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Abstract: One of the primary current astrobiological goals is to understand the limits of microbial 

resistance to extraterrestrial conditions. Much attention is paid to ionizing radiation, since it can 

prevent the preservation and spread of life outside the Earth. The aim of this research was to study 

the impact of accelerated He ions (150 MeV/n, up to 1 kGy) as a component of the galactic cosmic 

rays on the black fungus C. antarcticus when mixed with Antarctic sandstones—the substratum of 

its natural habitat—and two Martian regolith simulants, which mimics two different evolutionary 

stages of Mars. The high dose of 1 kGy was used to assess the effect of dose accumulation in dormant 

cells within minerals, under long-term irradiation estimated on a geological time scale. The data 

obtained suggests that viable Earth-like microorganisms can be preserved in the dormant state in 

the near-surface scenario for approximately 322,000 and 110,000 Earth years within Martian regolith 

that mimic early and present Mars environmental conditions, respectively. In addition, the results 

of the study indicate the possibility of maintaining traces within regolith, as demonstrated by the 

identification of melanin pigments through UltraViolet-visible (UV-vis) spectrophotometric 

approach.  

Keywords: Galactic Cosmic Rays (GCRs); Mars environment; black fungi; survival; UV-vis 

spectroscopy; resistance; melanin 

 

1. Introduction 

Mars is the prime target for the search of life beyond Earth, primarily because of the 

environmental conditions that have occurred in the past. Mars has evidence for past liquid water on 

the surface and an atmosphere that contains the essential elements for life [1,2]; moreover, the cold 

and dry conditions on the planet provide the opportunity that evidence for putative life may be well 

preserved. However, the Martian surface is characterized by an ionizing radiation environment 

significantly greater than that of Earth and therefore represents the major limitations for microbial 
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survival in dormant state on present-day Mars. The thin Martian atmosphere and the absence of an 

ozone shield offer practically no protection against solar UV. The primary effects of UV radiation are 

a concern only on the surface of Mars, since the penetration of UV photons is limited to only a few 

micrometers [3] in the Martian near-subsurface or up to meters under a layer of snow or water [4]. 

The ionizing radiation of solar energetic protons (SEP) and galactic cosmic rays (GCR) dominate in 

the top few meters [3,4]. It has been measured by a Radiation Assessment Detector (RAD) instrument 

that the GCR dose rate that reached the Martian surface vary between 180–225 μGy/day [5]. The GCR 

spectrum is composed of 85% protons, 14% alpha particles (He ions), and a small fraction of heavy 

ions (fully ionized atomic nuclei). Ionizing radiation is measured in Gy, which is the total amount of 

energy deposited by ionizing radiation in a unit mass of the target material; different qualities of 

radiation can have different biological effectiveness, depending on their Linear Energy Transfer 

(LET) [6]. With increasing LET, it increases the density of ionization leading to a condensation of 

radiation effects in cells [5–7]. Densely ionizing radiation, such as the heavy ions and helium nuclei, 

can cause clusters of nearby DNA strand breaks, and so are particularly detrimental to cellular 

survival. Ionizing radiation can damage cellular components through direct deposition of radiation 

energy into biomolecules and indirectly by generating reactive oxygen species (ROS) [7]. While a 

metabolically active microorganism can repair the damages, the current freezing and water 

conditions in the Martian near-subsurface imply that any putative form of life could be dormant, so 

that the total dose accumulated over these periods could be crucial in determining cell survival [8]. 

Consequently, ionizing radiation imposes an upper boundary on the amount of time that a microbial 

organism can remain dormant in the near-subsurface of Mars. While a lot of experiments have been 

performed under simulated Martian conditions, mainly to study the microbial response to Martian 

UV, diurnal temperature shifts, and surface pressure [9–11], there has been relatively few 

investigations on the impact on ionizing radiation for (potential) microbial life on Mars. In natural 

Earth environments, microorganisms have capabilities to adapt to extreme conditions, including high 

dose of radiation uncommon on Earth, expanding the limits of habitability of Earth-like life beyond 

Earth. For example, melanized fungi are able to colonize environments with high radiation levels. A 

previous study [12] has reported that some fungal species are able to survive in the area around the 

Chernobyl reactor, growing towards the radiation source. Black fungi are also able to colonize 

spacecrafts that are considered high radiation environments [13]. 

The black fungus C. antarcticus, which thrives in the extreme environment of ice-free land of 

McMurdo Dry Valleys in Antarctica [14], has an unbelievable ability to resist physical extremes 

beyond its natural environment. Based on this extraordinary resistance, it has been widely used as 

test-organisms for astrobiological studies in both spaceflight and ground-based simulations. On 

board the European Space Agency (ESA) exposure facility EXPOSE E [15–17], dried colonies of C. 

antarcticus were exposed during 18 months to the extreme parameters encountered in space, 

including space vacuum, temperature cycles, and different spectral ranges of solar UV radiation, and 

also a simulated Mars environment in space (solar UV radiation 200–400 nm MJ/m2, cosmic radiation 

between 220–238 mGy and temperature cycles between −21.7 to +42.9 °C). Recent studies have also 

demonstrated its ability to resist a different kind of densely and sparsely ionizing radiation [18–22]. 

Part of this resistance was attributed to the presence of melanin in the cell-walls [20], the protection 

of extra-cellular polymeric substances [23], and probably the production of compatible endocellular 

cryoprotectants such as glycerol [24] and trehalose [25]. Here, in the frame of the STARLIFE 

irradiation campaign which aims to characterize the response of selected microorganisms to space-

relevant radiation [26], we have analyzed the survival of C. antarcticus after irradiation with 

accelerated He ions, which is a component of the galactic cosmic spectrum. The goal was to address 

the following question: does radiation of accelerated He ions affect the survival of fungal cells within 

Mars regolith simulants? To answer this question, dried colonies of the fungus were mixed with 

Antarctic sandstones (the substratum in which they naturally live) and with two Mars regolith 

simulants, namely Phyllosilicatic Mars Regolith Simulant (P-MRS; early evolutionary stages of Mars) 

and Sulfatic Mars Regolith Simulant (S-MRS; late evolutionary stages of Mars) [27], and exposed to 

increasing doses of He ions. The post-exposure viability was assessed by both cultivation and 
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molecular methods in terms of growing ability, DNA and plasmatic membrane integrity, and 

metabolic activity recovery. Moreover, the stability of melanin pigments, as component of fungal cell-

wall, after radiation was checked by UV-vis spectroscopy. 

2. Materials and Methods  

2.1. Samples Preparation and Exposure Conditions 

The Antarctic cryptoendolithic black fungus Cryomyces antarcticus CCFEE 515 was isolated by R. 

Ocampo-Friedmann from sandstone collected by H. Vishniac at Linnaeus Terrace (McMurdo 

Antarctic Dry Valleys, Southern Victoria Land) during the expedition in 1980–1981.  

The fungus was isolated in Malt Extract Agar Petri Dishes as reported in [16], and since then it 

has been stored in the Culture Collection of Fungi From Extreme Environment (CCFEE) of University 

of Tuscia (Viterbo, Italy) that is a section of the Italian National Antarctic Museum. Firstly, a total of 

2000 Colony-Forming Units (CFU) was spread from a 15 °C culture on Malt Extract Agar (MEA) 

medium (malt extract, powdered 30 g/L; agar 15 g/L; Applichem, GmbH) in Petri dishes, incubated 

at 15 °C for 3 months.  

After growth, the colonies were desiccated under laminar flow in a sterile cabinet for one night. 

Once dried, colonies were mixed to three distinct materials and standard PCR tubes (200 μL volume) 

were totally filled with the different mixtures and fungal colonies. The mineral mixtures were 

previously dried-sterilized at 140 °C for 4 hours.  

Three sets of samples were thus investigated: i) colonies mixed with grinded Antarctic sandstone 

that is the Original Substratum (OS) where the fungus naturally occurs; ii) colonies mixed with P-

MRS that mimics the regolith of phyllosilicate deposits mainly occurred on early Mars; iii) colonies 

mixed with S-MRS that is an analogue of regolith mainly observed in the current Martian sulphate 

deposits. The mineralogical composition of the Martian analogues is reported in Table S1 (from [28]). 

Samples were exposed to increasing doses of accelerated He ions (He2+, 150 MeV/n, LET in water: 2.2 

keV/μm) at the Heavy Ion Medical Accelerator in Chiba (HIMAC) facility at the National Institute of 

Radiological Sciences (NIRS) in Japan. The applied doses were 50, 250, and 1000 Gy and the dose rate 

was 4.4 Gy/min; all samples were irradiated in a homogenous beam area. Laboratory controls (0 Gy) 

were kept in the laboratory at room temperature. All tests were performed in triplicate. 

2.2. Survival Assessment 

2.2.1. Cultivation Test 

Cultivation test was performed to determine the survival of fungal colonies after exposure to 

increasing doses of accelerated helium ions. Colonies from each set of samples were removed from 

the respective analogue with a sterile tweezer and rehydrated at 15 °C adding 1 mL of physiological 

solution (NaCl 0.9%) for 72 h.  

The colonies were diluted to a final concentration of 50000 CFU/mL, and 0.1 mL (5000 CFUs) for 

each sample was spread on MEA Petri dishes in quintuplicate. Samples were incubated at 15 °C for 

3 months and the grown colonies were counted. Non-irradiated samples were kept in laboratory 

under room temperature and used as controls. In addition, dried colonies exposed without minerals 

to increasing doses of accelerated He ions from previous experiment [21] were used as reference and 

they are referred as un-shielded colonies. 

2.2.2. Membrane Damage Assessment 

Quantitative PCR (qPCR) of DNA from samples treated with Propidium MonoAzide (PMA) was 

performed to assess the membrane integrity in samples. An aliquot of each rehydrated sample was 

added with 5 μL of a PMA solution (200 μM) and incubated in the dark for 1 h with constant shaking. 

Samples were then placed in ice and exposed to a halogen lamp for 10 min. PMA can selectively 

penetrate cells with damaged membranes and cross-link to DNA under exposure to light, thereby 

preventing Polymerase Chain Reaction (PCR). DNA extraction and purification were performed on 
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PMA treated and untreated aliquots from each sample. DNAs were quantified and normalized at the 

same concentration (2 ng/mL) using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, 

Massachusetts, USA) and qPCR was performed to quantify the number of fungal internal transcribed 

spacer (ITS) ribosomal DNA fragments (281 bp) in both PMA-treated and untreated samples, 

according to [19]. All tests were performed in triplicate. 

2.2.3. Metabolic Activity Assessment by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) Assay 

MTT assay was performed as a colorimetric test to evaluate metabolic activity of fungal cells. A 

total of 100 μL of cell suspensions (3.5 × 105 cells/mL) in Phosphate-Buffered Saline (PBS), containing 

0.5 mg/mL MTT salt (Thermo-Fisher scientific) were put into 96-well microplates. After incubation 

in the dark at room temperature for 48 and 72 h, MTT solution was removed with a multi-channel 

pipette and 100 μL of DiMethyl SulfOxide was added. The absorbance was read at 595 nm, and the 

average absorbance of wells containing only MTT was subtracted from the others. Means and 

standard deviations were calculated, and results were normalized with the laboratory controls. 

2.2.4. Statistical Analyses 

Statistical analyses were performed by one-way analysis of variance (ANOVA) and pair wise 

multiple comparison procedure (Tukey’s test, [29]), carried out using the statistical software SigmaStat 

2.0 (Jandel). 

2.3. DNA Integrity Assessment 

2.3.1. DNA Extraction, Single Gene PCRs, and Random Amplified Polymorphic DNA Analysis 

DNA extraction was performed on dried colonies using the NucleoSpin® Plant kit (Macherey-

Nagel, Düren, Germany) following the protocol optimized for fungi [18]. Quantitation of extracted 

genomic DNA was performed using the Qubit system and all the samples were diluted to the same 

concentration (2 ng/mL). Three overlapping tracts in the Internal Transcribed Spacer (ITS) regions 

and the Large SubUnit-coding Sequences (LSU) of the nuclear ribosomal RNA (rRNA) gene complex 

were amplified. The used primers were ITS4a (ATTTGAGCTGTTGCCGCTTCA), ITS5 

(GGAAGTAAAAGTCGTAACAAGG), LR5 (TCCTGAGGGAAACTTC) and LR7 

TACTACCACCAAGATCT). PCR reactions were carried out for each sample in a solution consisting 

of 12.5 μL of BioMixTM (BioLine Ltd., London), 1 μL of each primer solution (5 pmol/μl), and 0.2 ng 

of DNA template, nuclease-free water was added until to reach the final volume of 25 μL. MyCycler 

Thermal Cycler (Bio-Rad Laboratories GmbH, Munich, Germany) equipped with a heated lid was 

used and amplification conditions are as reported in [30]. Relative band intensities were measured 

and compared by using Image Lab Software Version 6.1 (Bio-Rad, Hercules, California, USA). 
The whole genome integrity was assessed by Random Amplified Polymorphic DNA (RAPD). 

PCR reactions were carried out for each sample in a final solution containing 12.5 μL of BioMixTM, 

5 pmol of primer (GGA)7 and 0.2 ng of DNA sample, in a final volume of 25 μL. Amplifications were 

performed according to [30]. 

2.3.2. DNA Integrity by Quantitative qPCR Assay 

Quantitative PCR was carried out to quantify the number of amplified ITS rDNA region by using 

LR0R and LR5 primers. The qPCR reactions were performed in triplicate with a solution containing 

7.5 μL of qPCR cocktail (iQ SYBER Green Supermix, Biorad, MI, Italy), 1 μL of each primer solution 

(5 pmol/μL), and 0.1 ng of DNA template in a final volume of 15 μL. The amplifications were carried 

out by Biorad CFX96 real time PCR detection system. 
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2.4. Fungal Melanin Extraction and Spectrophotometric Analysis 

Melanin was extracted from dried colonies of C. antarcticus grown on different substrata, 

following the protocol optimized for black fungi [31]. After the extraction, purified pigments were 

dissolved in 500 μL of NaOH 1M and its UV-Visible spectrum was measured in VWR-UV 1600 PC 

Spectrophotometer by using M.Wave professional 2.0 software (VWR, Radnor, Pennsylvania, USA). 

A standard graph for estimation was used and was made using synthetic melanin. NaOH 1M was 

used as a blank and the instrument was set in a range of 200–800 nm for the analysis. The correlation 

between absorbance and wavelength was defined. To determine the concentration of extracted 

melanin, synthetic DHN (1,8-DiHydroxyNaphthalene) melanin (Thermo Fisher Scientific) was 

prepared in 1M NaOH at concentrations of 500 mg/mL and a standard curve at 650 nm was obtained 

as reported in [32]. 

3. Results 

3.1. Cultivation Test 

The survivability of the black fungus C. antarcticus after irradiation with accelerated helium ions 

was determined by counting the numbers of colonies formed on MEA plates, compared to the 

controls. Colonies survival was plotted as a function of the applied dose of accelerated He ions 

(Figure 1). Obtained data were compared with previous results, where the fungus was irradiated in 

absence of any substratum [21]. D10 values, the dose lethal for 90% of the initial colonies, were 

calculated from the survival curves, expressed by LogN values and are reported in Table 1. 

Overall, survival results showed a common trend that is a fungal growth decrease as the radiation 

dose increases (Figure 1). Figure 1 (black line) shows the survival of C. antarcticus colonies mixed with 

OS substratum; appreciable growth ability up to 50 Gy, with a 31% of survivors, and loss of growth 

at the doses of 250 and 1000 Gy. Samples mixed with the P-MRS analogue showed a dose-dependent 

growth decrease, although the survival was reported even at the highest dose (6% of survivors at 

1000 Gy; Figure 1, grey line). For colonies mixed in S-MRS analogue, the growth ability was 

maintained up to 250 Gy, with 6.5% of survivors (Figure 1, light grey line). No growth was recorded 

for samples irradiated with 1000 Gy. 

Table 1. D10 values = dose (Gy) of He ions irradiation leading to a 90% inactivation of the initial 

Coloning Forming Unit (CFU). 

Samples D10 

Un-shielded coloniesa 5000 

Colonies mixed with OS 101 

Colonies mixed with P-MRS 667 

Colonies mixed with S-MRS 227 

a Reference samples from [21]. OS= Original Substrate; P-MRS= Phyllosilicatic Mars Regolith Simulant; 

S-MRS= Sulfatic Mars Regolith Simulant. 
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Figure 1. Cultivation test performed in colonies exposed to accelerated helium ions in presence of OS 

(Original Substrate)  (black line), P-MRS (Phyllosilicatic Mars Regolith Simulant) analogue (grey 

line), and S-MRS (Sulfatic Mars Regolith Simulant) analogue (light grey line); compared with 

irradiated un-shielded colonies (dashed blue line; data from [21]). Significant differences were 

calculated by Tukey’s test with * p < 0.05 and ** p < 0.001. 

3.2. Membrane Damage Assessment 

The PMA assay coupled with qPCR was used to discriminate damaged cell-membranes to 

undamaged cell-membranes. PMA is a compound that can only penetrate cells with compromised 

cell membranes, binds DNA and prevents amplification. Figure 2A showed progressive cell-

membranes damage with the increasing of irradiation for colonies mixed with OS substratum (up to 

35.3% of damaged membranes at 1000 Gy). The doses of 50 Gy and 250 Gy did not show a significant 

difference compared to the control. C. antarcticus colonies mixed with P-MRS analogue (Figure 2B) 

maintained 12.87% of intact cell membranes at the highest dose (1000 Gy), while colonies mixed with 

S-MRS showed a low percentage of compromised membranes as 13.25 and 7.46% for 50 and 250 Gy, 

respectively (Figure 2C). However, non-statistically significant differences were found among 50 and 

250 Gy irradiated samples, compared with the relative control. Around 30% of cells with damaged 

cell-membranes were recorded for colonies after irradiation at 1000 Gy. 

 

Figure 2. Percentage of intact and damaged cell-membranes measured with Propidium Mono Azide 

(PMA) assay coupled with qPCR of C. antarcticus mixed with (A) OS substratum, (B) P-MRS, and (C) 

S-MRS analogues. Light grey bars represent the percentage of cells with damaged cell membranes; 

dark grey bars represent the percentage of cells with un-damaged cell membranes. Statistical analyses 

are as in Figure 1. 

3.3. Metabolic Activity Assessment by MTT Assay  

In metabolically active cells, MTT is reduced to a water-insoluble blue formazan by the succinate 

dehydrogenase, enzyme of the mitochondrial respiratory chain. The reduced product is quantified 

spectrophotometrically by dissolution in an organic solvent (DMSO), and the measured 

concentration is directly proportional to the number of metabolically active cells. Here, the MTT assay 

was performed to investigate to which extent cells are able to re-activate metabolic activity after the 
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irradiation treatments. Figure 3 shows the metabolic activity recovery of irradiated cells after 48 h of 

rehydration. The MTT results of colonies mixed with OS substratum, demonstrated a decrease in C. 

antarcticus metabolic activity, with the increasing of helium ions irradiation doses (Figure 3A). 

Formazan production of colonies mixed with P-MRS analogue (Figure 3B) revealed a high quantity 

at 250 Gy dose and a low formation at 50 and 1000 Gy doses, compared with the control. A similar 

trend for samples exposed at 250 Gy of accelerated helium ions has been found for samples mixed 

with S-MRS analogue (Figure 3C). However, a good amount of metabolic activity was reported at the 

highest tested dose of 1000 Gy in all samples, despite the analogues.  

 

Figure 3. Effect of accelerated helium ions irradiation on metabolic activity recovery of C. antarcticus 

mixed with (A) OS substratum, (B) P-MRS, and (C) S-MRS analogues by MTT assay. Statistical 

analyses are as in Figure 1. 

3.4. DNA Integrity Assessment 

The amplified DNA fragments were obtained from amplification of ITS-LSU regions of 700, 1600, 

and 2000 bp, respectively. Figure 4A–C reported electrophoresis gels from amplification obtained from 

ITS5-ITS4a, ITS5-LR5, and ITS5-LR7 primers. Results showed no evident differences in DNA 

amplification among controls and irradiated samples of each sets. The whole genome was investigated 

by RAPD assay, based on PCR amplifications of genomic DNA, utilizing a short unspecific primer that 

is able to bind to different points in the genome and to reproduce a specific band pattern for the tested 

organism. The RAPD profiles were preserved in all the conditions tested (Figure S2). Any 

disappearance of high molecular weight band, that is expected in case of extensive DNA damage [33], 

was reported in the irradiated samples, indicating a good integrity of the whole DNA.  

DNA damage analysis was performed by quantitative amplification of a gene, spanning the 

ribosomal LSU, of 939 bp length. Figure 4A–C showed the number of amplified DNA fragments after 

irradiation with increasing doses of accelerated helium ions mixed with the OS substratum, P-MRS, 

and S-MRS analogues, respectively. The results revealed a reduced DNA amplification while 

increasing the radiation doses for all tested samples. In overall, around 19,000 DNA copies were 

amplified on average and the amplification never goes less than 100 copies. Summarizing, all the 

gene amplifications worked out and the number of amplified DNA copies was never under the 

amplification limit. 

 

Figure 4. rDNA ((Internal Transcriber Spacer (ITS)-Large SubUnit region (LSU)) copy number 

quantification by qPCR of DNA of C. antarcticus colonies mixed with (A) OS substratum, (B) P-MRS, 

and (C) S-MRS analogues exposed to accelerated helium ions. Statistical analyses are as in Figure 1. 
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3.5. Melanin Investigation by Spectrophotometric Analyses 

Spectrophotometric analyses were performed on fungal melanin extracted from C. antarcticus 

colonies mixed with OS substratum and P-MRS and S-MRS analogues, after exposure to accelerated 

helium ions. The wavelength of maximum absorbance was scanned at a range of 200 to 800 nm. The 

UV-visible absorbance spectrum of the purified pigments showed a strong absorbance in the UV 

region. The strong absorption in the UV region with a progressive decrease at high wavelengths is 

due to the presence of complex conjugated structures in the melanin molecule [34]. Figure 5 shows 

the melanin spectra obtained from colonies mixed with OS substratum (Figure 5A), P-MRS (Figure 

5B) and S-MRS (Figure 5C) analogues, exposed to 50 (black lines), 250 (grey lines), and 1000 Gy (light 

grey lines), compared with the controls (blue lines). Changes in melanin absorbance has been 

reported in the irradiated samples, with an absorption peak around 245–251 nm; compared with 

relative controls, which shown an absorption peak at 223–224 nm, the typical wavelength of 

absorbance of C. antarcticus melanin pigments [31]. In addition, a bulge at ~310–312 nm was revealed 

only in exposed samples of OS set, in 50 Gy irradiated samples of P-MRS set, and 50 and 250 Gy 

irradiated samples of S-MRS sets, probably due to the presence of minerals during the UV-vis 

detection process. In fact, it could be representative of the goethite, which in general shows an UV 

absorbance near 330 nm, attributable to an Fe3+–O charge transfer [35,36]. 

In the initial part of the spectrum, which corresponds to lower wavelengths, the additional near 

216–218 nm could be associated with the presence of montmorillonite, the main component (45%wt) 

of the P-MRS analogue [35,36], as further confirmation of the presence of mineral grains in the sample 

during the detection.  

The concentration of extracted melanin was estimated by comparing the absorbance value at 650 

nm of each melanin sample with the A650 standard curve of synthetic DHN melanin (Fig. S3), and 

concentration values (mg/mL) were reported for all OS, P-MRS, and S-MRS samples in Table S2. 

 

Figure 5. UV-Vis spectra of melanin pigment extracted from C. antarcticus colonies mixed with (A) OS 

substratum exposed to simulated space conditions and (B) P-MRS, and (C) S-MRS analogues and 
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exposed to accelerated helium ions at the doses of 50 Gy (black line), 250 Gy (grey line), 1000 Gy (light 

grey line), and the respective control (blue line). 

4. Discussion  

The surface of Mars, unshielded by a thick atmosphere or by a global magnetic field, is exposed 

to high levels of cosmic radiation. This radiation environment is deleterious to the survival of 

dormant cells or spores and to the persistence of molecular biomarkers in the subsurface. The effects 

of ionizing radiation on Earth life is of high astrobiological interest. Among radiation, the direct 

effects of UV are a concern only on the surface of Mars, and the penetration of UV photons is limited 

to only a few micrometers [3,37]; while ionizing radiation has to be considered also for the subsurface. 

Indeed, Martian atmosphere is continuously traversed by GCR, which mainly consist of accelerated 

protons (about 87%) and helium ions (about 12%) [38]. These particles are the main radiation 

component both of the Martian radiative environments, either of the deep space. Primary GCR 

particles with energies that exceed the atmosphere cut-off, which has an average shielding depth of 

23 g/cm2, hit the Martian surface. Here, due to the relative abundances of the particles and their 

different penetrating depths, accelerated protons and helium ions [39] dominate the radiation 

environment. Ions incident on the Martian surface can penetrate the top meters of regolith until 

attenuated [10]. Therefore, the shielding by the regolith against GCR may play a critical role in 

fostering the persistence of hypothetical forms of life in the subsurface environment of Mars. 

However, a decrease in the absorbed dose due to GCR particles is only observed from a few 

centimeters beneath the surface, without significant variations within the near-surface layer [40]. 

Therefore, this phenomenon makes GCR particles a critical hazard not only for any putative form of 

life colonizing the first few centimeters of Martian regolith, but also for the future space missions 

around the lunar orbit and towards Martian cruise. 

In this context, the present experiment reproduced part of the radiation environment predicted 

in the loose dry regolith making up the shallowest layer of Martian surface, in order to assess its 

suitability to survival of terrestrial-like forms of life. To this purpose, we have exposed dry colonies 

of the cryptoendolithic black fungus C. antarcticus to increasing doses of accelerated He ions (up to 1 

kGy), while mixed with Antarctic sandstones and two Martian regolith analogues. Indeed, 

accelerated He ions, together with protons, contribute to the major part of the absorbed dose induced 

by GCR in the surface and the shallow subsurface environments of Mars [40,41]. A study of the effect 

of elevated radiation doses, which significantly exceed the radiation on the surface of Mars (i.e., 76 

mGy/yr) [5] as in the case of this experiment, is necessary for the extrapolation of biological effects 

on the geological time scale. Furthermore, in addition to ionizing radiation, the uppermost layer of 

the Martian subsurface is characterized by conditions of hyperaridity and extreme temperature 

variations. However, the presence of salts (namely perchlorates, sulphates, chlorides carbonates and 

nitrates [42], may let to a periodical formation of transient brines by deliquescence in the uppermost 

centimeters of the subsurface, thus making available limited amounts of liquid water in a latitude-

dependent fashion [43]. Although no strong evidence of liquid water in an adequate amount to 

support terrestrial-like forms of life exists, the seasonality of the availability of shallow brines [44] 

would imply that any putative extant life in the near-surface environment is dormant (i.e., 

metabolically inactive) for long periods of time, thereby accumulating GCR doses over seasonal 

periods, until being reactivated by the presence of liquid water. Alternatively, the dormant state may 

expand over geological periods, until the cellular reactivation by global or local changes in the 

environmental parameters. Therefore, the total dose accumulated over these periods will be crucial 

in determining cell survival, and not the rate at which it is absorbed.  

In our experiment, irradiation with up to 0.5 kGy of He ions, did not eradicate populations of C. 

antarcticus and did not induce high damage to either DNA or cell membranes. 

The fungus survives doses up to 250, 1000, and 250 Gy when mixed with OS substratum and P-

MRS and S-MRS analogues, respectively (Figure 1). These values are lower when compared with the 

same fungus exposed to the same He ions radiation without the minerals, where 70% of survivors 

were reported at the dose of 1000 Gy ([21], reported as reference in Figure 1, dashed line). This is 
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more evident when looking at the D10 values (Table 1). The observation that fungi mixed with 

Antarctic sandstones and Martian regolith simulants were significantly more sensitive, with D10 

values of 10, 667, and 227 Gy, respectively, than un-shielded fungal colonies (D10 = 5000 Gy, 

extrapolated data from [21]) to He ions radiation was quite surprising. This means that in the presence 

of Martian regolith simulants, instead of having protection, the number of secondary generated 

radiation, reduce the possibility for dormant fungal cells to persist in Martian subsurface 

environment of 10 times (Table 1). 

It can be suggested that fungal cells mixed with artificial Martian regolith, a complex mixture of 

various water-absorbing minerals (e.g., montmorillonite, kaolinite, hematite, anhydrite) were additionally 

affected by the generation of ROS such as peroxide, superoxide, or hydroxyl radicals in the Martian 

regolith simulants [45–48]. In our experiment, accelerated He ions radiation allows a re-activation of 

metabolic activity that was, however, not dose-dependent in C. antarcticus, as irradiation at 250 Gy led to 

an increase in metabolic activity in colonies mixed with P-MRS and S-MRS analogues (Figure 3). This 

would be explained by the fact that, depending on the extent of cellular damage, the ionizing radiation 

can either kill the cell or activate a response. In the latter case, one of the main cellular responses after 

radiation exposure is represented by mitochondrial biogenesis. The MTT assay for evaluating the 

metabolic activity is the MTT assay used to measure the mitochondrial activity, therefore an enhanced 

production of mitochondria as response to radiation exposure may lead to an increase of the general 

metabolic activity [49]. Accordingly, the increase of metabolic activity reported for cells mixed with P-

MRS and S-MRS analogues (Figure 3B and 3C, respectively) can be attributed to an activated response of 

colonies to repair the radiation-caused damages after re-hydration. 

Accelerated He ion radiation caused a certain amount of damage to cell membranes, with a 

decrease of membrane-intact cells by ~36%, 87%, and 30% at the dose of 1000 Gy in cells mixed with 

Antarctic sandstones, P-MRS, and S-MRS analogues, respectively (Figure 2).  

DNA damage was not detectable at all C. antarcticus extracted DNA through single gene 

amplifications that were successful even at highest dose and longest gene sequences tested (Figure 

S1); accordingly, the fingerprinting profiles were perfectly maintained (Figure S2). We quantify the 

number of amplifiable DNA copies, and therefore, the presumably intact DNA molecules through 

qPCR; it resulted in few DNA degradation (likely caused by the formation of double strand breaks, 

DSBs) as shown by the reduced amplification efficiencies of DNA from irradiated cells in qPCR 

reactions (Figure 4). Nevertheless, an average of 1000 amplified DNA copies were reported even at 1 

kGy exposure and even in samples where no survival was reported.  

To put our results in the context of the possible survival of dormant Earth-like cells on Mars, we 

calculated the time necessary to inactivate 90% of fungal cells (see Supplementary material, Table S3). 

In the present experiment, we only considered the effects of accelerated He ions, which make up 12% 

of GCR spectrum [42]. The fluxes of He ions on the Martian surface were measured by the Radiation 

Assessment Detector (RAD) on the Mars Science Laboratory’s Curiosity rover over two distinct 

periods [39,42]; the GCR fluxes on Martian surface depends on the thickness of the atmosphere and 

the modulation by heliosphere, both of which vary periodically [47,50,51], and are not composed 

exclusively of α particles (similar to He ions), they also includes gamma rays and a large proportion 

of protons, as well as some heavier nuclei. However, a simplified model may be proposed which 

gives an approximation of the time that would be required by each fungal cell to be hit by as many 

particles (He ions) as used in the present experiment. He ions used in our experiment had energy of 

150 MeV/nuc. Ions with energies lower than this value are more damaging, but less penetrating with 

very low fluxes. Therefore, in our estimation we considered only particles measured on Martian 

surface with energies above 135 MeV/nuc [42], and we calculated the estimated number of particles 

that hit the surface of each fungal cell depending on the exposure doses and the average size of fungal 

cells (around 35 μm). Despite the approximations of our simplified model, our results show as the 

time necessary to inactivate 90% of fungal cells in a hypothetical Martian surface and near-surface 

scenario may markedly vary depending on not only the depth in the regoliths at which cells are 

exposed, but also on the type of the mineral of the regoliths. We estimated that a dormant cell of C. 

antarcticus may be preserved in the surface of Mars for about 322,000 and 110,000 years within P-MRS 
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and S-MRS analogues, respectively (see Table S2). Our calculations do not take into account the 

possibility that in some areas on Mars, temperatures above 0 °C and formation of liquid water are 

possible [45,52]. In such a case, active cells may be able to repair damages and to reproduct, then they 

can go in a dormant state until the next period of favorable environmental conditions (i.e., liquid 

water, warmer temperature) [53]. Considering this, we can assume an even longer preservation of 

putative Earth-like life on Mars. 

The resistance of C. antarcticus to UV radiation doses uncommon for any habitat on Earth was 

suggested to be partially due to the presence of melanin pigments in the cell-wall [54], therefore we 

investigated the preservation of fungal melanin pigments through spectrophotometric approach. 

Results showed that irradiation with accelerated helium ions may alter the melanin structure. In 

Figure 5A, B and C is reported a shift of the typical melanin absorbance peak near 245–251 nm, with 

respect to C. antarcticus melanin pigment [31]. The additional peaks in the spectra (Figure 5A–C) 

revealed the presence of mineral grains during the detection. Overall, despite the presence of 

minerals, the detection of melanic pigments is always obtained. Due to their detection properties, it 

is possible to conclude that melanin pigments have high stability even in highly radiative 

environments and may have a double role in astrobiological research; their high radiation resistance 

has significant implications for the radioresistance of hypothetical life form on Mars and for the 

identification of potential biomarkers in the search for life beyond Earth. This greater radiation 

resistance has important implications for the estimation of potential survival times of 

microorganisms near the Martian surface and for the planetary protection issue. 

5. Conclusions 

In conclusion, the present study demonstrated the ability of the terrestrial black fungus C. 

antarcticus, to survive to accelerated He ions exposure in dehydrated form, when mixed with two 

Martian regolith simulants. Moreover, its biomolecules such as DNA and melanin are stable and 

detectable with our approaches. These results could have deep implications for future space missions, 

demonstrating the chance of long-term preservation of terrestrial-like microorganisms and their 

biomolecules on Mars.  

Supplementary Materials: The following are available online at www.mdpi.com/2075-1729/10/8/130/s1, Figure 

S1: PCR amplification of the A) ITS region (600 bp), B) ITS-LSU region (1600 bp), and C) ITS-LSU region (2000 

bp) of samples of each set (OS substratum, P-MRS and S-MRS analogues). Pos Ctr: laboratory control; Ctr: 

Control; Neg Ctr: Negative Control; Figure S2: RAPD assay from C. antarcticus colonies extracted DNA, after 

exposure to accelerated helium ions irradiation. OS: Original substrate; P-MRS: Phyllosilicate Mars Regolith 

Simulant; and S-MRS: Sulfatic Mars Regolith Simulant; Figure S3: Positive correlation between synthetic DHN 

melanin at five concentrations and absorbance at 650 nm, used as standard curve for quantification according to 

[32]; Table S1: Concentration (in mg/mL) of extracted melanin from C. antarcticus colonies of exposed to 

accelerated helium ions. Table S2. Predictions of C. antarcticus survival period on the surface of Mars. 

Author Contributions: Conceptualization, C.P., R.M., and S.O; methodology, C.P., A.F., and A.C.; formal 

analysis, A.C. and L.A.; investigation, C.P., A.C., and L.A.; resources, S.O.; data curation, C.P. and A.C.; 

writing—original draft preparation, C.P.; writing-review and editing, C.P., A.C, L.A., R.M, and S.O.; 

supervision, S.O.; funding acquisition, S.O. All authors have read and agreed to the published version of the 

manuscript. 

Funding: This research was funded by Italian Space Agency, grant number ASI N. 2019-3-U.0, Life in Space. 

R.M. was supported by the DLR grant FuE-Projekt “ISS LIFE” (Programm RF-FuW, Teilprogramm 475). A.F. 

and R.M. received support by the MEXT Grant-in-Aid for Scientific Research on Innovative Areas “Living in 

Space” (Grant Numbers: 15H05935, 15K21745). 

Acknowledgments: The authors acknowledge Italian Space Agency for financial support. The Italian National 

Program of Antarctic Researches (PNRA) and the Italian National Antarctic Museum “Felice Ippolito” (MNA) 

are also acknowledged for funding the collection of Antarctic samples CCFEE. 

Conflicts of Interest: The authors declare no conflict of interest. 

  



Life 2020, 10, 130 12 of 14 

 

References 

1. Di Achille, G.; Hynek, B.M. Ancient ocean on Mars supported by global distribution of deltas and valleys. 

Nat. Geosci. 2010, 3, 459–463, doi:10.1038/ngeo891. 

2. Jakosky, B.M.; Slipski, M.; Benna, M.; Mahaffy, P.; Elrod, M.; Yelle, R.; Stone, S.; Alsaeed, N. Mars’ 

atmospheric history derived from upper-atmosphere measurements of 38Ar/36Ar. Science 2017, 355, 1408–

1410, doi:10.1126/science.aai7721. 

3. Parnell, J.; Cullen, D.; Sims, M.R.; Bowden, S.; Cockell, C.S.; Court, R.; Ehrenfreund, P.; Gaubert, F.; Grant, 

W.; Parro, V.; et al. Searching for life on Mars: Selection of molecular targets for ESA’s Aurora ExoMars 

mission. Astrobiology 2007, 7, 578–604, doi:10.1089/ast.2006.0110. 

4. Fornaro, T.; Steele, A.; Brucato, J.R. Catalytic/protective properties of Martian minerals and implications 

for possible origin of life on mars. Life 2018, 8, 56, doi:10.3390/life8040056. 

5. Hassler, D.M.; Zeitlin, C.; Wimmer-Schweingruber, R.F.; Ehresmann, B.; Rafkin, S.; Eigenbrode, J.L.; Brinza, 

D.E.; Weigle, G.; Böttcher, S.; Böhm, E.; et al. Mars’ surface radiation environment measured with the Mars 

science laboratory’s curiosity rover. Science 2014, 343, 1–11, doi:10.1126/science.1244797. 

6. Kiefer, J. Theoretical Analysis of Heavy Ion Action on Cells: Model-Free Approaches, Consequences for 

Radiation Protections. In Biological Effects and Physics of Solar and Galactic Cosmic Radiation: Part A.; 

Swenberg, C.E., Horneck, G., Stassinopoulos, E.G., Eds.; Springer US: Boston, MA, USA, 1993; pp. 283–290, 

ISBN 978-1-4615-2918-7. 

7. Kiefer, J. Radiation Effects on Subcellular Systems. In Biological Radiation Effects; Springer Berlin Heidelberg: 

Berlin/Heidelberg, Germany, 1990; pp. 121–136, ISBN 978-3-642-83769-2. 

8. Dartnell, L.R.; Desorgher, L.; Ward, J.M.; Coates, A.J. Modelling the surface and subsurface Martian radiation 

environment: Implications for astrobiology. Geophys. Res. Lett. 2007, 34, 4–9, doi:10.1029/2006GL027494. 

9. Rettberg, P.; Rabbow, E.; Panitz, C.; Horneck, G. Biological space experiments for the simulation of Martian 

conditions: UV radiation and Martian soil analogues. Adv. Space Res. 2004, 33, 1294–1301, 

doi:10.1016/j.asr.2003.09.050. 

10. Newcombe, D.A.; Schuerger, A.C.; Benardini, J.N.; Dickinson, D.; Tanner, R.; Venkateswaran, K. Survival 

of spacecraft-associated microorganisms under simulated Martian UV irradiation. Appl. Environ. Microbiol. 

2005, 71, 8147–8156, doi:10.1128/AEM.71.12.8147-8156.2005. 

11. Osman, S.; Peeters, Z.; La Duc, M.T.; Mancinelli, R.; Ehrenfreund, P.; Venkateswaran, K. Effect of 

shadowing on survival of bacteria under conditions simulating the Martian atmosphere and UV radiation. 

Appl. Environ. Microbiol. 2008, 74, 959–970, doi:10.1128/AEM.01973-07. 

12. Schuerger, A.C.; Mancinelli, R.L.; Kern, R.G.; Rothschild, L.J.; McKay, C.P. Survival of endospores of 

Bacillus subtilis on spacecraft surfaces under simulated martian environments: Implications for the 

forward contamination of Mars. Icarus 2003, 165, 253–276, doi:10.1016/S0019-1035(03)00200-8. 

13. Schuerger, A.C.; Richards, J.T.; Newcombe, D.A.; Venkateswaran, K. Rapid inactivation of seven Bacillus 

spp. under simulated Mars UV irradiation. Icarus 2006, 181, 52–62, doi:10.1016/j.icarus.2005.10.008. 

14. Zhdanova, N. Fungi from Chernobyl: Mycobiota of the inner regions of the containment structures of the 

damaged nuclear reactor. Mycol. Res. 2000, 104, 1421–1426. 

15. Alekhova, T.A.; Aleksandrova, A.A.; Novozhilova, T.Y.; Lysak, L.V.; Zagustina, N.A.; Bezborodov, A.M. 

Monitoring of microbial degraders in manned space stations. Appl. Biochem. Microbiol. 2005, 41, 382–389, 

doi:10.1007/s10438-005-0065-x. 

16. Selbmann, L.; De Hoog, G.S.; Mazzaglia, A.; Friedmann, E.I.; Onofri, S. Fungi at the edge of life: Cryptoendolithic 

black fungi from Antarctic desert. Stud. Mycol. 2005, 51, 1–32. 

17. Onofri, S.; De La Torre, R.; De Vera, J.P.; Ott, S.; Zucconi, L.; Selbmann, L.; Scalzi, G.; Venkateswaran, K.J.; 

Rabbow, E.; Sánchez Iñigo, F.J.; et al. Survival of rock-colonizing organisms after 1.5 years in outer space. 

Astrobiology 2012, 12, 508–516, doi:10.1089/ast.2011.0736. 

18. Onofri, S.; De Vera, J.P.; Zucconi, L.; Selbmann, L.; Scalzi, G.; Venkateswaran, K.J.; Rabbow, E.; De La Torre, 

R.; Horneck, G. Survival of Antarctic Cryptoendolithic Fungi in Simulated Martian Conditions on Board 

the International Space Station. Astrobiology 2015, 15, 1052–1059, doi:10.1089/ast.2015.1324. 

19. Onofri, S.; Selbmann, L.; Pacelli, C.; de Vera, J.P.; Horneck, G.; Hallsworth, J.E.; Zucconi, L. Integrity of the 

DNA and cellular ultrastructure of cryptoendolithic fungi in space or mars conditions: A 1.5-year study at 

the international space station. Life 2018, 8, 23, doi:10.3390/life8020023. 

20. Pacelli, C.; Selbmann, L.; Zucconi, L.; Raguse, M.; Moeller, R.; Shuryak, I.; Onofri, S. Survival, DNA 

integrity, and ultrastructural damage in antarctic cryptoendolithic eukaryotic microorganisms exposed to 

ionizing radiation. Astrobiology 2017, 17, 126–135, doi:10.1089/ast.2015.1456. 



Life 2020, 10, 130 13 of 14 

 

21. Pacelli, C.; Selbmann, L.; Moeller, R.; Zucconi, L.; Fujimori, A.; Onofri, S. Cryptoendolithic Antarctic black 

fungus Cryomyces antarcticus irradiated with accelerated helium ions: Survival and metabolic activity, DNA 

and ultrastructural damages. Front. Microbiol. 2017, 8, 2002, doi:10.3389/fmicb.2017.02002. 

22. Pacelli, C.; Bryan, R.A.; Onofri, S.; Selbmann, L.; Zucconi, L.; Shuryak, I.; Dadachova, E. The effect of 

protracted X-ray exposure on cell survival and metabolic activity of fast and slow growing fungi capable 

of melanogenesis. Environ. Microbiol. Rep. 2018, 10, 255–263, doi:10.1111/1758-2229.12632. 

23. Selbmann, L.; Pacelli, C.; Zucconi, L.; Dadachova, E.; Moeller, R.; de Vera, J.P.; Onofri, S. Resistance of an 

Antarctic cryptoendolithic black fungus to radiation gives new insights of astrobiological relevance. Fungal 

Biol. 2018, 122, 546–554, doi:10.1016/j.funbio.2017.10.012. 

24. Onofri, S.; Selbmann, L.; de Hoog, G.S.; Grube, M.; Barreca, D.; Ruisi, S.; Zucconi, L. Evolution and 

adaptation of fungi at boundaries of life. Adv. Space Res. 2007, 40, 1657–1664, doi:10.1016/j.asr.2007.06.004. 

25. Brown, A.D. Compatible Solutes and Extreme Water Stress in Eukaryotic Micro-Organisms. Adv. Microb. 

Physiol. 1978, 17, 181–242, doi:10.1016/S0065-2911(08)60058-2. 

26. Weinstein, R.N.; Montiel, P.O.; Johnstone, K. Influence of growth temperature on lipid and soluble 

carbohydrate synthesis by fungi isolated from fellfield soil in the maritime Antarctic. Mycologia 2000, 92, 

222–229, doi:10.1080/00275514.2000.12061148. 

27. Moeller, R.; Raguse, M.; Leuko, S.; Berger, T.; Hellweg, C.E.; Fujimori, A.; Okayasu, R.; Horneck, G.; 

Kawaguchi, Y.; Yokobori, S.I.; et al. STARLIFE—An international campaign to study the role of galactic 

cosmic radiation in astrobiological model systems. Astrobiology 2017, 17, 101–109, doi:10.1089/ast.2016.1571. 

28. Böttger, U.; De Vera, J.P.; Fritz, J.; Weber, I.; Hübers, H.W.; Schulze-Makuch, D. Optimizing the detection 

of carotene in cyanobacteria in a martian regolith analogue with a Raman spectrometer for the ExoMars 

mission. Planet. Space Sci. 2012, 60, 356–362, doi:10.1016/j.pss.2011.10.017. 

29. Parameswaran, R.; Box, G.E.P.; Hunter, W.G.; Hunter, J.S. Statistics for Experimenters: An Introduction to 

Design, Data Analysis, and Model Building. J. Mark. Res. 1979, 16, 291, doi:10.2307/3150696. 

30. Selbmann, L.; Isola, D.; Zucconi, L.; Onofri, S. Resistance to UV-B induced DNA damage in extreme-tolerant 

cryptoendolithic Antarctic fungi: Detection by PCR assays. Fungal Biol. 2011, 115, 937–944, 

doi:10.1016/j.funbio.2011.02.016. 

31. Pacelli, C.; Cassaro, A.; Maturilli, A.; Timperio, A.M.; Gevi, F.; Cavalazzi, B.; Stefan, M.; Ghica, D.; Onofri, 

S. Multidisciplinary characterization of melanin pigments from the black fungus Cryomyces antarcticus. 

Appl. Microbiol. Biotechnol. 2020, doi:10.1007/s00253-020-10666-0. 

32. Raman, N.M.; Ramasamy, S. Genetic validation and spectroscopic detailing of DHN-melanin extracted 

from an environmental fungus. Biochem. Biophys. Rep. 2017, 12, 98–107, doi:10.1016/j.bbrep.2017.08.008. 

33. Atienzar, F.; Evenden, A.; Jha, A.; Savva, D.; Depledge, M. Optimized RAPD analysis generates high-

quality genomic DNA profiles at high annealing temperature. Biotechniques 2000, 28, 52–54, 

doi:10.2144/00281bm09. 

34. Bell, A.A.; Wheeler, M.H. Biosynthesis and Functions of Fungal Melanins. Annu. Rev. Phytopathol. 1986, 24, 

411–451, doi:10.1146/annurev.py.24.090186.002211. 

35. Sherman, D.M.; Vergo, N. Optimal spectrum, site occupancy, and oxidation state of Mn in montmorillonite. 

Am. Mineral. 1988, 73, 140–144. 

36. Cloutis, E.A.; McCormack, K.A.; Bell, J.F.; Hendrix, A.R.; Bailey, D.T.; Craig, M.A.; Mertzman, S.A.; 

Robinson, M.S.; Riner, M.A. Ultraviolet spectral reflectance properties of common planetary minerals. 

Icarus 2008, 197, 321–347, doi:10.1016/j.icarus.2008.04.018. 

37. Öztekin L.; Nicole, M.; Badre, D. Genetic Changes. NIH Public Access. Bone 2008, 23, 1–7. (In Chinese) 

38. Johnson, A.P.; Pratt, L.M.; Vishnivetskaya, T.; Pfiffner, S.; Bryan, R.A.; Dadachova, E.; Whyte, L.; Radtke, 

K.; Chan, E.; Tronick, S.; et al. Extended survival of several organisms and amino acids under simulated 

Martian surface conditions. Icarus 2011, 211, 1162–1178. 

39. Simpson, J.A. Elemental and Isotopic Composition of the Galactic Cosmic Rays. Annu. Rev. Nucl. Part. Sci. 

1983, 33, 323–382.  

40. Ehresmann, B.; Zeitlin, C.; Hassler, D.M.; Wimmer-Schweingruber, R.F.; Böhm, E.; Böttcher, S.; Brinza, D.E.; 

Burmeister, S.; Guo, J.; Köhler, J.; et al. Charged particle spectra obtained with the Mars Science Laboratory 

Radiation Assessment Detector (MSL/RAD) on the surface of Mars. J. Geophys. Res. E Planets 2014, 119, 468–

479, doi:10.1002/2013JE004547. 



Life 2020, 10, 130 14 of 14 

 

41. Röstel, L.; Guo, J.; Banjac, S.; Wimmer-Schweingruber, R.F.; Heber, B. Subsurface Radiation Environment 

of Mars and Its Implication for Shielding Protection of Future Habitats. J. Geophys. Res. Planets 2020, 125, 1–

12, doi:10.1029/2019JE006246. 

42. Matthiä, D.; Hassler, D.M.; de Wet, W.; Ehresmann, B.; Firan, A.; Flores-McLaughlin, J.; Guo, J.; Heilbronn, 

L.H.; Lee, K.; Ratliff, H.; et al. The radiation environment on the surface of Mars—Summary of model 

calculations and comparison to RAD data. Life Sci. Space Res. 2017, 14, 18–28, doi:10.1016/j.lssr.2017.06.003. 

43. Smith, M.L.; Claire, M.W.; Catling, D.C.; Zahnle, K.J. The formation of sulfate, nitrate and perchlorate salts 

in the martian atmosphere. Icarus 2014, 231, 51–64, doi:10.1016/j.icarus.2013.11.031. 

44. Javier Martín-Torres, F.; Zorzano, M.P.; Valentín-Serrano, P.; Harri, A.M.; Genzer, M.; Kemppinen, O.; 

Rivera-Valentin, E.G.; Jun, I.; Wray, J.; Bo Madsen, M.; et al. Transient liquid water and water activity at 

Gale crater on Mars. Nat. Geosci. 2015, 8, 357–361, doi:10.1038/ngeo2412. 

45. Jones, E.G. Shallow transient liquid water environments on present-day mars, and their implications for 

life. Acta Astronaut. 2018, 146, 144–150, doi:10.1016/j.actaastro.2018.02.027. 

46. Dianov, G.L.; O’Neill, P.; Goodhead, D.T. Securing genome stability by orchestrating DNA repair: Removal 

of radiation-induced clustered lesions in DNA. BioEssays 2001, 23, 745–749, doi:10.1002/bies.1104. 

47. Saganti, P.B.; Cucinotta, F.A. Radiation Climate Map for Analyzing Risks To Astronauts. 2001 Mars 

Odyssey; Springer: Berlin, Germany, 2014; pp.143-156 

48. Bibring, J.P.; Langevin, Y.; Gendrin, A.; Gondet, B.; Poulet, F.; Berthé, M.; Soufflot, A.; Arvidson, R.; 

Mangold, N.; Mustard, J.; et al. Mars surface diversity as revealed by the OMEGA/Mars express 

observations. Science 2005, 307, 1576–1581, doi:10.1126/science.1108806. 

49. Moeller, R.; Rohde, M.; Reitz, G. Effects of ionizing radiation on the survival of bacterial spores in artificial 

martian regolith. Icarus 2010, 206, 783–786, doi:10.1016/j.icarus.2009.11.014. 

50. Usoskin, I.G.; Alanko-Huotari, K.; Kovaltsov, G.A.; Mursula, K. Heliospheric modulation of cosmic rays: 

Monthly reconstruction for 1951–2004. J. Geophys. Res. Space Phys. 2005, 110, A12, doi:10.1029/2005JA011250. 

51. Berger, T.; Matthiä, D.; Burmeister, S.; Zeitlin, C.; Rios, R.; Stoffle, N.; Schwadron, N.A.; Spence, H.E.; 

Donald, M.; Wimmer-schweingruber, B.E.R.F.; et al. Long term variations of galactic cosmic radiation on 

board the International Space Station, on the Moon and on the surface of Mars. J. Space Weather Space Clim. 

2020, 1–33, doi:10.1051/swsc/2020028. 

52. Jones, E.G.; Lineweaver, C.H.; Clarke, J.D. An extensive phase space for the potential Martian biosphere. 

Astrobiology 2011, 11, 1017–1033, doi:10.1089/ast.2011.0660. 

53. Westall, F.; Loizeau, D.; Foucher, F.; Bost, N.; Betrand, M.; Vago, J.; Kminek, G. Habitability on mars from 

a microbial point of view. Astrobiology 2013, 13, 887–897, doi:10.1089/ast.2013.1000. 

54. Selbmann, L.; Zucconi, L.; Isola, D.; Onofri, S. Rock black fungi: Excellence in the extremes, from the 

Antarctic to space. Curr. Genet. 2015, 61, 335–345, doi:10.1007/s00294-014-0457-7. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


