


INTRODUCTION

RECENTLY, HALITE AND SULFATE evaporate rocks
have been discovered on Mars by the NASA

rovers, Spirit and Opportunity. This suggests that
brine pools may have been relatively common on
the surface of that planet and, thus, may have pro-
vided regions of high salt concentration. Conse-
quently, it is reasonable to propose that halophilic
microorganisms could have potentially flour-
ished under such hypersaline conditions (for ex-
ample, Landis, 2001; Wierzchos et al., 2006). Thus,
modern terrestrial salt basin and cultured salt-
tolerant microbes are good analogues for condi-
tions under which life might have evolved on
Mars (for example, Landis, 2001; Wierzchos et al.,
2006). If so, biomolecules found in microorgan-
isms adapted to high salinity and basic pH envi-
ronments on Earth may also be reliable biomark-
ers for detecting life on Mars.

Halophilic archaea are chemo-organotrophs
that belong to the class Euryarchaeota. These mi-
crobes are often the predominant microorganism
present in salt lakes, pools of evaporating sea-
water, solar salterns, and other hypersaline envi-
ronments with salt concentrations as high as
halite saturation (Oren, 2002). Halophiles also live
in a variety of warm and cold environments. Ex-
tremely halophilic archaea have been noted for
their bright red or purple color. The pigments re-
sponsible for these colors consist of isoprenoid-
derived or retinal-protein compounds (Kush-
waha et al., 1974). The pigment responsible for 
the purple color is a retinal-protein complex, 
bacteriorhodopsin, while the isoprenoid-derived
carotenoid pigment, bacterioruberin, gives rise to
a bright pinkish-red color.

Bacteriorhodopsin converts the energy of green
light (500–650 nm) into an electrochemical proton
gradient, which in turn is used for ATP produc-
tion by ATP-synthases. For example, the plasmic
membrane of Halobacterium salinarum NRC-1 con-
tains membrane patches known as the purple
membrane with a protein:lipid ratio of 75:25. The
only protein in the purple membrane is bacteri-
orhodopsin, which forms a hexagonal 2-dimen-
sional crystal that consists of bacteriorhodopsin
trimers (Haupts et al., 1999). Bacterioruberin is a
ubiquitous and abundant pinkish-red pigment in
moderately (Rønnekleiv and Liaaen-Jensen, 1995)
to extremely halophilic archaea (Liaaen-Jensen,
1979). This red pigment, located in the membrane
of halophilic archaea, not only plays a role in the

photoprotection system (Cockell and Knowland,
1999), but is also important for the adaptation of
membrane fluidity to changing osmotic condi-
tions (D’Souza et al., 1997).

Raman spectroscopy is mostly viewed as a spe-
cialist laboratory or research technique. How-
ever, in recent years several systems have been
specifically developed for field-based applica-
tions. Coupling recent advances in laser sources,
optical elements, spectrometers, and detectors
has led to the development of robust, compact,
and miniaturised Raman systems. Consequently,
the potential use of Raman spectroscopy in plan-
etary exploration as part of a rover or lander in-
strumentation package, particularly for the ex-
ploration of Mars, is now being realized. NASA
and ESA currently consider Raman spectroscopy,
either separately or in combination with laser-in-
duced breakdown spectroscopy, or fluorescence,
as a fundamental next-generation instrument for
the characterization of mineralogical and organic
material during the exploration of Mars. Instru-
mentation for robotic missions is probably the
most important consideration for Mars explora-
tion. It is important to note that Raman applica-
tions, which add to the knowledge of Mars, cover
other aspects, such as the study of potential ter-
restrial martian analogues. Hence, it is crucial to
construct a Raman database of biosignatures of po-
tential martian analogue microbial life found in ex-
treme environments on Earth to facilitate the de-
tection of biosignatures on Mars. This work has
already commenced; for example, there are a num-
ber of recent pioneering studies on cyanobacterial
biomolecules using Raman spectroscopy, pre-
dominantly NIR FT-Raman spectroscopy by
Wynn-Williams and Edwards, (2000), Edwards et
al. (2005, 2004), Villar et al. (2005), and, for a more



to identify and quantify chemical compounds.
A Raman spectrum is a spectrum of the light
scattered from a sample, which is irradiated
with monochromatic radiation in the visible or
near-infrared region. The light may be scattered
either elastically (Rayleigh scattering) or inelas-
tically (Raman scattering) as shown schemati-



transition representations. Therefore, RR spec-
troscopy provides a means whereby vibrations of
biological chromophores can be distinguished
from many of the vibrational modes associated
with the complex biological matrix. Significantly,
the resonance enhancement factor can be quite
large, in the order of 103 to 106 orders of magni-
tude and, thereby, allow the analysis of chro-
mophore concentrations as low as 10�4 to 10�6

M. The chromophore vibrations completely dom-
inate the spectrum. Consequently, RR spectros-
copy could be used to identify and delineate po-
tential biomarker compounds, particularly at the
trace quantity level.

Carotenoids are �-electron-conjugated carbon-
chain molecules and are similar to polyenes with
regard to their structure and optical properties.
Structurally, these molecules are a linear, chain-
like conjugated carbon backbone that consists of
alternating carbon single (C–C) and double bonds
(C¨C) with varying numbers of conjugated dou-
ble bonds and a varying number of attached
methyl side groups. For example, the molecular
structure of �-carotene and bacterioruberin,
which are the most important carotenoids in
cyanobacteria and halophilic archaea, respec-
tively, are shown in Fig. 2. Carotenoids are
strongly colored as they have an allowed �-�* (or
S0-S2) transition that occurs in the visible region
of the electromagnetic spectrum. This color is de-
pendent on the number of conjugated double
bonds in the main linear chain. Red shifting of

this �-�* absorption band indicates an increase



Carotenoid extraction

The bacterioruberin carotenoid pigment was
extracted from �0.2 mg of Hbt. salinarum NRC-1
cells using 5 ml of cold acetone. The acetone-sol-
uble extract obtained from Hbt. salinarum NRC-1
was identified by its electronic absorption spec-
trum and compared with previously published
electronic spectra obtained from bacterioruberin
(Britton, 1985; D’Souza et al., 1997). Bacterio-
rhodopsin (99% purity) isolated from the purple
membranes of Hbt. salinarum was purchased from
Sigma.

Electronic absorption spectroscopy

Electronic absorption spectra were obtained
from the acetone-soluble extract of Hbt. salinarum
NRC-1 biomass using a Cary 5 UV-Vis spec-
trometer in the 350–600 nm range.

Resonance Raman spectroscopy

A Renishaw InVia Reflex Raman microprobe
with a multi-wavelength facility operating at
488.0 and 514.5 nm was used to assess the effect
of excitation wavelength on the recording of spec-
tra from the halophilic archaea. The collection op-
tics are based on a Leica DMLM microscope. A
refractive glass 50� objective lens was used to fo-
cus the laser onto a 2 �m spot to collect the

backscattered radiation. The 488.0 and 514.5 nm
line of a 5W Ar� laser (Spectra-Physics Stabilite
2017 laser) orientated normal to the sample was
used to excite the sample. For both excitation
lines, the following spectra acquisition parame-
ters were used for performing direct compar-
isons: 10 seconds exposure time, 5 accumulations,
and �1.2 mW of laser power at the sample. The
scan ranges were 800–1800 cm�1 in the finger-
print region of resonance-enhanced Raman spec-
tra obtained from carotenoids. The halophilic ar-
chaea were smeared as a one-cell layer onto a
clean aluminum microscope slide and irradiated
with the laser to obtain spectra.

RESULTS AND DISCUSSION

1. Electronic absorption spectra

The representative electronic absorption spec-
trum shown in Fig. 3 was obtained from the ace-
tone-soluble extract of Hbt. salinarum NRC-1 bio-
mass. The red pigment was identified by its
characteristic absorption spectrum as bacterioru-
berin, with absorption maxima (�max) at 388, 468,
495, and 530 nm in acetone. These results are in
accordance with the observations of Britton
(1985) and D’Souza et al. (1997). Electronic ab-
sorption spectroscopy not only allows for pig-
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FIG. 3. The electronic absorption spectrum of acetone-soluble extract of Hbt. salinarum NRC-1 cells. Absorptions
occur as broad bands in the blue/green spectral range with �max at 468, 495, and 530 nm characteristic for an ab-
sorption spectrum for bacterioruberin. The insert shows an energy level diagram for carotenoids.



ment identification, but it also delineates whether
the compound of interest exhibits absorption
bands due to electronic dipole transitions of the
molecules within a certain portion of the visible
wavelength range. When illuminated with mono-
chromatic light overlapping one of these absorp-
tion bands, the Raman scattered light will exhibit
a substantial resonance enhancement in the order
of 105 and, therefore, allow judicious selection of
the excitation wavelength to achieve this phe-
nomenon.

The electronic absorptions occur as broad
bands (�150 nm wide) in the blue/green visible
spectral range. Carotenoid molecules feature an
unusual even parity excited state (see insert, Fig.
3). Consequently, absorption transitions are elec-
tronic-dipole allowed in these molecules, but
spontaneous emission is forbidden. The result-
ing absence of any strong fluorescence in
carotenoids is the main reason for the possibility
of applying RR spectroscopy for these analyses
(shown as a downward pointing arrow—optical
transition in the insert in Fig. 3). This absorption
shows a clearly resolved vibronic substructure
due to a strong electron-phonon coupling. Strong
electric-dipole allowed absorption transitions oc-
cur between the molecules’ delocalized � orbitals
from the 1 1Ag singlet ground state to the 1 1Bu
singlet excited state (insert, Fig. 3). Optical exci-
tation within the 1 1Ag bsorptions occ30 0 10.5 129.651es



feature is not observed for botryoxanthin and 
�-carotene for RR spectra obtained from cyanobac-
teria and micro-algae using 488.0 and 514.5 nm
excitation (Marshall et al., 2006a). This phenome-
non does not, however, have any significant im-
pact on excitation choice for obtaining biomarker
data pertaining to bacterioruberin biosynthesised
by halophilic archaea. The 514.5 nm excitation
line was chosen for the RR spectroscopic investi-
gation of the other halophilic archaea.

2.2 Comparison between different 
halophilic archaea

Spectra acquired from the three Halobacteria
cultures, namely Hbt. salinarum NRC-1, Hcc. mor-
rhuae, and Nnm. pallidum, contained major fea-
tures at approximately 1000, 1152, and 1505 cm�1

(Fig. 5). It can be seen th fo;9glinTw
roximately 1000, 1152, and 1505 cm



cm�1 for the �1 (C¨C) band indicated a number
of 13 double bonds in the polyconjugated main
chain for bacterioruberin. This result is in agree-
ment with the structure for bacterioruberin (Fig.
2). Resonance Raman spectroscopy reveals that
the different halophilic archaea analyzed in this
investigation all biosynthesize bacterioruberin.

2.3 Comparison between bacterioruberin 
and bacteriorhodopsin

The differences between bacteriorhodopsin
and bacterioruberin are somewhat unclear. For
example, Ellery and Wynn-Williams (2003) noted
that halobacteria biosynthesize a red pigment
bacteriorhodopsin, which is based on a C50
carotenoid that could be detected by Raman spec-
troscopy. Our electronic absorption and RR spec-
tral results show that bacterioruberin is the pink-

ish-red carotenoid and this C50 carotenoid can be



stretches (1600–1500 cm�1), the CCH in-plane
rocks (1400–1250 cm�1), the C–C stretches (1250–
1100 cm�1), and the hydrogen out-of-plane wags
(1000–700 cm



order to purify the carotenoids (Wilhelm 



tosynthetic and photo-protective pigments, there
is great potential to use visible light lasers to ex-
cite RR spectra of chromophore molecules selec-
tively within the whole cell. We have demon-
strated that the RR spectra of haloarchaea are
solely due to bacterioruberin and this carotenoid
can be used as a biomarker for hypersaline envi-
ronments.

The selection of excitation wavelengths for
miniaturized Raman spectrometers for the ex-
ploration of Mars is important. Ideally, the choice
of excitation wavelength should be suitable for
the analysis/detection of both minerals and bio-
molecules. The blue/green visible portion of the
electromagnetic spectrum probes the S2, which
rapidly converts to S1, and the weakness of the
S1 to S0 radiative transition explains the lack of
strong fluorescence from carotenoids (Shreve et
al., 1991). We have demonstrated that 488.0 and
514.5 nm excitations are ideal for carotenoid de-
tection, as the spectra show only vibrational
modes associated with carotenoids and, more im-
portantly, with no fluorescence swamping the Ra-
man signal. Moreover, shorter wavelength lasers
excite Raman scattering more efficiently (�4 de-
pendence). For example, Raman scattering that
uses 514.5 nm is five times more efficient com-
pared to 780 nm and, thereby, provides quicker
scan times with stronger signals. In addition,
these shorter wavelengths are also ideal for min-
eralogical measurements by Raman spectros-
copy. Most minerals will not fluoresce using this
excitation. Withnall et al. (2003), for example, col-
lected high quality RR spectra of carotenoids in
a carbonate matrix.

The occurrence and spatial distribution of
preserved pigments or their derivatives in hy-
persaline environments on Mars should be de-
tectable in situ



relation of the Raman shift (cm�1) of the �1 mode
and effective conjugation length of the C¨C in
the main chain, which, in the case of bacterio-
ruberin, the 1505 cm�1 C¨C mode equates to 
13 C¨C structures in the main chain. This corre-
lated extremely well with the known molecular
structure of bacterioruberin. We have highlighted
RR spectroscopic differences between bacterio-
ruberin and bacteriorhodopsin. Both of these
carotenoid and retinal-protein complexes can be
used as potential biomakers for hypersaline mi-
croorganisms/environments and for the future
astrobiological exploration of Mars.
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ABBREVIATIONS

RR, resonance Raman spectroscopy.
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