total dissolved solids concentration of
7235 mg/L®. Along its shoreline, microbialites are abundant. The ana-
lysed samples are dome-like microbialites, rich in hydromagnesite,
huntite, and calcite. Their age, determined through ***U/**Th dating, is
approximately ~2800 years®””’. Despite their initial formation dating
back a few thousands of years, these microbialites, found near the shore
within the lake, remain well-preserved and continue to support a diverse
microbiome in the shallow water of the lake.

541 Ma stromatolites from the Anti-Atlas, Morocco. The stromatolite
sample was collected at (30°39'54.36” N, 6°43'55.56” W), in the Anti-
Atlas, in Morocco, on October 2, 2023. The carbonate stromatolite for-
mation belongs to the Mangour Group of the Ouarzazate Supergroup;
this location represents a significant geological formation from the
Ediacaran period (about 635-541 Ma)”*”. The Mangour Group forma-
tion comprises volcanic, pyroclastic, and granitic rocks. These stroma-
tolites (Conophyton) limestones outcrop over an area of 400 m by 500 m.
The Mangour Group, part of the Ouarzazate Supergroup, was deposited
in a volcanically influenced setting, suggesting that these stromatolites
formed in shallow marine environments with volcanic and pyroclastic
contributions. Individual stromatolites in such formations can vary in
size, typically ranging from a few centimeters to several meters in height
and diameter. The stromatolites primarily consist of carbonate minerals,
likely limestone (CaCO;) and dolomite (CaMg(COs3)2). Their formation
is driven by microbial communities, primarily cyanobacteria, which
trapped and bound sediments over time. Given the Ediacaran age, these
structures are among the last stromatolites before the rapid diversifica-
tion of animal life in the Cambrian.

~2930Ma carbonate platform from the Red Lake area,
Ontario, Canada. This is the oldest known preserved carbonate platform
on Earth, with an estimated age of 2940 + 2 Ma to 2925 + 3 Ma’. Located
within the Red Lake Greenstone Belt (RLGB) of the Uchi Subprovince in
the western Superior Craton, this platform was deposited in an open
marine environment. It represents a transgressive sequence, where ris-
ing sea levels progressively flooded the land, resulting in the deposition of
different sedimentary facies”™. The platform’s stratigraphy consists of
sedimentary rocks, predominantly dolomites (carbonate-rich) formed in
shallow environments, interbedded with siltstone, sulfur-rich slates, and
iron-rich formations deposited in deeper environments.

The selection of samples from this platform is based on two key factors.
First, despite being the oldest known carbonate platform on Earth, its rocks
remain relatively well-preserved. Second, it contains some of the earliest
evidence of microbial life, preserved as stromatolites—sedimentary struc-
tures formed by cyanobacteria™. Early Martian and Terrestrial environ-
mental conditions were likely similar, as extensively reviewed””. The diverse
rock types and depositional environments of the Red Lake platform provide
an excellent analogue for Martian geology, particularly for the Jezero crater.
Carbonate rocks are rare on Mars, but Jezero crater is one of the few

locations where carbonates have been identified along its shallow rim’.
Additionally, iron-rich minerals have been described as primary compo-
nents of the Jezero crater’*”. For this study, we selected:

1) BL48 - Carbonate formation. These samples were collected at
(51°1'52” N, 94°13'15” W) on October 29, 2021. The sample BL48 was
collected from the BL12-37 drill core (from a depth of 133 m) in the
Bridget Lake area, where it formed in the shallow part of the platform.
Composed of dolomite (CaMg(COs),), it precipitated as the water
became saturated with dissolved calcium and bicarbonate ions. This
process was likely influenced by cyanobacteria, which perform
photosynthesis, removing CO,, increasing carbonate alkalinity and
promoting the precipitation of carbonate minerals.

2) NGI 1 - Oxide iron formation. These samples were collected at
(51°1'52” N, 94°11'36” W) on October 29", 2021. The sample NGI 1
was collected from the NGI10-31 drill core (from a depth of 67.8 m) in
the North Galena Island area and was formed in the deeper part of the
platform. It is primarily composed of magnetite (Fe’'Fe’",0,)
interlaminated with chert (SiO,). This sample was deposited when
ferrous iron (Fe*?) deeper, iron-rich waters reacted with slightly
oxygenated waters near the redox boundary between the shallow
carbonate shelf and the offshore lithofacies. This interaction led to the
precipitation of ferric oxyhydroxides, which later transformed into
magnetite during diagenesis™.

Rock sample preparation. Samples were pulverized with a Fritsch
Model “Pulverisette 2” mortar with an arm grinding speed of
about 70 rpm. The mortar is composed of a base and a pestle that grinds
by friction. This mortar is ideal for universal fine grinding from
hard brittle to soft samples, as well as for preparing homogenised mix-
tures of grains. The final sample size obtained varies from 10 to 45
microns. The vials were sterilized at 550 °C for 12 h. Between 4 and 5 g
per sample were put in borosilicate glass vials and sealed with a neutral
atmosphere of N, (to mimic a neutral Martian atmosphere and avoid the
production of reactive oxygen species and free radicals from the ter-
restrial atmosphere, which would cause additional damage). PTFE/
silicone septa (20 mm magnetic crimp cap, 3 mm thick, Supelco) com-
bined with aluminium crimp seals were used to seal the vials. While the
exact leak rate of this configuration was not measured in this study, this
sealing system is widely employed in chromatographic and trace gas
analysis workflows, including volatile organic compound (VOC) sam-
pling, where low permeability and high seal integrity are critical. Lit-
erature and manufacturer data support its suitability for short- to
medium-term containment of analytes under ambient and controlled
conditions.

Sample gamma irradiation and dose. Gamma (y) photons are high-
energy electromagnetic radiation with significant penetrating power that
can indirectly ionize molecules by transferring energy to electrons in
organic compounds, resulting in the formation of radicals and ions. We
employed gamma-ray irradiation as a proxy for the ionizing cosmic and
solar radiation that reaches Mars’s surface. This method is commonly
used in planetary environment simulations">*>******! due to its low cost
and convenient setup.

The samples were sealed in a clear borosilicate glass vial with a 2 cm
diameter and a wall thickness of x=0.13 cm. The radiation attenuation
from photons emitted by the radioactive source can be estimated using the
Beer-Lambert equation. For gamma photons with energies between 0.1 and
20 MeV, the Mass Attenuation Coefficient (MAC) of borosilicate glass is
0.0240 cm?/g”. With the density of borosilicate glass at p = 2.23 g/cm®, we
can calculate using the Beer-Lambert equation: I=1, exp (-p- MAC. x),
resulting in I = 0.9931 I,. This indicates that the borosilicate glass vial wall
absorbs only 0.69% of the applied dose.

1) Irradiation dose D, (sterilization dose): Radiation was applied to the
sealed samples using gamma (y) irradiation sources of Co® (cobalt),
which produces gamma rays with energies of 1.173 and 1.332 MeV.
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The sterilization irradiation level D, was applied at ambient conditions
during 12 days at the Universidad de Santiago de Compostela
(Laboratorio de Radiofisica) to the microbialite samples, see Supple-
mentary Fig. 1.
The ISO 11137-1 is the international standard that covers guidelines
for sterilization using the radionuclide Cobalt-60 and Cesium-137,
which are the two commonly used isotopes that emit gamma
radiation. Given that some terrestrial organisms of the arctic have
demonstrated resistance up to 0.1 MGy under Martian-like
temperatures” we have increased the applied sterilization dose to
0.87 MGy. The incident radiation on the sample, after screening
through the vial glass is D; = 0.86 MGy
2) Irradiation dose D, (geological timescale dose): The Martian-
exposure geological scale irradiation level was applied to some samples
at Centro de Investigaciones Energéticas, Medioambientales y
Tecnologicas (CIEMAT) for 20 days at the National Facility for
Irradiation of Materials (NAYADE). The samples were immersed in a
sealed container in a water tank pool at ambient temperature. The net
radiation rate inside the container was 21.91 kGy/h, and was previously
calibrated by the NAYADE operators using three dosimeters and
Fricke dosimetry.

Recent measurements, produced by RAD instrument on board Curi-
osity at Gale crater, suggest that the Galactic Cosmic Ray (GCR) radiation
dose on the surface of Mars is of the order of 0.21 mGy/day™, or equivalently
0.076 Gy/year. We have applied 10.52 MGy to the vials. The incident
radiation on the sample, after screening through the vial glass is
D, =10.45 MGy. Based on the in situ measurements from RAD, this cor-

responds to 136 million years (where a Terrestrial year has 365 days).

Cleanroom analysis and controls. All the DNA extractions, dilutions,
and library preparation for nucleobase sequencing were carried out
inside a cleanroom environment of ISO (International Organization for
Standardization) level 5*. Before any experimental setup, the working
table, inside wall panels, and equipment were sprayed with 70% isopropyl
alcohol and Chemgene HLD,L and cleaned using the cleanroom sterile
wipes. An ISO 5 Class cleanroom (class 100 cleanroom) is a semi-closed
ultra-clean environment that utilises High Efficiently Particulate Air
(HEPA) filtration systems to maintain air cleanliness levels of a max-
imum of 3520 particles ( = 0.5 um) per cubic meter of the inside air. There
is an unavoidable background DNA introduced unintentionally during
sample preparation, primarily from commercial reagents, mostly the
DNA-extraction kits, or laboratory environments. These sequences can
create false positives and misleading results. Nuclease-free water controls
were used as blanks to quantify the level of contamination. All analyses
were done in triplicate.

DNA extraction. Determining the minimum amount of degraded DNA
fragments in rocks that can be sequenced with the current technology
remains a significant challenge. Recent advances in nanopore sequencing
allow for the analysis of DNA with only 2 pg, without amplification®**.
This technology can identify, and sequence reads as short as 20 nucleo-
bases, with each nucleobase assigned a confidence level Q, indicating read
quality.

Extracting DNA from soils and rocks, especially those with iron oxide,
salts and other minerals, can be challenging due to factors like competitive
binding and destructive chemical reactions. This is particularly critical for
Martian analogue rocks****. To extract DNA from the pulverized rock
samples, we have used the Qiagen DNeasy Powersoil Pro DNA kit (47014,
Qiagen, UK) because it has been successfully used previously for the
extraction of DNA from Mars Analogue Regolith powder MMS-2 and
analogue soils"*****,and Antarctic cryptoendoliths*. For each extraction, we
aseptically transferred 0.5g of the pulverized rocks, which was weighed
directly into the Powerbead tubes. The tubes were then filled with 800 pl of
the C1 lysis buffer and were briefly vortexed and incubated at 65 °C for

10 min. The Powerbead tubes were then vortexed at high speed for 5 min.
The tubes were centrifuged at 15,000 g for 2 min, and 400-500 pl of the
supernatant was carefully transferred to a centrifuge tube using sterile
100-200 pl filter tips for maximum recovery. Hereafter, the extraction
procedure followed the manufacturer’s instructions, and the final DNA was
eluted in 40 pl of nuclease-free water (NEB, UK). As negative control for
kitome contamination, 500 pl of nuclease-free water was DNA-extracted
following the above procedure and eluted in 40 ul of fresh nuclease-
free water.

DNA fluorescent mass quantification. DNA was quantified using a
Qubit dsDNA 1X High Sensitivity (HS) assay kit for Qubit® 4.0 fluo-
rometer (ThermoFisher Scientific®, UK), which has a lower limit of DNA
detection of 5 pg/ul. Only a few samples had sufficient DNA mass to be
detected with this method. DNA mass quantification was used to com-
pare with the number of nucleobases sequenced with nanopore.

Nucleobase sequencing. Next Generation Sequencing technologies
typically require ng to pg of input DNA. This limit impedes the micro-
scale analysis of low biomass ecosystems and samples. Recent experi-
ments have demonstrated the possibility of reducing this limit to pg
(~100-1000 microbial cells) using Illumina®, or nanopore technology™.
At this extremely low level of biomass, the inclusion of negative controls
to identify reagent-specific contaminants is recommended. DNA
amplification is commonly used to overcome this difficulty, but this
introduces considerable bias into metagenomic profiles. Here, we use
nanopore sequencing without amplification.

The library for nanopore sequencing of all the samples was prepared
using Ligation Sequencing Kit V14 (SQK-LSK114, Oxford Nanopore
Technologies), which is compatible with their new chemistry R10.4.1
Flongle (FLO-FLG114) Flow Cells. The eluted DNA of each sample was
directly used for the nanopore library preparation. The preparation steps
were followed according to the manufacturer’s instructions, except the
volume for all the steps was halved as the samples were sequenced using a
Flongle Flow Cell (R10.4.1) with a minimum of 50 or above active nano-
pores. Libraries for the above extracted nuclease-free water as a control were
also prepared following the same procedure. ONT’s Flongle Flow Cells
require 125 yl priming mix and 30 ul gDNA library. At every library pre-
paration stage, the specified reagents were transferred in an Eppendorf tube
before adding the sample containing DNA to avoid losses due to pipetting.
The bases were called for 20-24 h using MinKNOW version 24.02.6 with a
lower limit Q-score of 1. The reads were analysed using FastQC (https://
github.com/s-andrews/FastQC) and NanoQC  (https:/github.com/
wdecoster/nanoQC) software compatible on Linux OS, in order to obtain
GC content, total reads and nucleobases, mean read quality, and length. The
library preparation protocol and sequence analysis were previously
validated™.

The output of the nanopore sequencing files also includes a quality
score Q per read. The error probability can be calculated from a given quality
score Q as p=10"Y", i.e,, a quality score of 10 represents a 1 in 10 chance of
an incorrect base call (a base call accuracy of 90%), whereas a Q = 3 indicates
a50% error probability in the assignment of the base. The current version of
the software is optimized for threads of at least 20 bases, but the base call
accuracy is very low for threads shorter than 600 b.

Taxonomy annotation and reads length analysis. Nanopore raw reads
FastQC files were concatenated by triplicates and quality control assessed
with the software NanoComp v. 1.24.0 to create plots of length, quality
and percent identity®. The Software SqueezeMeta v.1.6.3, specifically the
sqm_reads.pl script, was used to perform the taxonomic and functional
assignments of the reads®. Taxonomy annotation and reads abundance
data obtained from SqueezeMeta program were imported in R statistics
environment using the Metacoder (v0.3.7) package to produce the tax-
onomy trees”*”". The hits that were found in the blank were subtracted for
this analysis.
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Total Organic Carbon (TOC). For most of the samples, TOC was mea-
sured using isotope-ratio mass spectrometry (MAT 253 IRMS, Thermo
Fisher Scientific), and following the analytical methods by the USGS™.
The samples were homogenized using mortar and pestle. HCI (3 N) was
added to the samples to remove carbonates, and, after equilibration for
24 h, adjusted to neutral pH with ultrapure water. The sample was oven
dried (50 °C) until constant weight. Then, the content of total organic
carbon (TOC %) was measured with an elemental analyser (HT Flash,
Thermo Fisher Scientific), with two reference standards (Synthetic
mixture soil-5 and Synthetic mixture soil-3, with 0.141 and 4.401% of
TOC, respectively) from EuroVector SpA (Milan, Italy). The only
exception to this was the measurement of TOC for the oxide iron for-
mation sample, which was previously done using a different instrumental

facility which can tolerate sulphur™.

Linear and exponential fit. The fits were performed in Gnuplot software
using the nonlinear least-squares Marquardt-Levenberg algorithm. This
fit was applied to determine the radiolytic constant K and the linear
correlation between total amount of nucleobases T and TOC in the
pristine samples, and between T and the DNA mass in the microbialite
samples. The linear fit of T to DNA mass is used to infer the mass for all
other cases where the DNA concentration was below the Qubit detection
limit. For this calculation we subtracted the number of bases (T) of
the blank.

Data and materials availability

Sequence data are available at the European Nucleotide Archive (ENA) with
open access project ID: PRJEB87056. All additional data are included in the
Supplementary Information. Additionally, all sequencing data and data of
the supporting information are accessible here https://github.com/
FISABIO-BioinformaticsService/ CommsEarth_Environment-fDNArocks.
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