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The chemistry of life. What is life? 

One of the current definitions of life states that life is a self-replicating system capable of 

evolution (Pace, 2001). Others require a living entity to be able to maintain itself vis-a-vis 

substantial challenges and to rebuild itself after incurring damage, all of this in substantial 

autonomy (Westerhoff and Hofmeyr, 2005). Most definitions of life do not specify the 

chemistry of life: the underlying chemistry can be debated. Life, as we know it, is based on 

carbon-containing molecules used for structural and metabolic functions with liquid water as 

a solvent and DNA (deoxyribonucleic acid) molecules as the information carriers between 

generations (Gallori, 2011). However, it may not be impossible that life elsewhere is based 

on a completely different chemistry. Silicon has often been proposed as an alternative for 

carbon because of its chemical similarity to carbon, being directly below carbon in the 

periodic table and thereby possessing four valence electrons (Zhang et al., 2003). Carbon and 

silicon are also the only known elements to form sufficiently large molecules capable of 

carrying hereditary biological information (Pace, 2001). However, contrary to carbon, silicon 

has difficulty in forming stable double or triple bonds which permit the capture and 

delocalization of energy (Pace, 2001). In addition, carbon is known for producing the most 

diverse chemical structures (Rizzotti, 2009) and carbon chemistry is ubiquitous, a wide 

variety of complex carbon based molecules have been identified in the interstellar medium, 

comets and meteorites (Ehrenfreund and Charnley, 2000; Herbst and van Dishoeck, 2009). 

There are a few necessary conditions for life as we know it. These include the 

availability of Gibbs free energy, essential elements (carbon, hydrogen, nitrogen, oxygen, 

phosphorus and sulphur) sources and water in liquid state as solvent (Chyba and Phillips, 

2002; Hiscox, 1999). Other solvents have also been proposed, including ammonia, organic 

solvents (e.g. methane and ethane) (Schulze-Makuch and Irwin, 2006) and even sulphuric 

acid and formamide (Benner et al., 2004); they would also deliver the hydrogen. 
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Chemical energy (redox-reactions) and sunlight are the known energy sources for life 

on Earth. The use of chemical energy is designated by chemotrophy (chemolithotrophy and 

chemoorganotrophy when chemical energy is obtained from inorganic and organic 

compounds, respectively), while the use of sunlight is designated by phototrophy. Examples 

of biological energy metabolisms include methanogenesis, denitrification, hydrogen 

oxidation, manganese reduction, sulphur and iron reduction or oxidation, reduction or 

oxidation of rare elements (e.g. arsenic and uranium), internal reduction and oxidation of 

organic compounds (fermentation), and last but not least, aerobic respiration using molecular 

oxygen as the final electron acceptor (Dirk and Irwin, 2004). The diversity of energetic 

processes in living organisms is extensive and some processes may still waiting to be 

discovered even here on Earth. Alternative energy sources for extraterrestrial life have also 

been proposed. These include electromagnetic (other than visible light), magnetic, thermal, 

kinetic and radioactive energy, osmotic or ionic gradients, gravitational force, tectonic stress, 

pressure gradients and spin configurations (Dirk and Irwin, 2004). 

 

Search for life beyond Earth 

Certain questions have always intrigued mankind: How did life originate? Are we (i.e life as 

we know it) alone in the universe? Is there life on other planets? These are fundamental 

questions awaiting an answer. The discovery of organisms in extreme terrestrial 

environments has fostered the search for these answers and provided further motivation for 

the exploration of life beyond Earth. Life has been, and still is, found in places on our own 

planet that were once considered to be uninhabitable, from the dry valleys of Antarctica 

(Wood et al., 2008) to the deep subsurface (Borgonie et al., 2011), and can be very diverse 

even at very small spatial scales (e.g. Franklin et al., 2002). Versions of life can thrive under 

conditions of extreme radiation, oxidative stress, pressure, temperature, pH, aridity and 
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salinity and with scarce nutrient availability (Albers et al., 2001; Nath and Bharathi, 2011; 

Table 1).  

 

Table 1. Examples of environmental extremes tolerated by some organisms (extremophiles), 

adapted from Rothschild (2007). 

Environmental 

parameter 

Classification of 

extremophile 
Definition Environment 

Temperature Hypertermophile >80°C Hydrothermal vents 

 
Thermophile 60-80°C Hotsprings 

 
Mesophile 15-60°C 

 

 
Psychrophile <15°C 

Ice, snow, polar regions, deep sea 
(Deming, 2002) 

Dessication Xerophile Anhydrobiotic Deserts 

Radiation Radiotolerant 
Can tolerate high 
radiation levels 

Nuclear reactors and waste 

Pressure Barophile Weight loving Deep ocean 

 
Piezophile Pressure loving 

 

Salinity Halophile 
Salt loving (2-5 M 

NaCl) 

Salt mines and lakes, hypersaline 
environments  

(DasSarma and Arora, 2001) 

pH Alkaliphile pH>9 
Soda soils, lakes, and deserts 
(Kumar and Takagi, 1999) 

 
Acidophile pH<3 Acid mine drainage (Johnson, 1998) 

Chemical 
extremes 

Metalotolerant 
Can tolerate high 
concentrations of 

metals 
Mine drainage 

 

 

There are a few extraterrestrial locations where life has been speculated to be present 

due to the availability of a few requirements for life. These include the planets Mars 

(Houtkooper and Schulze-Makuch, 2010; Levin et al., 1962) and Venus (Schulze-Makuch et 

al., 2004) and several planetary moons, of Jupiter: Europa (Chyba and Phillips, 2002; 

Reynolds et al., 1983), Ganymede and Callisto (Lipps et al., 2004), and of Saturn: Titan 

(McKay and Smith, 2005) and Enceladus (McKay et al., 2008). Life is also being searched 

for outside our solar system, for example, on exoplanets. However, the search for habitable 
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exoplanets is limited to the spectroscopic detection of possible life-indicator gases (O2, O3, 

H2O, CO, and CH4) in the atmosphere of the planets orbiting distant stars, which may 

indicate the existence of extinct or extant living organisms (Hanslmeier, 2009). The search 

for extraterrestrial life is currently based on indirect measurements (as the previous example, 

through the use of telescopes) or by probing using orbiters, landers, and mobile vehicles 

carrying specialized instruments which operate on atmospheres and surfaces (Cutts et al., 

1995). Limitations in technology and distances are critical constraints in the search for life. 

However, certain bodies are accessible even to physical human reach such as the Moon, Mars 

and near-Earth objects, including asteroids (Abell et al., 2009). From these, Mars is the 

candidate most likely to sustain life (Irwin and Schulze-Makuch, 2001; MEPAG, 2010). 

 

Search for life on Mars 

Mars has captured the interest of mankind more than any other non-terrestrial planet. Ancient 

Egyptian, Babylonian and Greek civilizations have revered Mars (Sheehan, 1996). The name 

Mars is given after the Roman god of war probably due to its red colour and the association 

of the colour red with blood (Sheehan, 1996). As in blood, the scientific explanation for this 

colour resides in the abundance of iron, in iron-rich minerals in rocks and dust which cover 

the Martian surface (Catling and Moore, 2003). In 1609, Galileo Galilei was the first to 

observe Mars through a telescope (Sheehan, 1996). A few years later, the Dutchman 

Christiaan Huygens wrote “Cosmotheoros” (published only after his death in 1698), a book 

addressing possible extraterrestrial life and questioning whether or not there was life on Mars. 

Friedrich Herschel in 1783, discovered that Martian seasons were similar to terrestrial 

seasons (though nearly twice as long) and that compared with the other planets in the solar 

system the distance of Mars from the Sun is the most similar to that of planet Earth (Sheehan, 

1996).  
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Late in the 19th century, networks of long canals on Mars were observed by Giovanni 

Schiaparelli, generating controversy on their nature and leading to speculations about life on 

Mars (Grady, 2008; Jones, 2008; Sheehan, 1996). In 1965, the hypothesis of artificial canals 

was put aside definitively when robotic probes Mariner 4 and later Mariner 9 (in 1971) took 

close-up photographs of Mars, marking the beginning of a Mars exploration era (Jones, 

2008). More than 30 missions have been performed since then (Grady, 2008). Mariner 9 

revealed channels and features which are now interpreted as carved river valleys (Grady, 

2008). The first robotic landers on Mars were Viking 1 and Viking 2 which were equipped 

with instrumentation to search for life (1976; Levin, 1972). They were followed by 

Pathfinder (1997; Matijevic and Shirley, 1997), Mars Exploration Rovers (Spirit and 

Opportunity in 2004; Cook, 2005), Phoenix lander (2008; Smith et al., 2009) and currently by 

the Mars Science Laboratory (Curiosity rover, landed successfully in August 2012), which 

will explore the habitability of a region on Mars (Mahaffy, 2008). Much has been learned 

about this planet thanks both to these past lander missions and to orbiter missions such as 

Mars Express and Mars Reconnaissance Orbiter (Committee on the Planetary Science 

Decadal Survey and National Research Council, 2011). Studies on Martian meteorites like 

Nakhla and Allan Hills (ALH) 84001 (e.g. Bouvier et al., 2005) have also contributed 

knowledge (Mahaffy, 2008; Marlow et al., 2008). More than 30 Martian meteorites have 

been found to date (Dyar et al., 2005) and their origin has been confirmed by in situ 

meausurements perfomed by the Viking landers (Treiman et al., 2000). 

 

Mars, an extreme environment 

Mars is the fourth planet counting from our Sun. Being further from the Sun than our own 

planet, the average surface temperature is about – 60°C, varying from -130°C at the poles in 

winter to +30°C during daytime at the equator in summer (Grady, 2008). The Martian 
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atmosphere is thin (~600 Pa = 6 mbar) and mainly composed of ~95% CO2 (Grady, 2008; 

Jones, 2008). Even though Mars is further from the Sun than Earth, the absence of a thick 

atmosphere makes this planet surface more sensitive (10-20%) to solar UV radiation (Kuhn 

and Atreya, 1979; Pavlov et al., 2002) and to incoming ionizing radiation from galactic 

cosmic rays (Pavlov et al., 2002), while X-rays are mostly scattered in the atmosphere 

(Pavlov et al., 2002). It has been speculated that the high UV radiation on the Martian soil 

surface generates strong oxidizers (superoxide ions) (Yen et al., 2000). Indeed, perchlorate, a 

strong oxidant, was found at the Phoenix landing site (Hecht et al., 2009). 

   

Water on Mars  

At 53% the diameter of our planet, Mars is of a similar chemical composition: a thin crust 

enriched in silicates and other chemicals including water, on top of a silicate-rich mantle with 

an iron-rich core (Jones, 2008). One of the main reasons why one should look for life on 

Mars, is the evidence of abundance of liquid water on Mars during early history and the 

possibility of water seeping to the surface in recent years (Malin and Edgett, 2000). The 

record of past aqueous activity can be inferred from landscapes morphology but also from the 

composition of minerals or rocks (Bénilan and Cottin, 2007). Evaporate minerals (e.g. 

gypsum, and carbonates) and hydrated silicate minerals (e.g. clay minerals), indicate past 

aqueous activity and these have been found on Mars (Grady, 2008; Poulet et al., 2005; 

Ehlmann et al., 2011). Two distinct areas can be distinguished on Mars: the lower (~5 km 

difference), smoother Northern hemisphere showing evidence of past volcanic activity (and 

relatively recent geologic activity of ~2 million years ago; Neukum et al., 2004) and the 

higher, older, rougher and heavily cratered Southern hemisphere (Smith et al., 1999). It has 

been hypothesized that the Northern hemisphere was once covered by an early ocean 

(Clifford and Parker, 2001). Liquid water on the surface may have been most abundant 
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between 4.0 and 3.4 billion years ago (Cabrol and Grin, 1995). Furthermore, channels have 

also been found on the Southern hemisphere which could have been carved by liquid water, 

suggesting Mars was probably warmer and wetter in the past (Jones, 2008). 

Currently, it is not likely to find liquid water on the Martian surface (because the 

average temperature is <0°C; Malin and Edgett, 2000) unless it is a brine (salt water) liquid 

with consequent low freezing point and low vapour pressure (Knauth and Burt, 2002). On 

present-day Mars, water is found as water ice in icy dew over the surface at night (Smith et 

al., 2009), in both polar caps (Bibring et al., 2004), in thin ice crystals clouds, and probably as 

liquid in the subsurface as hypothesised upon the discovery of recent gullies found on slopes, 

carved in recent years (Malin and Edgett, 2000; Jones, 2008). In addition, it has been 

hypothesised that liquid saline water may occur where ground ice exists near the Martian 

surface (Rennó et al., 2009). Seasonal flows on warm Martian slopes have been observed and 

liquid brines near the surface may explain this phenomenon (McEwen et al., 2011). 

Liquid water is one of the basic requirements for life as we know it, along with carbon 

and energy sources (Chyba and Phillips, 2002). When water flowed on the Martian surface it 

was during a period where life had possibly already appeared on Earth (Bénilan and Cottin, 

2007). Thus, a source of organic molecules (possibly delivered by meteoritic material; Flynn, 

1996) could have contributed to the origin of life on Mars just like it may have happened on 

our own planet (Bénilan and Cottin, 2007). In addition, early Martian atmosphere may have 

been similar to the terrestrial atmosphere at the time (even though it was later lost), thus 

contributing to the similarities between early Mars and early Earth (Kasting, 1997; Walter 

and Desmarais, 1993). Furthermore, a combination of flowing water with impact cratering 

and volcanoes suggests that subsurface thermal heating may have generated hydrothermal 

springs on Mars (Walter and Desmarais, 1993), which could have been a habitat for primitive 

life (Wade et al., 1999).  
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Organics on Mars 

Mars is a rocky planet like Earth, and it is also thought to have undergone bombardment by 

asteroids and comets delivering water and organic compounds early in its history (Grady, 

2008; Flynn, 1996). The organics may have been preserved buried underneath Mars oxidizing 

surface (Kanavarioti and Mancinelli, 1990). Mars has an excellent preservation state of early 

Mars geological record and consequently vestiges of pre-biotic and biotic processes might 

still be found (Survey and Council, 2011) for example in ancient thermal-spring deposits 

(Walter and Desmarais, 1993). 

Thus far and with the exception of atmospheric CH4 (Formisano et al., 2004; Mumma 

et al., 2009), the presence of organic molecules on Mars has not been definitively proven 

(Bénilan and Cottin, 2007). The initial search for vestiges of life and organics on Mars was 

accomplished by the first robotic landers on Mars: Viking 1 and 2 (Hanslmeier, 2009). The 

Viking Labeled Release (LR) experiment (Levin, 1972) in which an aqueous mixture of 

organics labelled with 14C was added to Martian samples provided immediate release of 

labelled gas (possibly 14CO2). A similar result was obtained with terrestrial samples (Klein, 

1999). However, these results are generally ascribed to a chemical process due to the 

presence of oxidants on the Martian surface (Klein, 1999). More recently, it has been claimed 

that the results do correspond to a robust biological response (Bianciardi et al., 2012). Still, 

the Viking Gas chromatograph-mass spectrometer (GC-MS) failed to detect organics at the 

ppb level in the top few centimetres of the Martian soil (Biemann et al., 1976). This result 

may be explained by three factors: the lack of sensitivity of the instrument (Glavin et al., 

2001; Navarro-González et al., 2006), the oxidizing properties of Martian surface which may 

have degraded the organics (Benner et al., 2000), or, of course, the absence of active living 

matter. Reanalysis of Viking data showed that Viking may have failed to detect organics 
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because of the chemical oxidation of organic matter by perchlorate present in Martian soils, 

at the high temperatures in the Viking oven (Navarro-González et al., 2010). 

However, even if complex organics are yet to be evidenced on Mars, the detection of 

methane was an important discovery. It has been estimated that methanogens might be 

present at around one cell per ml, if distributed uniformly over a layer that is ten meters deep 

(Tung et al., 2005). The global average methane mixing ratio was 10±5 parts per billion by 

volume (ppbv) and exhibited regional and seasonal variations (Formisano et al., 2004). 

 

Energy sources on Mars 

Outside our planet other forms of energy may be more abundant than sunlight and chemical 

free energy. If the main terrestrial energy sources are limiting or lacking, life may have 

evolved to use different forms of energy (Dirk and Irwin, 2004). For example, geothermal 

energy (e.g. associated with volcanism) is an hypothesized energy source for possible 

‘thermotrophs’, and  is available on Mars (Dirk and Irwin, 2004). On Mars, sunlight (Kuhn 

and Atreya, 1979) and a variety of possible chemical energy sources or inorganic compounds 

are available (e.g. iron-rich minerals are abundant; Catling and Moore, 2003). An energy 

source for Martian subsurface life could be the energy liberated in the oxidation of 

photochemically produced atmospheric H2 and CO diffusing into the soil (Weiss et al., 2000). 

However, on Mars hydrothermal and chemical weathering energy surpass the energy 

available from atmospheric gases. Energy sources are probably not the limiting factor for 

Martian life forms. The limitation of liquid water may have a bigger influence (Weiss et al., 

2000). 
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Possible life on Mars? 

Mars is considered an extreme environment according to our own terrestrial standards, 

because it is currently cold, dry, is subject to intensive UV radiation and strongly oxidizing 

atmosphere on its surface. Yet, Mars is still a planet with a potential for life, especially in the 

subsurface where these factors lose their influence (Boston et al., 1992). Life may have 

originated on Mars in an early temperate climate during the Noachian period some 3.8 billion 

years ago (Cabrol and Grin, 1995) as it seems to have occurred on Earth (Westall et al., 

2000). After surface conditions became hostile to life, life may have found a refuge in the 

subsurface (Boston et al., 1992). 

The detection of methane and water on Mars were not the only findings stirring 

controversy and excitement on the possibility of life on Mars in recent years. In 1996, the 

most controversial scientific claim to date was made when structures in the Martian meteorite 

ALH 84001 were interpreted as fossilized bacterial remains (McKay et al., 1996). This claim 

is still not proven or disproven, but is mostly discarded as terrestrial contamination 

(Arrhenius and Mojzsis, 1996; Bada et al., 1998; Becker et al., 1997) or as resulting from 

abiotic processes (Treiman, 2003). Indeed, any potential evidence of possible life on Mars 

needs to be scrutinized meticulously by the scientific community since ‘extraordinary claims 

require extraordinary evidence’ (famous sentence popularized by Carl Sagan).  Science 

always requires control experiments and in this case the design of such control experiments is 

difficult. 

 

Molecules indicative of life 

Molecules that are indicative of life or its functions are called biomarkers (since biomarkers 

are features of biological origin; Hanslmeier, 2009). So far, different classes of biomarkers 
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for the exploration of life on Mars have been proposed. These comprise relatively simple 

components such as amino acids, sugars, carboxylic and fatty acids, pigments, and cell 

membrane components (e.g. isoprenoids such as hopanoids) (Parnell et al., 2007). Current 

approaches mainly address these simpler biomarkers. Especially amino acids and isoprenoids 

are considered priority molecular targets in the search for life on Mars because of their great 

chemical stability and persistence in the geological record (Parnell et al., 2007; Martins, 

2011). However, the most useful biomarkers are the ones that do not only present a definitive 

proof of life but are also indicators of the complexity required for life and contain hereditary 

information about the life forms in question. Terrestrial life forms store their genetic and 

hereditary information in nucleic acids such as DNA and RNA (Gallori, 2011). These nucleic 

acids are polymers composed by nucleotide monomers containing a sugar, a phosphate and a 

nucleobase (Figure 1). The common nucleobases found in terrestrial nucleic acids are 

adenine, thymine, cytosine, uracil and guanine.  

DNA has also been considered one of the high priority targets for future missions like 

Exomars (Parnell et al., 2007). Molecules like DNA would constitute strong evidence 

(though not the ultimate proof) of contemporary life on Mars but these molecules rapidly 

degrade under the strong UV radiation and oxidizing conditions of Martian surface (Martins, 

2011). However, this does not apply for the subsurface environment where life and their 

hereditary molecules are more protected. DNA is not stable either in the geological fossil 

record of planet Earth: the theoretical life span is 50,000-100,000 years for amplifiable 

ancient DNA sequences (Lindahl, 1997). Still, there are reports of ancient DNA and even of 

living microorganisms (thus containing intact DNA; Cano and Borucki, 1995) being 

recovered from samples that are millions of years old (Panieri et al., 2010). In addition, there 

are certain conditions that may help in the preservation of DNA. Ancient DNA has been 

recovered from halite crystals, amber, marine sediments and permafrost (Panieri et al., 2010) 
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and according to Sephton (2010), Martian low temperatures may help to preserve remnants of 

life even better than on Earth. There could be some niches on Mars (such as in the 

subsurface, in ice, inside cracks of rocks, in clay-rich sediments (Trevors, 1996), in ancient 

thermal-spring deposits (Walter and Desmarais, 1993), in caves (Boston et al., 2006; 

Cushing, 2011) where these might have been preserved (if Martian life got extinct).  

 

 

Figure 1. Double strand DNA structure, base pairs overview. DNA is composed by 

nucleotide monomers containing a phosphate, a sugar (deoxyribose) and a nucleobase. In 

DNA, the nucleobase adenine (A) pairs with thymine (T) and guanine (G) pairs with cytosine 

(C). In RNA, thymine (T) is replaced by uracil (U) and the sugar is ribose. Figure was made 

with BKChem software. 
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The choice of nucleic acids as biomarkers has an additional advantage, which is that 

they can be amplified in vitro, thus fostering detection. Amplification techniques used should 

also allow the detection of hereditable information that deviates from what is currently 

known (e.g. Chaput and Szostak, 2003, Pinheiro et al., 2012) since the possibility of nucleic 

acids with alternative backbones or nucleobases is not unlikely (e.g. Yu et al., 2012). The 

idea of looking for DNA or DNA-like molecules containing heritable information outside our 

planet is not implausible since components of nucleic acids have been delivered from space 

to Earth. Nucleobases (components of DNA and RNA) are thought to have been delivered on 

Earth by extraterrestrial organic material from comets, asteroids and interplanetary dust 

particles (IDPs) (Chyba and Sagan, 1992). Current confirmed extraterrestrial nucleobases 

encountered in meteorites include guanine, hypoxanthine, xanthine, adenine and uracil 

(Callahan et al., 2011; Martins et al., 2008). Other constituents of  nucleic acids, like riboses 

(sugars) have been identified (Cooper et al., 2001) and even phosphorous has been delivered 

to early Earth by meteorites (Pasek, 2008). Alternative backbones are not implausible either: 

peptide (PNA), locked (LNA), glycol (GNA), and threose nucleic acids (TNA) (Ehrenfreund 

et al., 2006; Karkare and Bhatnagar, 2006) are examples, though these have been created 

artificially. Recently, it was hypothesised that a TNA world may have preceded the RNA 

world on Earth (Yu et al., 2012). 

 

Nucleic acids as biomarkers and issues in their detection 

Two key methodological issues with the use of nucleic acids as biomarkers are robust, high 

quality and high yield DNA extraction and sensitive detection. 
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Extraction issues 

Since life (or traces of life) may be present in locations protected from the harsh conditions of 

the Martian surface (e.g. inside cracks of rocks or in the subsurface) it is important to develop 

methods which allow the quantitative extraction of nucleic acids from such solid materials. 

Extraction can be challenging due to the low abundance of life in these environments (e.g. 

Barton et al., 2006). This can be an issue when considering low biomass environments such 

as expected on Mars. Therefore, life detection strategies should be robust and produce high 

quality nucleic acids, with minimal loss during extraction. 

Currently, there are two types of DNA extraction methods. In the first type, the 

suspected life, most probably living cells, are isolated from the soil particles or rock matrix 

by dissolution or differential centrifugation and subsequently lysed to obtain DNA (Torsvik, 

1980). The second type consists of direct cell lysis while cells are still within the soil or rock 

matrix, followed by DNA extraction (Bertrand et al., 2005). The latter approach is used most 

frequently since it is more robust, providing higher DNA yield (Herrera and Cockell, 2007). 

DNA extraction procedures include a cell lysing step that can be performed in several ways, 

i.e. by bead beating, heating or detergent treatment, grinding–freezing–thawing or sonication 

(Robe et al., 2003). Bead-beating methods have been considered superior for cell lysis and 

DNA yield and these are currently included in commercial DNA extraction kits (Takada-

Hoshino and Matsumoto, 2004). Commercial kits for soil are available and considered 

suitable for obtaining good quality DNA (e.g. Dineen et al., 2010). These kits are less time 

consuming and safer to use because they do not require a phenol/chloroform extraction step 

but instead use a silica based spin filter membrane to isolate the DNA. Still, the efficiency of 

extraction will greatly influence the results. For example, excessive fragmentation of DNA 

can occur for cells which are easier to break during mechanic cell lysis (Schneegurt et al., 

2003) leading to extraction biases since fragmented DNA could be lost during extraction or 
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be more difficult to amplify. Several factors such as DNA binding, DNA sequestration in 

hard mineral matrix and DNA degradation can also limit the efficiency of the direct DNA 

isolation (Herrera and Cockell, 2007). DNA binding to clays and other minerals can interfere 

with extraction and characterization of nucleic acids (e.g. Novinscak and Filion, 2011).  

 

Amplification issues 

In order to foster detection, nucleic acids have a great advantage compared to other 

biomarkers such as proteins and metabolites as ATP that they can be amplified, allowing in 

principle single molecule detection. The most commonly used method to amplify nucleic 

acids is the PCR (Polymerase Chain Reaction) invented by Kary Mullis (Mullis et al., 1986). 

This method requires thermal cycling at high temperatures (94-95°C, thus requiring high 

energy input) and the use of pre-established primers (~20-25 nucleotides long) to target and 

amplify specific sequences (Mullis et al., 1986). Culture-independent sequence analysis of 

16S rRNA genes based on PCR is widely used to determine the composition of microbial 

communities (Röling and Head, 2005). 16S rRNA genes are commonly used because they 

encode a part of the ribosomes that are required by all known organisms to synthesize 

proteins (Röling and Head, 2005). However, even on Earth, this technique is not detecting all 

life forms (e.g. Huber et al., 2002). The major limitation of PCR for life detection purposes is 

that it is selective by means of the use of defined primers targeting specific sequences (Röling 

and Head, 2005). It is thereby less suitable for the detection of unknown life. In addition, 

PCR can induce bias and sequence artifacts (Acinas et al., 2005), suffer inhibition by 

substances co-extracted with the nucleic acids, and generate false positive reactions due to 

contamination (Röling and Head, 2005). The latter issues (inhibition and contamination) are 

very relevant for life detection experiments. 
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Non-selective amplification methods which do not require previous sequence 

information might be more desirable for life detection on Mars, because if life exists on Mars 

it may not contain known genes as known for Earth (like 16S rRNA genes). Martian life 

might employ a different chemistry (such as other backbones or nucleobases) from the life 

that we know on planet Earth. Amplification techniques such as Whole Genome 

Amplification (WGA) methods have advantages over PCR because they amplify whole 

genomes. WGA methods, in particular strand displacement amplification, have allowed the 

assessment of microbial communities in low biomass environments which otherwise would 

be inaccessible (Binga et al., 2008) and are therewith of high relevance with respect to the 

detection of nucleic acids on Mars. Examples include isothermal methods that do not require 

thermal cycling at high temperatures such as MDA (Multiple Displacement Amplification; 

Dean et al., 2002) or a truly primer-free method such as pWGA (primase-based Whole 

Genome Amplification; Li et al., 2008). WGA amplification methods are potentially useful 

for life detection purposes because they are highly sensitive (small amounts of template DNA 

are required; e.g. Binga et al., 2008), provide genomic coverage, do not require previous 

sequence information and require less energy consumption (no thermal cycling at high 

temperatures is required; Dean et al., 2002). However, they do require DNA, hence they do 

require the new life to employ the chemistry of life on Earth. 

In addition, since life on Mars may be extant or extinct, the optimization of extraction 

and amplification of ancient nucleic acids (i.e. ancient DNA or short polymers) is also 

relevant. 
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Non-nucleic acid based methods to detect life 

Perpetuation rather than evolution is the defining property of life (Westerhoff and Hofmeyr, 

2005). The ability to evolve helps perpetuation in the long run and so does the ability to 

reproduce. However, organisms in the deep subsurface or in latent states (such as spores), or 

even humans may be alive without reproducing or evolving and an operational definition of 

life that does not require reproduction may also be more practical and immediate. From this 

perspective, the ability to engage in repair processes, the ability to respond to changes in the 

environment by an increased dissipation of Gibbs free energy and thereby most often an 

increased release of heat, or the ability to synthesize complex chemical compounds should 

perhaps be better ways to identify matter as alive. Nealson et al. (2002) proposed a twofold 

strategy, the first approach based on complexity and chemical analysis and the second based 

on thermodynamics and kinetics. The first approach can be performed by computer created 

algorithms that are able to identify complex structures, which later can be elementally and 

chemically characterized and the second approach by looking for environments where 

chemical disequilibria persist (in terms of redox reactions) and then look for structural and 

chemical complexity (Nealson et al., 2002). 

Although the great advantage of these definitions of life is that they are independent 

of a particular chemistry, and particularly independent of the presence of nucleic acids, 

comparatively little use has been made of these operational definitions of life in attempts to 

detect new life. The reason is that the feasibility of detecting minute amounts of life with 

these methods is small; the methods tend to be less sensitive because they do not have the 

property of ready amplification. 
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The relevance and importance of studying Mars analogues 

The lack of truly Martian samples, with the exception of a few available meteorites (with 

possible contamination risks), makes the study of Mars analogues extremely important. 

Relevant studies for the search of life on Mars can be performed on analogue field 

environments (Foing et al., 2011), on laboratory simulation facilities or with Mars simulation 

chambers (e.g. Osman et al., 2008), by using single organisms in laboratory controlled 

environments (e.g. Cockell et al., 2005) or by exposing organisms or organics to low Earth 

orbit or space environments (e.g. Ehrenfreund et al., 2007; Nicholson et al., 2011). Mars 

analogues field studies can include the study of analogue soils or analogue environments 

(either surface or subsurface environments). On our own planet there are many environments 

that can mimic some of Mars current conditions. Examples include cold desert environments. 

For example, the cold deserts of Antarctica provide a glance of what a Mars ecosystem might 

have been like (McKay, 1997), the extremely arid Atacama desert in Chile has very low 

levels of organics and bacteria (Gómez-Silva et al., 2008) therewith mimicking some of Mars 

characteristics, Hawaii is an analogue for geology and volcanism, the Salten Skov sediments 

in Denmark contain high concentrations of iron-rich minerals providing a magnetic and 

chemical analogue, the Arequipa desert in Peru is a chemical and organic analogue because 

of sulphate mineralogy and low organics, and the red coloured acidic Rio Tinto in Spain has 

analogies with Mars in inorganic geochemistry (Marlow et al., 2008). 

Soil analogue studies may be used as predictive tools in order to anticipate scientific 

discoveries, e.g. they may help in predicting which kind of materials and potential sampling 

sites may harbour life or organics or in preventing technical difficulties such as failing to 

detect life because the applied instrumentation was not sensitive enough (Marlow et al., 

2008) or inadequate. In conclusion, the data attained from the studies of analogues are very 

relevant for the search for life on Mars since they can contribute to the optimization of both 
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sampling strategies and life detection methodologies, and also suggest which types of 

organisms could survive in such an environment (e.g. Cockell et al., 2005). 

 

Objectives and thesis outline 

The research presented in this thesis befits the fields of planetary research and astrobiology.  

It comprises the development, evaluation and optimization of extraction and amplification 

methods for biomarkers, especially molecules storing hereditary information such as DNA. 

Molecular techniques of microbial ecology were applied since these will be important for 

evaluating the possibility of past or present life on Mars. While current approaches mainly 

address simple biomarkers, here the focus is on complex molecules that store hereditary 

information, as this is one of the general characteristics of life forms as we know it. The main 

advantage is that these molecules can be amplified, allowing for single molecule detection. 

The research consisted of both fundamental research, as well as method development. 

 In Chapter 2 a study of a terrestrial cold arid desert environment with mineral 

composition and erosion processes comparable to those on Martian surface, is presented. 

Culture-independent rRNA gene-based molecular analyses of samples that had been obtained 

from locations near the Mars Desert Research Station in Utah revealed that life in this 

extreme environment is diverse. A wide variety of putative extremophiles of all three 

domains of life (Archaea, Bacteria and Eukarya) were detected, in some but not in all 

samples. Large variation in occurrence and diversity over short distances indicated the need 

for a high spatial density of sampling. ‘Spiking’ experiments, i.e. attempts to extract DNA 

added to the samples, showed that this may relate to low DNA recovery from some samples, 

due to adsorption or degradation, revealing that DNA extraction methods need to be 

optimized to improve extraction efficiencies. This is addressed in Chapter 3. There were 

indications that variation in mineral composition may be an additional factor to take into 
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consideration when examining occurrence and abundance of microorganisms (addressed in 

Chapter 4). 

The adsorption of nucleic acids to mineral matrixes can result in low extraction yields.  

This influences molecular microbial ecology studies negatively, in particular for low-biomass 

environments on Earth and Mars. In Chapter 3, based on results obtained in Chapter 2, the 

adsorption of nucleic acids to a range of minerals relevant to Earth and Mars was determined. 

Clay minerals, but also other silicates and non-silicates, showed very low recovery (<1%) of 

DNA added as spike. Optimization of DNA extraction was directed towards clays. The most 

efficient examined method consisted of a high phosphate aqueous solution (‘P/EtOH’; a 1 M 

phosphate, 15% ethanol buffer at pH 8) introduced at the cell lysing step in DNA extraction 

with the aim of promoting chemical competition with DNA for adsorption sites. This method 

also proved to be suitable for the recovery of low molecular weight DNA (<1.5 kb). 

Since mineral composition may influence both microbial community composition and 

the detection thereof, further research was performed in order to better understand microbe 

mineral interactions, using the optimized extraction procedure. Therefore, in Chapter 4 a 

Mars subsurface analogue in situ incubation experiment was performed. This comprised the 

placement of Mars analogue minerals in an anaerobic iron-reducing aquifer (Banisveld, 

Boxtel, The Netherlands) as an analogue for Mars (anaerobic, high iron content). The main 

objective was to access the impact of minerals on microbial communities. This experiment 

revealed that mineral composition influences microbial community structure. In particular the 

availability of Fe (III) in minerals had a large effect on community structure, with Geobacter 

species being dominant in Fe(III)-rich minerals. Differences in soil mineral content will 

contribute to differences in microbial community structure of soil and sediment samples. 

Therefore, mineral composition is a factor to consider in selection of sites for life detection 

investigations. 
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The choice of nucleic acids as biomarkers for life detection missions has a major 

advantage over other biomarkers which is that they can be amplified, thus fostering sensitive 

detection. In Chapters 2-4 PCR was used, but amplification techniques alternative to PCR 

based on earthly nucleic acids are more desirable. However, these may be subject to bias. 

Chapter 5 describes the systematic evaluation of bias (related to differences in GC content, 

DNA integrity and fragment size) introduced by two different Whole Genome Amplification 

methods in the assessment of the microbial community structure. One of the methods is used 

widely (MDA - Multiple Displacement Amplification). The other is a more recent, primer-

free method (pWGA - primase-based Whole Genome Amplification). This study employed 

defined mixtures of species, as well as environmental samples. All these factors (GC content, 

DNA integrity and size) influenced microbial community profiles. Therefore, this chapter 

includes a discussion of how important such biases are for the detection of life and of 

possible implications for other environmental studies. 

Chapter 6 consists of a general discussion on the main findings of this work and of 

how these contribute to the search for life on Mars, and unknown life on Earth. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


