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Aims of the thesis, suggestions for the reader

The doctoral thesis focuses on Raman spectrosabgntification of pigments as biomarkers
in evaporitic rocks in an astrobiological contekhe work is intended a) to provide a data,
which could shed light to potential of Raman spEsttopic instrumentation to detect selected
organic compounds (particularly pigments) in mihenatrix with relevance to future Raman
spectroscopic in-situ measurements on Mars ana Ipritarily investigate endoevaporitic
microbial colonies from the extreme conditions cartk, namely Atacama Desert, through
Raman spectroscopic signatures of pigment compasitnalysed directly in the host rock.

The thesis is divided into an ,Introduction”, ppovide an overview and scientific
background of the work to the reader, followed g part of the results that has not yet been
published, a general discussion and conclusionsappéndices.

Most of the results are presented as publishedrpaand a submitted manuscript in
the appendices and can be divided in two major regheFirst, methodical work was
performed, where the possible use of Raman insmtatien (both bench-top and portable)
was evaluated for identificatiofi-carotene as a model carotenoid in artificially paned
mixtures with various evaporites under differenp@xmental conditions. The results are
presented as two published papers and one manusgbimitted for publication (Appendices
1, 11, 110).

The second part deals with Raman spectroscopantifitation of pigments
associated with endolithic phototrophs in natukedp®ritic crusts from Atacama Desert. The
results are presented as one published paper (AppRf) and unpublished results which are
the subject of Chapter 2.
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Summary

Raman spectroscopy is a powerful tool for iderdiiien both inorganic and organic
compounds including microbial biomolecules. Togethéh the fact, that it is considered to
be the important nondestructive instrument for aséMars within future robotic missions, it
IS necessary to assess its capabilities in scenagievant for both Martian and terrestrial
conditions. In this work, the potential of Ramaregpometry was tested — including both
bench-top laboratory systems as well as portablateoparts — to detect traces of life within
evaporitic matrices through biomolecular identifica. Due to their chemical and physical
nature resulting in optical properties, pigments @nportant organic compounds in Raman
spectroscopic analysis using visible excitationné¢ein this work we have focused on the
Raman spectroscopic identification of pigments asmhrkers with relevance for
investigation of life in both extreme terrestrialdgpotentially extraterrestrial environments.

Results of methodical work are presented in Adpess | to 1ll, dealing particularly
with B-carotene as a model carotenoid pigment. The ctoratEm limits of this biomarker in
three different evaporitic matrices (halite, gypsand epsomite) have been determined for
artificially prepared powdered mixtures alone andtumes analysed through a single crystal
of gypsum or epsomite. We detectBetarotene content even as low as 1 mg kgan
evaporitic matrix using Raman microspectrometry igoed with 785 nm excitation
wavelength (non-resonant mode) which is a univessatce for biomolecular identification.
Comparison of these results with resonance Rameactregcopy using a 514.5 nm laser for
excitation showed that in this case resonance esnant of the Raman signal can improve
the limits of detection by about one order of maghe. The analysis performed through the
single sulphate crystals resulted in decreaseeoRémman signal; however it was still possible
to register at least one carotenoid band at coraténs of 1 - 10 mg Kkjof the B-carotene,
depending on the excitation wavelength used.

Results obtained using a portable (hand-held) &amstrumentation equipped with
a diode laser at 758 nm showed that Raman macrgssa&an be favourable for finely
ground mixtures. This miniaturized instrument yeddeven slightly better results when
analysing g3-carotene/halite mixture than a bench-top Ramamasgpectrometer using the
same excitation.

Real geobiological systems from Atacama Deserthwis one of the driest place on
Earth and is considered a close analogue to threregty arid conditions on the surface of
Mars were studied as well. Results of Raman spemifc analyses of natural endoevaporitic
colonies from Ca-sulphate crusts in Atacama De&himinated by gypsum, presented in
Chapter 2) exhibit systematic variations in caroténcomposition along with the
presence/absence of a phycobiliprotein signal. y¥cphiliprotein Raman signal is indicative
of cyanobacteria and was detected typically in de@arts of the Ca-sulphate crust where a
relatively low amount of light is available. Thisa# accompanied by two clearly
distinguished v(C=C) carotenoid bands at approx. 1516 and 1498 cpointing to
carotenoids of different conjugation, probably utdihg [3-carotene and the long polyene
chained (13-15 conjugated double bonds) carotef@ndthe other hand, the Raman signal of
algal colonies from near the rock surface exhibiéed(C=C) carotenoid band at approx.



1525 cnt interpreted as feature of lutein or similar xamylpcompound. These spectra lack
a phicobiliprotein signal. Streamline Raman mapmhghe algal colonies exhibited a great
potential of such type of analysis for study of @ittlic communities in their original
habitats. Moreover, analytical aspects of usingm®5and 514.5 nm excitation for analysis of
carotenoids are discussed.

Appendix IV describes the Raman spectroscopiatifieation of pigments from
endolithic cyanobacterial colonies in natural laldrusts from Atacama Desert. Spectral
signatures revealed the presence of UV-protectiandlecule scytonemin as well as
chlorophyll, carotenoids and phycobiliproteins. Tdpectral features of these biomolecules
differed depending on the particular microhabigbstantial differences in the scytonemin
Raman signal have been observed and suggestedresmand to variable biosynthesis of
scytonemin according to the amount of light avddahside the halite crust as well as other
possible parameters.

It was proved thaB-carotene — a typical carotenoid — can be deteictaery low
content in evaporitic matrix using Raman spectrpgcd’ he method showed to be also a
valuable tool for examination of microbial coloniestheir original rock habitats on the basis
of pigment composition which allowed us to insighto the phototrophic microbial life in
evaporites from Atacama Desert.



Shrnuti

Ramanova spektrometrie jéldzitou nedestruktivni analytickou metodou pro tifékaci jak
anorganickych tak organickych latelkieins nékterych mikrobialnich biomolekul. Pigmenty,
jak vyplyva zjejich fyzikald-chemické podstaty, jsou uakkzitymi latkami z pohledu
spektralni analyzy, detre Ramanovy spektrometrie. Miniaturni Ramanovsky spehketr
bude souasti analytického vybaveni sond planovanych prmhbstiogicky vyzkum Marsu.
Tato doktorska prace je proto z&na na vyhodnoceni potencialu Ramanovy spektroenetri
— a to jak laboratornich takignosnych fistroji — pro detekci pigmenf jako stop Zivota
v evaporitech pro dely vyzkumu Zzivota jak v extrémnich priedich na Zemi, tak
v podminkach mimo naSi planetu — konkgtia Marsu.

V piilohach I-lll je pojednavano o vysledcich metodickéace zabyvajici se
koncemtrace tohoto biomarkeru véedh Gznych evaporitickych matricich — v halitu,
sadrovci a epsomitu.iipravené smsi o tiznych koncentracicf-karotenu byly analyzovany
jak primo, tak pes krystal sadrovcé epsomitu pro simulaci analyfirkarotenu uzateného
v mineralni matrici. Pomoci laseru o vinové dél&s fim jsme identifikovali koncentrace
B-karotenu nizké az 1 mg RgSrovnani s vysledky rezonar Ramanovy analyzy s pouZitim
excitace 514,5 nm ukazuje, Ze timtaigpbem lze detekovat koncentrggdarotenu jest
zhruba o jedemad nizSi. Analyzaies siranovy krystal vedla k poklesu signalu, nictretale
bylo moZno identifikovat 1-10 mg Kof3-karotenu, v zavislosti na pouZité vinové délcetas

Vysledky ziskané pomoctgnosného Ramanova spektrometru s diodovym laserem o
vinové délce 785 nm ukazuji, Ze pro analyzu jemmmzch smdsi miZze byt tato
instrumentace dokonce vyhagi a to zejména diky&tSimu pfiiméru stopy laseru.

Navazujicicast prace se zabyva studiem endolitickych mikraasgal Zijicich v
prirodnich evaporitech v pousti Atacama v Chile, pdauji nejsussi podminky na Zemi a je
to tedy prostedi, které mze casténé slouzit jako pozemsky analog k extr&maridnim
podminkdm na Marsu. V kapitole 2 jsou shrnuty dosegublikované vysledky &eni,
zabyvajici se Ramanovskou analyzou endoevaporditkkolonii Zzijicich v krustach
Ca-siranu (s ievazujicim s&drovcem) v hyperaridnim jadru ppulStacama. Byl zjisin
systematicky se #mici Ramanovsky signal karotendidtery dolfe koresponduje s polohou
jednotlivych kolonii v rdmci evaporitické krusty.oRdil ve sloZzeni karotenaid ktery byl
pozorovan spolu siffomnosti/absenci phicobilipritairje disledek kolonizacetiznymi typy
mikroorganisni - eukaryotickymifasami (¥tSinou blize k povrchu krusty§i sinicemi
(typicky pri spodni stra& krusty). Ramanovsky signal pigméntze dolie vyuZzit pro
mapovani vyskytu jednotlivych kolonii v jejichiyodnim mikrohabitatu pomoci streamline
Ramanovské analyzy. Diskutovany jsou analytickéelkisppouziti exciténich délek 785 a
514.5 nm pro analyzu karotenéid

Clanek prezentovany jakdippha IV se ¥nuje Ramanovské analyze mikrobiélnich
spol&enstev (sinic) v firodnich vzorcich halitu, také z hyper-aridnich asil poust
Atacama. Byly zji&ny rizné typy pigmerit které maji UV-protektivni funkci @edevsim
scytoneminXi jsou sodasti fotosyntetického aparatu. Ramanovsky signéiBse zavislosti
na konkrétnim mikrohabitatu. i€devSim velky rozdil viftomnosti spektralnich znak



scytoneminu u jednotlivych kolonii se jevi jako igel zajimavy poznatek atbe odrazet
adaptaci na odlisSné &elné podminky panujici v ramci jednotlivych mikedfitati stejre
jako dalsi faktory, které jsou diskutovany.

Ramanova spektrometrie se ukazala byt vhodnouoduat pro identifikaci
B-karotenu jako typického karotenoidu v nizkych kemtcacich v evaporitickych materialech.
Metoda je zarove dobrym nastrojem pro studium mikroorganism jejich pivodnim
prostedi na z&klatl nedestruktivni analyzy jejich pigméntktera nam umoznila hlubSi

poznani autofototrofnich mikroorganiénzijicich v evaporitech v hyperaridnich oblastech
poust Atacama.



1. Introduction

Pigments and their alteration products are the mapb biomarkers in sedimentary record.
They originate mainly from a photosystem of higp&ants, prokaryotes as well as algae. In
addition to the light-harvesting function of pignitgnsome pigments act as photo-protective
molecules, particularly under stressed conditioith Wwigh UV-flux. Brines and evaporites —
minerals formed by precipitation from aqueous sohg can provide suitable habitats for
organisms adapted to high salt concentrations. ddiganisms from all domains of life —
bacteria, cyanobacteria, archaea as well as euikalgae — harbour these environments and
are often strongly pigmented in order to harvegitlas an energy source or to protect against
damaging radiation. This thesis is focused on Raspacttroscopic identification of microbial
pigments, which we can find in extremophilic miarganisms living in such a high-salt
environment. Since sulphate as well as chlorides $e&lve been recovered on Mars, these types
of rock are also assumed to be one of the potdmiaitats for past or even present life on the
planet. At the very least, evaporites on Mars cql&y an important role in preservation of
molecular remnants. Thus, the results of the warkehmplications for planetary exploration
focusing on astrobiology, as well as for the priynstudy of adaptations of microbial life in
extreme environments on the Earth.

The central theme of astrobiology is to searcHifie in the Universe. Such a scientific
task is challenging and requires an interdiscipliregpproach. It encompasses research related
to extrasolar planets as well as the bodies inSmliar System. Planet Mars is one of the most
promising objects in our Solar System in the sedwmhtraces of life beyond the Earth.
Although it is necessary to be open-minded whengssiing possible extraterrestrial life
forms, an important approach is based on studyhefenvironment and its inhabitants, with
which we are familiar from habitats on Earth. Frthis point of view, extreme localities and
extremophilic organisms are especially importanécts for astrobiological research. The term
"extreme" sounds anthropocentric, as some of tleeganisms are well adapted to these
conditions, which are their normal environment; ertiveless, they represent life at the limits
from our point of view. Therefore, such environnseand the organisms living in them provide
us with an opportunity to learn more about the tilmg conditions for the known metabolic
processes and diverse adaptation strategies thgt Have evolved to survive challenging
environmental stress. These extreme environmeniaaih can also represent sites analogous
in several parameters to Martian conditions, sisctha McMurdo Dry Valleys in Antarctica or
Atacama Desert and other locations (called Martognas).

The Raman spectroscopy is a vibrational speatpsdechnique based on inelastic
scattering of light from an analyte first demonsdaby Raman and Krishnan (1928). The
technique allows the identification of biomolecules a nondestructive way, without any
pretreatment, directly in the rock sample. Moreptlee Raman-microscopic technique allows
us to focus on a single cell or accumulation of rotial cells in rock pore spaces. This
approach is very important for terrestrial measw®etis, as it provides an opportunity to



examine the survival strategies of microorganismtheir original microhabitats based on the
spectral record.

Raman spectroscopy is considered as a tool toifgdmith organic and inorganic
compounds on Mars as a part of the scientific @ed/lof the probes planned within future
missions to the planet. The method will provide @ndestructive analysis prior to the
measurements using more complex destructive methitddetter sensitivity but very limited
number of analyses available.

However, the recent plan of the ExoMars missihjch encompasses a Raman
instrument as part of the scientific payload, ides the performance of Raman analyses on
powdered Martian rock samples (without a microsgopkerefore, an Earth-based evaluation
of Raman spectrometry to detect organic componeunts) as pigments in powdered mixtures,
can also form an important basis for future plaryeéxploration. Nevertheless, the application
of Raman spectroscopy in the micro-mode is crulalthe examination of microbial life
strategies in extreme terrestrial environmentsiin, svithout losing information about the
spatial distribution of the colonies.



1.1  Conditions for life on Mars and the astrobiologichcontext
of the thesis

This chapter is concerned with the Martian envirentrin terms of habitability for life as we
know it. One of the crucial preconditions for litethe presence of liquid water as a solvent in
biochemical processes. Theories about possible queaais biochemistry have also been
proposed — dealing with hydrogen peroxide-basea@heamistry (Houtkooper and Schulze-
Makuch, 2007). Though such a completely differeisichemistry can not be ruled out, our
suggestions about the possible habitable envirohofedars will focus on known life forms,
for which availability of liquid water — at leastahsient — is a crucial parameter defining
habitability.

1.1.1 The availability of liquid water on Mars

On the current Mars surface, water ice is unamhiglyopresent in the north polar cap (Kiefer
et al. 1976). Moreover, polygonal terrain, resengplsimilar features in permafrost areas on
Earth, has been reported in younger regions of NBesert and Kargel, 2001, Mellon et al.,
2008). The presence of subsurface ice forming peostain polar regions was also indicated
by a hydrogen signal detected by gamma-ray speetrgronboard Mars Odyssey (Boynton et
al., 2002). In 25th May 2008, the Phoenix Landgorapched the northern arctic region of
Mars and took close-up images of the polygonabieras well as water ice itself (Smith et al.,
2009).

Existence of a liquid phase is defined by pres$emperature conditions (see the
water phase diagram, figure 1). The P/T conditionsrecent Mars are very variable (see
Jakosky and Phillips, 2001, Leovy, 2001). The terajee varies from about -140°C to +25°C
depending on latitude, altitude as well as diuarad annual cycle. The average value of the
atmospheric pressure on Mars is 6 mbar (0.006 dtowever, this value can also vary quite
extensively. Typically, ice sublimates directlywater vapor and condenses from vapor to the
solid phase under recent Martian surface conditidhswever, the temperature/pressure
conditions on which the presence of liquid watguedels most probably varied in time during
the Martian geological history.

In contrast to the current climatic conditionaprerous landforms revealed within last
decades on Martian surface provide evidence farsxe liquid water activity in the past (see
the review by Baker, 2001). In 1972, the Marinespacecraft observed channels and valleys
from the orbit of Mars for the first time. Thesaferes on the planet’s surface were interpreted
to originate in flowing water during the warmer ipes in Martian history (Masursky, 1973).
In the late 1970s, Viking orbiters took images loéde structures with improved resolution,
which long provided the basis for knowledge aboatew activity on Mars (Carr, 1996). A
closer view of the structures related to water flas provided by the MOC (Mars Orbiter
Camera) onboard the Mars Global Surveyor spacearadt more recently, by the HIRISE
(High Resolution Imaging Science Experiment) canesa part of the payload on the Mars
Reconnaissance Orbiter (Weitz et al., 2008, Lahzh ,2010).
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Figure 1: Simplified phase diagram of water.

The geological age of a particular terrain on $/@an be inferred from the densities of
impact craters, which allows us to stratigraphicalivide Mars into three main epochs. The
Noachian period is the oldest and comprises heavdtered regions formed prior to about 3.5
billion years ago, followed by the Hesperian ep@&/-1.8 billion years ago), represented by
intermediate cratered areas, and the youngest Amaz@poch, with less-cratered regions. It
is generally supposed that, in the early stagb@ptanetary evolution (Noachian), the Martian
atmosphere was significantly denser than it is yodad that the climatic conditions were
warmer and wetter. Most of the networks attributediquid water activity occur within the
Noachian terrain (Carr and Clow, 1981) in the seuthhighlands. The hypothesis is
strengthened by the systematic observation of acextinumber of impact craters smaller than
15-20 km in diameter which, together with degratéeder craters which is considered to be a
result of water-related erosion processes whichuroed at least prior to 3.7 billion years ago
(Chapman and Jones, 1977, Carr, 1996). Howevemaas/ as 25-35 % of the valleys may
represent Hesperian or Amazonioan age (Scott efL@95) pointing to younger periods of
liquid water activity. Some gullies have been iipteted as being a result of recent water
seepage and surface runoffs (Carr, 1996, Malin Bddett, 2000). Braided channels and
alluvial-like fans found in geologically recent tees were observed by HIRISE (McEwen et
al., 2007). A syndepositional process - impact aatumelting and subsequent “rainfall” have
been proposed by the author as one of the possibtdanisms of formation of these fluvial
features (see McEwen et al., 2007). The mechaniasmfarmerly presented by Segura et al.
(2002) as a possible process of transient liquittiM@rmation during heavy bombardment in
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the Noachian period, thus potentially correspondingn alternative scenario to the constantly
warm and wet climate hypothesis suggested forapach. In addition, evidence for standing
water bodies in the form of impact crater lakethm past can also be found on Mars, with ages
mostly corresponding to the upper Hesperian aneiodmazonian period (Cabrol and Grin,
1999, 2001).

There are areas on Mars where the local P/T meamallow at least the transient
presence of liquid water even under current climabnditions — these are the Amazonis,
Arabia, and Elysium plains and the Argyre and Hgeilapact basins (Haberle et al., 2001).
Recently, Phoenix Mars Lander observation pradgiceabnfirmed the suggestion that this
corresponds to wet soil and segregated water mckgdting condensation from liquid rather
than directly from water vapour (Smith et al., 2D0OEhe parameter that most probably affects
the transient presence of liquid water is the aliig(Laskar et al., 2004). During high
obliquity periods, a warmer and wetter climate @scwhich could result in liquid water
activity in the recent past (Haberle et al., 208@ith et al., 2009).

An important indicator for aqueous processesésNlartian mineralogy. Crystalline
haematite has been discovered in the Meridianiptaand other areas on Mars using the
Thermal Emission Spectrometer (TES) instrument lo& Mars Global Surveyor (MGS)
spacecraft (Christensen et al., 2000, 2001). Thesgmce of such haematite-rich surface
deposits has been confirmed by the Opportunity Ravieich performed in-situ measurements
on Meridiani Planum (Christensen et al., 2004). igbcopic images revealed spherules about
up to 5 mm in diameter. Mossbauer, APXS (AlphaipltX-ray spectrometry), Mini-TES
(Thermal Emission Spectrometer) and pancam — albtlalyses of these spherules confirmed
their haematite nature. Pancam observations o€rb&s-section of an abraded spherule point
to the presence of haematite throughout the voluojust as a coating (Squyres et al., 2004).
The spherules are interpreted as concretions formadgueous environment during early burial
diagenesis. One of the possible (thermodynamicplausible) reactions involved in the
haematite formation is dissolution of jarosite (@3 et al., 2004).

Spectroscopic features obtained by the Compactomissance Imaging
Spectrometer for Mars (CRISM) on the Mars Recorsaaise Orbiter (see Murchie et al.,
2007) have demonstrated the presence of hydraliedtsiminerals on the Martian surface
(Mustard et al., 2008) which is consistent with #wlier observations obtained from the
OMEGA imaging spectrometer onboard the Mars Expsgsacecraft (Poulet et al., 2005,
Bibring et al., 2006). Recently, the presence d€Oahas been revealed in soil on the Phoenix
landing site by a Thermal and Evolved-Gas Analy(ddtGA) instrument (Boynton et al.,
2009); the carbonate was probably precipitated figmd water.

Additionally, secondary porosity observed witbimtcrops in Meridiani Planum by the
Opportunity Rover has been interpreted as correipgnto diagenetic features, suggesting
liquid water activity (McLennan et al., 2005). Ciglsshaped molds and sheet-like vugs have
been described by the authors. These features ignficantly larger than the size of
framework sand grains and are interpreted as kemggult of dissolution of relatively soluble
evaporitic minerals (Squyres et al., 2004, McLenearal., 2005). The evaporitic deposits
discovered on Mars are summarized separately ingkechapter.
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Recently, evidence for the presence of percldokdg(ClQy), or Ca(ClQ),) in
concentrations 0.4 to 0.6 wt % (G)On Martian soil from the polygon-patterned nortine
plains of the Vastitas Borealis was observed byRheenix Mars Lander (Hecht et al., 2009).
It is assumed to have originated relatively regenthe presence of perchlorates supports the
possibility of the existence of low-temperaturenBs in recent Martian environments, possibly
related to contemporary liquid-mediated processash as gully formation. Under recent
Martian conditions, perchlorate does not readilydime organics; however its presence may
indicate an oxidant-forming chemistry in the Mamt@mosphere or on its surface (Hecht et al.,
2009).

Finally, all the findings described here représsinong evidence for liquid water
processes involved in the formation of the Martamface in the past and possibly in recent
times, which is extremely important from the astotdical point of view.

1.1.2 Evaporites on Mars

Deposits of evaporitic minerals have been widelgenbed to date within the Martian surface
by both orbit-based measurements (Gendrin et @052Bibring, 2006, Bishop et al., 2008,
Roach et al., 2007, Christensen et al., 2008, Waseet al., 2008, 2009, Osterloo et al., 2008)
and by in-situ analyses by robotic missions (seedffierences below).

Sulphate minerals have been identified in outsrap well as soils on Mars, analysed
within the Mars Exploration Rover (MER) missionsirf@pand Opportunity in two distinct
areas on Mars — Gusev crater and Meridiani Plamespectively (see Squyres et al, 2004,
Haskin et al., 2005). A fine-grained whitish/yelleWw material was observed during the
Spirit's traverse within Gusev crater as a restixa@avation of subsurface material by Rover’s
wheels (figure 2). High sulphur contents were ré&aggup to 35 wt % S¢) by an alpha
particle x-ray spectrometer (APXS), as was enriaitmie Cl, Cr and Br. Moreover, strong
correlation between Mg (attributed to Mg8§Oand S was found which, together with
enrichment in Br (typically occurs as highly sokitdalts) in this several-centimetre-thick
subsurface layer, suggests possible depositioralts by groundwater (Haskin et al., 2005,
Gellert et al., 2006, Wang et al., 2006). The A& sbauer data from excavated soil (dust)
were interpreted as indicating the presence of amiynMg-sulphates, with minor amounts of
Ca- and also perhaps Fe-sulphates (Wang et ab)2@0ereas the Mossbauer spectrometry of
other excavated layers suggested that the soilshiggs contents of Fé bearing sulphates
(Gellert et al., 2006, Ming et al., 2006, Morrisadt, 2006). The features of bound water were
observed by Mini-TES in these soils, pointing te firesence of hydrated minerals (Bandfield
and Smith, 2003). The discovery of a subsurfacerlagnriched in salts provides strong
evidence for the role of water in area of Gusevecra
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Figure 2: Bright soil (dust) excavated by rover wheels fronallw subsurface in
Gusev crater (Courtesy NASA/JPL-Caltech/Cornell).

Figure 3: Mosaic of the ,Burns cliff* forming the inner watlif the Endurance crater
rim at Opportunity landing site, Meridiani PlanumMars (Courtesy
NASA/JPL/Cornell).

The Opportunity Rover enabled study of outcropposed on the rims of impact
craters along the Meridiani Planum. Geneticallated strata observed at four different places
(Eagle, Fram and Endurance impact craters and ianagfracturing called Anatolia) have
been informally named the Burns Formation (seeréd?), after Roger Burns, who predicted
(based on Viking chemistry data) ferric sulphatesjuding jarosite as stable phases that
should occur on the Martian surface (Burns, 198He stratigraphic units of the Burns
Formation reflect both subaqueous and eolian t@hsgmd deposition acting periodically on
the Meridiani Planum in the late Noachian to e&tbsperian epochs (Arvidson et al., 2003).
These genetically related sediments were obserlfemver the landing site of the Rover at
Meridiani planum (more than 8 km), with a thicknedsat least 10 m. However, orbital data
even point to probably a much larger extent andhtgrethickness of the Burns Formation
(Christensen and Ruff, 2004). Mg, Fe and Ca sugshanhcluding jarosite, occur within the
studied outcrops at different localities studied@yyportunity (Christensen et al., 2004, Rieder
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et al.,, 2004, Clark et al., 2005, Grotzinger et 2005). Similarly as with bright soils, the
outcrops exhibited high sulphur contents (6.8-11Abyaded outcrop rocks in Endurance crater
exhibited a correlation of the Mg and S contentggesting that MgS£s a major component
here. If all the S@is bound to Mg, Ca and ferric sulphates (as sugddsy Mdssbauer data,
Klingelhofer et al., 2004), the outcrop containeath40 wt % sulphates. Interestingly, the Br
content varied by more than an order of magnitutiggending on the position within the
outcrop, although no systematic variations, eithestical or horizontal, were recorded (for a
detailed description of the chemistry and minerglo§ outcrops at Meridiani Planum, see
Squyres et al., 2004, Clark et al., 2005, Squyneiskanoll, 2005, Briickner et al., 2008).

The chemical composition of evaporitic mineradsderived from the fluid (brine)
chemistry, from which the minerals precipitate. STis controlled by the chemical components
of the initial lithologies from which the brines veeenriched and the pH and Eh conditions.
Basaltic lithology predominates on Mars which tbgetwith high S@ concentrations in
water reservoirs due to volcanic activity resuliedacidic weathering of olivines and other
minerals in basaltic rocks as the key process wohiftg brines on Mars. The fluid resulting
from acidic weathering of Martian basalts are assino be enriched in Fe, Mg, S(@q),
SO, and less in Ca (Tosca et al., 2005). In contigpical ocean water on Earth contains
predominantly Na, Cl, Mg and SQons (Taylor and McLennan, 1985). Hence, contitary
common Earth scenarios, sulphates largely domioxate chloride salts in Meridiani Planum
outcrops which correspond to the S-rich Martiahd#phere with a high S{TI ratio in
volatiles (Clark and Baird, 1979, Clark et al., 38R0

The cation abundance identified by the APXS umsnt onboard the Opportunity
Rover points to Mg-sulphates as the dominant stépbamponent, with subordinate amounts
of Ca-sulphate and jarosite (Clark et al., 200%)e Presence of jarosite at Meridiani Planum
has been unambiguously confirmed by Opportunitytsdbauer spectrometer (Klingelhofer et
al., 2004). Jarosite provides important environrakmiformation, as it precipitates only under
acidic conditions. Hence, it strengthens the hypsith(Clark and Baird, 1979, Burns, 1987)
that sulphuric acid had a strong influence on hasehkthering and sediment deposition on
Meridiani Planum (Squyres and Knoll, 2005). Moregpweater with pH above 4-5 could not
have occurred since jarosite formation (Maddenl.e2@4). From geochemical modelling of
the evaporation processes at Meridiani Planum, & esal. (2005) suggested®tjarosite as a
source for releasing Eeinto solution. Transformation to goethite is thedynamically
favoured in the low F& SQ aqueous solution with pH ~2-2.5. However, relative
proportions of these two phases at equilibrium ddpeon other factors, such as porosity, the
initial abundance of D-jarosite and the presence of other Fe ang $@aring phases before
the diagenetic process (Tosca et al., 2005).

Beside the sulphate-rich sediments, the orbitappmg by the Thermal Emission
Imaging system (THEMIS) onboard the Mars Odyssey aidicated the presence of chloride-
bearing deposits on the southern highlands of N@sterloo et al., 2008). Moreover, SNC
meteorites (named after three representative mesmdfethe group - Shergotty, Nakhla and
Chassigny) originating from Mars were found to @amtalite (Gooding, 1992).

These evaporitic deposits are the result of agsemnditions and are one of the
indicators pointing to the presence of liquid water Mars. Although the acid environment
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predicted for formation of sedimentary rocks at idi@ni Planum might have complicated
prebiotic chemistry, terrestrial experience sugg#dsit environmental conditions inferred from
Meridiani outcrop rocks could allow microbial adajpdn at least for some periods of time
when liquid water was unambiguously present (Kretll al., 2005). Hence, brines and
evaporites could serve as a potential habitat enpidist and, if no extant life is present within
these deposits, traces of extinct life in the fafmicrofossils or biomarkers could be still
preserved.

1.1.3 Challenges for life on Mars

Assuming there is a promising habitat for microliif@ and there was liquid water on Mars at
least in the past or that it still occurs in seVaraas today (at least periodically), some other
challenges for potential life still remain. Thesensists particularly in the harsh radiation
reaching the surface of the planet. The lack ofagmetic field allows solar energetic particles
(SEP) from the Sun as well as galactic cosmic taig GCR) from the surrounding cosmic
space to reach the Martian surface or shallow stdrsi

UV flux on the planet's surface is an importaargmeter in terms of potential life
(Ronté et al., 2002). On Mars, the incident salediation on the atmosphere is 43% of that on
the Earth’s atmosphere. Significant amounts girCEarth’s atmosphere result in a UV cutoff
near 290 nmThe recent thin Martian atmosphere (average atesspre ~6 mbar) contains
approx. 95% C@and ozone corresponding to about 2% of that orictréh. Thus, there is little
protection, and the CQabsorbs all the irradiation below 190 nm (Kuhn &tictya, 1979). The
dose of UV irradiation above 190 nm on the surfat®lars creates hazardous, mutagenic or
even lethal conditions for organisms known on E&dtger, 1985). Harsh UV irradiation can
damage DNA and the other biomolecules directly ratirectly through the formation of
reactive oxygen radicals (Yen et al. 2000). High & on Martian surface and reactive
oxidizing surface can be responsible for lack afamics there (at the ppb level), even those of
abiotic origin, as recorded by pyrolysis-gas chrwgeaphy-mass spectrometry (pyr-GC-MS)
onboard the Viking Lander (Biemann, 1977). Howevarhistory of the planet, when the
atmosphere was denser - more favourable conditmnsvolution of life occured, comparable
to those on early Earth.

Several strategies for life to survive in envirents exposed to harsh radiation are
known from recent Earth conditions and can alsoapplied to the Martian environment.
Microorganisms use repairing processes to cope wile destructive irradiation.
Simultaneously, they often use various strategiescteen against the UV irradiation. These are
shielding by the non-translucent mineral layer mtiny inside the rocks including the
evaporites, which can act as UV shielding agentsl aimultaneously allow the
photosynthetically active irradiation (PAR) to rhathe microbial layer, which can be
extremely important for survival and growth of {higototrophs. Additionally, living underneath
a layer of dead organisms within the microbial nsatnother survival strategy observed in
modern terrestrial systems (Garcia-Pichel, 1994).
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As shown by Mancinelli and Klovstad (2000), spgocé Bacillus subtiliscan 100%
survive exposure to a UV dose when screened bynmanlthick layer of Martian regolith
simulant, while unprotected spores were 100% dgsttoMoeller et al. (2005) showed the role
of pigmentation ofBacillus sp. endospores, including carotenoids, in praiactigainst UV
irradiation. Possible survivability of cyanobacéedf the genu€hroococcidiopsisovered by
1 mm thick mineral layer under simulated Martianadliation was demonstrated by Cockell et
al. (2005). The positive role of shielding by a era matrix has also been confirmed by
Rettberg et al. 2002 and 2004 during exposure erpets performed in space (PERSEUS
mission on MIR and the BIOPAN facility onboard tl&OTON satellite, respectively).
Moreover Fendrihan et al. (2009a) showed that theisability of Halococcus dombrowskii
towards UV exposure is significantly higher whernsittmbedded in halite crystals (the dose
for 37% survivability was about 400x higher thandaprotected cells).

Taking account these facts, any life forms ornedead organic remnants are most
probably not present on the surface of Mars. Onother hand, the Martian subsurface still
may be a habitat for microbial life (KanavariotidaMancinelli, 1990). Chemolithotrophic
microorganisms are amongst the likely candidatespfuential life forms there. However,
presence of photosynthetic microorganisms protebiedayer of translucent minerals like
evaporites may also be a possible survival stratEypurable at least in the earlier stage of
Martian history. In addition, besides protectingdg microorganisms, evaporitic rocks can
play an important role in preserving microorganisarsd molecular remnants through
geological history, as shown in Chapter 1.2.1.
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1.2 Overview of microbial life in an evaporitic environment

According to Warren (2006), evaporites are defires] salt rocks that were originally
precipitated from a saturated surface or subsurfasiree by solar evaporation, comprising a
wide range of chemically precipitated salts inchgdialkaline earth carbonates (for
comprehensive information related to evaporites\&@eren, 2006). Evaporites are typically
formed by sequential precipitation (from less stdul® more soluble) during evaporation of
concentrated solutions. The first minerals preatpig from the evaporating sea water are Ca-
carbonates (calcite, aragonite), followed by gypswah salt concentrations above
140 — 150 gt halite, which precipitates when the salt conagitn exceeds 300 ¢ land
highly soluble salts like sylvite (KCI).

Organisms living in an environment with high sadihcentrations have to cope with
osmotic balance to grow and live in very low waaetivity (a, 0.75 at NaCl saturation, see
Grant, 2004). Two ways of adaptation to life inthgplinity can be found between halophilic
microorganisms (Oren, 1999, 2000a). The first cgiasn the accumulation of inorganic salts
in the cell, mainly KCI, to maintain osmotic balanwith surrounding environment. The
second option consists in the accumulation of doyaplutes in the cytoplasm to provide
osmotic balance. Accumulation of KCI in the cytgptarequires much less energy than the
synthesis of organic solutes (1 ATP equivalent iregu for the accumulation of 1.5-2
molecules of KCI, see Oren, 1999) and is thus feadole for microorganisms of metabolic
types producing small amounts of energy, such agndetative bacteria in the
Haloanaerobialedamily (Oren, 1999, 2000a). On the other hand, laghcentrations of KClI
inside the cell require adaptation of the intradal enzymatic system (Oren, 1999, Lanyi,
1974, Dennis and Shimmin, 1997). Microorganisms tis@ compatible organic solutes do not
need special enzymatic adaptation; however, theyhibesis of these organic molecules
requires much more energy.

Typical compatible solutes used by halophilic nmazganisms are glycerol (found
only in Eukarya, like the green aldg2unaliella), glycine, betaine, ectoine, glucosylglycerol,
disaccharides sucrose and trehalose (for moreGaéeski, 1993, 1995, Oren, 1999, 2000a).
The precise amount of equivalent ATP molecules eéddr the synthesis of the organic
solutes varies between 30 ATP and 109 ATP, depgmnalinthe particular solute used and the
metabolic types (for more details see Oren, 190003).

Brines and salt lakes are often inhabited by ftale organisms, even at a salt
concentration of halite saturation. It is evidemini the salt concentration limits for particular
metabolic types presented by Oren (1999, 20004a)jubaa few metabolic types occur at halite
saturation — namely oxygenic photosynthesis, anemiyggphotosynthesis, aerobic respiration,
denitrification (based on laboratory studies onepaultures) and aerobic methane oxidation
(based on study of natural communities).

The archae#&lalobacterium salinarums a typical representative of these extremely
halophilic microorganisms. This archaea is pinkiredolour mainly due to a C-50 carotenoid
pigment a-bacterioruberin (and its derivatives) (Kelly et,al970), see figure 4. Other
pigments responsible for colouration of photo-activhaloarchaea are rhodopsins.
Bacteriorhodopsin is a lipid — protein complex tfmins patches in cell membranes. Although
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halophilic archaea with purple membranes are mastgrotrophs, bacteriorhodopsin pigment
which act as a light-driven proton pump enablesilfatve autotrophic activity under low
oxygen conditions. The light energy harvested kg lacteriorhodopsin is converted to the
proton gradient and almost all of this energy isstoned to maintain osmotic balance via
pumping K across the cell membrane.

Figure 4: Saltern evaporation pond in Eilat coloured pin#-ceie
to haloarchaeal bacterioruberin pigment and othsstenoids.

The green alg®unaliellais a typical primary producer in hypersaline enniments
(see Oren, 2005), including the saltern evaporatmmds as well as natural systems like Great
Salt Lake, Utah, USA (Brock, 1975) or cold Antacctialine lakes (Tominaga and Fukui,
1981), for example. Certaidunaliella strains produce extremely high amountafarotene
(up to 12%, as a response to a particular dosgadiation). Cyanobacteria, both unicellular
and filamentous are representants of prokaryotatqitophs found within hypersaline systems
through the world (Golubic, 1980, Javor, 1989, Qr2000b). More recently extremely
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halophilic bacteria have been also recognized witkaltern brines approaching NaCl
saturation. The rod-shaped bacteria previouslyrdest as Candidatus Salinibacter” (Anton
et al., 1999, 2000) are now known @alinibacter ruber(Anton et al., 2002). The bright red
colour due to the carotenoid pigmentS#linibacteris also thought to contribute in part to the
colouration of saltern crystallizer ponds (Orenakt 2004). The carotenoid pigments are
produced as protective biomolecules under conditihere high dose of irradiation — harmful
for organisms — is present (see Chapter 1.3.1).

Microbial life was also reported from environmgnivhere highly saline conditions
occur together with other stress factors. Coldnsaénvironments, including Antarctic saline
lakes, have been reported to be habitable for migemisms (see Hand and Burton, 1981,
Tominaga and Fukui, 1981, Wright and Burton, 198feen and Lyons, 2009), as have arctic
areas, where halophilic bacteria as well as archesa characterized in sediments of cold
saline sulphate-rich springs in a Canadian aregon (Perreault et al., 2007). Interestingly,
microbial communities of saline lakes from westéwmstralia were reported (Benison and
Beitler Bowen, 2006, Mormile et al., 2009). Somdtudse lakes are examples of an acid saline
lake ecosystems with pH <4 which represent an itapoMars analogue site.

1.2.1 Evaporites as a refuge for microorganisms
Even precipitated halite can provide a refuge farrabes in the inclusions within the crystal

and can possess conditions for long-term preservatirystalline halite coloured by embedded
Halobacterium salinarunNRC-1 is depicted in figure 5.

Figure 5: Halobacterium salinarum (pink colour)
embedded in halite grown in laboratory conditions.
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Viable microorganisms have been isolated fromesichalite. The first isolates were
described in Permian salt deposits in the 1960Rdiger and Tasch (1960) and Dombrowski
(1963). Dombrowskii’'s results have been confirmed Bibo et al. (1983) under highly
controlled conditions to avoid contamination. Theylated extreme halophiles from Zechstein
salt cores of Permian age, described as Gram-p®siticci and rod-shaped sporeformers (see
the minireview by McGenity et al., 2000). More rettg, Vreeland et al. (1998) isolated viable
halophiles utilising cellulose from a Permian (298 old) Salado formation (USA). Viable
haloarchaea including new species have been repbyt&kadax et al. (2001) and Stan-Lotter
et al. (2004) in the Zachstein deposits dated Patenian. The frequent isolat¢éalococcus
solofodinae(so far isolated only from rock salt) was isolatsdthe authors from distinct salt
deposits of the same age from England, GermanyAasttia (Radax et al., 2001, Stan-Lotter
et al., 2004). Interestingly, spore-forming ba&eiBacillus) have been extracted and
reactivated from inclusions in halite crystals frddermian salt deposits in New Mexico
(Vreeland et al., 2000). Although the claimed ag@30 Ma has been questioned (Hazen and
Roedder, 2001, Hebsgaard, 2005), the real posgitiat dormant or even active microbes or
their remnants may be preserved in ancient hatitks is very distinct and has important
implications for astrobiology.

Different, more recent scenarios of life adaptadito highly saline conditions can be
found in hot desert areas throughout the world. ié&mic prokaryotes have been observed
microscopically by Schubert et al. (2009) in antiealite inclusions from a core drilled 90 m
deep in up to 100 ky old evaporite deposits in Dedalley. The presence of eukaryotic
Dunaliella cells within these fluid inclusions in halite wascently confirmed; they still
contained intact pigment molecules such as chlgibmnd carotenoids (Schubert et al.,
2010a). Within the same core, halophilic archaeee lieeen cultured from a section at a depth
13-17.8 m (22,000 — 34,000 years old) contaipeignnial saline lake deposits. Another 876
crystals from different depths yielded no livinglaaea, hence microbial survival in inclusions
has been found to be rare (Schubert et al., 2010i®. occurrence obunaliella cells was
systematically associated with prokaryotes.DAsaliella produces glycerol intracellularly to
maintain osmotic balance (see review by Oren, 200 authors (Schubert et al. 2010a)
hypothesized that glycerol that leaked from thd telhalite inclusion served as a nutrient
source for associated heterotrophic prokaryotese TMypothesis was strengthened by
confirmation that two halophilic Archaea from thense core in Death Valley (34,000 years
old) were successfully cultured in medium contagniglycerol as the sole carbon source
(Schubert et al., 2010a).

Interestingly, crystals of carotenoids (most p@talg [3-carotene) originating from
Dunaliella cells were discovered in these halite inclusigisarotene is sensitive to light,
oxygen and temperature and easily degrades underitifiluence. However, it did not show
any evidence of degradation in inclusions in uB4¢000 year-old halite crystals studied by
Schubert et al. (2010a), which was interpretedeasgoa result of the low oxygen environment
of a fluid inclusion and dark conditions as no gyl reached the buried halite deposits. The
results are an important example of how pigments & preserved in halite inclusions for
thousands of years, both incorporated within tloenaiss (cells oDunaliella) as well as in the
form of pure crystallingg-carotene released from the cell.
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Figure 6: The halite crust in the hyper-arid core of Atacabesert — Yungay area
(photo by J. Wierzchos).

Salt-crusted pans and playas (locally known Essaoccur in depressions in the semi-
arid to hyper-arid regions of the central Ande® (§e figure 6). These are formed by massive
halite crusts (deepest parts of the crust in Satande, Chile are more than 160 m thick) (see
Ericksen, 1993, Warren, 2006). Location between mountain ranges prevents the moisture
from the coast from approaching the central regiohétacama Desert resulting in extreme
dryness in this area. Wierzchos et al. (2006) heh@wvn that halite can provide a suitable
habitat for cyanobacteria (dominated Giaroococcidiopsiamorphospecies) in the hyper-arid
core of Atacama Desert, which is one of the dréeets on Earth with mean annual rainfall <2
mm yr' (see McKay et al., 2003). Endolithic (endoevajgpgyritolonies have been observed in
pore spaces within the halite crust by a varietyno€roscopic techniques — namely light
microscopy, confocal laser scanning microscopy, le@mperature scanning electron
microscopy and transmission electron microscopyilsSa this hyper arid region contain
almost no bacteria, as documented by DNA amplificats well as examination of culturable
bacteria (Navarro-Gonzalez et al., 2003). Even fitypo (living below the rocks) organisms
are rare and exist in small isolated patches mréggion (Warren-Rhodes et al., 2006) — so why
is there abundant life in halite? The reason lregylieat part in halite diliguescence — the
hygroscopic properties of halite enable water tademse within the pores during periods when
the relative humidity exceeds 70 — 75% — consedyemtater is available for photosynthesis at
this relatively low humidity levels together witth@osynthetically active radiation (PAR) at
the same point (Wierzchos et al., 2006, Davilal.e2808). Raman spectroscopic analysis was
performed on these halite-inhabiting cyanobacteci@bnies (Vitek et al.,, 2010). Variable
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pigment composition has been identified within tetudied colonies, particularly the
scytonemin signal varied greatly, which is suggistebe a microbial response mainly to the
local light conditions in a particular microhabjtdefined by mineralogy (presence of mineral
impurities) and morphology of the crust. Other éastare discussed as well — the results are
part of this thesis (see Appendix IV).

As halite can provide an important habitat focrabial life in the most extreme areas
on Earth and the survival of halophiles within ¢ajline halite over geological times seems
very likely, the presence of chloride-bearing dégsosn Mars makes the search for halophilic
biota and their organic remnants on Mars plausible.

Sulphate deposits can harbour various life foasmisvell. Microorganisms inhabiting
gypsum (CaS©2H,0) have been observed through the world includieg {vrine bottom or
within the capillary fringe) as well as extremelyydenvironments. Gypsum is a suitable
substrate colonized by endolithic microbial comntiesi which enable the photosynthetically
active radiation to penetrate through the matrig aimultaneously protects against harmful
UV irradiation.

Gypsum crusts growing in the bottom of salterraporation ponds have been
intensively studied (see for example Rothschildlgt1994, Oren et al., 1995, 2009, Vogel et
al., 2009). Such a type of gypsum crust covered blgallow brine pond is depicted in figure 7,
as recorded during the field trip in April 2010dygtrative photos, the work is not a part of this
thesis). The gypsum crust covered by a brine dfcsaicentration between ~190 and 240'g |
contain stratified pigmented layers of phototrofgee Oren et al., 1995, 2009). The uppermost
part of the crust is inhabited by unicellular cybacteria, below which a green layer of
filamentous cyanobacteria occurs, followed typicddly purple anoxygenic phototrophs (see
Oren et al., 2009). Pigment composition of thesered crusts was studied by Oren et al.
(1995) — see Chapter 1.3.

Another important hyper-saline environment cassiis the sabkha regions. Sabkha is
an Arabic word for salt flat; these areas are @fhycformed along arid coastlines, with the
water table just beneath the surface. The typidakralogy of sabkha consists of gypsum,
anhydrite and carbonates, accompanied by halitegtates. Microbial signatures in gypsum
from the sabkha regions have been reported, inwudiicroscopic (Barbieri et al., 2006) as
well as Raman spectroscopic observations (Edwaradsd.,e2006). Moreover, intertidal and
supratidal sabkha areas were described by Vogal €2009), where the groundwater (brine)
exists near the surface, allowing biofilms of phaiphs to grow. Orange, green and purple
layered colonization of the gypsum crust has beemd there, with associated subsurface
brine of salinity 240 gt or more. Biocolonized gypsum has also been refgdrom a desert
environment (see Dong et al., 2007, for examplaildiithic communities dominated by green
algae and cyanobacteria were described by Stigadettl Barbieri (2009) in spring mound
gypsum in Tunisia. The evaporite precipitation op bf the spring mounds allowed the rapid
sealing of the remnants of endolithic microorgarsisamd preserved them from oxidation
processes (Stivaleta and Barbieri, 2009). Endoeitapocommunities in gypsum and
carbonates have been observed in Death Valleyfo@@ah by Douglas (2004), together with
significant biologically induced mineral modificati. Microbialites (organosedimentary
formations mediated by microorganisms) of unusualnemal lamination - Mn-
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hydroxide/calcite/gypsum have been described in ghme area (Douglas et al.,, 2008).
Recently Wierzchos et al. (in press) reported an rthicrobial colonization of Ca-sulphate

crusts in the hyper-arid core of Atacama DesedilitBic lichens, algae, cyanobacteria as well
as fungal hyphae and heterotrophic bacteria hawn lmbserved by the authors. Raman
spectroscopic study of cyanobacterial/algal pigmentthese Ca-sulphate samples is part of
this thesis (see Chapter 2).

Figure 7: The gypsum crust growing at the bottom of theesalevaporation pond
in Eilat (Israel) — the uppermost layer is inhadbitey orange-brown coloured
unicellular cyanobacteria, followed by a green tageminated by filamentous
cyanobacteria and purple layer of anoxygenic phopbis.
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As mentioned in Chapter 1.1.2, Mg-sulphates dendant sulphates on Mars and
their relative abundance on Mars is probably mudatgr than on Earth. An example of how
halophiles can be entrapped in crystalline Mg-sates has been published by Foster et al.
(2010), who performed an IR-reflectance spectrogcsipdy on natural hylersaline systems
(Basque Lakes, BC, Canada). The authors claimeabdity to detect spectral signatures of
biomass greater than or equal to concentratio@s7& mg/g within a salt matrix.

The environments described above represent egtesmironments on Earth and can
be important analogues for Martian scenarios. Alth these modern terrestrial habitats are
more or less wetter and warmer than present-day Maere photosynthetic life is unlikely,
the evaporite deposits on modern Mars are thouglitave arisen during a warmer, wetter
periods in its past, when halophilic phototrophsildohave occured. The possibility of
preservation of halophilic organisms throughoutlggical times strengthens probability of the
hypothesis about microbial life in evaporitic emriment as a model system for search of life
on Mars proposed by Rothschild (1990).
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1.3  Microbial pigments in an evaporitic environment

Organic pigments are compounds that can not béaesizied abiotically in nature. Thus, their
eventual presence and identification in extraténgdsediments would unambiguously point to
biological activity. Pigments are biomoleculesttilsorb light in a particular wavelength
range. Microorganisms synthesize pigments to d¥l ygeergy from absorbed light, b) screen
against harmful irradiation by pigments absorbibhfpaer wavelength ranges (UV- near VIS),
c) prevent damage of cellular components causedehbygtive oxygen species and d) for
membrane stabilization. The basic informations abloght-harvesting pigments in next
paragraphs have been taken from Medigan et al8{200

All known photosynthetic organisms use some fayfnchlorophyll for oxygenic
photosynthesis or bacteriochrorophyll for anoxygemhotosynthesis. The chlorophyll
molecule is formed by a porphyrin (tetrapyrole)griwith Mg?* ion in the middle and an
alcohol (phytol) side chain (figure 8). Various &gof chlorophyll, differ in side functional
groups, resulting in different absorption maximaeTmost widespread is chlorophgliwith
absorption maximum in the red region at 680 nmiarttle blue region at 430 nm. It is used by
higher plants as well as cyanobacteria. The alhisorptaxima of bacteriochlorophydi, which
differs from chlorophyll in having different sideayps in two of the pyrole rings, is shifted to
above 800 nm. The exact position of the absorpbeak varies with bonding to the various
proteins in the particular species (Medigan et24l08).

Figure 8: Molecular structure of chlorophyd.

Phycobiliproteins are accessory pigments thableneoverage of a broader spectrum
of visible sunlight (and thus more efficient phgtothesis). Their molecular structure is
formed by an open tetrapyrole chain bonded to prstéfigure 9). These blue or reddish
pigments can be found in cyanobacteria (cyan =, lihee name of the family is derived from
blue pigmentation caused by phycobilins) and re@del Three types of phycobiliproteins can
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be found in the photosynthetic apparatus of thegamssms — allophycocyanin, phycocyanin
(blue) and phycoerythrin (reddish). They form agates called phycobilisomes, formed by
allophycocyanin attached to the photosynthetic nramd surrounded by phycocyanin or
phycoerythrin, or both depending on the particalaganism. The energy is transported from
the phycocyanin and phycoerythrin, absorbing lowelengths (around 620 and 550 nm,
respectively, high energy) to allophycocyanin (@50 nm, lower energy), from which the
energy is transferred to chlorophyll absorbinghe ted region of the visible spectrum (680
nm, lower energy) (Medigan et al., 2008).

Phicobiliproteins increase the efficiency of mwynthesis, which allows the
cyanobacteria to grow at low light intensities. Tamount of phycobiliprotein content in
cyanobacteria increases as the light intensityedsas (Medigan et al., 2008). These facts are
extremely important when we consider endolithic oamities from extreme habitats on Earth.
Villar et. al (2006) observed the light-dependeiosinthesis of phycocyanin in cyanobacteria
inhabiting volcanic rocks in Svalbard (Norway) ugsiRaman spectroscopy. As these pigments
are indicative for cyanobacteria and its biosynthes light-dependent, Raman spectroscopic
probing of colonies directly in their microhabitatan be useful for examination of the life
strategies of these phototrophs in-situ.

COOH COOH

Figure 9: Open-chain tetrapyrole structure of phycocyanin.

Carotenoids are also accessory pigments invalvgzhotosynthesis, photoprotection
and membrane stabilization. A characteristic featfr carotenoid structures lies in the long
conjugated double-bond system composed of isopremmits. These compounds are
hydrophobic and are closely linked to chlorophyll bacteriochlorophyll. As part of
photosynthetic apparatus, carotenoids play an itapbrole in harvesting energy and transfer
this energy to the chlorophyll. Carotenoids absorainly in the blue region of visible
irradiation; the accumulated energy can be traresfieto the reaction centre and then can be
used in ATP synthesis (but carotenoids do not metdy in ATP synthesis) (Medigan et al.,
2008). Another important function of carotenoidspisotoprotective and is described in the
next chapter.

Pigment composition of layered community of cyaacteria and purple bacteria
living in gypsum crust on the bottom of the hypérgasolar saltern pond in Eilat, Israel was
studied in detail by Oren et al. (1995). Chlorohhydacteriochlorophyll and variety of
carotenoids were identified using high-performardicgiid chromatography (HPLC) with
detection based on the absorption spectra. Conmpositof pigments varied
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depending on particular layer. Molar pigment ratio myxoxantophyll/chlorophylla,
echinenone/chlorophyld and -carotene/chlorophyla decreased with depth. Spectral light
measurements showed that the extreme dose ofati@uioften approaching the upper orange-
brown layer of unicellular cyanobacteria can not doenpletely utilized in photochemical
reactions. The high relative carotenoid contenteoled within the upper orange-brown layer
is consistent with the need for photoprotection irzgjaphotoinhibition and damage of
photosynthetic apparatus (see next chapter). Anothal-known example of increased
carotenoid biosynthesis under stressed conditisngréen algaDunnaliella salina which
accumulateg3-carotene at concentrations up to 12 wt %Harematococcus pluvialis a
freshwater green alga accumulating asthaxantinoncentrations up to 2 wt % (dry mass).
Therefore, these organisms are harvested for coomheproduction of these specific
carotenoids (see Dufossé, 2009).

1.3.1 Photoprotective pigments

As already mentioned, microorganisms use a vagéstrategies to cope with damaging UV
radiation or visible radiation exceeding the capaaf photosynthetic aparatus. They can
benefit from the passive UV screening by inorgarmmpounds - living underneath the mineral
layer providing specific UV absorption (iron commpais, sulphur, halite) or non-translucent
rock/sediment layer (Cockell and Knowland, 1999). iaportant adaptation strategy to cope
with harsh UV radiation consists in production ofeening organic compounds that absorb in
the UV region, thus providing passive protectiomiagt UV irradiation (see the database of
photoprotective compounds in cyanobacteria, phgtggbn and macroalgae by Groniger et
al., 2000). In addition, mechanisms to cope witictiwe oxygen species and UV damaged cell
compounds, especially DNA, exist as indirect adapta to a high UV dose. For a
comprehensive review of the UV-screening compouses,Cockell and Knowland (1999).

Generally, the UV screening capability (absomptimm UV region) of organic
compounds is most often related to tirelectron system. Such an electron configuration is
primarily found in linear chained molecular struets with conjugated double bonds (see
molecular structure of two carotenoidg-earotene and bacterioruberin depicted in figure 10
and many aromatic and cyclic molecules with electresonance (Cockell and Knowland,
1999).

The primary role of carotenoids is not well kno@WDockell and Knowland, 1999).
First, some short-chained carotenoids can poténaat directly as UV-screening pigments but
are not favoured by organisms, whereas ubiquitawstenoids with nine or more conjugated
double bonds absorb more in the visible region kEband Knowland, 1999), particularly in
the range corresponding to blue irradiation (44826 nm). These longer-chained carotenoids
are able to cope with toxic reactive oxygen spewiich can be formed during photosynthesis
or due to UV-irradiation and would destroy the baletules forming the photosynthetic
apparatus. Carotenoids act as protective agensibeof their ability to prevent the formation
of singlet oxygen '0.), by rapidly quenching chlorophyll triplet statesd rapid direct
scavenge of singlet oxygen if any is formed (Anderand Robertson, 1960, Krinsky, 1979,
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Siefermann-Harms, 1987, Telfer et al., 2008). St@tammadi et al. (1998) showed role of
bacterioruberin in protection ¢ialobacterium salinarunagainst UV radiation and oxidative
DNA-damaging agents, such as ionizing radiation laydtogen peroxide. The observation is
supposed to be in great part a result of bactds@in radical scavenging ability which was
found to be greater than that®farotene due to highly conjugated polyene strec{8aito et
al.,, 1997). Moreover, Fong et al. (2001) pointed amother role of bacterioruberin in
psychrophilic bacteria, which is the cell membragalification under low temperatures.

Carotenoids are vulnerable towards oxidation amto- decomposition during
senescence (see Rontani, 2001). Figure 11 dephetstime-dependent effect of UV-rich
irradiation on thef3-carotene recovery determined using the HPLC teglni(Vitek et al.,
unpublished results). However, they can nonethdlegsreserved under the anoxic conditions
of the sedimentary record as shown on the exanfptarotenoid crystals recovered from the
34,000 year-old halite inclusions from Death Val({&¢hubert et al., 2010b). The oldest intact
carotenoids were identified in sediments of Mioceage whereas diagenetically altered
carotenoids are reported from much older sedimamtspetroleum (see review by Sinninghe
Damsté and Koopmans, 1997 and references thei@iayenetic products of extremely old
prokaryotic carotenoids have been identified by dBsoet al. (2005), who discovered a
hydrogenated form of carotenoid{3-carotane, lycopane and okenane in sediments deting
mid-Proterozoic. See Chapter 1.4.1 for the Ramaactspscopy of carotenoids and
hydrogenated carotenoids.

\\\\\\\\\

Figure 10: Molecular structure of two carotenoid pigmefitsarotene (upper) and bacterioruberin
(lower).
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Figure 11: Degradation of3-carotene at temperature 278 K in the air: (A)
in the dark, (B) exposed to UV-rich irradiationibshted to give ~40 W i

in the range 250-400 nm, which is about 42% ofittagliation in the range
250-850 nm.

Scytonemin is a very effective UV-screening compb This is a yellow-brown
pigment produced as part of the extracellular $heétcertain cyanobacteria (Garcia-Pichel
and Castenholz, 1991, Garcia-Pichel et al., 199#h&Set al., 1998) and is chemically more
stable compared to carotenoids and chlorophylle Sinucture of scytonemin is based on
indolic and phenolic subunits (figure 12). The apton maxima of purified scytonemin are
located at 386, 252, 278 and 300 nm (Proteau et1893, Sinha et al., 1998). In nature,
scytonemin can be found mainly in the green oxdlicem; however, it can be reduced to red
forms in reducing layers (Proteau et al., 1993\ds demonstrated that scytonemin production
by cyanobacteria is induced by UV-A radiation uniddxoratory conditions (Garcia-Pichel and
Castenholz, 1991) and that this process can betedfdy other forms of environmental stress,
such as temperature, salinity and desiccation it al., 2002). The scytonemin level was
found to be positively correlated with the lightifl under natural conditions Rivulari sp.,
whereas negative correlation was foun&aytonemap. (Pentecost, 1993). This observation is
explained by the author as a response to diffevater availability in the two studied sites and
differing cell division rates, which affect the sogemin production, and concluded that the
data are in agreement with the laboratory obsemat{Pentecost, 1993). Our results of Raman
spectroscopic analysis of cyanobacteria inhabhialie crusts in Atacama Desert confirm the
hypothesis about the UV-induced biosynthesis ofts®min under natural conditions,
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although other parameters which may have affedtedet observations are also discussed.
Measurements performed directly on colonies inrtiok samples showed a strong scytonemin
signal in communities living near the crust surage contrast to the scytonemin-poor signal
from colonies inhabiting the parts of the haliteistrwhere lower dose of UV irradiation is
expected (see the Appendix IV).

OH

Figure 12: Dimeric molecular structure of scytonemin.

Mycosporine-like amino acids (MAAs) are UV-scremn compounds that are
widespread across the taxonomic range (Cockell kamowland, 1999). These are water-
soluble biomolecules containing cyclohexanone or i@mo cyclohexane ring and are
biosynthesized by a wide range of microorganisntduding prokaryotic cyanobacteria, as
well as eukaryotic microalgae, yeasts, and funge(Cand Gunde-Cimerman, 2007). Garcia-
Pichel and Castenholz (1993) proved that MAA praiducof cyanobacteri&loeocapsasp. is
induced by increased UV radiation under laboratwopnditions. This effect corresponds to
observations in natural systems with varying amafntUV incident on the organisms (see
Cockell and Knowland, 1999 — Chapter VI and thenafices therein). However, Oren (1997)
pointed out another physiological function of MAAs cyanobacteria inhabiting saline
environments, i.e. osmoregulation. MAAs were idiggdi by Oren et al. (1995) in the orange-
brown cyanobacterial layer (an analogous sampléepcted in figure 4) of the uppermost
parts of the gypsum crust covering the bottom ofstallizer ponds in Eilat, Izrael. An
absorption maximum observed in extracts at 332 nchshoulder between 360 and 365 nm
point to two different mycosporine-like compoun@@rén et al., 1995). The compounds were
identified as mycosporine-2-glycine (Kedar et 2002) and 2-(E)-3-(E)-2,3-dihydroxyprop-1-
enylimino-mycosporine-alanine (Volkmann et al., @00
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1.4 Raman spectroscopy as a tool for identification afhicrobial
biomolecules

It has been shown that Raman spectroscopy campbeerful tool for analysis of biomolecules
related to extant and fossil microbes (Marshallet2006), as well as microbial communities
inhabiting rocks from extreme environments like @wtic habitats (Russell et al., 1998,
Wynn-Williams and Edwards, 2000a,b, Edwards et20Q5a, Villar et al., 2005a), volcanic
rocks and travertines on Svalbard (Villar et al0€02007) and halophiles from a hot desert
(Edwards et al. 2005b, 2006). Pigments are genettal prominent biomolecules dominating
Raman spectra excited in the visible region fronvaaiety of living microorganisms or
unaltered microbial remnants. These include baghtdharvesting and protective pigments.
DNA and proteins can be rather identified usingpdel®/ excitation (e.g., 244 nm) based on
the resonance Raman effect (Manoharan et al., 1@B&dha et al., 1993, Storrie-Lombardi,
2001, Wu et al., 2001, Jarvis and Goodacre, 20@#4;€R et al., 2007). Interestingly, Storrie-
Lombardi et al. (2001) reported on ultraviolet me@moce Raman spectral detection limit of ~60
ppb for identification of Gram negative bacteBaewanella oneidensia Mars soil analog.
Fendrihan et al. (2009b) showed that the signalawmfamino acid compound (namely
phenylalanine) can be observed in the Raman spefttdalococcus dombrowskivhen
excited by a 1064 nm laser (FT-Raman). Among otin@molecules which were identified by
Raman spectroscopy of natural microbial coloniesffAntarctic habitats are osmoregulative
solutes trehalose and erythritol (Winn-Williams aBdwards 2000a,b) or various organic
substances of epilithic lichens, studied using FABn spectroscopy (1064 nm excitation)
(see Holder et al., 2000, Edwards et al., 2003a,b).

Several excitation wavelengths have been used ébective excitation of the
resonance Raman spectra of chlorophylls (Lutz, 1878 to study chlorophyll associations in
chloroplasts (Lutz and Breton, 1973). Ten excitatizavelengths ranging from 441.6 nm to
514.5 nm were used and allowed determination ofr¢tetive enhancement of chlorophyll
(at wavelengths below 450 nm), chlorophpli(at 450-475 nm) and carotenoids (using the
excitation sources above 475 nm). The Raman spefctidorophylld and bacteriochlorophyll
a have been published by Zheng-Li et al. (2002) @edcarelli et al. (2000), respectively.
Detailed assignments of resonance Raman speciirgg (ttee 363.8 and 488 nm lines of an
argon laser) of phycocyanin, allophycocyanin angcplyanobilin chromophore isolated from
cyanobacteriundynechococcud301 have been reported by Szalontai et al. (1994)

The Raman spectra of the UV protective pigmegtosemin were investigated by
Edwards et al. (2000) using FT-Raman spectrosctiggy;,characteristic bands occur at 1590
(V(CCH) aromatic ring quadrant stretch), 1549CCH) p-disubstituted aromatic ring), 1323
(v(C=N) indole ring) and 1172 c¢m(v(C=C-C=C) systemtrfans)). More recently, Varnali et
al. (2009, 2010) reported theb initio calculations for scytonemin and its derivates with
relevance for Raman spectroscopic characterizafipplication of surface-enhanced Raman
spectroscopy (SERS) to detect scytonemin and caotle of endolithic cyanobacteria at
nanomolar concentrations was published by Wilsoal.e2007).Scytonemin signal strongly
dominated the spectra obtained from the pale greyré¢en colonization zones in halite crust
from Atacama Desert (Vitek et al., 2010, Appendix |
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The Raman spectrum assigned to mycosporine-likena acid compound was
reported by Edwards et al. (2007) for a jarositérmariginating from Rio Tinto, Spain. One
of the Raman spectral signatures obtained fromahial colonization of halite in Atacama
Desert (CDLR sample, see Appendix IV) has been tstatively assigned to mycosporine-
like amino acid; further work needs to be done ¢doficm this suggestion. Comprehensive
Raman assignment of particular MAAS remains unkesbl

The Raman spectroscopy of carotenoids is destisleparately in the next chapter
because of its importance related to this thesis.

The choice of a particular excitation laser wawgkth is crucial for Raman
spectroscopic analysis (Villar et al., 2005b, 20@0far and Edwards, 2006). The compromise
wavelength for identification of both organics ameherals is 785 nm. A wavelength of 514.5
nm or near is ideal for enhancement of the caradesignal due to the resonance Raman effect
(described more in detail in next chapter) andseful for analysis of minerals (Marshall et al.,
2010). Combination of both wavelengths - 785 nmitakion to identify a broad range of
organics and 514.5 nm excitation for resonance Raemancement of carotenoids can be
important to obtain more information about the mial communities studied (Villar et al.,
2006). Some materials fluoresce at a particulait&xan wavelength, complicating the Raman
spectroscopic analysis. In fluorescence interfexeacsmall Raman peak is superimposed on a
high background or is totally overlapped. The sohuis to choose a laser wavelength where
the fluorescence is minimized or fully eliminatadrh the Raman spectrum. In general, the
fluorescence decreases at longer wavelengths vetecgonic transitions become prohibited.
However, even for 785 nm laser excitation, manyemals can be compromised with varying
levels of fluorescence emission. A frequent soluttonsists in multiplex detection based on
Fourier Transform (FT) Raman spectroscopy coupldth w064 nm laser excitation laser
sources. FT based Raman instruments have excélégnency precision, but tend to have
lower signal-to-noise ratios than their multichdnc@unterparts. Recently, portable dispersive
systems using a 1064 nm laser have also becomlal@egiCarron and Cox, 2010).

Dickensheets et al. (2000) tested a miniature &asystem equipped with 852 nm
excitation for identification of biomolecules froitihe Antarctic lichen Acarospora as an
analogue for future Martian exploration. Howevesmprehensive testing of portable Raman
instrumentation for identification of natural biokaoules in field conditions with relevance for
terrestrial as well as planetary applications renam important task for future investigation.

The potential of Raman spectroscopy for astroigichl purposes has been reviewed
by Villar and Edwards (2006) and more recently bgrdhall et al. (2010), focusing on the
interpretation of the Raman spectroscopy of kerogenmicrofossils and differences from
identification of unaltered biomolecular remnants.
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1.4.1 Raman spectroscopy of carotenoids

In fact, carotenoids are exceptional pigments iTm&a spectroscpic analysis of microbial
communities because they a) have an extremelygtRaman signal even in a non-resonant
mode and b) are widespread in microbial communiéied are present in all phototrophic
microorganisms. The strong colouration of carotdsdifrom yellow to black) is due to the
high electric dipole transition moment of ten* electronic transition resulting in the
absorption in visible range of electromagnetic spes. The colours are dependent on the
number of the double bonds in the polyene chaihe-more conjugated C=C double bonds
cause the darker colouration (Withnall et al., 200%he Raman signal of carotenoids can be
significantly enhanced by using the proper ex@tatwavelength which coincides with the
absorption band of an allowed-n* electronic transition, resulting in the resonarR@man
effect (Gill et al., 1970, Merlin, 1985, Withnall &., 2003, Marshall et al., 2007).

Due to the resonance Raman effect, generally riwst favourable excitation
wavelength for the identification of carotenoidssliaround 500 nm (e.g. 488 nm, 514.5 nm)
(Withnall et al., 2003, Marshall et al., 2007). Hoxer, for identification of a broader range of
organic molecules, 785 nm is an ideal compromisg#aton wavelength (Villar et al., 2005b,
Villar and Edwards, 2006) with still relatively Higsensitivity towards carotenoids, as is
evident from the works that form part of this tlsegVitek et al., 2009a,b, Vitek et al.,
submitted; Appendices I-111).

Resonance Raman spectroscopy of carotenoidsepasted by Gill et al. (1970) and
Merlin (1985). More recently, Withnall et al. (200®ointed to application of resonance Raman
Spectroscopy of carotenoids in natural producte ldea shells, fruits and vegetables.
Carotenoids have two strong Raman bands due thasgy;(C=C) andv,(C-C) stretching
vibrations of the polyene chain (Gill et al., 19R0grlin, 1985). See the Raman spectrunf-of
carotene — a typical carotenoid — which is charamd by thev, band located at 1515 ¢m
andv, band at 1157 ci. A feature of medium intensity occurs at 1008 roorresponding to
the in-plane rocking modes of the g€groups attached to the polyene chain. The waveeumb
positions of both; andv, bands are dependent on the length of the polyeai& ¢number of
conjugated double bonds). The shift in the bandtipasis much more pronounced in the case
of thev; band. The longer polyene chain causes a shittervt band to lower wavenumber
positions and vice versa. Compare the spectfaaarotene - 11 conjugated double bonds and
bacterioruberin - 13 conjugated double bonds (&glB), where a shift in the; band from
1515 cnt (B-carotene) to 1506 cm (bacterioruberin) can be observed. The systematic
dependence of thg band on the conjugation is depicted in figure ddiopted after Withnall et
al., 2003).

Y Figure 14 reprinted from Spectrochimica Acta ParMolecular and Biomolecular Spectroscopy, Vol, dithnall, R., Chowdhry, B. Z.,
Silver, J., Edwards, H. G. M., de Oliveira, L. F, Raman spectra of carotenoids in natural progd&ages No2207—2212 Copyright (2003),
with permission from Elsevier.
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Figure 13: Raman spectra of syntethic pUsecarotene (upper) and bacterioruberin
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Binding of carotenoids to proteins in antenna caxes within photosystem leads to specific
changes in the, region (940 — 980 cif) which is active only whenparotenoid molecules are
distorted from their planar configuration and canihdicative for particular xantophylls (see
Ruban et al., 2001, Andreeva and Velitchkova, 2@szecki et al., 2009As described by
de Oliveira et al. (2010), carotenoid bonding witlthe biomass which affects the main
polyene chain can cause significant shift of Yhdband position due to change in electronic
delocalization. This means, that unambiguous ifleation of particular carotenoids in
complex organic material on the basis of Raman tepealone may not be possible.
Nevertheless, although careful interpretation iseseary, information about the carotenoid
band positions can be still useful for investigatad rock-inhabiting phototrophic organisms as
described in Chapter 2. Other factors affectingltéied shifts in carotenoid Raman spectra are
substitution related to molecular termination whrelults in very small wavenumber change,
isomerism and molecular conformation in solid amlitl state, respectively (see Liaaen-
Jensen, 1997, Withnall et al., 2003, Barnard antivdal, 2006, and discussion in de Oliveira
et al., 2010). Moreover, the, band position of carotenoids depends on the laseelength
used for excitation (see Ruban et al., 2001, Aemaeand Velitchkova, 2005).

The resonance Raman spectra of extremely halophiliha@a —Halobactrium
salinarum was published by Marshall et al. (2007). The aeeh& pigmented due tihe
presence of bacterioruberin. Another halobactepiginent bacteriorhodopsin is an light
harvesting pigment (proton pump) that is synthekizeder stressed conditions and contains a
shorter polyene chain with thgC=C) band position at 1536 ¢nfLewis et al., 1974, Marshall
et al., 2007).

Recently, Marshall and Marshall (2010) descriltbe spectra of hydrogenated
carotenoids 3-carotane and lycopane. These can be the stabderditic products ofhe
original carotenoids as the saturation of doubledsan the chain protects the molecule against
damage by reactive radicalhe “perhydro” carotenoids derivatives as obsetvediarshall
and Marshall (2010have more complicated spectra. An intense band4sb tni' is the
dominant mode assigned to tBCH,) scissoring mode of methylene. The spectra cor@ain
bands between 1390-1000 ¢nwhich are assigned to théC-C) stretching modes from the
main hydrocarbon chain, and 6 bands between 1000e80"' that were assigned to a
combination of6(C=CH) methyl in-plane rocking and(C-H) out-of-plane bending modes
(Marshall and Marshall, 2010).
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2. Results of Raman spectroscopic study ofmicrobial
colonization of Ca-sulphate crust from Atacama Dese
Methodical aspects

As described in Chapter 1.2.1, gypsum can provideitble habitat for microorganisms in
extreme environments including arid and hyperagglans on Earth and is one of the sulphate
minerals suggested to be present on Mars. Rec®vidyzchos et al. (in press) described
colonization of Ca-sulphate crusts from the hypét-aore of Atacama Desert. The authors
used various microscopic methods for identificatiand determination of the spatial
distribution of colonists of these gypsum specimensl discovered the presence of
cyanobacteria, algae, heterotrophic bacteria, fandiepilithic lichens in the samples.

Samples of the same Ca-sulphate crust were sudfj@&aman spectroscopic study. In
this chapter, the tentative results are presentetl the important methodical aspects are
discussed resulting from employment of the twoeddht excitation wavelelengths (785 and
514.5 nm) in point analysis and application ofatnéne mapping using 785 nm laser.

2.1 Materials and methods

Five samples of Ca-crust collected in April 2008 &ebruary 2010 in Atacama Desert have
been analyzed. Samples originate from area cabegk]Hills located within the Central
Depression in the hyperarid core of Atacama Deseparated by Coastal Cordillera from the
Pacific coast (about 45 km inland). The Ca-sulpHatens small crusts about 10 cm in
diameter which exhibit clear epilithic and/or enttot colonization patterns. Crust thickness
varies between 0.5 -5 cm.

Colonization zones comprising endolithic photptre were examined using point
analysis on RenishalmVia Reflex Raman microspectrometer using 785 dioder lasd 514,5
nm line of argon laser for excitation. A standafk bjective and long working distance
objective (50x) were used. The spectral laser povmas typically set to 3-15 mW using 785
nm excitation and 0,2 — 2 mW using 514,5 nm labgpically, 15 s scans were accumulated 1-
20 times. Point measurements were replicated orrakgpots within studied colonization
zones. Analyses were performed particularly ontridwesected Ca-sulphate crust.

Streamline Raman analysis was tested for mappinthpe algal layers through the
pigment composition on the transections of Ca-satplerust. ThénVia Renishaw microscope
equipped with 785 nm laser was used for this pwp&bjective of 20x magnification was
applied providing the compromise between spatsdltgion and sufficient field-of-depth. The
laser intensity was kept at 100%. The data obtaimgedh streamline Raman analysis was
processed using Wire 3.2 software.
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2.2  Raman signal of pigments excited by a 785 nnskr

Raman spectra obtained from endolithic phototropdocnmunities inhabiting Ca-sulphate
from Atacama Desert are presented in figure 15ed&@Mifferent carotenoids, chlorophyll and
phycobiliproteins have been identified in the speciThe Raman spectra systematically
revealed 2 different types of Raman signal obtaiaedgreen coloured phototrophs. These
differences are reflected especially by whédand position (C=C stretching vibrations) pointing
to variable contents of carotenoids with differesdnjugation and presence/absence of
phycobiliprotein signal. Spectral record of algalonies (based on study of Wierzchos et al.,
in press) inhabiting typically pore spaces justdah the surface and living within the epilithic
lichen thallus as phycobiont revealed carotensidband position at 1525 ¢hmwhich is
assignable to lutein or similar xantophyll compound
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Figurel5: Raman spectra of two different colonization zorewar

the crust surface (upper spectrum) and colonizailtserved deeper
in the crust matrix, typically near the soil corttlower spectrum).

The analyses were performed using 785 nm excitation

(c = carotenoid, chl = chlorophyll, p = phycobilypein)
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Different spectra were typically obtained fromaoes living deeper in the sulphate
matrix and near the base of the crust, which waginally in contact with the soil. Two
carotenoidv; bands have been identified at 1517 and 1498 @@®e the carotenoid region in
figure 16). The strong differences observed betwkerbands at 1525 and 1498 tare due
to different carotenoid polyene chain lengths (ascdbed in Chapter 1.4.1). Hence, the band
at 1498 crit is interpreted as a signature for presence oteaoid with 13 or more conjugated
double bonds, such as decapr@scarotene. Weaker shifts vf band position can be caused
by different functional groups in the structureffetient bonding in the cell or isomerisation.
The band at 1517 cfcan be due t@-carotene. Strict assignment of the observed sgectr
features to particular carotenoid compound canb®otlone as the; band position can be
identical for several carotenoids and is dependentarotenoid bonding as well (Oliveira et
al., 2010). The differences in carotenoid compositare consistent with the signal of
phycobiliproteins, identified by the bands at 168383, 1370, 1283, 1235, 874, 815, 665'cm
observed in the spectra together with the 1517 4M®8 cm’ carotenoid bands.
Phycobiliproteins are indicative of cyanobacteri@ah are hence thought to be responsible for
this spectral record (see figures 15, 16).
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Figure 16: Closer view on the difference in caroteneidand
position observed within the two different colortina zones.
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2.3 Comparison of 785 nm and 514.5 nm excitation

It is well known that the 785 nm excitation wavejénis a universal source for analysis of
various biomolecules as well as minerals (see Viaal., 2005b). On the other hand, as
mentioned above, the carotenoid signal can be feigntly enhanced due to the already
described resonance Raman effect by using 514.5eraitation or a close-by lower
wavelength. This can be an important point if asiyall carotenoid content with only a weak
Raman signal is analysed. This was proven by aiabfjssome natural samples (Villar et al.,
2005b), as well as artificially prepared mixtur@scarotene/evaporitic mineral) with defined
content of the components (Vitek et al., 2009b).

High-quality spectra were obtained using botltitetion sources for analysis of
endolithic colonization of Ca-sulphate crusts fré&xtacama Desert. A stronger carotenoid
signal was recorded by the 514.5 nm laser as eaghetrigether with very weak bands due to
phycobiliproteins at 1636, 1581 and 1284 ciiout no other organic bands were detected using
this excitation, in contrast to measurements ugieg/85 nm laser as described above.

carotenoid
v,(C=C)
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>
=
[72]
[
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Figure 17: Comparison of the Raman spectra from the same
colonization layer (deeper part of the crust) asioled by the two
different excitation wavelength — 785 and 514,5 rimack of
chlorophyll spectra and very weak features of phjlproteins is
evident in the spectra obtained using 514,5 nnr.l&ereover the
resonance Raman effect using 514,5 nm laser rdsulteelective
enhancement of the carotenoid band at 1517 €mrecluding the
identification of the band at 1498 éntorresponding to long-
chained carotenoid.
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However, another important effect was observed. Obdhese two different excitation
wavelengths showed a distinct carotenoid specteaord in analysis of the identical
colonization zone (see figure 17). At least twootamoids have been recognized from the
spectra excited by the 785 nm laser as wvdands can be clearly observed (contribution of
more carotenoids can not be ruled out). On therdthed, just oney; band can be clearly
distinguished when the Raman spectra using 514.&remecorded. This is mostly ascribed to
selective resonant enhancement of a particulaterasa compound (the; band at 1516-1518
cm™) using 514.5 nm excitation, while the signal of ther carotenoid component (longer
chained carotenoid) is eclipsed. This effect hgsotant implications for carotenoid analysis
in natural systems of unknown carotenoid compasitim addition, a slight shift of the
carotenoidv; band as a function of excitation wavelength hasnbeéetected and also
contributed to the observed band positions.

Systematic resonance Raman analysis using sed#dfatent wavelengths within
resonance region of chlorophylls (440-514,5 nm) eabtenoids (470 - 515 nm) can yield
relatively precise information about pigment compos, including different carotenoids in
the biological system (Lutz 1972, Lutz and Bretb873). However, from this study it can be
concluded that, for multi-component pigment idecéfion in one single measurement of
microbial communities in-situ in a rock habitate tAi85 nm excitation is strongly favoured a)
due to the possibility of identifying other pigmsmih addition to carotenoids and b) because of
the more precise separation\gfbands of different carotenoids. On the other hamaases
where low carotenoid content can be limiting factoe resonance Raman analysis using
excitation near 500 nm is recommended.

2.4  Streamline Raman mapping

A streamline Raman mapping of the green algakzmmeath the surface allowed to
observe spatial distribution of particular pigmemsmely carotenoid and chlorophyll (as
already detected by the point analysis). The amalyvides signal from both organic and
inorganic compounds, hence allows mapping of thedokghic communities and their
surrounding habitat in one measurement. Subsea@iaatprocessing allows imaging based on
chemical composition reflected in Raman spectrguiféi 18 represents Raman map based on
signal intensity in selected wavenumber range ivelab baseline. The signal of carotenoid
(red) is represented by the(C=C) band centered at approx. 1525 “‘cmeflecting the
distribution of algae in mineral matrix. The ocauwe of dehydration of gypsum matrix can be
observed in the same image represented by the atghgaynal (light green contrary to dark
green colour of gypsum matrix) mapped through titenisity of Raman signal relative to
baseline in the,(SOy) region.
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500 pm

Figure 18: Raman map based on streamline Raman analysis
showing an example of distribution of carotenoiédjr and
anhydrite (light green) within the gypsum crustridgreen). The
crust surface is situated about 1 mm above thenamgin.

According to particular advantages of 785 and.bI¥n excitation wavelengths, both
can be extremely valuable for streamline Raman imgpgf endolithic communities — 785 nm
for imaging of broader range of biomolecules andtebespectral separation of different
carotenoids and 514.5 nm for its increased seitgitiowards carotenoids for search of any
sign of life in the sample.

Streamline Raman analysis proved to be extremelyerful for mapping of spatial
distribution of microbial colonies through the pignt composition directly in their
microhabitat. Both organic and inorganic compouads analysed at the same time, thus the
method can be recommended as a valuable tool tiarefgtudies of bio-mineral interactions.
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3. General discussion and conclusions

3.1  Suggestions resulting from the methodical approachn identification
of B-carotene in powdered mixtures with evaporites by Bman
spectroscopy

Several important points have been demonstratédtese studies:

-relatively high sensitivity towardB—carotene even in non-resonance Raman analysig usin
785 nm excitation, permitting recording of a sigexen at a concentration level of 1 mg'kg
(Appendix ).

-comparison of these results with resonance Ramassumements (employing 514.5 nm
excitation) showed enhancement of Raman signgB-oérotene in the resonance mode,
permitting detection ofv; band of 3-carotene at concentrations of up to one order of
magnitude lower (0,1 mg Kgin sulphate matrix) (Appendix I1).

- measurements of the same two-component mixturesighran approx. 2 mm thick sulphate
crystal resulted in reduction of the signal; thevdst concentration when any signal of
B-carotene was identified was 1 — 10 mg kdepending on the excitation wavelength.

-a halite matrix prevent the occurrence of band lapping as seen for a sulphate matrix as
halite itself does not have a Raman-active modevever, the spectral background resulting
from halite when excited in the visible region cemmpromise the measurement at low
concentration levels (e.g., 0.1 mg*kgvhere no signal d-carotene was detected in halite in
contrast to a sulphate matrix.

- portable Raman instrumentation in the macro-mode \gald comparable or even better
results than bench-top Raman micro-spectrometryamalysis of 3-carotene at low
concentrations in powdered mixtures using the saxcéation wavelength. We interpret this
observation as being a function of the laser spm- As the powdered mixtures are not
homogenous on a micro-scale, macro-mode analysiaging the signal over a larger area is
favoured in this case (Appendix III).

In general, sensitivity towards low concentrasiaf the analyte is not a strong point
of ordinary Raman spectroscopy in non-resonant madedemonstrated for example by
Osterrothova and Jebka (2009) who analysed usnic acid using the samthads as
described in Appendices I-1ll. This was also denti@ated in Appendix Il where mellitic acid
was analysed by portable Raman instruments. Thedbwontent of these organics detected in
evaporitic matrix varies between 1 — 10 g*kesing 785 nm excitation. This is in great contrast
to the limiting concentrations dB-carotene obtained here (Appendices | - 1), csuits
reported by Alajtal et al. (2010) who analysed pgbtlic aromatic hydrocarbons (PAHS) in
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low concentrations as well. Together with the fiett carotenoids are ubiquitously present as
cellular components of extremophiles across theortamic domains found in extreme
environments on Earth, the sensitivity of Ramancgpecopy towards carotenoids could be
potentially important for search for traces of lifieextreme habitats on Earth and beyond.

It has been described in the previous text tiaperitic environment can harbour
phototrophic microorganisms in areas which are sspg as dry limit for life on Earth
(Atacama Desert) and could have potentially seragdabitat for photoautotrophic life on
Mars at least in periods when water activity wasatgr than today. As mentioned by Warren-
Rhodes et al. (2006), the potential microbial lheits remnants on Mars (if present) will
probably be widely dispersed and difficult to déte€he lowest content ofi-carotene
identified by both bench-top and portable Ramarrunsentation is low enough to allow
detection of carotenoid in many of naturally octgrsystems known on Earth. However, as
pointed in Appendix Ill - the routine usage of @iie Raman instrumentation under field
conditions for identification of natural biomoleesl in geological samples has not yet been
established and remains a goal for future expetisneédeveral problems may occur that can
potentially hinder the analysis. The first is tlafluorescing agent could cause fluorescence
which overlaps the Raman signal even in a carotench matrix. An example of such an
agent could be a slimy extracellular polysacchanmdgrix produced in huge amounts by some
cyanobacterial communities in hypersaline enviromtmewhich probably hinders the
identification of any organics using the 785 nmigtmon. In this case, the use of some other
excitation source can, in principle, resolve thebtem (Jan Jehdka and Petr Vitek, personal
observation).

Due to relative instability of carotenoids, thveotconditions are considered for their
potential presence on Mars — a) occurrence ofivelaecent microbial life, or b) preservation
in dark in anoxic conditions, for example within maral inclusions. According to my
experience, @sitioning of aggregates of microbial colonies ke tmicro-scale which is
necessary for direct analysis without any pretreatnof the sample can bdifficult and
sometimes time-consuming in some cases of widedpidhuse colonization or analysis of
organic material embedded in inclusi@wen when the whole matrix is clearly coloured ttue
microbial pigmentation. The systematic analysismitro-mode is important for terrestrial
scenarios (see next chapter), however this apprevactid potentially be a difficult or almost
impossible in the case where remote control ofumséntation deployed on another planetary
body is necessary. Current plans for the ExoMassion (now scheduled to launch in 2018)
deal with the Raman spectroscopic analysis of posdidartian samples drilled from the
subsurface (no direct Raman analysis of rock enitded on this mission). Raman spectrometer
will operate with the 532 nm excitation source waker spot size about %0n (Vago, 2009).
Analysis of homogenized mixture of potential orgaoompounds and mineral matrix can be
an advantage for such situation. However, the quesdrises whether potential organics
embedded in mineral matrix will be released to eneually detected by Raman spectrometer
and whether the grinding will be efficient enoughsufficiently homogenize the mixture. It is
a task for future research to answer these quastion
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3.2  Raman spectroscopy of natural endoevaporiticotonies

Microbial colonies in extreme dry parts of AtacaPesert have been studied for the first time
by Raman micro-spectrometry (Chapter 2 and Appeidjx Analysis in a micro-mode was
crucial here for focusing on particular aggregatesyanobacteria in their microhabitats.

An excitation wavelength of 785 nm (non-resonantade) proved to have some
advantages in carotenoid analysis of the studiecobonized Ca-sulphate samples compared to
resonance Raman measurements using 514.5 nm fitatexc It is already well known that a
broader range of cell components (pigments) caobiserved using the 785 nm laser (Villar et
al., 2005b). Although a stronger signal of carotda@an be obtained in the resonance mode,
selective enhancement of one carotenoid compoundgieclude unambiguous identification
of other bands of different carotenoids in the elysusing one excitation wavelength. Hence
785 nm excitation provided us with more valuabléada some cases, where long-chained
carotenoid (~13-15 conjugated double bonds) with &and at approx. 1498 ¢hobserved
using this wavelength was missing using the 51/3aser.

Following the initial work of Wierzchos et al. @), who discovered the
endoevaporitic cyanobacterial colonization of leatitusts in different parts of Atacama Desert,
our Raman spectroscopic investigation revealect@ifft pigment composition in a particular
microhabitat pointing to adaptation strategies es@dl by the cyanobacteria living there.
Colonies occupying the halite crust relatively nesa surface typically produced scytonemin,
whereas more diffuse colonization observed in depp#gs of the crust typically exhibited no
or only a very weak signal of this photoprotectiv@lecule. Significant variability of the
scytonemin signal was interpreted as being a redfulllifferences in biosynthesis of this
important UV-screening compound mainly as a respoovariable UV-exposure — depending
on the light properties of a particular microhabitdccording to the work of Dillon et al.
(2002), the effect of other environmental paransgteuch as high temperatures or salinity,
together with the UV-A dose in production of scygarin can not be ruled out.

Phycobiliproteins were identified within sometbe colonies inhabiting Ca-sulphate
and halite crusts in Atacama Desert. These lightdsting pigments are synthesised by
cyanobacteria as a response to the amount of pmédieally active radiation — lower energy
from the sunlight typically leads to an increaseha biosynthesis of the phycobiliproteins so
that more energy is gained by the photosystem (§edet al., 2008). This phenomenon was
already observed by Villar et al. (2006) using Rarapectroscopy. Moreover, in the analysed
Ca-sulphate samples from Atacama Desert, the Ramgaal of phycobiliproteins could be
used as an indicative biomolecule for cyanobactanich was systematically coupled with the
specific carotenoid composition compared to miablmolonization originating from the
aggregates of eukaryotic algae. Interestingly,cdr®tenoid composition of the cyanobacterial
colonies inhabiting halite (diffuse colonizationtggans lacking in scytonemin) and Ca-sulphate
clearly differ based on the caroteneidband positions observed.

Raman instrumentation coupled with an opticalroscope allows a single cell or only
a small number of micro-organisms in aggregatedbdounambiguously analysed. As the
biomolecular composition in particular microbiarashs is due to gene expression, some
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limited taxonomical interpretations of the Ramarecm can be derived from the Raman
spectroscopic data, particularly in systems witbvin diversity. The taxonomically-dependent
carotenoid Raman signal excited by the 514.5 nendihan argon laser was depicted by Petry
et al. (2003), who described the Raman spectrosdepiures of 3-carotene fronRhodotula
rubra and sarcinaxanthin fromicrococcus luteus

Nevertheless, in natural systems, where the umknommunity living within rock
substrate in extreme environments is investigagpéctral differences obtained from the
colonies can be attributed to various reasons dpart the species diversity. Environmental
stress and the subsequent biochemical responke phtticular organism, as well as alteration
of organic remnants, are two other very importaatameters potentially reflected in the
spectra. These parameters can be mapped nondesiguasing Raman micro-spectrometry.
However, it may be difficult to discriminate betweéhese individual factors affecting the
Raman spectra of microbial colonies in their ndthabitats. Precise taxonomic information
about the analysed microbial colony is of intefesimore detailed interpretation of the Raman
spectroscopic data. Phylogenetic examination bium#independent methods, namely based
on ribosomal RNA studies is an important and peeaethod for identification of microbial
diversity in natural habitats as shown, for inseniby Navarro-Gonzalez et al. (2003) for
Atacama Desert soils. However, for examination pétsl relationship and adaptation
strategies of the studied colonies, other methad®wing in-situ study of microbial
communities are necessary (Wierzchos et al., isg)réAn optical microscope coupled to a
Raman spectrometer is crucial for positioning avali§ing particular cell aggregates for in-situ
analysis within the microhabitat, but it may not befficient in some cases for precise
identification of the organism. Therefore, addiabmformation provided by other techniques
(complementary to Raman) may be necessary in theefuo facilitate Raman analysis of
endolithic communities. Such information could evyided by other microscopic techniques
such as scanning electron microscopy (SEM) baseithan®, fluorescence microscopy or
atomic force microscopy (AFM) used together withnRa, thus allowing the assessment of
close relationships between different colonies @laith their spatial arrangement. A great
potential lies in combination of Raman with the estlanalytical methods for study of geo-
biological systems like this.

Despite the limitations of Raman spectroscopy@ldescribed above, it was shown
here (Chapter 2 and Appendix 1V), that Raman mggeetroscopic analysis of endoevaporitic
colonies in-situ can help us to study life adaptatstrategies on the basis of pigment
composition. Moreover, streamline Raman mappinyga to be a very promising method for
study and imaging of rock-inhabiting pigmented manganisms in their original microhabitat.
Importantly, the method allows mapping of both aigaand inorganic compounds in the same
time, thus potentially allowing the direct obsergatof microbial colonies and surrounding
mineralogy defining the microhabitat and in futurey be used for study of bio-mineral
interaction like microbially induced mineral weating. Hence, the application of the
streamline Raman mapping can contribute to futuogness in Earth-based research of geo-
biological systems.
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In conclusion, the Raman microspectrometry protedbe an efficient tool for
detection of3-carotene — a typical carotenoid - in very low aamtcations in model mixtures
with evaporites in resonance Raman mode (0,1 — kgiidevel) and very good results were
obtained in non-resonance mode using more univég&ainm excitation as well (e.g., lowest
content detected was 1-10 mg*kgMacro-mode analysis using large laser spot-6iz€0
pum) is considered as a favourable for analysis oél§i ground mixtures studied here as
concluded from the results obtained by the port@hdend-held) Raman instrumentation using
785 nm laser for excitation. Together with detattaf carotenoids, scytonemin as well as
other pigments in natural evaporitic systems fromacAma Desert, these results point to
successful application of Raman spectroscopy fodaestructive identification of pigments as

traces of life in evaporites — both terrestrialhdgotentially in future within missions aimed to
search for life on another planetary body.

a7



References

Alajtal, A. ., Edwards, H. G. M., Scowen, | J. (). Raman spectroscopic analysis of minerals agenic
molecules of relevance to astrobiologyalytical and Bioanalytical ChemistB897, 215-221.

Anderson, |I. C., Robertson, D. S. (1960). Role afotenoids in protecting chlorophyll from photodastion.
Plant Physiology5, 531-534.

Andreeva, A., Velitchkova, M. (2005). Resonance BRarspectroscopy of carotenoids in Photosystemticpes.
Biophysical Chemistrg14, 129-135.

Antén, J., Llobet-Brossa, E., Rodriguez-Valera,Amann, R. (1999). Fluorescence in situ hybridatnalysis
of the prokaryotic community inhabiting crystallizeonds Environmental Microbiologyt, 517-523.

Anton, J., Rosell6-Mora, R., Rodriguez-Valera, BRmann, R. (2000). Extremely halophilic Bacteria in
crystallizer ponds from solar salterdgplied and Environmental Microbiolo@6, 3052-3057.

Anton, J., Oren, A., Benlloch, S., Rodriguez-Valdta Amann, R., Rosell6-Mora, R. (2003alinibacter ruber
gen. nov., sp. nov., a new species of extremelgpélic Bacteria from saltern crystallizer pondisternational
Journal of Systematic and Evolutionary Microbioldsy 485-491.

Arvidson, R. E., Seelos, F. P., Deal, K. S., Kogpg®. C., Snider, N. O., Kieniewicz, J. M., Hyndk, M.,
Mellon, M. T., Garvin, J. B. (2003). Mantled andhemned terrains in Terra Meridiani, Mardournal of
Geophysical Research — Plan&é3 E8073-E8077.

Baker, V. R. (2001). Water and the martian landscalature412, 228-236.

Barbieri, R., Stivaletta, N., Marinangeli, L., O6, G. (2006). Microbial signatures in sabkha evapaleposits
of Chott el Gharsa (Tunisia) and their astrobiatagimplicationsPlanetary and Space Sciensé 726-736.

Bandfield, J. L., Smith, M. D. (2003). Multiple ession angle surface-atmosphere separations of Hherm
Emission Spectrometer datearus161, 47-65.

Benison, K. C., Beitler Bowen, B. (2006). Acid salilake ecosystems give clues about past enviraisnaed the
search for life on Mardcarus183 225-229.

Bernard, W., de Waal, D. (2006) Raman investigatibpigmentary molecules in the molluscan biogenatrix.
Journal of Raman Spectroscoy, 342-352.

Bibo, F.-J., Songen, R., Fresenius, R. E. (1988yméhrungsfahrige Mikroorganismen in Steinsalz@irsaren
LagerstattenKali und Steinsal8, 367-373.

Bibring, J. P., Langevin, Y., Mustard, J. F., Poufe, Arvidson, R., Gendrin, A., Gondet, B., Malyd\., Pinet,
P., Forget, F. (2006). Global mineralogical andesys mars history derived from OMEGA/Mars exprestad
Science312, 400-404.

Biemann, K., Oro, J., Toulmin Ill, P., Orgel, L.,Wier, A. O., Anderson, D. M., Simmonds, P. Gorl| D.,
Diaz, A. V., Rushneck, D. R., Biller, J. E., La &te A. K. (1977). The search for organic substanaed
inorganic volatile compounds in the surface of Mdaarnal of Geophysical Resear8h, 4641-4658.

Bishop, J. L., Lane, M. D., Darby Dyar, M., Parente, Roach, L. H., Murchie, S. L., Mustard, J.(2008).
Sulfates on Mars: how recent discoveries from CRISNMEGA and the MERs are changing our view of the
planet.Geochimica et Cosmochimica Adta A86.

Boynton, W. V., Feldman, W. C., Squyres, S. W.,tignean, T. H., Briickner, J., Evans, L. G., Reedy (R

Starr, R., Arnold, J. R., Drake, D. M., Englert &2.J., Metzger, A. E., Mitrofanov, I., Trombka,lJ.d'Uston, C.,
Wanke, H., Gasnault, O., Hamara, D. K., Janes, D.Marcialis, R. L., Maurice, S., Mikheeva, I., Tay G. J.,
Tokar, R., Shinohara, C. (2002). Distribution oflhggen in the near surface of Mars: Evidence fbsatface ice
depositsScience297, 81-85.

48



Boynton, W. V., Ming, D. W., Kounaves, S. P., Yousg M. M., Arvidson, R. E., Hecht, M. H., Hoffmah,
Niles, P. B., Hamara, D. K., Quinn, R. C., SmithH?, Sutter, B., Catling, D. C., Morris, R. V. (29). Evidence
for Calcium Carbonate at the Mars Phoenix Landiitg. Science325 61-64.

Brock, T. D. (1975). Salinity and the ecology DBfinaliella from the Great Salt Lakelournal of General
Microbiology 89, 285-292.

Brocks, J. J., Love, G. D., Summons, R. E., Knéll,H., Logan, G. A., Bowden, S. A. (2005). Biomarke
evidence for green and purple sulphur bacterigratiSed Paleoproterozoic seldature437, 866-870.

Bruckner, J., Dreibus, G., Gellert, R., SquyresW\s, Wanke, H., Yen, A., Zipfel, J. (2008). Marsoration
Rovers: chemical composition by the APXS. In: Tharliin Surface, Composition, Mineralogy and Physica
Properties (Bell I, J. F. Ed.), Cambridge Univgréress, pp. 58.

Burns, R. G. (1987). Ferric sulphates on Mdamurnal of Geophysical research — Plang@® E570-E574.

Cabrol, N. A., Grin, E. A. (1999). Distribution,adsification, and ages of Martian impact crateesakcarusl42
160-172.

Cabrol, N. A., Grin, E. A. (2001). The evolution latustrine environments on Mars: is Mars only lojalgically
dormant?carus149, 291-328.

Carr, M. H., Clow, G. D. (1981). Martian channeiglavalleys: their characteristics, distributiondayge.lcarus
48, 91-117.

Carr, M. H. (1996). Water on Mars. Oxford Univeyditress, New York, 248 p.

Carron, K., Cox, R., (2010). Qualitative Analysisdathe Answer Box: A Perspective on Portable Raman
SpectroscopyAnalytical ChemistrB2, 3419-3425.

Ceccarelli, M., Lutz, M., Marchi, M. (2000). Adensity functional normal mode calculation of a
bacteriochlorophyll derivative.Journal of American Chemical Socidt®2, 3532-3533.

Chadha, S., Manoharan, R., 8hme-Loccoz, P., Nelson, W. H., Peticolas, W. Lei®p J. F. (1993) Comparison
of the UV resonance Raman-spectra of bacteria,eliaktell walls, and ribosomes excited in the dé8p.
Applied Spectroscopy7, 38-43.

Chapman, C. R., Jones, K. L. (1977). Cratering @lniiteration history of MarsAnnual Reviews in Earth and
Planetary Sciences, 515-540.

Christensen, P. R., Bandfield, J. L., Clark, R.Bdgett, K. S., Hamilton, V. E., Hoefen, T., Kigffél. H.,
Kuzmin, R. O, Lane, M. D., Malin, M. C., Morris, K., Pearl, J. C., Pearson, R., Roush, T. L., Raffw.,
Smith, M. D. (2000). Detection of crystalline heitemineralization on Mars by the Thermal Emission
Spectrometer: Evidence for near-surface waleurnal of Geophysical Research - PlankBi®, 9623-9642.

Christensen, P. R., Morris, R. V., Lane, M. D., Bfield, J. L., Malin, M. C. (2001). Global mappiofMartian
hematite mineral deposits: Remnants of water-drpy@icesses on early Maournal of Geophysical Research -
Planets106, 23873-23885.

Christensen, P. R., Wyatt, M. B., Glotch, T. D.gecs, A. D., Anwar, S., Arvidson, R. E., BandfieldL.,
Blaney, D. L., Budney, C., Calvin, W. M., Fallacafa, Fergason, R. L., Gorelick, N., Graff, T. Blamilton, V.
E., Hayes, A. G., Johnson, J. R., Knudson, A. TcSMeen, H. Y. Jr., Mehall, G. L., Mehall, L. K., Eisch, J.
E., Morris, R. V., Smith, M. D., Squyres, S. W.,fR&. W., Wolff, M. J. (2004). Mineralogy at Mefahi
Planum from the Mini-TES Experiment on the OppoitiuRover.Science806 1733-1739.

Christensen, P. R., Ruff, S. W. (2004). Formatiérhematite-bearing unit in Meridiani Planum: Evidenfor
deposition in standing watefournal of Geophysical Research — Plaried8, E08003.

49



Christensen, P. R., Bandfield, J. L., Rogers, A. Glotch, T. D., Hamilton, V. E., Ruff, S. W., WyaM. B.
(2008). Global mineralogy mapped from the Mars @loBurveyor Thermal Emission Spesctrometer. In: The
Martian Surface, Composition, Mineralogy and Phaisieroperties (Bell Ill, J. F. Ed.), Cambridge Uanisity
Press, pp. 195.

Clark, B. C., Baird, A. K. (1979). Is the Martiaithbsphere sulfur richdournal of Geophysical Researé,
8395-8402.

Clark, B. C., Morris, R. V., McLennan, S. M., GetleR., Jolliff, B., Knoll, A. H., Squyres, S. WLpwenstein, T.
K., Ming, D. W,, Tosca, N. J., Yen, A., Christensén R., Gorevan, S., Bruckner, J., Calvin, W.,iBus, G.,
Farrand, W., Klingelhoefer, G., Waenke, H., Zipfel, Bell Ill, J. F., Grotzinger, J., McSween, H, Rieder, R.
(2005). Chemistry and mineralogy of outcrops atiilani PlanumEarth and Planetary Science Lett@40, 73-
94.

Cockell, C. S., Knowland, J. (1999). Ultravioletli@ion screening compounddiological Review§4, 311-345.

Cockell, C. S., Schrueger, A. C. Billi, D., Friednma E. I., Panitz, C. (2005). Efects of a simulategrtian UV
flux on the cyanobacteriunGhroococcidiopsisp 029 Astrobiology5, 127-140.

Davila, A. F., Gomez-Silva, B., de los Rios, A.,cAso, C., Olivares, H., McKay, C. P., Wierzchos(2D08)
Facilitation of endolithic microbial survival in éhhyperarid core of the Atacama Desert by minegéitjdesence.
Journal of Geophysical Research — Biogeoscieftd¢8sG01028.

de Oliveira, V. E., Castro, H. S., Edwards, H. G, Mk Oliveira, L. F. C. (2010). Carotenes and taoids in
natural biological samples: a Raman spectroscapityais.Journal of Raman Spectroscofy, 642-650.

Dennis, P. P., Shimmin, L. C. (1997). Evolutionatiyergence and salinity-mediated selection in Hhailap
archaeaMicrobiology and Molecular Biology Reviewg§, 90-104.

Dickensheets, D. L., Wynn-Williams, D. D., Edwarts,G. M., Schoen, C., Crowder, C., Newton, E. BDQ0).
A novel miniature confocal microscope/Raman spectter system for biomolecular analysis on futurersvia
missions after Antarctic trialgournal of Raman Spectroscopy, 633-635.

Dillon, J. G., Tatsumi, C. M., Tandingan, P. G.s@aholz, R. W. (2002). Effect of environmentaltéas on the
synthesis of scytonemin, a UV-screening pigmentaieyanobacteriumChroococcidiopsissp.). Archives of
Microbiology 177, 322—-331.

Dombrowski, H. (1963). Bacteria from Oaleozoic skpositsAnnals of the New York Academy of Scied€8s
453-460.

Dong, H. L., Rech, J. A, Jiang, H. C., Sun, H.cBuB. J. (2007). Endolithic cyanobacteria in spjbsum:
Occurrences in Atacama (Chile), Mojave (United &at and Al-Jafr Basin (Jordan) desedsurnal of
Geophysical Research — BiogeosciertEg G02030.

Douglas, S. (2004). Microbial biosignatures in ewdte deposits: Evidence from Death Valley, Califier
Planetary and Space Sciere® 223-227.

Douglas, S., Abbey, W., Mielke, R., Conrad, P., iah (2008). Textural and mineralogical biosigmas in
unusual microbialite from Death Valley, Californiaarus193 620-636.

Dufossé, L. (2009). Microbial and Microalgal Carmtés as Colourants and Supplements. In: Caroter(&ds.
Britton, G., Liaanen-Jensen, S., Pfander, Biskhauser, Basekol. 5, pp 83-98.

Edwards, H. G. M., Garcia-Pichel, F., Newton, E., M\ynn-Williams, D. D. (2000). Vibrational Raman
spectroscopic study of scytonemin, the UV-protecitiyanobacterial pigmenBpectrochimica Acta A6, 193-
200.

Edwards, H. G. M., Newton, E. M., Wynn-Williams, . (2003a). Molecular structural studies of lichen

substances II: atranorin, gyrophoric acid, fumatqeetraric acid, rhizocarpic acid, calycin, puleimiilactone and
usnic acid Journal of Molecular Structuré51, 27-37.

50



Edwards, H. G. M., Newton, E. M., Wynn-Williams, D., Lewis-Smith, R. I. (2003b). Non-destructiveabsis
of pigments and other organic compounds in lichasiag Fourier-transform Raman spectroscopy: a stufdy
Antarctic epilithic lichensSpectrochimica Acta B9, 2301-2309.

Edwards, H. G. M., Moody, C. D., Villar, S. E. Wynn-Williams, D. D. (2005a). Raman spectroscoptedtion
of key biomarkers of cyanobacteria and lichen sysiki in extreme Antarctic habitats: evaluation Kbars
Lander missiondcarus174, 560-571.

Edwards, H. G. M., Villar S. E. J., Parnell, J..ckell, Ch. S., Lee P. (2005b). Raman spectroscapidysis of
cyanobacterial gypsum halotrophs and relevanceuifate deposits on Mar&nalyst130, 917-923.

Edwards, H. G. M., Mohsin, M. A., Sadooni, F. N.addan, N. F. N., Munshi, T. (2006). Life in the ldzdn
Raman spectroscopy of halotrophic extremophilesraelévance to planetary exploratiodnalytical and
Bioanalytical Chemistrg85,46-56.

Edwards, H. G. M., Vandenabeele, P., Villar, SJECarter, E. A., Rull Perez, F., Hargreaves, M(AD07). The
Rio Tinto Mars Analogue site: An extremophilic Ramspectroscopic studygpectrochimica Acta A8, 1133-
1137.

Ericksen, G. E. (1993). Upper Tertiary and Quatermmantinental saline deposits in the central Amdszgion.
Geological Association of Canada Special Pag@r89-102.

Fendrihan, S., Bérces, A., Lammer, H., Musso, MintB, G., Polacsek, T. K., Holzinger, A., Kolb, Gtan-
Lotter, H. (2009a). Investigating the Effects ofmBiated Martian Ultraviolet Radiation ohlalococcus
dombrovskiiand Other Extremely Halophilic ArchaebacteAatrobiology9, 104-112.

Fendrihan, S., Musso, M., Stan-Lotter, H. (2008t3man spectroscopy as a potential method for
the detection of extremely halophilic archaea erdeddin halite in terrestrial and possibly extragstrial
samplesJournal of Raman Spectroscof, 1996-2003.

Fong, N. J. C., Burgess, M. L., Barrow, K. D., GlerD. R. (2001). Carotenoid accumulation in the
psychrotrophic bacteriurArthrobacter agilisin response to thermal and salt stredgsplied Microbiology and
Biotechnologyb6, 750-756.

Foster, I. S., King, P. I., Hyde, B. C., Southam,(2010). Characterization of halophiles in natiaSO4 salts
and laboratory enrichment samples: Astrobiologicgdlications for MarsPlanetary and Space Sciensg 599-
615.

Galinsky, E. A. (1993). Compatible solutes of hdldip eubacteria — molecular principles, water-$elu
interaction, stress protectioBxperientia49, 487-496.

Galinsky, E. A. (1995). Osmoadaptation in Bactehm.Advances in Microbial Physiolog{Ed: Poole, R. K.),
Academic Press limited, San Diego, vol. 37, 273-328

Garcia-Pichel, F., Castenholz, R. W. (1991). Charamation and biological implications of scyton&mia
cyanobacterial sheath pigmeadurnal of Phycolog@7, 395-409.

Garcia-Pichel, F., Sherry, N. D., Castenholz, R. ({1292). Evidence for an ultraviolet sunscreen rlethe
extracellular pigment scytonemin in the terrestitghnobacteriumChlorogloeopsissp. Photochemistry and
Photobiology56, 17-23.

Garcia-Pichel, F., Wingard, C. E., Castenholz, R. {d093). Evidence regarding the UV sunscreen odle
mycosporine-like compound in the cyanobacteriBlneocapsap. Applied and Environmental Microbiologs,
170-176.

Garcia-Pichel, F. (1994). A model for internal sdtfading in planctonic organisms and its implicagidor the
usefulness of ultraviolet sunscreehnsnnology and Oceanograpl3g, 1704-1717.

51



Gellert, R. Rieder, R., Bruckner, J., Clark, B. Oreibus, G., Klingelhofer, G., Lugmair, G., Min®,. W.,
Wanke, H., Yen, A, Zipfel, J., Squyres, S. W. (@DQAIpha particle X-ray spectrometer (APXS): résudtom
Gusev crater and calibration repaurnal of Geophysical Researthl, E02S05.

Gendrin, A., Mangold, N., Bibing, J.-P., Langevifi, Gondet, B., Poulet, F., Bonello, G., Quantin, Kustard,
J., Arvidson, R., LeMouélic, S. (2005). SulfatesMartian layered terrains: the OMEGA/Mars Expressw
Scienced07, 1587-1591.

Gill, D., Kilponen, R. G., Rimai, L. (1970). Resart® Raman scattering of laser radiation by vibrationodes
of carotenoid pigment molecules in intact plarguss Nature227, 743.

Golubic, S. (1980). Halophily and halotolerancecyanophytesOrigins of life and Evolution of Biospheré$,
169-183.

Gooding, J. L. (1992). Soil mineralogy and chergistn Mars: possible clues from salts and clays NCS
meteoritesicarus99, 28-41.

Grant, W. D. (2004). Life at low water activitihilosophical Transactions of the Royal Societiaidon B359,
1249-1266.

Green, W. J., Lyons, W. B. (2009). The Saline Lakésthe McMurdo Dry Valleys, AntarcticaAquatic
Geochemistryl5,321-348.

Groniger, A., Sinha, R. P., Klisch, M., Hader, D. 000). Photoprotective compounds in cyanobagteri
phytoplankton and macroalgae — a databdsarnal of Photochemistry and Photobiology B — 8@3158, 115-
122.

Grotzinger, J. P., Arvidson, R. E., Bell lll, J, Ealvin, W., Clark, B. C., Fike, D. A., GolombeM,, Greeley, R.,
Haldemann, A., Herkenhoff, K. E., Jolliff, B. L.,néll, A. H., Malin, M., McLennan, S. M., Parker,,T.
Soderblom, L., Sohl-Dickstein, J. N., Squyres, S, Wosca, N. J., Watters, W. A. (2005). Stratigra@ind
sedimentology of a dry to wet eplian depositiongtem, Burns formation, Meridiani Planum, MaEarth and
Planetary Science Lettegl0, 11-72.

Gruszecki, W. I., Gospodarek, M., Grugzki, W., Mazur, R., Gieczewska, K., Garstka, M.(q2p Journal of
Physical Chemistr{d 113 2506-2512.

Haberle, R. M., McKay, C. P., Schaeffer, J., Cabhl A., Grin, E. A., Zent, A. P., Quinn, R. (200Dn the
possibility of liquid water on present-day Madsurnal of Geophysical Research — Plard§, 23317-23326.

Haberle, R. A., Murphy, J. R., Schaeffer, J. (20@®bital change experiments with a Mars genenautation
model.lcarus161, 66-89.

Hand, R. M., Burton, H. R. (1981). Microbial ecojogf an Antarctic saline meromictic lakdydrobiologia82,
363-374.

Haskin, L.A., Wang, A., Jolliff, B. L., McSween, H., Clark, B. C., Des Marais, D. J., McLennanMsB, Tosca,
N. J., Hurowitz, J. A., Farmer, J. D., Yen, A., 8ms, S. W., Arvidson, R. E., Klingelhéfer, G., Either, C., de
Souza, P. A, Ming, D. W., Gellert, R., Zipfel, Bruckner, J., Bell, J. F., Herkenhoff, K., Christen, P. R., Ruff,
S., Blaney, D., Gorevan, S., Cabrol, N. A., Crumple, Grant, J., Soderblom, L. (2005). Water atem of
rocks and soils on Mars at the Spirit rover sit&umsev cratefature436, 66-69.

Hazen, R. M. & Roedder, E. (2001). How old are baatfrom the Permian ag&&ature411, 155-155.

Hebsgaard, M. B., Phillips, M. J., Willerslev, R00Q5). Geologically ancient DNA: fact or artifactPends in
Microbiology 13, 121-220.

Hecht, M. H., Kounaves, S. P., Quinn, R. C., W8st]., Young, S. M. M., Ming, D. W., Catling, D.,Clark, B.

C., Boynton, W. V., Hoffman, J., DeFlores, L. Pogpodinova, K., Kapit, J., Smith, P. H. (2009). é&xibn of
Perchlorate and the Soluble Chemistry of Martiaih &dhe Phoenix Lander Sit8cience325, 64-67.

52



Holder, J. M., Wynn-Williams, D. D., Rull Perez, Edwards, H. G. M. (2000). Raman spectroscopyigrhpnts
and oxalates in situ within epilithic lichen&carosporafrom the Antarctic and Mediterraneddew Phytologist
145, 271-280.

Houtkooper, J. M., Schulze-Makuch, D. (200&)possible biogenic origin for hydrogen peroxide Mars: the
Viking results reinterpretednternational Journal of Astrobiolog§, 147-152.

Jagger, J. (1985). Solar-UV Actions on Living Celsaeger, New York, 202 p.
Jakosky, B. M., Phillips, R. J. (2001). Mars' vdkatand climate historyNature412, 237-244.

Jarvis, R. M., Goodcare, R. (2004)ltra-violet resonance Raman spectroscopy for #mdrdiscrimination of
urinary tract infection bacteri&kEMS Microbiology Letter@32, 127-132.

Javor, B. (1989). Hypersaline Environments, Micadbgy and Biogeochemistry. Springer-Verlag, Berlin.

Kanavaroti, A., Mancinelli, R. (1990). Could orgamatter have been preserved on Mars for 3.5 ydeas@s
84, 196-202.

Kedar, L., Kashman, Y., Oren, A. (200®)ycosporine-2-glycine is the major mycosporine-l&@ino acid in a
unicellular cyanobacteriunE(@halothecesp.) isolated from a gypsum crust in a hypersadigéern pondFEMS
Microbiology Letter208 233-237.

Kelly, M., Norgard, S., Liaanen-Jensen, S. (1976D-€arotenoids. 5. Carotenoids lélobacteriumsalinarum
especially bacterioruberi\cta Chemica Scandinavi@a, 2169-2182.

Kiefer, H. H., Chase, S. C., Martin, T. Z., Minie, D., Don Palluconi, F. (1976). Martian north psiemmer
temperature: Dirty water ic&ciencel94, 1341-1344.

Klingelhofer, G., Morris, R. V., Bernhardt, B., $6der, C., Rodionov, D. S., de Souza, P. A., Yen,Gellert,
R., Evlanov, E. N., Zubkov, B., Foh, J., Bonnes, Kankeleit, E., Gutlich, P., Ming, D. W., Renz, ®Wdowiak,
T., Squyres, S. W., Arvidson, R. E. (2004). Jassind Hematite at Meridiani Planum from Opportusity
Mdossbauer Spectromet&cience806, 1740-1745.

Knoll, A. H., Carr, M., Clark, B., Des Marais, D., Farmer, J. D., Fischer, W. W., Grotzinger, J.NkcLennan,
S. M., Malin, M., Schréder, C., Squyres, S., Tod¢a)., Wdowiak, T. (2005). An astrobiological gestive on
Meridiani PlanumEarth and Planetary Science Lett&40, 179-189.

Krinsky, N. I. (1979). Carotenoid protection agaiosidation.Pure and Applied ChemistB/l, 649-660.

Kuhn, W. R., Atreya, S. K. (1979). Solar radioatimtident on the Martian surfacdournal of Molecular
Evolution14, 57-64.

Lanyi, J. K. (1974). Salt-dependent properties wdtgins from extremely halophilic bacteriBacteriological
Reviews38, 272-290.

Lanza, N. L., Meyer, G. A., Okubo, C. H., Newsom,H, Wiens, R. C. (2010). Evidence for debris figuily
formation initiated by shallow subsurface wateiars.|Icarus205 103-112.

Laskar, J., Correia, A. C. M., Gastineau, M., Jowe Levrard, B., Robutel, P. (2004). Long teruokeition and
chaotic diffusion of the insolation quantities oM.lcarus170, 343-364.

Leovy, C. (2001). Weather and climate on M&tature412, 245-249.

Lewis, A., Spoonhower, J., Bogomolni, R. A., LoziB: H., Stoeckenius, W. (1974). Tunable Laser Rasoe
Raman Spectroscopy of BacteriorhodopBiraceedings of the National Academy of ScieiiGed4462-4466.

Liaaen-Jensen, S. (1997). Stereochemical aspectsa@tnoidsPure and Applied Chemistfy7, 649-658.

53



Lutz, M. (1972). Raman resonance spectroscopy afitppigments in solution and included in chloroplas
lamellae.Comptes Rendus Hebdomadaires des Seances de Ihieades Sciences Seri€B5, p 497.

Lutz, M, Breton, J. (1973). Chlorophyll associasom the chloroplast: Resonance Raman spectroscopy.
Biochemical and Biophysical Research Communicati®g13.

Madden, M. E. E., Bodnar, R. J., Rimstidt, J. DOQ2). Jarosite as an indicator of water-limited rolval
weathering on MardNature431, 821-823.

Malin, M. C., Edgett, K. S. (2000). Evidence foceat groundwater seepage and surface runoff on./8ansnce
288 2330-2335.

Mancinelli, R. L., Klovstad, M. (2000). Martian $cand UV radiation: microbial viability assessmeon
spacecraft surfaceRlanetary and Space Scient® 1093-1097.

Manoharan, R., Ghiamati, R. A., Dalterio, R. A.,itBmn, K. A., Nelson, W. H., Sperry, J. F. (199QV
resonance Raman-spectra of bacteria, bacteriabspagprotoplasts and calcium dipicolinatdournal of
Microbiological Methoddl 1, 1-15.

Marshall, C. P., Carter, E. A., Leuko, S., Javalx,J. (2006). Vibrational spectroscopy of extant dossil
microbes: Relevance for the astrobiological exgloraof Mars.Vibrational Spectroscop¥1, 182-189.

Marshall, C. P., Leuko, S., Coyle, C. M., Walter, Rl, Burns, B. P., Neilan, B. A. (2007). Caroteh#inalysis
of Halophilic Archaea by Resonance Raman Spectpyséwstrobiology7, 631-643.

Marshall C. P., Marshall, A. O. (2010). The potehttf Raman spectroscopy for the analysis of diatieally
transformed carotenoidBhilosophical Transactions of the Royal SocieB68 3137-3144.

Marshall, C. P., Edwards, H. G. M., Jékh, J. (2010). Understanding the Application of Rar®pectroscopy to
the Detection of Traces of Liféstrobiologyl0, 229-243.

Masursky, H. (1973). An overview of geologic resulorm Mariner 9.Journal of Geophysical Researd!8,
4037-4047.

Medigan, M. T., Martinko, J. M., Dunlap, P. V., @aD. P. (2008). Brock biology of microorganisnBenjamin
Cummings, 12 edition, 1168 p.

Mellon, M. T., Arvidson, R. E., Marlow, J. J., Alpk, R. J., Asphaug, E. (2008). Periglacial lamdfse at the
Phoenix landing site and the northern plains ofMaournal of Geophysical Researth3 E00A23.

Merlin, J. C. (1985). Resonance Raman spectrosabpgrotenoids and carotenoid-containing systétnse and
Applied Chemistr7, 785-792

McEwen, A. S., Hansen, C. J., Delamere, W. A.,98lig E. M., Herkenhoff, K. E., Keszthelyi, L., GiKj V. C.,
Kirk, R. L., Mellon, M. T., Grant, J. A., Thomas, NWeitz, C. M., Squyres, S. W., Bridges, N. T.,rghie, S. L.,
Seelos, F., Okubo, C. H., Millazo, M. P., Tornahdnel.., Jaeger, W. L., Byrne, S., Russell, P.®&iffes, J. L.,
Martinez-Alonso, S., Davatzes, A., Chuang, F. ®@grison, B. J., Fishbaugh, K. E., Dundas, C. M.pK#. J.,
Banks, M. E., Wray, J. J. (2007). A Closer Look\#ter-Related Geologic Activity on MarScience317, 1706-
1709.

McGenity, T. J., Gemmell, R. T., Grant, W. D., Stastter, H. (2000). Origins of halophilic microongams in
ancient salt depositEnvironmental Microbiology, 243-250.

McKay, C. P., Friedmann, E. |., Gomez-Silva, B.c@a&s-Villanueva, L., Andersen, D. T., Landheim{Z03).
Temperature and moisture conditions for life in thereme arid region of the Atacama Desert: Foaryef
observations including the El Nino of 1997-1988trobiology3, 393-406.

McLennan, S. M., Bell Ill, J. F., Calvin, W. M., @&tensen, P. R., Clark, B. C., de Souza, P. Armesa, J.,

Farrand, W. H., Fike, D. A., Gellert, R., Ghosh, Glotch, T. D., Grotzinger, J. P., Hahn, B., Hettkeff, K. E.,
Hurowitz, J. A., Johnson, J. R., Johnson, S. Jiff)J8., Klingelhdfer, G., Knoll, A. H., LearnerZ., Malin, M.

54



C., McSween, H. Y. Jr., Pocock, J., Ruff, S. W.d&blom, L. A., Squyres, S. W., Tosca, N. J., WafteV. A.,
Wyatt, M. B., Yen, A. (2005). Provenance and diagis of the evaporite-bearing Burns formation, Mieni
Planum, MarsEarth and Planetary Science Lett@40, 95-121.

Ming, D. W., Mittlefehlt, D. W., Morris, R. V., Gden, D. C., Gellert, R., Yen, A., Clark, B. C., $s, S. W.,
Farrand, W. H., Ruff, S. W., Arvidson, R. E., Klglgofer, G., McSween, H. Y., Rodionov, D. S., Scla C.,
de Souza, P. A., Wang, A. (2006). Geochemical amkmalogical indicators for aqueous processes fthen
Columbia Hills in Gusev crater, Mardournal of Geophysical Researthl, E02S12.

Moeller, R., Horneck, G., Facius, R., Stackebrafdt(2005). Role of pigmentation in protectiBgcillus sp.
endospores against environmental UV radiati®MS Microbiology Ecolog$l, 231-236.

Mormile, M. R., Hong, B. Y., Benison, K. C. (200®olecular Analysis of the Microbial Communities Mars
Analog Lakes in Western Australistrobiology9, 919-930.

Morris, R. V., Klingelhéfer, G., Schréder, C., Rodov, D. S., Yen, A., Ming, D. W., de Souza, P. Regischer,
I., Wdowiak, T., Gellert, R., Bernhardt, B., EvlancE. N., Zubkov, B., Foh, J., Bonnes, U., Kankel&.,
Gutlich, P., Renz, F., Squyres, S. W., Arvidson,BR.(2006). Mossbauer mineralogy of rock, soil @t at
Gusev crater, Mars: Spirit's journey through weastltered olivine basalt on the plains and pervagiaéered
basalt in the Columbia Hilldournal of Geophysical Researthl, E02S13.

Murchie, S., Arvidson, R., Bedini, P., Beisser, Ribring, J.-P., Bishop, J., Boldt, J., Cavender, Ghoo, T.,
Clancy, R. T., Darlington, E. H., Des Marais, Dspkitu, R., Fort, D., Green, R., Guinness, E., é&ay., Hash,
C., Heffernan, K., Hemmler, K., Heyler, G., Humm, Blutcheson, J., Izenberg, N., Lee, R., Leed,ahr, D.,
Malaret, E., Martin, T., McGovern, J. A., McGuife,, Morris, R., Mustard, J., Pelkey, S., RhodesRBbinson,
M., Roush, T., Schaefer, E., Seagrave, G., SeélgsSilverglate, P., Slavney, S., Smith, M., Shyowg J.,
Strohbehn, K., Taylor, H., Thompson, P., Tossman, Wirzburger, M., Wolff, M. (2007). Compact
Reconnaissance Imaging Spectrometer for Mars (CRI&MMars Reconnaissance Orbiter (MR@)urnal of
Geophysical Research - Planéts2, E05S03.

Mustard, J. F., Murchie, S. L., Pelkey, S. M., EAim, B. L., Milliken, R. E., Grant, J. A., Bibring,-P., Poulet,
F., Bishop, J., Dobrea, E. N., Roach, L., SeelgsAfvidson, R. E., Wiseman, S., Green, R., HashHOmm, D.,
Malaret, E., McGovern, J. A., Seelos, K., Clancy, Clark, R., Des Marais, D., Izenberg, N., Knudsén
Langevin, Y., Martin, T., McGuire, P., Morris, RRobinson, M., Roush, T., Smith, M., Swayze, G.,ldgyH.,
Titus, T., Wolff, M. (2008). Hydrated silicate mirads on Mars observed by the Mars Reconnaissanb&e®©r
CRISM instrumentNature454, 305-309.

Navarro-Gonzélez, R., Rainey, F. A., Molina, P.g8lay, D. R., Hollen, B. J., de la Rosa, J., SmallM.,
Quinn, R. C., Grunthaner, F. J., Caceres, L., Ge8ika, B., McKay, C. P. (2003). Mars-like soils the
Atacama Desert, Chile, and the dry limit of micidbife. Science302, 1018-1021.

Oren, A., Kuhl, M., Karsten, U. (1995). An evapuritmicrobial mat within a gypsum crust: zonation of
phototrophs, photopigments, and light penetrafidarine Ecology Progress serié28 151-159.

Oren, A. (1997). Mycosporine-like amino acids amosc solutes in a community of halophilic cyanoteaia.
Geomicrobiology Journal4, 231-240.

Oren, A. (1999). Biogenetic aspects of halophilisficrobiology and Molecular Biology Review8, 334-348.

Oren, A. (2000a). Life at high salt concentratiopsssibilities and limitations. In: Journey to Dise Microbial
Worlds — Adaptations to Exotic Environments (Edcl8mach, J.), Book series: Cellular Origin and Life
Extreme Habitats, Kluwer Academic Publishers, Dectit, volume 2, pp 229.

Oren, A. (2000b). Salts and brines. In: EcologyGyanobacteria: Their Diversity in Time and SpacesE
Whitton, B. A., Potts, M.), Kluwer Academic Publeis, Dordrecht, pp. 281.

Oren, A., Rodriguez-Valera, F., Antdn, J., Benllo8h Rosell6-Mora, R., Amann, R., Coleman, J.,SRlUisSN. J.
(2004). Red, Extremely Halophilic, but not Archae@he Physiology and Ecology @alinibacter ruber a
Bacterium Isolated from Saltern Crystallizer Porids.Halophilic Microorganisms (Ed. Ventosa, A.prihger-
Verlag, Heidelberg, pp 63.

55



Oren, A. (2005). A century ddunaliellaresearch: 1905-2005. In: Adaptation to Life atliH®plt Concentrations
in Archaea, Bacteria, and Eukarya (Eds: Gunde-Gimer N., Oren, A., Plemenitas, A.), Book seriesiula
Origin and Life in Extreme Habitats, Springer, Dacht, vol. 9, pp 491.

Oren, A., Gunde-Cimerman, N. (2007). Mycosporinaed anycosporine-like amino acids: UV protectants or
multipurpose secondary metabolité€2MS Microbiology Letter269, 1-10.

Oren, A., Sgrensen, K. B., Canfield, D. E., TegkeP., lonescu, D., Lipski, A., Altendorf, K. (200Microbial
communities and processes within a hypersaline wgypsrust in a saltern evaporation pond (Eilat, dgra
Hydrobiologia626, 15-26.

Osterloo, M. M., Hamilton, V. E., Bandfield, J. IGJotch, T. D., Baldridge, A. M., Christensen, P, Rornabene,
L. L., Anderson, F. S. (2008). Chloride bearing eniais in the southern highlands of Mastience319, 1651-
1654.

Osterrothova, K., Jeltka, J. (2009). Raman spectroscopic identificatibnsmic acid in hydrothermal minerals as
a potential Martian analogu8pectrochimica Acta A3, 576-580.

Pentecost, A. (1993). Field Relationships Betweeyt@emin Density, Growth, and Irradiance in Cyaaxibria
Occuring in Low lllumination Regime#icrobial Ecology26, 101-110.

Perreault, N. N., Andersen, D. T., Pollard, W. Breer, C. W., Whyte, L. G. (2007). Characterizatafrnthe
Prokaryotic Diversity in Cold Saline Perennial $gs of the Canadian High Arctiépplied and Environmental
Microbiology 73, 1532-1543.

Petry, R., Schmitt, M., Popp, J. (2003). Raman 8pscopy — A Prospective Tool in the Life Sciences.
Chemphyscherh, 14-30.

Poulet, F., Bibring, J.-P., Mustard, J. F., GendAn Mangold, N., Langevin, Y., Arvidson, R. E.ofet, B.,
Gomez, C., and Omega Team (2005). PhyllosilicateMars and implications for early martian climdiature
438 623-627.

Proteau, P. J., Gerwick, W. H., Garcia-Pichel, Eastenholz, R. (1993). The structure of scytoneram,
ultraviolet sunscreen pigment from the sheathg/ahobacteriaExperientiad9, 825-829.

Radax, Ch., Gruber, C., Stan-Lotter, H. (2001). &lodvaloarchaeal 16S rRNA gene sequences from Alpine
Permo-Triassic rock saExtremophiles, 221-228.

Raman, C. V., Krishnan, K. S. (1928). A new typeefondary radiatioMNature121, 501-502.

Reiser, R., Tasch, P. (1960). Investigation of thability of osmophile bacteria of great geologicade.
Transactions of the Kansas Academy of Scié8¢c81-34.

Rettberg, P., Eschweiler, U., Strauch, K., Reitz, Borneck, G., Wanke, H., Brack, A., Barbier, B0Q2).
Survival of microorganisms in space protected byemete material: Results of the experiment ‘EXOB@GIE'
of the PERSEUS mission. In: Space life sciencesraxrestrial organic chemistry, UV radiation dolbgical
evolution, and planetary protection (Eds: Bernst&h P., Rettberg, P., Mancinelli, R. L., Race, H.),
Pergamon-Elsevier Science Ltd., Oxford, Book seAglsvances in Space ReseaBih 1539-1545.

Rettberg, P., Rabbow, E., Panitz, C., Horneck, ZB04). Biological space experiments for the siniafaiof
Martian conditions: UV radiation and Martian sailadogues. In: Space life sciences: Search for tiges of life,
and space flight environmental effects on the nesveystem (Eds: Horneck, G., Levasseur-RegourdC.A.
Rabin, B. M., Slenzka, K. B.), Pergamon-ElsevieileSce Ltd., Oxford, Book seriefdvances in Space Research
33, 1294-1301.

Rieder, R., Gellert, R., Anderson, R. C., BruckrikerClark, B. C., Dreibus, G., Economou, T., Klilig#er, G.,

Lugmair, G. W., Ming, D. W., Squyres, S. W., d'UstcC., Wanke, H., Yen, A., Zipfel, J. (2004). Chetry of
rocks and soils at Meridiani Planum from the alpbéticle X-ray spectrometeBcience306, 1746-1749.

56



Roach, L. H., Mustard, J. F., Murchie, S., WeitzMC, Ehlmann, B. L., Pelkey, S., Seelos, F. PoriBg, J. P.,
the CRISM team (2007). Sulfate identification irse&andon, Valles Marineris with CRISM visible-iafed
spectra. Lunar and Planetary Science XXXVIII, Abstr2106.

Rontd, G., Bérces, A., Lammer, A., Cockell, C. 8qlina-Cuberos, G. J., Patel, M. R., Selsis, FO@0 Solar
UV Irradiation Conditions on the Surface of MaPhotochemistry and Photobiology, 34-40.

Rothschild, L. J. (1990). Earth Analogs for Martiafe. Microbes in Evaporites, a New model Syst@mlfife on
Mars.|carus 88, 246-260.

Rothschild, L. J., Giver, L. J., White, M. R., Mamelli, R. L. (1994). Metabolic activity of microganisms in
evaporitesJournal of Phycolog30, 431-438.

Ruban, A. V., Pascal, A. A., Robert, B., Horton,(P001) Configuration and dynamics of xantophyfislight
harvesting antennae of higher pladisurnal of Biological Chemistr276, 24862-24870.

Russell, N. C., Edwards, H. G. M., Wynn-Williams, D. (1998). FT-Raman spectroscopic analysis obkitic
microbial communities from Beacon sandstone indfiet Land, AntarcticaAntarctic Sciencéd0, 63-74.

Saito, T., Miyabe, Y., Ide, H., Yamamoto, O. (199Hydroxyl radical scavenging ability of bacteribaxin.
Radiation Physics and Chemis, 267-269.

Schubert, B. A., Lowenstein, T. K., Timofeeff, M.. N\2009). Microscopic Identification of Prokaryot&s
Modern and Ancient Halite, Saline Valley and Ded#tiley, California.Astrobiology9, 467-482.

Schubert, B. A., Timofeeff, M. N., Lowenstein, T.,#olle, J. E. W. (2010apunaliella Cells in Fluid Inclusions
in Halite: Significance for Long-term Survival ofdkaryotesGeomicrobiology Journat7, 61-75.

Schubert, B. A., Lowenstein, T. K., Timofeeff, M.,NParker, M. A. (2010b). Halophilic Archaea cuéidrfrom
ancient halite, Death Valley, Californignvironmental Microbiology2, 440-454.

Scott, D. H., Dohm, J. M., Rice, J. W. Jr (1995)agMshowing channels and possible paleolake basigs.
Geological SurveMiscellaneous Investigations Seridsp 1-2461.

Segura, T. L., Toon, O. B., Colaprete, A., Zahile(2002). Environmental Effects of Large Impacts Mars.
Science298, 1977-1980.

Seibert, N. M., Kargel, J. S. (2001). Small-scalarfihn polygons: liquid surface wat&seophysical Research
Letters28, 899-902.

Shahmohammadi, H. R., Asgarani, E., Terato, H.toSdi., Ohyama, Y., Gekko, K., Yamamoto, O., Ide, H
(1998). Protective Roles of Bacterioruberin anddegllular KCI in the Resistance bffalobacterium salinarum
against DNA-damaging Agent3ournal of Radiation Researd9, 251-262.

Siefermann-Harms, D. (1987). The light-harvestimgl grotective functions of carotenoids in photobkgtit
membranesPhisiologia Plantarunt9, 561-568.

Sinha, R. P., Klisch, M., Groniger, A., Hader, D. @998). Ultraviolet-absorbing/screening substanae
cyanobacteria, phytoplankton and macroalgaeirnal of Photochemistry and Photobiology B — 847, 83-
94.

Sinninghe Damsté, J. S., Koopmans, M. P. (1997&. fate of carotenoids in sedimants: An overvi®wre and
Applied Chemistrg9, 2067-2074.

Smith, P. H., Tamppari, L. K., Arvidson, R. E., Ba®., Blaney, D., Boynton, W. V., Carswell, A.,tlizg, D.

C., Clark, B. C., Duck, T., DeJdong, E., Fisher, Bgetz, W., Gunnlaugsson, H. P., Hecht, M. H., Hipk/.,
Hoffman, J., Hviid, S. F., Keller, H. U., KounaveS, P., Lange, C. F., Lemmon, M. T., Madsen, M. B.,
Markiewicz, W. J., Marshall, J., McKay, C. P., Meil M. T., Ming, D. W., Morris, R. V., Pike, W. TRenno,
N., Staufer, U., Stoker, C., Taylor, P., Whitewdy,A., Zent, A. P. (2009). 40 at the Phoenix landing Site.
Science325, 58-61.

57



Stan-Lotter, H., Radax, C., McGenity, T., Legat, Rfaffenhuemer, M., Wieland, W., Gruber, C., Deniie B.
M. (2004). From Intraterrestrials to Extraterredgi— Viable Haloarchaea in Ancient Salt DepositsHalophilic
Microorganisms (Ed: Ventosa, A.), Springer-Verlaigidelberg, pp 89.

Stivaletta, N., Barbieri, R. (2009). Endolithic moorganisms from spring mound evaporite depositsit(ern
Tunisia).Journal of Arid Environmentg3, 33-39.

Storrie-Lombardi, M. C., Hug, W. F., McDonald, G., Dsapin, A. |., Nealson, K. H. (200Hollow cathode ion
lasers for deep ultraviolet Raman spectroscopy farmtescence imagindgreview of Scientific Instrumentz,
4452-4459.

Squyres, S. W., Grotzinger, J. P., Arvidson, R.Bell, J. F. lll, Calvin, W., Christensen, P. Rlat, B. C.,
Crisp, J. A., Farrand, W. H., Herkenhoff, K. E.hdson, J. R., Klingelhofer, G., Knoll, A. H., McLean, S. M.,
McSween, H. Y. Jr, Morris, R. V., Rice, J. W. Jie&er, R., Soderblom, L. A. (2004). In situ eviderfor an
ancient aqueous environment at Meridiani PlanuntshM&cience306 1709-1714

Squyres, S. W., Knoll, A. H. (2005). Sedimantargk®at Meridiani Planum: Origin, diagenesis, anglioations
for life on Mars.Earth and Planetary Science Lett@40, 1-10.

Szalontai, B., Gombos, Z., Csizmadia, V., Bagyinka, Lutz, M. (1994). Structure and Interactions of
Phycocyanobilin Chromophores in Phycocyanin andgilycocyanin from an Analysis of Their Resonance
Raman Spectr&8iochemistry33, 11823-11832.

Tarcea, N., Harz, M., Rosch, P., Frosch, T., Sdhiit, Thiele, H., Hochleitner, R., Popp, J. (2003Y Raman
spectroscopy - A technique for biological and méhegical in situ planetary studieSpectrochimica Acta A8,
1029-1035.

Taylor, S. R., McLennan, S. M. (1985). The ContbaérCrust: Its Composition and Evolution, Blackwell
Oxford, pp 312.

Telfer, A., Pascal, A., Gall, A. (2008). Caroter®id Photosynthesis. In: Carotenoids (Eds: Brit®n, Liaaen-
Jensen, S., Pfander, H.), Birkhduser, Basel, vgp4£65-308.

Tominaga, H., Fukui, F. (1981). Saline lakes at&y®asis, Antarcticddydrobiologia82, 375-389.
Tosca, N. J., McLennan, S. M., Clark, B. C., Gnogar, J. P., Hurowitz, J. A, Knoll, A. H., Schrod€.,
Squyres, S. W. (2005). Geochemical modeling of exatpn processes on Mars: Insight from the sediargn

record at Meridiani Planuniarth and Planetary Science Lett&40, 122-148.

Vago, J. L. and the ExoMars Project Team, Planetacjence Decadal Survey: Mars Panel Meeting,
10 September 2009, Arizona State University, Te(hf&A).

Varnali, T., Edwards, H. G. M., Hargreaves, M. R0@9). Scytonemin: molecular structural studiesadiey
extremophilic biomarker for astrobiologiynternational Journal of Astrobiolog§, 133-140.

Varnali, T., Edwards, H. G. M. (2010Ab Initio calculations of scytonemin derivatives of relevano
extremophile characterization by Raman spectroscBpilosophical Transaction of the Royal Society368
3057-3221.

Villar, S. E. J., Edwards, H. G. M., Cockell, Ch.(3005a). Raman spectroscopy of endoliths frormasatic cold
desert environmenténalyst130, 156-162.

Villar, S. E. J., Edwards, H. G. M., Worland, M. R005b). Comparative evaluation of Raman specbmsat
different wavelengths for extremophile exempl&sigins of Life and Evolution of Biospher&s 489-506.

Villar, S. E. J., Edwards, H. G. M., Benning, L. @006). Raman spectroscopic and scanning electron
microscopic analysis of a novel biological colotiiza of volcanic rockslcarus184, 158-169.

58



Villar, S. E. J., Edwards, H. G. M. (2006). Ramaredroscopy in astrobiologynalytical and Bioanalytical
Chemistry384, 100-113.

Villar, S. E. J., Benning, L. G., Edwards, H. G. khd AMASE team (2007). Raman and SEM analysis of a
biocolonised hot spring travertine terrace in Ssedh Norway Geochemical Transactior; 8.

Vitek, P., Osterrothova, K., Jetlta, J. (2009). Beta-carotene—A possible biomarkethe Martian evaporitic
environment: Raman micro-spectroscopic stitlgnetary and Space Sciengé 454-459.

Vitek, P., Jehtika, J., Edwards, H. G. M., Osterrothova, K. (2008%ntification ofp-carotene in an evaporitic
matrix—evaluation of Raman spectroscopic analysis dstrobiological research on Mar8nalytical and
Bioanalytical Chemistr393 1967-1975.

Vitek, P., Edwards, H. G. M., Jetlta, J., Ascaso, C., De los Rios, A., Valea, Sla¥ilS. E. J., Davila, A. F.,
Wierzchos, J. (2010). Microbial colonization of ikalfrom the hyper-arid Atacama Desert studied amBn
spectroscopyPhilosophical Transactions of the Royal Socie§68 3205-3221.

Vogel, M. B., Des Marais, D. J., Turk, K. A., Patesu, M. N., Jahnke, L. L., Kubo, M. D. Y. (200%he Role of
Biofilms in the Sedimentology of Actively Formingysum Deposits at Guerrero Negro, Mexiéatrobiology
9, 875-893.

Volkmann, M., Gorbushina, A. A., Kedar, L., Oren, @006). Structure of euhalothece-362, a novelstatted
mycosporine-like amino acid, from halophilic cyaaoterium Euhalothecesp.). FEMS Microbiology Letters
258 50-54.

Vreeland, R. H., Piselli, A. F. Jr., McDonnough, Beyers, S. S. (1998). Distribution and diversifyhalophilic
bacteria in a subsurface salt formati&xtremophile®, 321-331.

Vreeland, R. H., Rosenzweig, W. D., Powers, D. \2000). Isolation of a 250-million-year-old halot@at
bacterium from a primary salt crystalature407, 897—900.

Wang, A., Haskin, L. A., Squyres, S. W., Jolliff,LB Crumpler, L., Gellert, R., Schréder, C., Harkeff, K.,
Hurowitz, J., Tosca, N.J., Farrand, W.H., Andergon Knudson, A.T. (2006a). Sulfate depositionibsurface
regolith in Gusev crater, Mar3ournal of Geophysisal Research - Plarkt$, No.E02S17.

Warren, J. K. (2006). Evaporites: sediments, resssiand hydrocarbons. Springer-Verlag, Berlin Hbeilg,
1035 p.

Warren-Rhodes, K. A., Rhodes, K. L., Pointing, S.Bwing, S. A., Lacap, D. C., Gbmez-Silva, B., Amson,
R., Friedmann, E. I., McKay, C. P. (2006). HypdttiCyanobacteria, Dry Limit of Photosynthesis anitidbial
Ecology in the Hyperarid Atacama Deséficrobial Ecology52, 389-398.

Weitz, C. M., Milliken, R. E., Grant, J. A., McEwgA. S., Williams, R. M. E., Bishop, J. L. (200&)jght-toned
strata and inverted channels adjacent to Juvem@ésanges chasmata, Ma@eophysical Research Lette3s,
L19202.

Wierzchos, J., Ascaso, C., McKay, C. P. (2006).dditldc cyanobacteria in halite rocks from the hsgréd core
of the Atacama DeserAstrobiology6, 415-422.

Wierzchos, J., Cadmara, B., de los Rios, A., DaWaF., Sanchez Almazo, I. M., Artieda, O., WierashK.,
Gobmez-Silva, B., McKay C. P., Ascaso, C. (2010)cidbial colonization of Ca-sulfate crusts in thepérarid
core of the Atacama Desert: implications for tharelk for life on MarsGeobiologyin press.

Wiseman, S. M., Arvidson, R. E., Morris, R. V., Mbie, S. L., Seelos, F. P., Andrews-Hanna, J. Be, CRISM
team (2009). Hydrated sulfate deposits detectetinwiBchiaparelli Crater, Mars. Lunar and Planetacience
XL, Abstract 1798.

Withnall, R., Chowdhry, B. Z., Silver, J., Edwards,G. M., de Oliveira, L. F. C. (2003). Raman dpeof
carotenoids in natural produc®&pectrochimica Acta B9, 22072212

59



Wright, S. W., Burton, H. R. (1981). The biology/Aftarctic saline lakeddydrobiologia82, 319-338.

Wu, Q., Hamilton, T., Nelson, W. H., Elliot, S., Spy, J. F., Wu, M. (2001). U\Raman spectral intensities of
E. coliand other bacteria excited at 228.9, 244.0, and224®.Analytical Chemistry 3, 3432-3440.

Wynn-Williams, D. D., Edwards, H. G. M. (2000a).oRimal analysis of regolith habitats and protective
biomolecules in situ by laser Raman spectroscopgrvew of terrestrial Antarctic habitats and Mansalogs.
Icarus144, 486-503.

Wynn-Williams, D. D., Edwards, H. G. M. (2000b). tanctic ecosystems as models for extraterrestughse
habitats Planetary and Space Scient® 1065-1075.

Yen, A. S., Kim, S. S., Hecht, M. H., Frant, M. Blurray, B. (2000). Evidence that the reactivitytbé martian
soil is due to superoxide ionScience289, 1909-1912.

Zheng-Li, C., Zeng, H., Chen, M., Larkum, A. W. [R002). Raman spectroscopy of chlorophglifrom
Acaryochloris marinaBiochimica et Biophisica Acth556 89-91.

60



