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Abstract 

  The major aim of this thesis is critical evaluation of Raman spectroscopy in the 

detection of carotenoids of extremophiles, namely snow algae. Extremophilic 

microorganisms play an important role in exobiology since they set hypothetical 

boundaries for the presence of life on Earth.  Raman spectroscopy will be a part of two 

mission to Mars. Here, a laboratory Raman microspectrometer was used for the analysis 

of 11 samples of snow algae from different locations over the years 2002–2017. The 

acquired spectra were compared with HPLC/UV-VIS analysis. The results showed that the 

ability of Raman spectroscopy to discriminate between structurally slightly differing 

carotenoid pigments or several carotenoids in an admixture is limited. Contrary, 

HPLC/UV-VIS permitted to detect various structurally similar carotenoids (and 

chlorophylls). However, HPLC/UV-VIS worked with overall pigment extracts during 

which some structural information can be lost. Raman microspectrometer allowed 

analysis of cells in different life-cycle stages and thus several various spectra could be 

studied. Raman microspectrometer was therefore more suitable for carotenoid detection 

in mixtures of various life-stages than HPLC/UV-VIS. 
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Abstrakt  

  Hlavním cílem této práce je kriticky zhodnotit Ramanovu spektroskopii při detekci 

karotenoidů extrémofilních sněžných řas. Extrémofilní mikroorganismy určují 

hypotetické hranice pro život na Zemi, a proto jsou pokládány za analogní organismy pro 

exobiologii.  Ramanova spektroskopie se bude účastnit dvou planetárních misí na Mars s 

cílem najít život. V této práci, laboratorní Ramanův mikrospektrometr byl využit k analýze 

11 vzorků sněžných řas získaných z různých lokací během let 2002-2017. Získaná spektra 

byla porovnána s výsledky HPLC/UV-VIS analýzy. Schopnost Ramanovy spektroskopie při 

detekci strukturně podobných karotenoidů nebo směsi více karotenoidů byla značně 

limitující. HPLC/UV-VIS analýza umožnila detekci i strukturně blízkých pigmentů. 

HPLC/UV-VIS analýza však vyžaduje celkové extrakty pigmentů, což může zapříčinit 

ztrátu určitých strukturních informací. Ramanův mikrospektrometr dovoluje detekci na 

úrovni jednotlivých buněk v různých životních stádií, což se ukázalo jako výhoda při 

studiu heterogenních vzorků.  

 

Klíčová slova  

karotenoidy, sněžné řasy, exobiologie, obyvatelnost, biomarkery, Ramanova 

spektrosckopie, HPLC/UV-VIS 
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1.   Introduction 

 The Earth is a unique planet since, to our knowledge, it is the only planet that 

harbours life. The major task of exobiology is the search for life beyond Earth. However, 

this brings several obstacles. For example, there is no unifying definition of life. The most 

common definition is the one used by NASA1 which defines life as something capable of 

Darwinian evolution, metabolism and DNA2/RNA3 is used as a storage of information. Life 

on Earth is based on carbon and requires water and energy sources and inhabits all niches 

where these components are available (Mix et al., 2006). 

  Thermus aquaticus is a bacterium isolated from Yellowstone hot springs (Brock & 

Freeze, 1969) and it is the first extremophile ever discovered. Extremophiles are 

organisms that are adapted to extreme environments such as high/low temperatures, 

high/low pH, increased salinity etc. (Tab. 1) (Gupta et al., 2014). 

Tab. 1 Examples of the main groups of extremophilic organisms, their optimal growth conditions 

and habitats (Gupta et al., 2014) 

Extremophiles Extreme conditions Habitats 

Thermophiles > 50 °C Hot springs, deep sea 

Psychophiles < 15 °C Glaciers, polar regions 

Acidophiles pH < 3 Acid mine drainage 

Alkaliphiles pH > 9 Carbonate rich soils, soda lakes 

Halophiles > 0.2 M NaCl Brines, salt lakes 

 

  Extremophiles are used as model organisms in exobiological researches. Even 

though this concept is Earth-centric, it still provides better understanding of the origin 

and the potential distribution of life on Earth, and beyond. The Solar system contains 

several exobiologically interesting locations. The subsurface oceans of Europa and 

Enceladus could host ecosystems similar to the one found around hydrothermal vents on 

Earth. Titan could be inhabited by totally different biota (e.g. using liquid hydrocarbons 

as a solvent). Even hot Venus is considered as a potential habitat. Nonetheless, currently 

the biggest attention of exobiologists gets Mars. Considering Martian low temperatures,  

                                                        
1 National aeronautics and space administration 
2 deoxyribonucleic acid 
3 ribonucleic acid 
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abundant salt deposits and harsh UV-radiation (UVR), extremophiles such as halophiles 

and psychrophiles represent best model organisms for Mars (Preston & Dartnell, 2014).  

The majority of extremophilic organisms are prokaryotes. Some of them use 

pigments to cope with conditions in their natural habitats (mainly increased UVR) e.g. 

orange-pigmented Planococcus antarcticus and P. psychrophilus (from McMurdo Dry 

Valleys in Antarctica) (Reddy et al., 2002). A similar strategy is also common for 

extremophilic eukaryotes, namely snow algae, which typically inhabit in locations 

exposed to high UVR and low temperatures (Rivas et al., 2016).  

Pigments are organic molecules that selectively absorb light, which is then used as 

a source of energy. Besides that, pigments have other functions such as radical scavenging. 

Pigments absorbing UV-C and UV-B are widely distributed through all domains of life. This 

can be explained by absence of the ozone layer in Earth's early atmosphere. For 

exobiological purposes, it is important that similar scenario is still occurring on Mars 

today (i.e. surface exposed to harsh UVR). According to thermodynamic dissipation theory 

of Michaelian and Simeonov (2015), pigments could be fundamental molecules in the 

origin of life as it says “life arose as a response to the thermodynamic imperative of 

dissipating the prevailing solar photon flux and would have begun by forming pigments at 

the shorter wavelengths…”.  Another similar theory assumes geothermal-origin of life on 

Earth (and possibly on Mars). It suggests that pigments may have originated as thermal 

sensors for detecting suitable thermal spots. During evolution, photosynthetic pigments 

and pigments protecting against UVR would have been selected as an advantageous 

survival strategy. This has led to a proposal that pigments such as carotenoids and 

scytonemin are relicts of early life since today, the protection against UV-C and UV-B is 

not necessary due to the ozone layer. Therefore, pigments could be key biomarkers for 

the detection of extinct (or extant) life on Mars and other planets (Wynn-Williams et al., 

2002).  

The detection of biomarkers on a different planet is a challenging task, thus many 

instrumental methods are being developed and modified for purposes of planetary 

exploration. One such suitable method is Raman spectroscopy (RS) which is planned to 

be a part of the experimental payload in the upcoming Martian missions (Rull et al., 2017). 
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The first part of this thesis deals with carotenoids of snow algae as one of 

extremophilic biomarkers and the potential habitability of the Solar system. In the second 

part, Raman spectroscopy was used to analyse various samples of snow alga. The results 

were complemented with high-pressure liquid chromatography (HPLC), a reliable 

method commonly used for detailed pigment analysis.   
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2.   Exobiology  

Exobiology (or astrobiology) studies the origin of life, its evolution and 

distribution in the Universe. It is a multidisciplinary field that includes biology, geology, 

biochemistry, astronomy and many others. Generally, habitability of planets/moons is 

defined by chemical and physical factors of the environment. (Preston & Dartnell, 2014 ;  

Schulze-Makuch et al., 2015 ;  Mix et al., 2006). The overall planet habitability is also 

influenced by the presence of satellites, atmosphere, type of central star, tidal forces, 

decay of radioisotopes etc.  (Mix et al., 2006). Life on Earth inhabits almost all niches 

where liquid water, carbon and energy sources are present (Preston & Dartnell, 2014 ;  

Schulze-Makuch et al., 2015 ;  Mix et al., 2006). Liquid water usually occurs at temperature 

range from 0 °C to 100 °C. Nevertheless, solutes (e.g. salts) or high pressure extend the 

temperature range of the liquid phase of water (e.g. – 20 °C) (Mix et al., 2006). 

One area of exobiology focuses on extremophilic organisms since they set 

hypothetical boundaries for terrestrial life. (Preston & Dartnell, 2014 ;  Schulze-Makuch 

et al., 2015 ;  Mix et al., 2006). It has been reported that thermophiles are still 

metabolically active up to 122 °C and psychrophiles down to – 40 °C. The most radiation-

resistant organism is D. radiodurans which can withstand 10,000 Gy. Acidophiles and 

alkaliphiles grow at extreme pH values (from 0 to 13), and halophiles are capable of 

growth in saturated salt solutions (Schulze-Makuch et al., 2015).  

2.1 Enceladus and Europa 

Jovian moon – Europa, and Saturn´s moon - Enceladus have subsurface salty 

oceans beneath their icy shells (Mix et al., 2006). The surface of Europa is covered with 

cracks, ridges and chaos regions. These areas have high concentrations of non-ice 

materials (MgSO4 · H2O, Na2SO4 · H2O, and CaCO3) that could be delivered from the 

subsurface ocean, and potentially contain some biomarkers (see Chapter 3) (Mix et al., 

2006). Biomarkers could be associated with phyllosilicates that have been detected on 

Europa´s surface. Surface temperatures on Europa may reach down to – 180 °C, but could 

be more favourable below the ice (around– 3 °C) (Mix et al., 2006). Notably, on Earth, 

protein synthesis has been detected even at – 196 °C  (Garcia-Lopez & Cid, 2017).  

In 2005, the Cassini spacecraft detected large plumes from the southern 

hemisphere of Enceladus. The analysis detected NaCl, NaHCO3, Na2CO3, and K+ (Preston & 

Dartnell, 2014). More importantly, the plumes also contained simple organic compounds, 



 
 

5 
 

CH4, N2, H2 and CO2 which could be related to the presence of life (Preston & Dartnell, 2014 

;  Garcia-Lopez & Cid, 2017). The presence of H2 in the plumes on Enceladus, may suggest 

hydrothermal processes (e.g. serpentinization) which could be utilized by 

chemosynthetic life forms  (Garcia-Lopez & Cid, 2017). 

The subglacial lakes represent analogous environments for both Europa and 

Enceladus (Mix et al., 2006 ;  Preston & Dartnell, 2014). Antarctic subglacial Lake Vostok 

is inhabited by various psychrophiles (cyanobacteria, bacteria, algae, protozoa…). The 

study of lake´s sulfate-reducing bacteria (and sulfur biogeochemical cycle) has led to a 

proposal that sulfur compounds found on Europa´s surface could represent major 

biomarkers (Dudeja et al., 2010). For example, isotopic analysis could reveal whether 

detected sulfur originated from biotic, or abiotic processes (Dudeja et al., 2010 ;  Chela-

Flores, 2006). Besides subglacial lakes, permafrost, brine oceans (e.g. Orca Basin, Gulf of 

Mexico) and hydrothermal vents are also involved in exobiological researches of Europa 

and Enceladus (Preston & Dartnell, 2014). 

2.2 Titan 

On the other side, life on Titan (another moon of Saturn) could have totally unique 

biochemistry. Its surface is too cold to maintain liquid water, nevertheless, lakes of liquid 

hydrocarbons (e.g. CH4) have been discovered (Preston & Dartnell, 2014). Liquid 

hydrocarbons, especially mixtures of CH4/C2H6, could serve as a solvent for potential life. 

There are also indirect evidences of a deep subsurface ocean composed of H2O-NH4 

mixture. On Earth, microorganisms have been isolated from liquid asphalt e.g. the Pitch 

lake, the Rancho La Brea Tar Pits (Preston & Dartnell, 2014) and from methane clathrates 

(Facchin et al., 2017).  

Interestingly, Titan´s atmosphere contains mostly isotopically light methane 

which could indicate biotic origin (e.g. from microbial consumption of C2H2, or C2H6). 

Although CH4-metabolism would be energetically favourable, low temperatures and low 

solubility of organic compounds in liquid CH4 would be problematic (McKay & Smith, 

2005). Life on Titan could be also supported by suggested cryovolcanism, which may give 

rise to more complex organic molecules (Garcia-Lopez & Cid, 2017).  
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2.3 Mars 

Mars is due to its proximity to the Earth the most explored planet of our Solar 

system and it is also the most Earth-like planet. The atmosphere of Mars is composed 

primarily of CO2 with minor amounts of N2, Ar, O2, CO, H2O and CH4 (Mix et al., 2006). The 

surface is extremely cold (average temperatures around – 60 °C), highly irradiated by UVR 

and ionizing radiation. Although Martian surface generally lacks liquid water, water ice 

has been detected in regolith, subsurface (Mix et al., 2006 ;  Garcia-Lopez & Cid, 2017), 

polar caps (Mix et al., 2006 ;  Wallis et al., 2009), and even seasonal liquid brines have 

been discovered (Mix et al., 2006 ;  Oren et al., 2014).  

The geological history of Mars is divided into three epochs – the Amazonian (1.8 

Ga-present), the Hesperian (3.5-1.8 Ga), and the Noachian (4.6-3.5 Ga) (Mix et al., 2006). 

Each epoch has characteristic mineral composition providing information about Martian 

past. The presence of phylosilicates indicates warmer and wetter environments during 

the Noachian epoch. In the Hesperian epoch, sulfate deposits imply more acidic aqueous 

conditions. The last epoch is characterized by the loss of liquid water and the formation 

of ferric oxides (Preston & Dartnell, 2014 ;  Mix et al., 2006).  

Because present surface temperatures are mostly below the freezing point of 

water, hypothetical life would have to use different kinds of solvents. The mixture of 

H2O2/H2O has been proposed, this mixture could also serve as the source of oxygen. For 

example, Martian primary producers may be represented by photoautorophic endoliths 

that could metabolize H2O2 and produce CH4 as a waste product (Schulze-Makuch et al., 

2015). The Curiosity rover has detected fluctuating amounts of CH4 in Gale crater 

(Schulze-Makuch et al., 2015 ;  Webster et al., 2015). CH4 on Earth is produced by 

methanogenic microorganisms, but also via abiotic processes such as serpentinization of 

olivine, UV-degradation of organics, from subsurface clathrates etc. On Mars, one of 

abiotic sources could be UV-induced degradation of chlorobenzene and simple 

chlorinated alkanes (Webster et al., 2015).  

Analogous environments to the Hesperian is represented by the Rio Tinto in Spain. 

The conditions of the Rio Tinto are extremely acidic with high concentrations of heavy 

metals. Nonetheless, chemolitotrophic acidophiles such as Acidithiobacillus ferrooxidans 

thrive there (Amils, 2016). It has been also shown that this species could  survive on the 

surface of present Mars when covered with a 2 mm thick layer of minerals (Gómez et al., 



 
 

7 
 

2010). Drilling analyses of the Rio Tinto have also revealed the presence methanogenic 

bacteria (Amils, 2016). During summer, concentrated brines are formed from which 

various minerals precipitate (e.g. Fe-oxides, gypsum, and natrojarosite) (Amils, 2016). 

The Opportunity rover have identified analogous minerals at Meridiani Planum - 

hematite, ferric sulfates, and jarosite (Amils, 2016 ;  Gómez et al., 2010). In the Rio Tinto, 

biomineralization also leads to the production of these minerals (hematite and jarosite) 

(Amils, 2016).   

The McMurdo Dry Valleys in Antarctica belong among the coldest and driest places 

on Earth. Together with intense UVR, these valleys represent one of the most hostile 

places on Earth. Despite that, several extremophiles have been recognized, they include 

halophilic and psychrophilic cyanobacteria, algae, fungi etc. Many of them produce 

pigments (e.g. astaxanthin of snow algae as described below), or/and inhabit rocks to 

protect themselves from intense radiation. They can be found beneath translucent rocks 

(hypoliths), in their cracks and fissures (chasmoendoliths), or in rock pores 

(cryptoendoliths). Comparable communities could inhabit sandstone on Mars (Archer et 

al., 2017). Similarly, Chroococcidiopsis-based communities in the Atacama Desert colonize 

halite deposits, talc, quartz, and carbonates. These microorganisms are extremely 

Fig. 1 McMurdo Dry Valleys in Antarctica are one of analogous environments of Mars 

(Source:https://ourplnt.com/wp-content/uploads/2015/11/Wright-Valley-McMurdo-Dry-
Valleys-from-Bull-Pass-1024x683.jpg) 

https://ourplnt.com/wp-content/uploads/2015/11/Wright-Valley-McMurdo-Dry-Valleys-from-Bull-Pass-1024x683.jpg
https://ourplnt.com/wp-content/uploads/2015/11/Wright-Valley-McMurdo-Dry-Valleys-from-Bull-Pass-1024x683.jpg
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adapted to desiccation given that their niches are wet only for a few hours per year  (Billi 

et al., 2017).  

Some regions of Mars contain salts deposits composed, between others, of Na+, 

Mg2+, SO4
2−-, Cl- and ClO4

−. Perchlorates (ClO4
−) are strong oxidants that could have negative 

effects on potential biomarkers. Perchlorates can also contribute to the absorption of 

water from the atmosphere (deliquescence) resulting in the formation of transient, or 

stable brines (Oren et al., 2014). Martian perchlorates could originate similarly to those 

found in the Atacama Desert, or in the Antarctic Dry Valleys i.e. from the interaction of 

ozone and chlorine aerosols (Oren et al., 2014), but also biogenic origin has been 

suggested (Schulze-Makuch et al., 2015). Furthermore, perchlorates serve as electron 

acceptors (e.g. Haloferax mediterranei and Halomonas halodenitrificans) (Oren et al., 2014 

;  Schulze-Makuch et al., 2015). On Mars, potential life could use perchlorates for oxidation 

of CO which is formed from the UV-photolysis of CO2. For example, halophilic 

Alkalimnicola ehrlichii MLHE-1 can oxidize CO and also tolerates perchlorates, although 

no oxidation by perchlorates has been described (King, 2015). Experiments have shown 

that halophiles are able to grow in the presence of 0.4 M perchlorates, and Hfx. 

mediterranei can grow weakly in 0.6 M perchlorate solutions. (Oren et al., 2014). 

Furthermore, halophilic microorganisms (or their biomolecules) can be trapped in fluid 

inclusions within salt crystals which may prolong their preservations. For example, 

Halobacterium salinarum has been isolated from a fluid inclusion of a 97.000-year-old 

halite crystal. Microorganisms have been identified even from Permian salt sediments 

(~250 Ma), however, this still remains controversial (Stan-Lotter & Fendrihan, 2015).  

Extinct, or extant Martian life could leave behind various biomarkers. Although, 

organic molecules are easily degraded on the Martian surface (primarily by extreme 

radiation and oxidizing agents), the additional layers of minerals/regolith could provide 

sufficient protection, especially sulfates and carbonates since they absorb wavelengths 

that damage biomolecules. For example, chlorophylls and porphyrins remain detectable 

when covered with minerals such as hematite, jarosite, gypsum, calcite, or halite. Besides 

Meridiani Planum mentioned above, similar mineralogical composition is also present in 

ancient hypersaline springs areas (e.g. Arabia Terra) and evaporite salt deposits 

(Stromberg et al., 2014). It has been reported that the components of DNA/RNA (purine, 

pyrimidine and uracil) can withstand doses corresponding to 15,000 days on the surface 
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when shielded with calcite. Contrary, the presence of ferric oxides deteriorates DNA/RNA 

samples (Ertem et al., 2017). Similarly, photosynthetic pigments and DNA of 

Chroococcidiopsis sp. were measurable only in the presence of lunar mineral analogs 

(Baqué et al., 2014). The EXPOSE-E mission has also shown that species of 

Chroococcidiopsis are able to survive 1.5 year in simulated Martian conditions when 

covered with 3 mm of sandstone. In addition, it has been assumed that Chroococcidiopsis 

could survive 200,000 years on Mars (Billi et al., 2017).  

NASA (Mars 2020 rover) and ESA4 (ExoMars) are planning missions to Mars to 

search for traces of life. Both rovers are planned to be launched in 2020. The rovers will 

carry several instruments e.g. infrared spectrometer, Raman spectrometer (see Chapter 

5.2.2) and many others (Billi et al., 2017).   

  

                                                        
4 European space agency 
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3.   Biomarkers 

Living systems leave behind traces of their existence (metabolic waste products, 

cellular components…). Biomarkers can be defined as chemical species that are uniquely 

derived from living organisms. For example, amino acids are not considered as 

biomarkers because they may be formed via abiotic processes (Edwards et al., 2014a).  

Under certain conditions, it is possible that some of their biomolecules can be 

preserved over time and still be detectable. These biomarkers could then serve 

geobiological and exobiological purposes (Summons & Lincoln, 2012). 

Proteins, carbohydrates, and DNA are usually easily degraded. Lipid molecules 

however, are very resistant e.g. compounds of cell walls/membranes or pigments 

(Summons & Lincoln, 2012). Polycyclic and highly branched structures such as tetracyclic 

triterpenoids (e.g. steroids) and pentacyclic triterpenoids (e.g. hopanoids) are the least 

biodegradable compounds (Summons & Lincoln, 2012). 

After the death of organisms, their biomolecules can be altered in the process 

known as diagenesis. During diagenesis, sterols, bacteriohopanepolyols, and carotenoids 

can be reduced to their basic hydrocarbon skeletons without additional alternations. The 

presence of reducing agents promotes the preservation of organics, whereas oxygen or 

sulfates have the opposite effect. Some lipids can even contain intact core with preserved 

polar head groups which is an excellent taxonomic indicator (Summons & Lincoln, 2012). 

Pigments are recalcitrant and specific for organisms. For example, tetrapyrrols 

(derived from chlorophylls) can be preserved in sediments and their oxidation leads to 

characteristic maleimides. Maleimides substituted with Me-n-propyl and Me-i-butyl are 

specific for bacteriochlorophylls c, d, and e of Chloroflexaceae and Chlorobiaceae. Another 

structure derived from chlorophylls is phytol which can be reduced to phytane and 

pristine. These two molecules are the most common fossil biomarkers (Summons & 

Lincoln, 2012).  

Excellent biomarkers are carotenoids and their derivatives. For example, okenone 

is a typical carotenoid of the Chromatiaceae family (purple sulfur bacteria). Its 

sedimentary derivative okenane has been identified in Proterozoic sediments (1.64 Ga) 

(French et al., 2015). Other sedimentary carotenoids (e.g. renierapurpurane) have been 

detected in Neoproterozoic-Early Cambrian sedimentary rocks and crude oils 
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(Bhattacharya et al., 2017). In these two studies, gas chromatography-mass spectrometry 

(GC–MS) has been used for the analysis (French et al., 2015 ;  Bhattacharya et al., 2017). 

Carotenoids can be effectively detected by several analytical methods as described below. 

Along with complex hydrocarbons, gasses may sometimes serve as biomarkers as 

well (e.g. O2 and CH4). However, they originate also from abiotic processes (Mix et al., 2006 

;  Summons & Lincoln, 2012). As mentioned above, methane can be formed from bacterial 

methanogenesis, but also from various abiotic reactions e.g. the thermal cracking of 

organic matter (Summons & Lincoln, 2012). 

Tab. 2 Examples of biomarkers (Mix et al., 2006 ;  Summons & Lincoln, 2012) 

Biomarker Example of organisms 

isoprenoid ether lipids, archeol Archaea 

C35 hopanoids (bacteriohopanepolyols) Bacteria 

ladderane lipids Planctomycetales 

botryococcene-related lipids Botrycoccus braunii 

long-chain ketones Prymnesiophytes 

Isorenieraten green sulfur bacteria 
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4.   Snow algae and biomarkers 

4.1 Pigments of snow algae 

Some extremophiles synthesize specific pigments as adaptation to their 

environment. For example, deinoxanthin is a unique carotenoid of radiation-resistant 

Deinococcus radiodurans (Leuko et al., 2017) and salinixanthin of  the halophilic 

bacterium -  Salinibacter ruber (Oren, 2013). Halophiles can also synthesize 

bacterioruberin, halorhodopsin and bacteriorhodopsin (Oren, 2002). Other pigment-

producing extremophiles are snow algae which are psychrophilic eukaryotic phototrophs 

found in snow, soils or ice.  

4.1.1 Ecosystems and survival strategies of snow algae 

About 21 % of the Earth´s surface is covered with snow and ice (Maccario et al., 

2015). This includes ecosystems such as snowfields, ice sheets, ice caps, etc. In these 

extreme environments, several psychrophilic organisms have been detected (yeasts, 

algae, bacteria…). The optimal growth temperatures of psychrophiles  are  below 15 °C 

(Maccario et al., 2015). Cryosestonic algae on the surface of wet snow have optimum 

growth temperatures between 0 °C and 1 °C (Remias, 2012). Besides that, there can be 

also defined psychrotolerant organisms which can live at temperatures around 0 °C, but 

grow optimally around 20-25 °C (Maccario et al., 2015).  

In general, low temperatures decrease the fluidity of membranes, reduce 

enzymatic activities, and the formation of icy crystals can mechanically damage cells 

(Maccario et al., 2015 ;  Garcia-Lopez & Cid, 2017). Psychrophiles have evolved several 

adaptations for coping with these stresses. The membrane fluidity is maintained by the 

higher content of unsaturated fatty acids (i.e. upregulation of desaturases). Psychrophilic 

proteins have less proline and arginine residues, the core of proteins is less hydrophobic, 

and the external loops are longer (Maccario et al., 2015). The synthesis of anti-freeze and 

ice-binding proteins regulates the ice formation in cold environments (Maccario et al., 

2015). 

Cold habitats usually lack liquid water. Water normally freezes at 0 °C, however, 

pressure and higher contents of salts decrease its freezing point (e.g. at salinity of 230 

ppt5, water freezes at – 30 °C) (Maccario et al., 2015). During water freezing, salts and 

                                                        
5 ppt = part per thousand 
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debris are excluded into the surroundings creating concentrated brine solutions. These 

brine pockets and channels serve as microhabitats for various psychrophilic and 

halophilic microorganisms (Maccario et al., 2015). They synthesize compatible solutes 

(e.g. glycine-betaine) and excrete extracellular polymeric substances to balance osmotic 

pressure. Besides that, halopsychrophilic algae (e.g. Chlamydomonas sp. ARC isolated from 

sea-ice.) can transform their vacuoles into spongiosomes - tubular complexes 

participating in osmoregulation (Maccario et al., 2015). 

Although, snow and ice have high albedo, psychrophiles may be exposed to 

increased UVR, especially at higher altitudes and in polar regions. UVR spectrum is 

composed of UV-C (190-280 nm), UV-B (280-315 nm) and UV-A (315-400 nm). UV-B and 

UV-A has the most harmful impact on organisms (Karsten & Holzinger, 2014). The 

increased amount of UVR in polar regions correlates with the depletion of the ozone layer. 

UVR induces production of reactive oxygen species (ROS). The accumulation of ROS in 

snow then forms hyper-oxidative environments (Maccario et al., 2015 ;  Karsten & 

Holzinger, 2014). Aromatic residues of biomolecules absorb UV-B that causes the 

formation of cyclobutene and pyrimidine dimers (e.g.  in D1 protein of photosystem II, 

DNA, RUBISCO6) (Karsten & Holzinger, 2014). Deleterious effects of increased radiation 

can be overcome by the synthesis of antioxidants and pigments as described below 

(Maccario et al., 2015 ;  Karsten & Holzinger, 2014).  

Due to oligotrophic features of these ecosystems, photosynthesis is the primary 

metabolism.  Nutrients (carbon, nitrate, sulfate etc.) can be also retrieved from dead cells 

or from allochthonous sources (e.g. atmospheric deposition). During polar nights these 

ecosystems are in the complete darkness in which case photosynthesis cannot function. 

The survival strategy is not completely understood but mixotrophic metabolisms 

(Maccario et al., 2015 ;  Berge et al., 2015) and sporulation/encystation have been 

described (Berge et al., 2015).  

                                                        
6 ribulose-1,5-bisphosphate carboxylase/oxygenase 
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 The resistance of species is also dependent on the life cycle. Snow algae of the 

order of Chlamydomonadales (the genera Chlamydomonas, Chloromonas and 

Chlainomonas) are the dominant species of alpine snowfield communities. The life cycle 

of these snow algae is not completely known and thus the exact identification of species 

is problematic (Nedbalová et al., 2008 ;  Remias, 2012). In early summer (usually at lower 

altitudes), they exist as green flagellated cells which can reproduce. These cells contain 

mainly chlorophylls and primary carotenoids (see Chapter 2.1.2) (Nedbalová et al., 2008 

;  Remias, 2012). However, during snow-melt in the middle and late summer, they are 

exposed to high doses of UVR, therefore, they transform into more resistant spores 

(hypnoblasts/aplanospores). These resistant forms have thick cell walls and increased 

metabolic reserve deposits (sugars, lipids). They also produce large amounts of secondary 

carotenoids (see Chapter 4.1.2) that shield chloroplasts from increased radiation 

(preventing photoinhibition). This climax stage is common for snow slushes of melting ice 

covers of alpine lakes and cyclical snowfields bedded on soils or permanent ice. The 

massive algal blooms result in various colours of snow (or ice) (Fig.2). The colour is 

influenced by many factors such as the phase of the life cycle, algal species, concentrations 

of cells and the ratio of chlorophylls and carotenoids (Nedbalová et al., 2008 ;  Remias, 

2012). 

Fig. 2 Chlainomonas spp.  responsible for red snow (also known as “watermelon snow”) in High 
Tatras, Ľadové pleso (Photo: RNDr. Linda Nedbalová, Ph.D.) 
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This phenomenon has been observed all over the world – Japanese snowfields 

(Terashima et al., 2017), glaciers in Greenland (Lutz et al., 2014) and Russia (Takeuchi et 

al., 2006), European Alps (Remias et al., 2005 ;  Remias et al., 2016 ;  Remias, 2012), 

Svalbard (Kvíderová, 2012), Giant Mountains in the Czech republic (Nedbalová et al., 

2008), the Andes in Ecuador (Nedbalová & Sklenár, 2008) or Antarctica (Ling & Seppelt, 

1993) and many others.  

 The overall development of algal blooms is also influenced by the structure of 

snow. Dry winter snow and fast-melting slushes are not suitable for the development of 

algal blooms. On the other side, snow crystals of grainy and soft old summer snow are 

surrounded by a continuous water film which is ideal for massive algal growth (Remias, 

2012).  

4.1.2 Carotenoids 

Carotenoids are orange pigments that absorb light between 450 and 550 nm 

(blue/green light). Absorption properties of carotenoids are influenced by 

protein/carotenoid interactions (e.g. red shift of astaxanthin 480 to 630 nm) (Llansola-

Portoles et al., 2017). Carotenoids are produced via carotenogenesis by bacteria, archaea, 

fungi, yeast and plants. Animals cannot synthesize carotenoids and thus they must obtain 

them from their diet. They function as absorbers of light energy, oxygen transporters, 

photoprotectors, radical scavengers etc. (Takaichi, 2013).  

Carotenoids containing only hydrogen and carbon are called carotenes (lycopene, 

β-carotene etc.), while xanthophylls contain also oxygen (astaxanthin, lutein etc.)  

(Henríquez et al., 2016). They are usually highly apolar but their solubility can be 

influenced by various bonds with proteins (Llansola-Portoles et al., 2017). Carotenoids 

are basically composed of a C40 methyl-branched hydrocarbon chain with conjugated 

double bonds (Henríquez et al., 2016 ;  Takaichi, 2013). The presence of double bonds 

correlates with the antioxidant capacity e.g. halophilic bacterioruberin (13 conjugated 

bonds) is a better radical scavenger than β-carotene (11 conjugated bonds) 

(Shahmohammadi et al., 1998). However, sarcinaxanthin (of Micrococcus yunnanensi) 

with 9 double bonds is a more efficient scavenger than β-carotene. This can be related to 

the presence of exomethylene, or dimethylallyl attached to the ɣ-ionone ring (Osawa et 

al., 2010). 
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Many different biosynthetic pathways of carotenoids are recognized. In general, 

the basic biosynthesis of carotenoids starts by the formation of the hydrocarbon 

backbone. Two molecules of geranylgeranyl pyrophosphate are converted into C40 

phytoene, the basic skeleton and the precursor to other carotenoids. Subsequently, 

phytoene is reduced to lycopene. Lycopene is then converted into various carotenoids 

(Fig. 2) (Henríquez et al., 2016 ;  Takaichi, 2013). The hydrocarbon skeleton and its ends 

go through several modifications (cyclization, glycosylation, hydroxylation etc.). These 

modifications require many enzymes. For example, ζ-carotene desaturase converts the 

colourless phytoene into red lycopene via dehydrogenation, or lycopene β-cyclase which 

cyclizes the ends of lycopene leading to the formation of β-carotene (Henríquez et al., 

2016 ;  Takaichi, 2013).  

Various carotenoids are synthesized by algae and some are unique for certain 

taxonomic groups e.g. fucoxanthin for brown algae and diatoms (Takaichi, 2013 ;  

Henríquez et al., 2016). Carotenoids of microalgae are categorized as primary and 

secondary. Primary carotenoids (e.g. β-carotene, lycopene, lutein) participate in 

photosynthesis whereas secondary carotenoids (e.g. astaxanthin, canthaxanthin) are 

synthesized under stress conditions (increased salinity, high irradiance etc.). Secondary 

carotenoids are usually accumulated in lipid globules e.g. astaxanthin of Haematococcus 

(Henríquez et al., 2016 ;  Takaichi, 2013) and Chlamydomonas nivalis (Lemoine & Schoefs, 

2010 ;  Remias et al., 2005 ;  Remias, 2012).  

Astaxanthin and its fatty acid ester derivatives are the main secondary carotenoids 

in snow algae (Chlamydomonas. cf. nivalis, Chlainomonas nivalis…). The red snow 

phenomenon is related to the production of this carotenoid. Besides astaxanthin, other 

carotenoids such as echinenone, or pigments of xanthophyll cycle (violaxanthin, 

antheraxanthin, zeaxanthin) are produced (Remias et al., 2005).  

The content of secondary carotenoids can be used for chemotaxonomy of 

sometimes morphologically similar species of snow algae. For example, adonixanthin has 

been detected only in Chlorococcum spp. and Chlamydocapsa spp. (Leya et al., 2009). The 

amount of astaxanthin fatty acid derivatives also varies. Chlainomonas sp. favours 

astaxanthin fatty acid diester derivatives while Chlamydomonas. cf. nivalis (Remias et al., 

2016) and Chloromonas nivalis  prefers monoesteric form (Remias et al., 2010). Besides 
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taxonomy, secondary carotenoids have also various applications in fields such as 

pharmacy, medicine,  biotechnology… (Guedes et al., 2011 ;  Leya et al., 2009).   

 

Fig. 3 The basic  biochemical pathway of carotenoid synthesis and the structure of some carotenoids of snow algae 
(edited) (Gimpel et al., 2015). 

 

4.1.3 Other pigments detected in snow algae  

Mycosporine-like amino acids 

Mycosporines (MYCs) and mycosporine-like amino acids (MAAs) also protect 

against UVR (Colabella et al., 2015). They are found in several algae e.g. alpine alga 

Klebsormidium fluitans (Karsten & Holzinger, 2014). While carotenoids protect only 

against free radicals, MYCs and MAAs also absorb UVR. Besides that, MYCs and MAAs are 
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accessory pigments of photosynthesis, and they also function as a nitrogen storage, 

thermal- and osmoprotectants (Colabella et al., 2015).  

MYCs are water soluble pigments composed of a cyclohexanone core linked with 

amino acids/amino-alcohols. MAAs are imine derivatives of MYCs. The absorption range 

is 310-320 nm for MYCs, and 310-360 nm for MAAs (Colabella et al., 2015). 4-

deoxygadusol is a precursor to the synthesis of MAAs. The basic structure of MAAs can be 

synthesized via the shikimate, or pentose phosphate pathways. In sea-ice algae MAAs has 

also been detected e.g. shinorine, palythine and porphyra-334 (Elliott et al., 2015) 

MAAs are usually stable under stress conditions. Nevertheless, the study of algae 

Nostoc sc. RD76DM has shown that some MAAs are unstable under certain circumstances 

e.g. palythene and its isomer-usujirene denaturate at pH 4 (Rastogi et al., 2016).  

Phenolic compounds 

Phenolic compounds have been detected in Chlainomonas nivalis where they acts 

as antioxidants (Duval et al., 1999). Another phenolic compound found is purpurogallin 

carboxylic acid-6-O-β-D-glucopyranoside, a brownish pigment of Mesotaenium berggrenii 

isolated from a glacier (Remias et al., 2012). 
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5.   Methods of pigment analysis 

Several analytical methods are used for analysis of pigments e.g. high-performance 

liquid chromatography (HPLC) (Krajewska et al., 2017), hyperspectral imaging 

(Holzinger et al., 2016), mass spectrometry (Schoefs, 2002), GC-MS (French et al., 2015)… 

The easiest method is the measurement of absorption maxima of pigments dissolved in a 

solvent. The absorption maxima are then compared with pure standards. This method 

brings several obstacles such as the overlapping of absorbance bands. Thin-layer 

chromatography (TLC) is another method commonly used for pigment examination. TLC 

is cheap but only a limited number of pigments can be separated (Schoefs, 2002).  

Majority of mentined methods provides precise pigment identification, but they 

require chemical extraction from complex matrix of biomolecules. This is very time-

consuming and usually expensive. Besides that, extracted pigments are very sensitive to 

light and oxygen which may lead to deterioration of samples (Schoefs, 2002). For this 

reason, non-invasive techniques are being developed. As describe below, Raman 

spectroscopy is a very promising instrument for pigment analysis especially for planetary 

exploration since its miniaturized version allows detection in situ (Wynn-Williams et al., 

2002).  

5.1 High-performance liquid chromatography - HPLC 

High-performance liquid chromatography is one of the most common (and 

reliable) methods for pigment analysis. The first step of analysis requires pigment 

extraction in a solvent. Dissolved samples are then separated in the column based on their 

mass and their affinity to the stationary phase which can be liquid or solid. The mobile 

phase is always liquid. Samples are injected into the column under high pressure (Bansal, 

2010). 

The efficiency of separation is influenced by several factors. For example, the 

separation of components of the analyte and absorption maxima are influenced by 

selected solvents (Krajewska et al., 2017). Low temperatures (~5°C) increase analysis 

time and chemically similar pigments can be separated (e.g. lutein and zeaxanthin) 

(Krajewska et al., 2017). Higher extraction efficiency can be also achieved by prior freeze-

drying of samples (Van Leeuwe et al., 2006).  
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Based on polarity of the stationary phase, HPLC can operate in two modes. In 

normal phase HPLC, the stationary phase is polar, and solvents are non-polar. In reversed 

phase HPLC, solvents are moderately polar, and the stationary phase is non-polar (Bansal, 

2010).  

5.1.1 HPLC of carotenoids 

HPLC has been commonly used for detailed analysis of carotenoids of various 

blooms of algae e.g. Dunaliela salina, Nostoc sp. (Deli et al., 2014). Using this analytical 

method, isomers of carotenoids can be distinguished. Most separations of carotenoids use 

the reversed-phase mode (Rivera & Canela-Garayoa, 2012 ;  Schoefs, 2002).  

Carotenoids should be extracted in dim light and the extraction should be fast to 

prevent the degradation. For carotenoids, liquid-liquid extraction (i.e. using more 

solvents) increases the yield of extraction. The pigment identification and quantification 

are based on retention times, absorption spectra, pigment standards, extinction 

coefficients and calibration curves (Krajewska et al., 2017). UV-VIS detectors are usually 

used for their identification. However, most carotenoids have similar UV-VIS spectra, 

therefore mass spectrometers may be included in the identification process (Rivera & 

Canela-Garayoa, 2012).  

HPLC can be also used for analysis of carotenoids in sediments. It has been shown 

that multiple liquid-liquid extraction is the most suitable technique. In this case, 

carotenoids analysis is more complex due to the presence of chloropigments and various 

isomers (Krajewska et al., 2017).  

5.2 Raman spectroscopy 

Raman spectroscopy is one of vibrational spectroscopic methods that provides 

information on molecular vibrations and crystal structures of samples. Raman effect (or 

Raman scattering) was firstly described in 1928 by Sir Chandrasekhara Venkata Raman, 

for which he was awarded the Nobel Prize in 1930 (Vandenabeele, 2013). 

When a sample is illuminated with electromagnetic radiation, photons can be 

transmitted, absorbed or scattered. Photons are scattered mostly elastically (Rayleigh 

scattering), yet about 1 out of 107 photons is scattered inelastically (Raman scattering) 

(Vandenabeele, 2013). 
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The illumination by light causes excitation of an electron into a higher virtual 

energy state. In most cases, the electron goes back to its ground state and a photon with 

the same energy as the incident light is emitted - Rayleigh scattering. In the case of Stokes 

Raman scattering, the electron relaxes to a higher level than its original. Simultaneously a 

photon with less energy than the incident light is emitted. If a molecule is in the excited 

state, it relaxes down to its ground state emitting a photon with higher energy than the 

incident photon, this is known as Anti-Stokes Raman scattering (Fig. 4). These shifts of 

energy are related to changes in vibrational energy of the molecule and reflect changes in 

polarizability of the molecule. Since most molecules are in the ground state (at room 

temperature), the signal of Anti-Stokes scattering is weak. Therefore, Raman 

spectroscopy usually measures only the Stokes scattering (Vandenabeele, 2013).  

 

Fig. 4 The basic scheme of elastic and ineleastic scattering 
(source:https://upload.wikimedia.org/wikipedia/commons/thumb/4/41/Raman_energy_levels.svg/1200p
x-Raman_energy_levels.svg.png) 

 

 

 

https://upload.wikimedia.org/wikipedia/commons/thumb/4/41/Raman_energy_levels.svg/1200px-Raman_energy_levels.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/4/41/Raman_energy_levels.svg/1200px-Raman_energy_levels.svg.png
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Tuning of the excitation wavelength of laser can enhance signal intensity - 

resonance Raman spectroscopy (RRS) (Hooijschuur et al., 2016 ;  Villar & Edwards, 2006 

;  Jehlička et al., 2014a). The excitation wavelength may also induce fluorescence which 

interferes with Raman bands. Fluorescence can be bypassed by longer wavelengths, but 

this leads to a reduction of Raman signal (Hooijschuur et al., 2016 ;  Villar & Edwards, 

2006 ;  Jehlička et al., 2014a).  

5.2.1 Raman spectroscopy of carotenoids 

Carotenoids have three main Raman bands. These bands correspond to ν1 C=C (~ 

1500 cm-1) and ν2 C-C (~1160 cm-1) stretching mode, and to δ C-CH3 plane bending mode 

(~1000 cm-1) (Fig. 5) (Jehlička et al., 2014a ;  Llansola-Portoles et al., 2017). β-carotene in 

cells has these characteristic bands - 1524 cm-1, 1157cm-1 and 1001 cm-1 (Jehlička et al., 

2014a), nevertheless Raman band positions of standards (i.e. pure chemicals) may be 

slightly shifted. The identification of individual carotenoids is therefore problematic since 

most cells contain mixtures of pigments and only the dominant one gives sharp band 

(Jehlička et al., 2014b) since there exists a linear connection between pigment 

concentration and the intensity of Raman signal (Jehlička et al., 2014c). 

In carotenoids, the ν1 band corresponds to the length and is frequently used for 

their determination in admixtures  (Edwards et al., 2014a ;  Withnall et al., 2003). In spite 

of this, carotenoids with similar lengths (e.g. salinixanthin and bacterioruberin) cannot be 

identified solely on the results of Raman spectroscopy (Jehlička et al., 2013a). As the 

number of double bonds (lengths of the chain) increases, the ν1 band position shifts 

towards lower wavelengths (Withnall et al., 2003). Carotenoids containing carbonyl 

group (C=O) shift the absorption transition towards longer wavelengths. Linear and aryl-

carotenoids with end-cycles have similar characteristics (absorption, vibrational and 

photochemical properties) to carotenoids with shorter conjugation length (Llansola-

Portoles et al., 2017). For example, β-carotene (11 C=C) shows spectroscopic features of 

a carotenoid that contains only 9.6 C=C. Raman shifts are also dependent on solvent  

polarizability, interactions with proteins (biomass) (Llansola-Portoles et al., 2017) and 

also on excitation wavelengths  (Marshall et al., 2007).  

Using laser excitation wavelengths around 500 nm allow detection of very low 

concentrations of carotenoids due to RRS (Villar & Edwards, 2006 ;  Jehlička et al., 2014a). 

The excitation wavelength of 514.5 nm was able to differentiate between astaxanthin 
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(1508, 1155 and 1005 cm−1) and lutein (1521, 1157 and 1007 cm−1) in chasmolithic 

communities (Villar & Edwards, 2006). Other wavelengths do not enhance Raman signal 

of carotenoids but allow detection of other molecules. For example, 785 nm laser  (Villar 

& Edwards, 2006 ;  Jehlička et al., 2014c) and 1064 nm can detect both carotenoids and 

chlorophylls (Edwards et al., 2004).  Higher power of laser may damage the samples. It 

has been shown that carotenoids in their native environments are more stable when using 

higher laser power (Withnall et al., 2003). 

In some case, Raman bands can consist of two or more peaks that overlap with 

each other which can be resolved using mathematical procedure – deconvolution 

(Vandenabeele, 2013). For example, deconvolution of the ν1 band of pure β-carotene 

(1524 cm-1) revealed two peaks (1519 and 1526 cm-1) (Tschirner et al., 2008). 

 

5.2.2 Raman spectroscopy in exobiology  

Raman spectrometer will be a part of future space missions - ExoMars and Mars 

2020. Both missions aim to find biomarkers of extinct, or extant life on Mars. Currently, 

there are many attempts to create a database of analogous (extremophilic) biomarkers 

and their admixtures (mainly with minerals). Raman spectra of pigments play an 

important role in such studies (Edwards et al., 2014a ;  Marshall et al., 2006 ;  Villar & 

Edwards, 2006). Brief overview of biomarkers (and geomarkers) with their major Raman 

bands has been already proposed. This short database consists of β-carotene, usnic acid, 

Fig. 5 Raman spectrum of a carotenoid using different laser wavelengths (Marshall et al., 
2007).  
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rhizocarpic acid, scytonemin, paretin, chlorophylls and several others. (Edwards et al., 

2014a ;  Villar & Edwards, 2006) 

RS can detect both organic and inorganic materials, and the analysis is fast and 

requires no chemical, or physical treatments (Hooijschuur et al., 2016 ;  Villar & Edwards, 

2006 ;  Jehlička et al., 2014a). Commonly used analytical methods (such HPLC) are not 

suitable for planetary exploration since they require pre-treatments of samples. 

Miniaturized version of RS has already been developed (Vandenabeele & Jehlička, 2014) 

and tested under low-temperatures conditions (Jehlička et al., 2010), or under Venus-like 

conditions (Sharma et al., 2010).   

The estimation of detection limits under analogous conditions is an important part 

of testing and development of the instruments for planetary missions. Many studies on 

limitations of detection of biomarkers using RS have been made. The overall results have 

shown that RS recognizes very small concentrations of various biomarkers. For example, 

reduced carbon has been detected in powdered samples down to concentrations of 0.08 

%. (Hutchinson et al., 2014). In lichens, usnic acid serves as a UV-protecting pigment 

which can be used as a potential biomarker. Usnic acids at the concentration of 0.1 % has 

been detected in powdered minerals and through a 2 mm thick gypsum crystal at the 

concentration of 0.5 % (Osterrothová & Jehlička, 2009). Similar experiments have been 

conducted for phtalic and mellitic acids, products of oxidation of polycyclic aromatic 

hydrocarbons and kerogen (Osterrothova & Jehlicka, 2009). Distinguishable spectra of 1 

% mixture of β-carotene/gypsum has been acquired through a 8.5 mm gypsum crystal 

(Osterrothová & Jehlička, 2011a).  For the mixture of β-carotene/halite, the detection limit 

has been measured as low as 0.0001 %. (Vítek et al., 2011). As mentioned earlier, some 

microorganisms can be trapped in fluid inclusions of minerals. RS is also capable of 

detecting amino acids (e.g. glycin, L-alanine) in halite crystals (Osterrothová & Jehlička, 

2011b).  

Mars 2020 rover will carry two Raman spectrometers with different excitation 

wavelengths - 532 nm (SuperCam) and 248,6 nm (SHERLOC7). The SHERLOC 248,6 nm 

laser avoids fluorescence (since it usually occurs from 270 nm to visible light) and it is 
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highly sensitive to organics (sub-ppm for aromatics and < 100 ppm for aliphatics) (Wiens 

et al., 2017).  

ExoMars rover will carry 532 nm laser (Rull et al., 2017 ;  Vago et al., 2017). Studies 

of microbial mats form Antarctica have shown that Raman biosignatures are negatively 

influenced by UVR and ionizing radiation (Blanco et al., 2017). The ExoMars rover will 

therefore have a drill system capable of drilling down to 2 m (Rull et al., 2017 ;  Blanco et 

al., 2017). In this context, it was observed that diagenetically transformed carotenoids 

such β-carotane and lycopane had different Raman spectra than β-carotene and lycopene 

(Marshall & Marshall, 2010).   
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6.   Materials and measurements 

6.1 Samples and sampling sites 

Samples were collected in sterilized plastic vials at three locations – the Giant 

Mountains, the Ötzal Alps and the High Tatras (Fig. 6). Living samples were transported 

in a thermos bottle to the laboratory and then put into a freezer (- 20 °C). In the laboratory, 

samples were photographed using a Nikon Eclipse E400 microscope (magnification 1000 

× with a Canone EOS 650DX camera system). Tab. 3 shows an overview of samples of snow 

algae.  

 

Fig. 6 Map of locations of collected samples - Ötzal Alps (Austria), Giant Mountains (Czech) and High 
Tatras (Slovakia) (from left to right).  
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Tab. 3 Samples of snow algae, their location and basic description Snow colour 

Sample Species Location GPS Date of 
sampling 

Life stages/Species 

 
1 
 

 
Chlainomonas spp. 

 
Ľadové pleso, High Tatras 

 
49°11'0.65"N, 20° 9'41.26"E 

 
02.07.2012 
 

 
mature spores 

red 

2 Chlamydomonas 
nivalis 

Tiefenbachgletscher, 
Ötzal Alps 

46°55'23.8"N 10°56'50.1"E 18.07.2015 
 

mature spores red 

3 Chlamydomonas 
nivalis 

Rettenbachgletscher, 

Ötzal Alps 

46°56'34.5''N, 10°55'29.1''E 
 

18.07.2015 
 

mature spores  red 

4 Chloromonas cf. 

nivalis 

Luční hora, Giant 

Mountains 

50°43'46.1''N, 15°40'54.4''E 
 

12.06.2015 
 

dominant flagellates, minor 
aplanozygotes 

green 

5 Chloromonas cf. 
nivalis 

Luční hora, Giant 

Mountains 

50°43'46.1''N, 15°40'54.4''E 
 

12.06.2015 
 

dominant aplanozygotes  orange 

6 Chlamydomonas 
nivalis 

Zamrznuté pleso, High 

Tatras 

49°10'32.06"N,20°8'16.79"E 
 

04.07.2002 
 

mature spores red 

7 Chloromonas cf. 
nivalis, Chloromonas 
rosae var. 
psychrophila 

Meander of Labe,Giant 

Mountains 

50° 45' 40.68"N 15°33'8.4"E 
 

10.05.2017 cysts of Chloromonas rosae var. 
psychrophila and aplanozygotes of 
Chloromonas cf. nivalis, unidentified 
flagellates 

green 

8 Chloromonas cf. 
nivalis, Chloromonas 
rosae var. 
psychrophila 

Meander of Labe, Giant 

Mountains 

50°45'42.18"N 15°33'8.94"E 
 

10.05.2017 dominant cysts of Chloromonas rosae 
var. psychrophila, minor 
aplanozygotes of Chloromonas cf. 
nivalis, unidentified flagellates 

green 

9 Chloromonas cf. 
nivalis, Chloromonas 
rosae var. 
psychrophila 

Dlouhý důl, Giant 

Mountains 

50°43'15.3''N,15°39'26.52''E 11.05.2017 aplanozygotes of Chloromonas cf. 
nivalis and cysts of Chloromonas 
rosae var. psychrophila 

orange 

10 Chloromonas cf. 
nivalis 

Furkotská dolina, High 

Tatras 

49°9'32.58"N, 20°1'36.74"E 
 

18.06.2017 aplanozygotes orange 

11 Chloromonas sp. Dolina Za Mnichem, High 

Tatras 

49°11'39.24''N, E20°03'10.08''E 
 

14.6.2017 aplanozygotes orange 



 
 

28 
 

6.2 Raman analysis  

  Micro-Raman analyses of preserved samples was performed on a multichannel 

Renishaw In ViaReflex spectrometer coupled with a Peltier-cooled CCD detector. Excitation 

was provided by a 514.5 nm Ar laser (power ~ 0.1-0.2 mW). To improve signal-to-noise 

ratios, Raman signals from 10 scans were accumulated each of 10 s exposure. Spectra were 

recorded at a resolution of 2 cm−1 between 100 and 2000 cm−1. Laser spot size was 2 µm in 

diameter when focusing at the surface. By using a 50x objective (NA 0.9) it was possible to 

analyze single algal cells. At least three spectra were recorded from different cells of snow 

algae in the sample. Benzonitrile was used for spectral wavenumber calibration. Raman 

spectra were exported into the Galactic *.SPC format. Spectra were compared using 

GRAMS AI (8.0, Thermo Electron Corp., Waltham, MA, USA). The position of the Raman 

bands was determined by the peak fitting procedure of GRAMS/AI (8.0, Thermo Electron 

Corp., Waltham, MA, USA) program, which is based on the Levenberg-Marquardt nonlinear 

least-square method. A mixed Gaussian and Lorentzian peak shape was used. Peaks 

constituting the spectrum were manually selected to start best-fit procedure. The best fit was 

then performed to determine convolution peaks with optimized intensity, position and width. 

Its performance was evaluated by means of the λ2 parameter. 

6.3 HPLC/UV-VIS analysis  

HPLC/UV-VIS analysis was performed at the Faculty of Science, University of 

South Bohemia, in České Budějovice.  

Pigments were identified by comparing measured chromatograms with 

reference chromatograms of known pigment composition (i.e. acetone extract of 

Chlamydomonas reinhardtii cells grown at low light) and by transferring the HPLC 

fractions to standard solvents and comparing their respective absorption spectra with 

a reference spectra in Mercadante et al. (Mercadante et al., 2004).  

6.3.1 HPLC system and extraction protocol 

Pigments were purified using Waters HPLC system (Delta 600 Pump Controller, 

PDA 2996 detector) fitted with a manual injection system. 20 μL of extracted pigments 

were separated on a reverse-phase non-endcapped  Zorbax SB-C18 column (4.6 × 150 

mm, 5 μm, , Agilent, USA) using a ternary gradient elution as in Wright et al. (Wright et 

al., 1991): 0–4 min linear gradient from 100 % solvent mixture A to 100% solvent 

mixture B, 4–18 min linear gradient from 100 % solvent mixture B to 20% solvent 
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mixture B and 80 % of solvent C. Solvent mixture A: 80:20 methanol:0.5 M ammonium 

acetate (aq., pH 7.2, v:v); solvent mixture B: 90:10 acetonitrile:water (v:v); solvent C: 

ethyl acetate. The flow rate was 1 mL min−1. 

The extraction protocol involved adding solvents according to the parameters 

of individual samples (e.g. some samples contained clogs). Therefore, different ratios 

of acetone, methanol (MeOH) and dimethylsulfoxid (DMSO) were used. Firstly, samples 

were unfrozen and centrifugated to remove additional water (2 min, 10 000 rpm). 

When needed, vortex was used to homogenize samples (sometimes with added silica 

spheres). Between each extraction, samples were always centrifugated (2 min, 10 000 

rpm) and the supernatant was removed and put into vials for HPLC/UV-VIS analysis. 

The pellet was usually used for multiple extraction. In the end, the vials with 

supernatants were placed under a stream of gaseous nitrogen (to remove oxygen) and 

then put to a freezer.  

Tab. 4 Solvents used for individual samples 

1.  mixture of 500 µl of acetone and 500 µl of MeOH 

 500 µl of acetone 

2.   500 µl of MeOH 

 500 µl of acetone 

 500 µl of acetone 

 500 µl of DMSO 

 500 µl of DMSO 

 mixture of 500 µl of DMSO and 500 µl of acetone 

 500 µl of acetone 

 mixture of 300 µl of DMSO and 100 µl of acetone 

3.   mixture of 500 µl of MeOH and 500 µl of DMSO and 1000 µl of acetone 

 1000 µl of acetone 

 mixture of 500 µl of acetone and 500 µl of DMSO 

 mixture of 500 µl of acetone and 500 µl of DMSO 

 mixture of 500 µl of acetone and 500 µl of DMSO 

4.   100 µl of DMSO 

 100 µl of DMSO 

 100 µl of DMSO 

 200 µl of DMSO 

5.    500 µl of MeOH 

 500 µl of MeOH 

 500 µl of acetone 

 500 µl of acetone 

6.  500 µl of MeOH 

 500 µl of acetone 

 500 µl of acetone 
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 500 µl of acetone 

 500 µl of acetone 

 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of acetone 

 500 µl of acetone 

7.   500 µl of DMSO 

8.  500 µl of DMSO 

9.   500 µl of DMSO 

 500 µl of DMSO 

10.   mixture of 500 µl of acetone and 500 µl of MeOH 

 mixture of 500 µl of acetone and 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of acetone 

 500 µl of DMSO 

 mixture of 500 µl of acetone and 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of acetone 

11.   500 µl of MeOH 

 500 µl of acetone 

 mixture of 500 µl of acetone and 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of DMSO 

 500 µl of acetone 

 500 µl of DMSO 

 mixture of 500 µl of acetone and 500 µl of DMSO 
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7.   Results 

7.1 HPLC results 

  Pigments in living cells are attached to proteins or lipids. HPLC analysis 

provides a very good separation of pigments from biomass. Using retention times and 

UV-VIS spectra, individual pigments can be identified. Overall results of HPLC analysis 

in Table 5. All chromatograms, retention times and absorption maxima of individual 

pigments are in Supplementary materials.  

Tab. 5 Results of HPLC analysis 

 carotenoids chlorophylls and derivatives 

1 cis-astaxanthin, trans-astaxanthin, 

antheraxanthin, lutein, 

chlorophyll a, chlorophyll b 

2 trans-astaxanthin, cis-astaxanthin, 
lutein 

chlorophyll b 

3 trans-astaxanthin, neoxanthin, 

violaxanthin, cis-astaxanthin, lutein 

chlorophyll b 

4 lutein, violaxanthin, neochrome, 

antheraxantin, cis-antheraxanthin, γ-

carotene, β-carotene 

chlorophyll a, chlorophyll b, 

pheophytin a, chlorophyll b-like, 

chlorophyll a -like 

 

5 trans-astaxanthin, lutein, violaxanthin, 

neochrome, antheraxanthin, cis-

astaxanthin, β-carotene 

chlorophyllide a, chlorophyll a, 

chlorophyll b 

6 trans-astaxanthin, cis-astaxanthin, 

lutein, neoxanthin, violaxanthin 

chlorophyll b 

7 lutein, violaxanthin, neoxanthin, 

antheraxanthin, trans-astaxanthin, cis-

antheraxanthin, γ-carotene, β-

carotene 

chlorophyll a, chlorophyll b 

8 lutein, violaxanthin, neoxanthin, 

antheraxanthin, cis-antheraxathin, β-

carotene 

chlorophyll a, chlorophyll b 

9 trans-astaxanthin, lutein, violaxanthin, 

antheraxanthin, cis-antheraxanthin 

chlorophyll a, chlorophyll b 

10 lutein, violaxanthin, neoxanthin, 

antheraxanthin, trans-astaxanthin, cis-

antheraxanthin, β-carotene 

chlorophyll a, chlorophyll b 

11 lutein, violaxanthin, neoxanthin, 

antheraxanthin, trans-astaxanthin, cis-

antheraxanthin, β-carotene 

chlorophyll a, chlorophyll b 

 

Results of high-performance liquid chromatography identified several 

carotenoids and chlorophylls. Red spores of Chlainomonas spp. (sample 1) contained 

cis-astaxanthin and trans-astaxanthin, lutein and antheraxanthin (Fig. 7).  
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  In Chlamydomonas nivalis (samples 2, 3 and 6), trans-astaxanthin, cis-

astaxanthin and lutein were detected. In sample 3 and 6, violaxanthin was identified, 

and in sample 6 also neoxanthin. Besides carotenoids, all HPLC chromatograms of 

samples 1,2, 3 and 6 revealed chlorophyll b, and in Chlainomonas spp. also chlorophyll 

a. Only primary carotenoids were shown in sample 4 which contained mostly green 

flagellated cells of Chloromonas cf. nivalis but also orange aplanozygotes and red spots 

(possible spores). In this sample, pigments such as lutein, chlorophyll b, β-carotene, 

violaxanthin, (cis)antheraxanthin, nechrome, γ-carotene, chlorophyll a(-like) and 

pheophytin a were recognized by HPLC analysis.  

  Lutein was also detected in sample 5 (Chloromonas cf. nivalis) in which orange 

aplanozygotes were only observed cells. The other peaks correspond to trans-

astaxanthin, cis-astaxanthin, chlorophylls b and a, β-carotene, violaxanthin, 

antheraxanthin, neochrome and chlorophyllide a. Comparable results were obtained 

from sample 9. Sample 9 contained two different species – Chloromonas cf. nivalis and 

Chloromonas rosae var. psychrophila. In this sample, lutein, trans-astaxanthin 

Fig. 7 HPLC chromatogram of Sample 1 – red spores of Chlainomonas sp.: trans-atx/astaxanthin RT 
15.15, 20.52, 20.82, 21.48, 23.59, 23.93, 24, 24.37; anther/antheraxanthin RT 15.65; lut/lutein RT 16; 
chl b/chlorophyll b RT 19.28; chl a /chlorophyll a RT 20.27; cis-atx/astaxanthin RT 20.43, 21, 21.73, 
23.32, 24.7, 25.15 
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violaxanthin, antheraxanthin, cis-antheraxanthin and chlorophylls a and b were 

distinguished. 

  Similar pigment compositions were detected in aplanozygotes of sample 10 and 

11 – Chloromonas cf. nivalis (10) and Chloromonas sp. (11) – lutein, trans-astaxanthin, 

violaxanthin, β-carotene, chlorophylls b and a, antheraxathin, cis-antheraxanthin and 

neoxanthin. 

  Sample 7 was a mixture of green and orange cells of Chloromonas rosae var. 

psychrophila and Chloromonas cf. nivalis. Here, the most prominent peak belonged to 

lutein. Other detected pigments were represented by violaxanthin, β-carotene, trans-

astaxanthin, chlorophylls b and a, (cis)antheraxanthin, neoxanthin and γ-carotene.  

  The results of HPLC analysis of sample 8 gave similar results to sample 7. This 

sample contained same two species as sample 7, 8 and 9 but also green flagellated cells 

were found. Lutein, β-carotene, violaxanthin, neoxanthin and (cis)antheraxanthin, 

chlorophyll b and a were identified.   

7.2  Raman microspectroscopy 

  Obtained Raman spectra are organized according to the colour of snow from 

which these algae were collected (Fig. 8-9). Major Raman bands are in Tab. 6. In all 

sample, three distinctive bands were observed. These bands are attributed to ν1 (C=C) 

and ν2 (C-C) stretching mode, and to δ (C-CH3) plane bending mode of carotenoids.   
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 *  sp = aplanospores/hypnoblasts; z = aplanozygotes; fl = flagellated cells; rs= red spot; Cn= Chloromonas cf. nivalis; Cr =Chloromonas rosea var. psychrophila

Tab. 6 Major Raman bands of carotenoids of investigated snow algae 

Raman Band Positions for Major Carotenoid Bands of Investigated Algae 

1 2 3 4 5 6  

sp sp sp fl rs z Z sp Band assignment 

1006 1006 1006 1003 1006 1006 1006 1006 δ(C—CH3) 

1156 1158 1158 1154 1157 1157 1157 1158 ν2(C—C) 

1520 1520 1520 1521 1520 1520 1520 1520 ν1(C=C) 

7 8 9 10 11  

Cr Cn Cr Cn fl Cr Cn z z Band assignment 

1005 1005 1005 1005 1003 1006 1005 1005 1005 δ(C—CH3) 

1156 1156 1156 1156 1156 1156 1156 1156 1156 ν2(C—C) 

1522 1521 1522 1520 1522 1522 1520 1520 1519 ν1(C=C) 
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 In red samples (1,2, 3 and 6), Raman spectroscopy showed strong Raman bands 

at 1520 cm-1. Prominent peaks were also observed at 1156 cm-1 (in sample 1) and at 

1158 cm-1 (in samples 2,3 and 6) and at 1006 cm-1 in all mentioned samples (Fig. 8). 

Spectrum acquired from red spots found in sample 4 has these bands – 1520, 1157 and 

1006 cm-1 (Fig. 10). All mentioned bands obtained from red cells could be assigned to 

astaxanthin (Kaczor & Baranska, 2011 ;  Jehlička et al., 2014c). 

  Samples 5, 10, and 11 contained only aplanozygotes (Fig. 9). They had similar 

spectra to aplanozygotes in sample 4 (Fig. 10). Aplanozygotes of sample 10 exhibited 

these bands – 1520, 1156 and 1005 cm-1. 1520, 1157 and 1006 cm-1 were main 

carotenoid bands of aplanozygotes observed in sample 4 and 5. The band at 1520 cm-1 

could be attributed to astaxanthin (Kaczor & Baranska, 2011 ;  Jehlička et al., 2014c). 

Fig. 8 Raman spectra of red snow: spores of 
Chlainomonas sp. (1), spores of Chlamydomonas 
nivalis (2,3 and 6) Fig. 9 Raman spectra of orange snow:  Chloromonas 

cf. nivalis (5, 10, 9-cn); Chloromonas sp. (11); 
Chloromonas rosea var. psychrophila (9-cr) 
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In aplanozygotes of Chloromonas sp., main Raman peaks were at 1519, 1156 and 1005 

cm-1. Chloromonas cf. nivalis in sample 8 (Fig. 10) and 9 (Fig. 9) showed these Raman 

features - 1520, 1156 and 1005 cm-1. The obtained values of ν1 bands also fall within 

the range of the ν1 bands of β-carotene or astaxanthin. Same species in sample 7 had 

slightly higher value of the ν1 band - 1521 cm-1 (Fig. 10)  which could be assigned to β-

carotene, astaxanthin but also to lutein (Jehlička et al., 2014b). 

  Raman spectrum recorded on flagellates of sample 4 had these characteristic 

bands - 1521, 1154 and 1003 cm-1 (Fig. 10). The bands of flagellates of sample 8 was 

slightly different - 1522, 1156 and 1003 cm-1.  Comparable results were obtained from 

Chloromonas rosae var. psychrophila of sample 7 - 1522, 1156 and 1005 cm-1 (Fig. 10) 

and from Chloromonas rosae var. psychrophila of sample 9 - 1522, 1156 and 1006 cm-1 

(Fig. 9). These Raman bands could correspond to β-carotene, astaxanthin or lutein 

(Jehlička et al., 2014b). 
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Fig. 10 Raman spectra of green snow: unidentified 
flagellates (8-fl); Chloromonas  cf. nivalis (7-cn, 8-cn); 
Chloromonas rosea var. psychrophila (8-cr, 7.cr), 
Chloromonas cf. nivalis – aplanozygote s(4-z), 
flagellates (4-fl), red spot found in Sample 4 (4-rs) 
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7.3 Case study – comparison of HPLC and Raman spectroscopy of Sample 2 

and 8 

  Case study describes results of HPLC and Raman spectroscopy in homogenous 

sample 2 and in heterogeneous sample 8. The aim is to show efficiency of these two 

methods for pigment identification.  

  Sample 2 contained only red spores of Chlamydomonas nivalis. HPLC analysis 

revealed trans-astaxanthin, cis-astaxanthin, lutein and chlorophyll b (Fig. 12). As 

already described above, Raman spectroscopy showed three peaks which can be 

assigned to carotenoids - 1520, 1158 and 1006 cm-1 (Fig.14). The strong band at 1520 

cm-1 is attributed to the double bond C=C stretching mode, the band at 1158 cm-1 to the 

C—C in-plane single bond stretching mode and the band at 1006 cm-1 to the C—CH3 

bending mode. Such spectrum is characteristic for astaxanthin (Kaczor & Baranska, 

2011 ;  Jehlička et al., 2014c).  

Fig. 11 Red spores of Chlamydomonas nivalis 
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Fig. 12 HPLC chromatogram of sample 2 – red spores of Chlamydomonas nivalis: trans-atx/astaxanthin RT 15, 15.54, 
19, 19.4, 19.6, 20.13, 20.74, 21.42, 22.13, 22.33, 22.7, 23, 23.27, 23.54, 23.91; lut/lutein RT 15.9; cis-atx/astaxanthin 
RT 19.9, 20.5, 21, 21.7; Chl b/chlorophyll b RT 19.23 

 

Fig. 13 UV-VIS absorption spectra of pigments detected in sample 2 (Chlamydomonas nivalis) 
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Fig. 14 Raman spectrum of red spores of Chlamydomonas nivalis 

   

  Sample 8 contained three various cell morphologies (Fig. 15). Primary 

carotenoids such as lutein and β-carotene were detected by HPLC analysis (Fig. 16). 

Violaxanthin and chlorophyll b, neoxanthin, (cis)antheraxanthin and chlorophyll a 

were identified as well. Fig. 17 describes UV-VIS absorption maxima of identified 

pigments. 

   Raman microspectroscopy allowed obtaining spectra from individual cells. In 

Chloromonas rosea var. psychrophila and Chloromonas cf. nivalis, the ν2(C—C) and 

δ(C—CH3) bands were the same – 1156 and 1005 cm-1. The δ(C—CH3) band of 

unknown flagellates had a smaller value – 1003 cm-1. Chloromonas rosea var. 

psychrophila (Fig. 18) and the flagellates (Fig. 22) had strong bands at 1522 cm-1 which 

corresponds to the ν1 mode. In Chloromonas cf. nivalis, this vibrational mode was 

observed at 1520 cm-1 (Fig. 20). Two Raman modes were present in the ν1 regions of 

mentioned species and cells (Fig. 18, 19 and 21). After deconvolution, each band could 

be assigned to two carotenoids – lutein (Jehlička et al., 2013b) and β-carotene (Schulz 

et al., 2005 ;  Vitek et al., 2009). 
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Fig. 15 Microscopic picture of sample 8 showing heterogonous mixture of cells - fl=flagellates; Cr= Chloromonas 
rosea var. psychrophila; Cn= Chloromonas cf. nivalis  

Fig. 16 HPLC chromatogram of sample 8: viol/violaxanthin RT 12.23, 13.54; neox/neoxanthin RT 12.61, 14.4; 
anther/antheraxanthin RT 14.82, 16.27, 16.41; lut/lutein RT 15.92; cis/anther RT 16.5; chl b/chlorophyll b RT 
19.21; chl a/chlorophyll a RT 20.23; β-car/β-carotene RT 23.23 
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Fig. 17 UV-VIS absorption spectra of pigments detected in sample 8 
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Fig. 21 Deconvolution of the band at 1522 cm-1 

Fig. 23 Deconvolution of the band at 1520 cm-1 

Fig. 19  Deconvolution of the band at 1522 cm-1  Fig. 18 Raman spectrum of Chloromonas rosea var. 
psychrophila 

Fig. 22 Raman spectrum of Chloromonas cf. nivalis  

Fig. 20 Raman spectrum of unknown flagellates 
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8.   Discussion 

  For exobiological studies, detection of past and present life on other planets 

requires reliable analytical instruments. For the first time, Raman spectroscopy will be 

included in two Martian missions (Mars 2020 and ExoMars) that are planned to be 

launched in 2020 (Rull et al., 2017). This method can easily detect both geological and 

biological specimens in a very short time. Besides that, no additional preparation is 

required. On Earth, extremophiles inhabit habitats analogous to several places in the 

Solar system (e.g. Mars, Europa). RS has been used for analysing several extremophiles 

and their habitats e.g. endolithic communities in halite (Vítek et al., 2012), and 

halophilic microorganisms in gypsum crystals (Culka et al., 2014) or powders 

(Malherbe et al., 2017). The construction of a database of analogous biomarkers (e.g. 

carotenoids) is an essential prerequisite in the search for life beyond Earth  (Edwards 

et al., 2014b ;  Villar & Edwards, 2006). Even though, this point of view is highly Earth-

centric, it provides currently the best (probably only) way of our understanding of life 

in the Universe. 

  Snow algae are extremophiles that deal mainly with increased UVR and low 

temperatures. By producing carotenoids, they cope with their natural environments. 

Their resting stages produce high amounts of red astaxanthin (Remias et al., 2016). 

This red carotenoid is also found in shrimps (Sánchez-Camargo et al., 2011) or salmon 

(Yagiz et al., 2010). The first study of Raman spectroscopy focusing on snow algae was 

published in 2004 (Edwards et al., 2004). In this study, a 1064 nm laser was used to 

analyse red and green snow located in cold deserts of Antarctica. In green snow, Raman 

spectroscopy detected several pigments including cyanobacterial scytonemin (1592 

cm-1) and chlorophylls (~1320 cm-1). Algal communities of red snow showed strong 

Raman bands at 1524 cm-1 (C=C) and 1157 cm-1 (C—C). The observed band at 1524 

cm-1 could be assigned to lutein (Edwards et al., 2004).   

  Many studies have shown that individual carotenoids cannot be unambiguously 

distinguished in the mixture of structurally similar compounds (e.g. carotenoids with 

same length). This was also observed in this thesis. Studies by Jehlička et al. (2014b) 

and Oren et al (2018) document well this situation in the case of halophiles and 

selected algae, and in the case of nicotine treated bacteria. Usually, Raman spectrum 

reflects only the dominant carotenoid, unless spectra are mathematically decomposed 
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(deconvolved). For exobiological studies the exact discrimination is not necessary 

when looking only to detect traces of carotenoids. However, the resolution of at least 3 

cm-1 has been proposed to prevent possible misidentification of bands of  geomarkers 

and biomarkers  (Harris et al., 2015).  

  Carotenoids with different lengths of the polyenic chain show different Raman 

spectra. As the length of carotenoids increases, the wavenumber gets lower (Withnall 

et al., 2003). It has been shown that same carotenoids exhibit slightly different values 

of bands. In the cells, values of the ν1 band of deinoxanthin has narrow range (around 

1510 cm-1 ) while in β-carotene this band can have values from 1513 to 1524 cm-1, in 

lutein from 1521 to 1526 cm-1 and in astaxanthin from 1518 to 1524  cm-1  (Jehlička et 

al., 2014b). In biological systems, the ν1 band of carotenoids is different than pure 

carotenoid standard, mainly because of various interactions within biological matrix. 

Besides that, using various excitation wavelengths provide  slightly different bands as 

well (Marshall et al., 2007). This complicates the precise discrimination of carotenoids 

using Raman spectroscopy. Although the results of HPLC analysis provide precise 

pigment separation and identification (e.g. isomers), they are valid only when samples 

are homogenous. In more heterogenous samples, HPLC chromatograms provide only 

approximate pigment identification.  

 In this thesis, 11 samples of snow algae from three different locations were 

analysed by Raman spectroscopy and the analysis was complemented by HPLC 

analysis. 514.5 nm laser was used for Raman analysis to achieve resonance 

enhancement of carotenoids.  

  In the red spores of samples 1,2,3,4 and 6, the major Raman band of 1520 cm-1 

could be assigned to the stretching mode of C=C of astaxanthin which in cells have these 

characteristic bands - 1520, 1157 and 1007 cm-1 (using 1064 nm laser) (Kaczor & 

Baranska, 2011 ;  Jehlička et al., 2014c). Using 532 nm laser, astaxanthin has somewhat 

shifted values e.g. in the cysts of Chlamydomonas cf. nivalis – 1517, 1156 and 1006 cm-

1 and in cysts of Chloromonas nivalis - 1518, 1157 and 1006 cm-1 (Jehlicka et al., 2016).  

The Raman spectrum of synthetic astaxanthin is shifted towards lower wavenumbers 

- 1512, 1157 and 1007 cm-1. This is also related to the fact that carotenoids in living 

cells are bound to various proteins or lipids. Comparable results are observed for pure 

astaxanthin dissolved in pyridine (1516, 1157 and 1008 cm-1) which simulates inner 
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cellular environment such as membranes (Collins et al., 2011). Similar studies were 

conducted for other carotenoids – zeaxanthin and violaxanthin and the results showed 

a shift towards smaller wavenumbers - in the case of zeaxanthin from 1524 to 1522 

cm-1 and in violaxanthin from 1531 to 1529 cm-1 (Koch et al., 2017). In this thesis, none 

of these two carotenoids were detected by Raman microspectroscopy.  Astaxanthin 

was the only carotenoid that could be detected in red spores (sample 1,2,3,4 and 6) by 

Raman spectroscopy. HPLC permitted also the detection of cis- and trans-astaxanthin, 

violaxanthin, antheraxanthin, β-carotene or lutein. However, HPLC works with overall 

extracts which may lead to misinterpretations of pigment composition of individual 

cells. For example, sample 4 contained two life stages of Chloromonas cf. nivalis - 

dominant green flagellates and orange aplanozygotes. Besides that, reddish spots were 

commonly observed. In snow algae each life stages produces specific pigment 

compositions at different ratios e.g. young spores contain less astaxanthin and more 

lutein and chlorophyll b (Remias et al., 2010). HPLC chromatogram of sample 4 

identified lutein, chlorophyll b and β-carotene. This pigment composition is common 

for actively photosynthesizing cells (Remias et al., 2010). Raman microspectroscopy 

could acquire spectra from individual stages. 1521, 1154 and 1003 cm-1 were major 

bands obtained from green cells which could correspond to lutein which is in 

accordance with HPLC results. In the literature, pure lutein has these Raman bands: 

1524, 1158 and 1007 cm-1 (Jehlička et al., 2013b) and in pyridine solutions the ν1 band 

is 1522.5 ± 0.5 cm-1 (514.5 nm) (Andreeva et al., 2011) or 1523 cm-1  (532 nm) (Collins 

et al., 2011).  The red spots and most of the orange aplanozygotes exhibit identical 

bands at 1520, 1157 and 1006 cm-1 which could be assigned to other carotenoids 

probably to β-carotene (Jehlička et al., 2014b) but comparable bands could be 

attributed to astaxanthin (Kaczor & Baranska, 2011) which was not detected by HPLC. 

Similar scenario was observed in sample 7, 8 and 9. These three samples contained 

same species as in the case study - Chloromonas rosae var. psychrophila and 

Chloromonas cf. nivalis. However, it should be noted that the taxonomic identification 

is problematic since the precise life cycle of snow algae is not completely known 

(Nedbalová et al., 2008 ;  Remias, 2012).  

  In the case study, a detailed analysis of samples 2 and 8 was conducted.  The 

sample 2 was homogeneous, it contained only red spores of Chlamydomonas nivalis. As 

described above, Raman microspectroscopy detected only astaxanthin (1520, 1158, 
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and 1006 cm-1) whereas HPLC permitted to detect isomeric forms as well as lutein and 

chlorophyll b. Sample 8 was a heterogonous mixture of two different species 

(Chloromonas cf. nivalis and Chloromonas rosea var. psychrophila) and green flagellates 

probably of these two species. HPLC could detect several carotenoids. And again, the 

results are not specific for individual species rather than that they show overall 

pigment compositions of the sample. Raman microspectroscopy allowed analysis of 

individual cells. In sample 8, the asymmetry of the ν1 region indicates the presence of 

two Raman modes. In Chloromonas rosea var. psychrophila the peak at 1522 cm-1 

consists of 1524 and 1515 cm-1. The band at 1524 cm-1 can be assigned to lutein 

(Jehlička et al., 2013b) and the band at 1515 cm-1 to β-carotene (1515 cm-1) (Schulz et 

al., 2005 ;  Vitek et al., 2009). In both mentioned references, the authors measured pure 

standards of β-carotene and lutein. β-carotene dissolved in this solution has the ν1 band 

at 1519 cm-1 (532 nm) (Collins et al., 2011) or at 1520.5 cm-1 (514.5 nm) (Andreeva et 

al., 2011). Similar results were obtained from green flagellated cells and from 

Chloromonas cf. nivalis. In the flagellates, the band at 1522 cm-1 could be decomposed 

to 1524 and 1516 cm-1. In the case of Chloromonas cf. nivalis, the ν1 region (1520 cm-1) 

consisted of 1523 and 1516 cm-1. Again, these results are almost identical to Raman 

spectra of standards of lutein and β-carotene.  
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9.   Conclusion 

  Extremophiles are used as model organisms for exobiology. Their natural 

habitats are similar to some locations in our Solar system. Detection of their 

biomarkers in their natural environments are being used for the development of 

instruments used for planetary exploration. Pigments are very significant biomarkers 

due to their taxonomic specificity and stability during diagenesis.  

  Raman spectroscopy is a powerful tool for the identification of organic and 

inorganic compounds. The analysis is fast and simple since it does not require any 

treatments. For all these reason, miniaturized version of Raman spectroscopy will be a 

part of two rovers of future planetary exploration of Mars – ExoMars (ESA) and 

Mars2020 (NASA). Both missions aim to search for life biosignature/biomarkers of 

extinct or extant life. Building a database of analogous biomarkers, especially of 

extremophiles, has been proposed. One group of these biomarkers are pigments such 

as carotenoids. 

 Snow algae represent eukaryotic extremophiles producing carotenoids as one 

of their adaptive strategies. Individual life stages of snow algae have different pigment 

compositions. Stress-resistant spores produce high amounts of astaxanthin while 

flagellated green cells contain mostly carotenoids such as β-carotene and lutein. 

Zygotes can have mixtures of both primary and secondary carotenoids.  

  Raman spectra of carotenoids have 3 major bands which are attributed to ν1 

(C=C)), ν2 (C-C) stretching mode, and to δ(C-CH3) plane bending mode The most 

distinctive band is ν1 (e.g. astaxanthin 1520 cm-1, lutein 1523 cm-1). Raman 

spectroscopy cannot discriminate individual carotenoids in mixtures of similar 

compounds (e.g. in biomass). The most prominent Raman band is usually contributed 

to the most dominant carotenoid. Detailed analysis of pigment contents in biomass can 

be provided by HPLC. This method requires extraction of pigments from biomass 

which may lead to the loss of information (e.g. protein/lipid interactions). Raman 

microspectroscopy permits pigment detection of individual cells which could be 

another advantage especially when analysing heterogonous mixtures of cells but still 

the exact identification may be problematic. Nonetheless, the exact discrimination of 

carotenoids is only one of goals in exobiology. Potential positive detection of Raman 
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spectroscopic signatures of carotenoids sensu lato in Martian outrops or subsurface 

rocks would be a great achievement itself.  
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