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Abstract

:

In the last decades, substantial changes have occurred regarding what scientists consider the limits of habitable environmental conditions. For every extreme environmental condition investigated, a variety of microorganisms have shown that not only can they tolerate these conditions, but that they also often require these extreme conditions for survival. Microbes can return to life even after hundreds of millions of years. Furthermore, a variety of studies demonstrate that microorganisms can survive under extreme conditions, such as ultracentrifugation, hypervelocity, shock pressure, high temperature variations, vacuums, and different ultraviolet and ionizing radiation intensities, which simulate the conditions that microbes could experience during the ejection from one planet, the journey through space, as well as the impact in another planet. With these discoveries, our knowledge about the biosphere has grown and the putative boundaries of life have expanded. The present work examines the recent discoveries and the principal advances concerning the resistance of microorganisms to extreme environmental conditions, and analyzes its contributions to the development of the main themes of astrobiology: the origins of life, the search for extraterrestrial life, and the dispersion of life in the Universe.
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1. Introduction


Living organisms tend to be sensitive to drastic changes in their environments. Extreme conditions of temperature, pressure, drought, salinity, and pH disrupt the crucial interactions that keep biomolecules folded and functional, thereby quickly destroying the cellular integrity [1]. Therefore, scientists have tended to assume that there are strict boundaries to the biosphere imposed by terrestrial life’s requirement for a rather narrow and specific range of environmental conditions.



Discoveries in the past few decades, however, have shown that life is not always as sensitive as we might have imagined, and that the limits of life on Earth are far from being well defined [2]. Historical notions of what is or is not a hostile environment have turned out to be erroneous.



For every extreme environmental condition investigated, a variety of microorganisms have shown that they not only can tolerate these conditions, but that they also often require those conditions for survival [3]. Extreme environmental conditions may be considered natural or simulated forces, which make difficult the survival and development of most living systems. Such conditions include physical extremes (e.g., temperature, radiation, and pressure) and geochemical extremes (e.g., desiccation, salinity, pH, and redox potential) [4]. In addition to the familiar metabolic pathway of photosynthesis, microbes possess metabolisms based upon methane, sulfur, and even iron [5]. If this wide and versatile metabolic diversity is coupled to the extraordinary physiological capacities of many microorganisms to colonize extreme environments, it becomes evident that there is an unlimited amount of habitats on Earth that are suitable for microbial life.



Microorganisms are found to thrive at 6.7 km depth inside the Earth’s crust, and more than 10 km deep inside the ocean at pressures of up to 110 Mpa; from extreme acid (pH 0) to extreme basic conditions (pH 12.8); and from hydrothermal vents at 122 °C to frozen sea water at −20 °C. Recent developments in space technologies permit the study of adaptations and survival of terrestrial organisms to a new category of extreme conditions in space, including simulations of meteoritic impact or space conditions.



With these discoveries, our knowledge about the biosphere has grown and the putative boundaries of life have expanded [6]. In the last few decades, we have witnessed substantial changes in what scientists consider the limits of habitable environmental conditions.



Exploring the diversity of microorganisms and understanding their mechanisms of adaptation permit the development of hypotheses regarding the conditions required for the origin and early diversification of life on Earth [7]. The research also expands our notions of the potential habitable environments able to sustain life beyond Earth. Indeed, our increasing knowledge about the biology of microbes in extreme habitats has led numerous scientists to raise the possibility of finding life in various planetary bodies within the Solar System, including Mars, Venus, and the satellites of Jupiter (Io, Europa, Ganymede, and Callisto) and Saturn (Titan and Enceladus) [8,9]. Furthermore, a variety of studies in this field of research has given support to Panspermia—the hypothesis that life migrates naturally through space [10].



The present work examines the recent discoveries and the principal advances concerning the resistance of microorganisms to extreme environmental conditions and analyzes these studies’ contributions to the development of the main themes of astrobiology: the origins of life, the search for extraterrestrial life, and the dispersion of life in the universe.




2. Microorganisms in Extreme Environmental Conditions


In this section we explore the diversity of extremophilic microbes, their mechanisms of adaptation, and examples of extreme environmental conditions where they are found.



2.1. Thermophiles and Hyperthermophiles


Thermophiles are microorganisms that thrive at relatively high temperatures, between 45 °C and 80 °C. Hyperthermophiles are particularly extreme thermophiles for which the optimal temperatures are above 80 °C [11]. Such microbes are found in various geothermally heated regions on Earth, such as volcanic soils permeated by hot vapors and deep-sea hydrothermal vents [12].



The best known and well-studied geothermal areas are in North America (Yellowstone National Park), Iceland, New Zealand, Japan, Italy, and the former Soviet Union [13]. These locations are usually rich in reduced chemicals from inside the Earth, and hence, many thermophiles are chemoautotrophic, reacting hydrogen, ferrous iron, or reduced sulfur compounds with electron acceptors like oxygen or nitrate [14]. As a consequence of extracting energy by oxidizing sulfur compounds, these reactions produce sulfuric acid, thus often making the geothermal waters very acidic. Consequently, many heat-loving microbes are also adapted to highly acid conditions. Indeed, hyperthermophilic extreme acidophiles, with pH optima for growth at or below 3.0 (like the archaea genera Sulfolobus, Sufurococcus, Desulfurolobus, and Acidianus), produce sulfuric acid from the oxidation of elemental sulfur or sulfidic ores in solfataras of Yellowstone National Park [15]. The most extreme examples of thermophilic, acid-loving extremophiles are two species of Picrophilus, which are able to grow at pH 0.7 and a temperature of 60 °С [16]. They were isolated from volcanically heated dry soils in Japan.



Deep sea hydrothermal vent communities are found near subsurface volcanoes and at the boundary between seawater and magma, usually kilometers beneath the ocean surface [17]. Since no light is available and the content of oxygen is very low, a large majority of thermophilic isolates from these deep sea locals are chemoautotrophic anaerobes. The present record of high-temperature growth is held by two Archaea isolated from these environments: Strain 121 and Methanopyrus kandleri can survive and reproduce at 121 °C and 122 °C, respectively [18,19].



The molecular basis for adaptations to extreme environments has been studied more intensively for high temperatures than for any other parameter. At high temperatures, biomolecules, such as enzymes, denature, losing their function and hence, stopping the metabolism. Also, the fluidity of membranes increases significantly, disrupting the cell.



To prevent denaturation and degradation, thermophiles present a variety of cellular adaptations. Their membrane lipids contain more saturated and straight chain fatty acids than do mesophiles (which grow typically between 15 °C and 40 °C) [20]. This allows thermophiles to grow at higher temperatures by providing the right degree of fluidity needed for membrane function. Thermophilic proteins appear to be smaller and in some cases more basic, which may also result in increased stability [21]. Another method used to improve the stability of proteins is through the action of chaperones, which help to refold denatured proteins [22]. Furthermore, monovalent and divalent salts enhance the stability of nucleic acids because these salts screen the negative charges of the phosphate groups, and KCl and MgCl2 protect the DNA from depurination and hydrolysis [23]. Another way to stabilize DNA is through the employment of DNA-binding proteins and the compaction of the genome into chromatin [24].




2.2. Psychrophiles


Psychrophiles are microorganisms that grow at or below 0 °C and which have an optimum growth temperature of 15 °C and an upper limit of 20 °C [25]. They are found in a variety of cold environments, from the stratosphere to the deep-sea.



Most of the deep sea is at a constant temperature of 2 °C, while around the polar ice caps, liquid seawater may even be cooled to below 0 ºC, as the typical salt content of sea water (3.4%) lowers the freezing point to −1.8 °C [26]. When the seawater freezes, the salt becomes increasingly concentrated in small pockets. Under these conditions, the freezing point of water may be depressed to −20 °C [27]. At such frozen temperatures, natural microbial metabolism has been measured. For example, the bacterium Psychrobacter cryopegella can grow at −10 ºC, stay alive, and even keep metabolizing at −20 °C [28]. For this reason, many psychrophiles are also halophiles (microbes that grow in elevated salt concentrations).



To survive and flourish at low temperatures, psychrophiles have to overcome some problems related to permanent cold environments. At low temperatures, enzymes become very rigid, and solute concentrations are at high, perhaps toxic levels [29]. Furthermore, once the water is frozen, ice crystals may pierce the cell membranes, destroying cellular integrity [30].



Membranes of psychrophiles contain increased levels of unsaturated fatty acids that further increase with the reduction in temperature in order to modulate membrane fluidity [31]. Psychrophiles produce cold-adapted enzymes that have high specific activities at low temperatures [32]. These enzymes have the ability to support transcription and translation at low temperatures. Studies have also revealed the presence of certain genes active at low temperature [33]. Moreover, antifreeze proteins have been identified in cold adapted microbes [34]. Such proteins have the ability to bind to ice crystals through a large complementary surface, and hence prevent these crystals from piercing the cell membrane.




2.3. Acidophiles


Acidophiles are microorganisms that grow optimally at pH values of 2.0 [35]. Acidic environments are especially interesting because, in general, the low pH of the habitat is the consequence of microbial metabolism, and not a condition imposed by the system, as is the case for other extreme environments.



Acidophiles oxidize the elemental sulfur (in volcanic areas) or sulfidic minerals (in mine drainage) to obtain energy, which produces extreme acidic environments [36]. Indeed, most of the characterized strict acidophilic microorganisms have been isolated from volcanic areas or acid mine drainage. For example, Archaea Picrophilus oshimae and P. torridus were isolated from volcanically heated, dry soils in Japan [16]. They thrive at pH 0.7 and 60 °C. These microorganisms maintain the intracellular pH value at 4.6, whereas the other acidophiles maintain their pH at 6.0. Ferroplasma acidarmanus was isolated from acid mine drainage in Iron Mountain, California, and is able to grow at a pH of 0 [37]. The Tinto River (Iberian pyritic belt, southwest Spain) is an unusual ecosystem due to its acidity (pH 2.3, buffered by Fe3+), length (100 km), high concentration of heavy metals, and unexpected level of microbial diversity [38]. Due to its size and easy accessibility, the Tinto River is considered an interesting model system for acidic environments.



Environments with low pH condition are a challenge to cellular biochemistry since extreme acidity leads to the denaturation of proteins. Acidophiles protect their proteins by including more amino acids with neutral side-groups and by actively pumping protons out of the cell to maintain constant intracellular pH levels [39].




2.4. Alkaliphiles


Alkaliphiles are microorganisms that grow optimally at pH values above 9.0, often with pH optima around 10.0, while showing little or no growth at near neutral pH values [40]. Alkaline environments may be found in places with high amounts of Ca2+ generated by the serpentinization of silicate minerals, as exemplified by the hyperalkaline spring waters seen in Jordan and in the soda lakes and soda deserts of arid and semi-arid areas on Earth, including the high desert in the west of the United States, the East African Rift Valley, and the plateaus of Mongolia, Inner Mongolia, and Tibet [41].



A diversity of microorganisms can live at a pH of 10.5 [42]. Microbial communities live at a pH of 12.9 in the soda lakes of Maqarin, Jordan [43]. Alkaliphiles are often isolated from natural environments that also tend to have high concentrations of NaCl; these are thereby called haloalkalophiles [44].



Under alkaline conditions, the concentrations of hydrogen ions are very low and cells have trouble using ATP-synthase to produce energy and other essential ions, such as magnesium and calcium, which precipitate out of the water as salts (and hence are available only at very low levels) [45]. Base-loving microbes circumvent these problems by actively pumping in these ions and by exporting others to maintain their interior at near-neutrality. Furthermore, the cell wall of alkalophiles acts as a defense barrier from extreme environmental conditions [46].




2.5. Halophiles


Halophiles are microorganisms that grow in elevated salt concentrations, starting from approximately 10% sodium chloride to saturation, and some of them can even survive in salt crystals [47].



The environments where halophilic microorganisms are found include aquatic habitats of varying salinity, salt marshes, surface salt lakes, subterranean salt lakes, and some other places [48]. Two of the largest and best-studied modern hypersaline environments are The Great Salt Lake in Utah and the Dead Sea in the Middle East. Permanently cold hypersaline evaporation ponds are found in dry regions of Antarctica, including Deep Lake, Organic Lake, and Lake Suribati. In these regions, the high salt content may maintain the water liquid at temperatures as low as −20 °C [49]. Hypersaline environments are also found within the Earth subsurface, in deep-sea basins associated with undersea salt domes and in subterranean halite deposits from evaporated ancient seas [50].



In response to the salt, all these adapted microorganisms maintain very high concentrations of other solutes in their cytoplasm to keep their insides in osmotic balance with the outside world. Halophilic Archaea keep extremely high concentrations of potassium chloride in their cells [51]. All the proteins in a halophile have to be optimally folded and functional under saturated salt conditions, in much the same way the proteins of hyperthermophiles remain active near 100 °C [52]. Researchers have therefore studied the amino acid sequences, structures, and functional characteristics of halophilic proteins in comparison with thermophilic and mesophilic proteins in order to gain some insights into the evolutionary strategies used to adapt proteins to stress conditions, but the picture remains far from complete [52].




2.6. Piezophiles


Piezophiles are microorganisms that have adapted to high-pressure environments and can grow more easily under high hydrostatic pressure conditions than at atmospheric pressure [53]. Piezophiles are widespread in the seafloor and deep within the Earth’s crust. These microbes were isolated from the deepest part of the ocean at a depth of 10.5 Km, and are adapted to pressures of up to 110 Mpa at 2 °C and of 40 Mpa at temperatures above 100 °C [54,55].



In subsurface habitats deep within the Earth’s crust, microbes are adapted to high temperatures and extremely limited resources. For example, two different species of thermophilic iron-reducing bacteria were isolated from the granite of Siijan (Sweden) at a depth of 6.7 km [56]. Complex ecosystems have been reported within rocks freshly harvested from 3 km down in South African gold mines [57]. Furthermore, methanogenic microbes have been collected from several hundred meters within basalt rocks in the Columbia River basin (Washington State, USA) [58].



These microbes grow at extremely slow rates and live at low densities. However, considering the vast volume of the upper crust on Earth, this could still constitute a substantial mass of living material. The “deep biota” has been estimated, by some researchers, to exceed the sum total of all surface living systems [59]. In many ways, these subterranean fissures are ideal habitats since they provide a stable ambient with constant flow of chemical energy. Additionally, these environments protect microbes from UV or energetic cosmic radiation, and from the most devastating catastrophes above.



The difficulty in obtaining samples from deep-sea habitats, along with the challenges of conducting biochemical experiments under high pressure conditions in the laboratory, have conspired to make this research field one of the less comprehensively studied. However, recent studies are in progress. Protein-protein interactions are very sensitive to pressure increases, which can be the reason for enzyme dissociation [60]. Pressure is also known to alter gene expression [61]. Furthermore, when pressure increases, or temperature decreases, the molecules in lipid membranes pack tighter, resulting in decreased membrane fluidity [62]. Organisms often circumvent this problem by increasing the proportion of unsaturated fatty acids in their membranes [63].





3. Contributions to Astrobiology


After having examined the diversity of microorganisms and their mechanisms of adaptation to extreme environmental conditions, we now discuss the contribution of these studies to the development of the main themes of astrobiology: the origins of life, the search for extraterrestrial life, and the dispersion of life in the universe.



3.1. Origin of Life


When life appeared on Earth after a period of heavy bombardment, this planet was hotter and more hostile, in comparison with nowadays [64]. The early atmosphere did not contain oxygen until the “great oxidation event”, 2.3–2.4 billion years ago. Because life started at least 3.5 billion years ago, it was exclusively anaerobic for at least 1.5 billion years. Heat resistance and anaerobic features are observed in many hyperthermophiles. Thus, the last universal common ancestor (LUCA) of all life on Earth has been suggested to be hyperthermophilic [65]. Indeed, based upon phylogenetic studies, such extremophilic microbes form a cluster on the base of the tree of life [66]. The deepest phylogenetic branches are represented by Aquificales and Thermotogales within bacteria, and Nanoarchaeota, Pyrodictiaceae, and Methanopyraceae within the Archaea [66]. These organisms are found living in hydrothermal vents. For example, the Archaea Strain 121 and Methanopyrus kandleri, which are the most hyperthermophilic organisms reported, were isolated from such environments, as well as the living organism with the smallest genome known, the Archaea Nanoarchaeum equitans [67].



Hydrothermal vents occur on the seafloor spreading zones and have a global distribution [68]. A hydrothermal vent is a fissure in a planet`s surface from which geothermally heated water emerges. Such vents are commonly found near volcanically active places, areas where tectonic plates are moving apart and where new crust is being formed. The emerging water can approach 350 °C and is prevented from boiling only by the crushing pressure of the deep water. However, the water cools rapidly as it mixes with the frigid ocean around it. The water’s carrying capacity drops and many of the dissolved minerals instantly precipitate out. This produces a great cloudy plume of dark particles, which gives these vents their nickname “black smokers”. The effluent at black smokers is rich in dissolved transition metals, such as Fe2+ and Mn2+, and contains high concentrations of magmatic CO2, H2S, and dissolved H2, with varying amounts of CH4 [69]. The dissolved gases and metals in black smokers fuel the microbial communities serving as the base of the food chain in these ecosystems [70].



In contrast to the classical Miller experiments to the origins of life, which depend upon the external sources of energy, such as simulated lightning or ultraviolet irradiation, microbes living at hydrothermal vents do not depend on sunlight or oxygen. They grow around the vents and feed upon H2S and dissolved minerals to produce organic material through the process of chemosynthesis.



However, it is worth to point out that contrasting arguments have been presented to this view. Through comparative studies of the rRNA genes from all domains of life, some authors suggest that the last universal common ancestor (LUCA) evolved in moderate temperatures, and that microbes descending from it became heat-loving only later [71,72].




3.2. The Search for Extraterrestrial Life


One of the prominent goals of astrobiology is to discover life or signs of life on planets beyond Earth. Because currently, there is no direct evidence for life on another planet, our notions of habitability are necessarily constrained by our knowledge of life on Earth. Thus, one question emerges: Are there environments on Earth, which may resemble those we expect to find on other worlds? In this question lies the fundamental connection between the extreme environments on Earth and the search for life on other planets. When we look at our own planet’s most challenging environments, we are really looking for clues to what may be the normal conditions on other planets. Therefore, we use our knowledge of the extremes of life on Earth to assess extraterrestrial environments and the plausibility that they can sustain life. Nowadays, based upon the increasing knowledge originated by studies of terrestrial extreme environments, numerous planetary bodies in our Solar System appear to have provided suitable conditions at some point in their history for the emergence of life. Among them, the two candidates that appear more susceptible to sustain life are Mars and Europa.



3.2.1. Mars


Nowadays, the existence of life on the Martian surface seems unlikely, given the extremely desiccating conditions, high UV radiation flux reaching the surface, and the lack of magnetospheric shielding [73]. However, the conditions of the Martian surface early in its history were substantially different from those of today [74,75]. During the first hundreds of millions of years, Mars was probably warmer, presenting an abundance of surface liquid water and a global hydrological cycle [76,77,78]. Besides, detailed mineral compositions of Mars, obtained by landers and orbiters, have revealed that Mars presented a geochemically active environment [79,80]. The evidence indicates that Mars had an environment similar to Earth, supporting the hypothesis that life may have flourished abundantly on early Mars [81,82]. However, after the first few hundred million years, the environmental histories of these two planets diverged drastically, and today, the conditions of the Martian surface are not suitable for life as we know it [83]. Nevertheless, life could have survived and adapted to the subsurface conditions as microorganisms do in extreme environments on Earth [84]. The most proper terrestrial extreme environments analogous to those of Mars may be the Atacama Desert, the Antarctic Dry Valleys, the Rio Tinto region, and the deep basalt aquifers.



With mean precipitation rates of less than 2 mm a year, the Atacama Desert is one of the driest regions on Earth [85]. Nevertheless, this extreme arid environment hosts relatively abundant communities of endolithic photosynthetic microorganisms within evaporitic crusts of halite [86]. The endolithic environment provides mineral nutrients and protection against harmful radiation for the microbial communities [87]. Previous studies indicated that regions of Mars, such as the Meridiani Planum, once hosted evaporitic environments that resulted in the precipitation of salt-rich deposits [88]. A recently study identified and mapped widespread deposits with a chloride salt component in regions of the southern highlands of Mars [89]. As occurs in the extreme arid region of the Atacama Desert, these deposits could host a variety of microorganisms. Consequently, the Atacama Desert has been considered a potential analog of the extreme arid conditions that dominate the Martian surface [90,91].



The Antarctic Dry Valleys are one of the coldest and driest regions on Earth, since extremely desiccating winds blow continually along the top valleys. During the long bleak winter, the temperature in these dry valleys decreases to −40 °C, reaching 1 °C in summer [92]. Due in part to the hole in the ozone layer, this region has one of the highest levels of UV irradiance on the planet [93]. Life in the Antarctic Dry Valleys is just possible because phototrophic microbes live in the interior of rocks, and are shielded from the hostile environment [94]. Such endolithic habitats are thought to be possible on Mars in the fringe areas of the polar caps, which are almost entirely composed of water ice [95,96]. Recent studies have suggested that the Martian dark dune spots, which are transitional geomorphologic formations in the frost-covered polar regions of Mars, may contain biogenic activity [97].



Rio Tinto is located in the Iberian pyrite belt, southwestern Spain. It is characterized by an extreme acidic environment (mean pH value 2.3) and a high concentration of heavy metals (Fe, Cu, Zn, As, Mn, Cr, etc.) [98,99]. These pyrite deposits serve as a habitat to a community supported by chemolithotrophic microbes through oxidation of sulfur and iron [100,101]. Some of these minerals, including hematite and jarosite, have recently been observed in areas of Mars, such as the Meridiani Planum [102]. In fact, Río Tinto’s acidic and aqueous conditions produce similar mineralogies to those observed on Mars [103]. Consequently, the subsurface biosphere in the Río Tinto has been considered a potential biological and geological analog to some areas of Mars [104,105].



Deep basalt aquifers harbor living systems that are absolutely isolated and completely independent of sunlight. These systems are self-reliant in energy and organic substances [106]. These ecosystems, powered by chemoautotrophs, provide the best general terrestrial model for life on Mars. The volcanic minerals in the basaltic rock are rich in highly reduced iron that reacts with water to produce hydrogen, a fuel that the living systems use both to fix carbon and to provide energy from their redox reactions [107]. The products of this redox reaction are water and methane gas; thus, organisms are called methanogens [108]. These anaerobic methanogens are completely independent of oxygen or organic molecules produced by photosynthesis. Basaltic rock is thought to be common in the Martian crust and, since radioactive heating is expected to raise the temperature of the interior, it is believed that a layer of liquid water might exist under the Martian permafrost [109,110].



Recent discoveries demonstrate trace amounts of methane in the Martian atmosphere [111]. The presence of methane on Mars is very intriguing, since it is an unstable gas. Its presence indicates that there must be an active source on the planet in order to maintain such levels in the atmosphere. Mars produces around 270 tonnes of methane annually, but asteroid impacts account for only 0.8% of the total methane production. The presence of substantial amounts of CH4 would require its recent release from subsurface reservoirs. The lack of current volcanism and hydrothermal activity is not favorable for geologic methane. The source of this CH4 is uncertain, but it could be either abiotic or biotic (produced by extant life, such as methanogens) [112,113].




3.2.2. Europa


Europa is the sixth moon of the planet, Jupiter, and has a diameter of about 3,121 km. It presents an internal structure similar to the inner terrestrial planets, which consist primarily of silicate rock, and appears to have an iron core [114]. There is a general agreement to the presence of a subsurface water ocean, estimated to be 100 km thick [115], covered with an ice crust estimated to be about 20–30 km thick [116]. Tidal forces and deep-sea vents may provide energy to keep the ice melted [117,118,119]. Due to the presence of such an ocean, Europa has been considered the most promising target in the search for extant extraterrestrial life within the Solar System. Life could exist within its sub-glacial ocean, perhaps subsisting in an environment similar to Earth’s deep-ocean hydrothermal vents or the Antarctic Lake Vostok. Furthermore, the ice layer may provide other potential habits for life.



The young and structurally diverse surface of Europa suggests dynamic activity in its interior [120]. Therefore, the presence of hydrothermal vents is highly probable [121]. These environments are abundant on the floor of the Earth’s oceans and are important sources of many elements and organic compounds that are transferred into the hydrosphere [69]. They can sustain life without input from photosynthesis and they sustain fascinating living systems with symbiotic relationships that involve lithoautotrophic microorganisms that use chemical energy to support metazoans [70].



Vostok is a subglacial lake in Antarctica, whose surface is approximately 14 km2 with a volume of 1.8 km3 and a maximum depth of 670 m [122]. At Vostok, the ice is 3,750 m thick and has been drilled down to 3,623 m for paleoclimate studies. It is the largest and deepest known subglacial lake and likely the oldest in Antarctica [123]. High pressure, excess gas, low temperature, absence of solar energy, and isolation from surface biota for thousands and perhaps millions of years make this lake a possible analog to Europa’s subsurface environment. These factors have stimulated technological projects related to the development of robot exploration systems to be applied in ice satellites [124,125]. The assembly of microbes that was found in the Lake Vostok accretion ice samples indicates that the lake sustains a diverse population of microorganisms and potentially a complex ecosystem, although the concentrations of microbes are expected to be lower than those in most environments on Earth [126].



The Europan surface is an extremely hostile environment, as a result of constant exposure to Jupiter’s intense radiation belts [127]. However, this radiation of ions, protons, and electrons does not penetrate ice for more than about a meter and a half. Thus, life may be found on Europa in areas that are protected from the radiation flux, such as in cracks and caves [128]. Also, living systems may live within the ice layer, as microbes do on Earth [129,130,131]. Furthermore, cracks and fissures that penetrate from the bottom of the ice upwards are likely habitats for life [132].





3.3. Panspermia


The panspermia hypothesis states that the seeds of life exist all over the universe and can be propagated through space from one location to another. For millennia, this idea has been a topic of philosophical debate [133]. However, due to lack of any validation, it remained merely speculative until few decades ago. It is only with the recent discoveries and advances from different fields of research that panspermia has been given serious scientific consideration [134].



This interest was revived in the late 70s by the recognition of Martian meteorites here on Earth [135] which prove beyond doubt that intact rocks can be transferred between the surfaces of planetary bodies in the Solar System. Petrographic analysis of the Martian meteorites and mathematical simulations of impact induced ejection demonstrated that these rocks experienced shocks from 5–10 GPa to 55 GPa [136], heating in the range from 40 °C to 350 °C [137], and acceleration on the order of 3.8 × 106 m/s2 [138].



Based in this data, mechanisms for the transfer of planetary material have been proposed. The most well accepted mechanism, developed by Melosh [139], indicate that materials can be expelled into interplanetary space under light shocks and modest temperature increases. In fact, recent measurements in the Martian meteorite ALH84001 have shown that it was probably not heated over 40 ºC since before it was ejected from Mars [140].



These results led to the question of whether living organisms have been transported between the planets of our Solar System by the same mechanism. The viable transfer from one planet to another requires microorganisms to survive the escape process from one planet, the journey through space, as well as the reentry/impact process on another planet [141]. In this context, a variety of studies has been performed in order to simulate different aspects of lithopanspermia—which postulates that meteors are the transfer vehicles for life through space.



Because of their high resistance to different extreme conditions [142,143], spores of Bacillus subtilis are the most widely used model microorganism for these studies [144,145]. However, various other microbes have been used, including vegetative cells of the soil bacteria Deinococcus radiodurans and Rhodococcus erythropolis, some halophilic Archaea (Halorubrum and Halobacterium spp.), the cyanobacterium Chroococcidiopsis, and others [146,147].



Evidence for the possible interplanetary transfer of biological materials began with experiments testing the resistance of microbes to the space environment [148]. In the space environment, microbes would be subjected to different stresses, including extreme vacuum, desiccation, solar and cosmic radiation, microgravity, and both extreme hot and cold temperatures [149]. Of these factors, solar UV is the most harmful [150].



However, spaceflight experiments demonstrate that with minimal UV shielding, several types of microbes can survive for years at exposures to the harsh environment of space [151]. Furthermore, it is estimated that, if shielded by 2 meters of meteorite, a substantial number of spores would survive after 25 million years in space [152]. On Earth, microbes were brought back to life after 250 million years [153].



Further support to the theory of lithopanspermia has been given by simulation experiments in which model microbes are subjected to ultracentrifugation, hypervelocity, shock pressure, and heating in the range defined for the Martian meteorites found on Earth. These experiments simulate the physical forces that hypothetical endolithic microbes would be subjected to during ejection from one planet and landing upon another. Previous simulation experiments have measured each of these stresses in an isolated manner and the results indicate that spores can survive each stress applied singly [154,155]. The analyses of the combined stresses can be most closely simulated in the laboratory via hypervelocity ballistics experiments. The results demonstrated that microbes could survive rapid acceleration to Mars escape velocities and subsequent impact into surfaces of different compositions [156,157]. Thus, there is a body of evidence suggesting that microbes can survive the conditions of interplanetary transfer from Mars to Earth or from any Mars-like planet to other habitable planets in the same solar system.



The Earth-Mars system is not the only place where natural transfer may occur. The discovery of potentially habitable environments, such as the satellites of Jupiter and Saturn (e.g., Io, Europa, Ganymede, Callisto, Titan, and Enceladus), expands the possibility of interplanetary transfer of life in the Solar System.



Therefore, in recent years, most of the major barriers against the acceptance of panspermia have been demolished and this theory reemerges as a promising field of research.





4. Concluding Remarks


In the last decades, substantial changes have occurred regarding what scientists consider the limits of habitable environmental conditions. Our knowledge about extreme environments and the limits of life on Earth has been greatly expanded. These advances have been fundamental to the development of astrobiology, which studies the origin, evolution, and distribution of life in the universe.



The intense efforts in search of living systems in harsh environments on Earth have given us important clues about the origins of life on Earth. Hydrothermal environments are considered the most proper locals where life may have originated, since these environments provide energy, carbon sources, electron acceptors, and a variety of inorganic surfaces suitable for the formation of biopolymers. For this reason, hydrothermal environments should also be considered the targets for the origins of life in other planets within the Solar System and beyond.



Studies in extreme ambient conditions have changed the previous paradigm that life can only be found on pleasant Earth-like planets. The continuous discovery of living systems thriving in habitats previously thought to be uninhabited has inspired us to speculate more realistically on the forms and constraints that extraterrestrial life may take on other planets. Nowadays, numerous planetary bodies in our Solar System have been suggested to sustain life.



Furthermore, most of the major barriers against the acceptance of panspermia have been demolished when it has been shown that microorganisms can survive the high impact and velocity experienced during the ejection from one planet, the journey through space, and the impact process onto another world.



However, it is worth pointing out that, despite our current advances, we are just beginning to explore and characterize microorganisms living in extreme environments. Most of the deep subterranean and sub-ocean environments remain unknown, and just a few numbers of microbes have been cultured and described. Therefore, for the coming decade, exciting discoveries in the microbial world have the potential to make a great impact on our way of thinking about the nature of life and thereby provide fundamental contributions to astrobiology.
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