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Abstract Raman spectroscopy has proven to be a very effec-
tive approach for the detection of microorganisms colonising
hostile environments on Earth. The ExoMars rover, due for
launch in 2018, will carry a Raman laser spectrometer to
analyse samples of the martian subsurface collected by the
probe’s 2-m drill in a search for similar biosignatures. The
martian surface is unprotected from the flux of cosmic rays, an
ionising radiation field that will degrade organic molecules
and so diminish and distort the detectable Raman signature of
potential martian microbial life. This study employs Raman
spectroscopy to analyse samples of two model organisms, the
cyanobacterium Synechocystis sp. PCC 6803 and the extreme-
ly radiation resistant polyextremophile Deinococcus radio-

durans, that have been exposed to increasing doses of
ionising radiation. The three most prominent peaks in the

Raman spectra are from cellular carotenoids: deinoxanthin in
D. radiodurans and β-carotene in Synechocystis. The degra-
dative effect of ionising radiation is clearly seen, with signif-
icant diminishment of carotenoid spectral peak heights after
15 kGy and complete erasure of Raman biosignatures by
150 kGy of ionising radiation. The Raman signal of caroten-
oid in D. radiodurans diminishes more rapidly than that of
Synechocystis, believed to be due to deinoxanthin acting as a
superior scavenger of radiolytically produced reactive oxygen
species, and so being destroyed more quickly than the less
efficient antioxidant β-carotene. This study highlights the
necessity for further experimental work on the manner and
rate of degradation of Raman biosignatures by ionising radi-
ation, as this is of prime importance for the successful detec-
tion of microbial life in the martian near subsurface.
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Introduction

Raman spectroscopy of extremophilic microbes

Raman spectroscopy is an analytical technique based on
inelastic scattering of laser excitation light able to reveal
information on the vibrational and rotational modes
within a target. For organic molecules, these Raman
shifts relate primarily to vibrational modes and so are
determined by the molecular structure, including bond
types and functional groups. The Raman spectrum of a
particular molecule represents a unique fingerprint of
the bonds between its atoms and functional groups [1,
2] and with several corroborative bands the identifica-
tion of molecular species can be precise [3].

Raman spectroscopy is also sensitive to mineralogy (see
[1] and references therein). So, a Raman spectrum allows
sensitive detection of microbial life colonising a sample as
well as geochemical conditions of their microhabitat. The
Raman spectrum between about 200 and 4,000 cm−1

includes most vibrational modes of both minerals and or-
ganic molecules, with mineral signals found mostly at low
wavenumbers, and the bands from C–H bonds characteristic
of organic compounds near 3,000 cm−1 [4].

Raman spectroscopy has thus proved to be a very effec-
tive technique for the in situ analysis of microbial commu-
nities in extreme environments on Earth, similar to
extraterrestrial locations of interest to astrobiology, includ-
ing the McMurdo Dry Valleys in Antarctica [4, 5], across an
Antarctic transect [6], and within halite crusts in the hyper-
arid Atacama desert [7].

‘Extremophilic’ microorganisms in such hostile habitats
produce characteristic compounds to aid survival and pro-
tect themselves from environmental stresses. These include
photosynthetic pigments such as chlorophyll and accessory
pigments including phycocyanin [4, 7], ultraviolet-
screening compounds such as scytonemin [8] and β-
carotene [1, 4] shown in Fig. 6, photoprotection and antiox-
idant molecules like carotenoids [1], and compounds in-
volved in nutrient scavenging such as oxalate [4]. Many of
these compounds degrade into recalcitrant well-preserved
fossil biosignatures: chlorophyll degrades to porphyrins
and carotenoids to isoprenoids and hopanoids, all of which
contain moieties that produce characteristic Raman signa-
tures [1, 9]. Although Raman spectroscopy has been used to
infer a biological origin of carbonaceous residues as old as
the early Archaen, abiotic processes have been shown to
produce carbonaceous material similar to biogenic kerogen
and Marshall et al. [10] caution against the interpretation of

such ancient biosignatures until a suitable database of
Raman spectral features from biogenic and abiogenic mate-
rial has been constructed.

Raman spectroscopy in astrobiology

Laser Raman spectroscopy has been proposed as a promis-
ing technique for planetary exploration and the search for
life beyond Earth by lander or rover (see [1–4, 6, 10, 11] and
references within these). Raman spectroscopy presents
many advantages over previous instrumentation deployed
by robotic surface probes such as gas chromatography–mass
spectrometry, including (list compiled from information in
[1, 3]):

& Raman is sensitive to both organic and inorganic com-
ponents of a heterogenous target system, thus allowing
detection of biomolecules as well as their mineralogical
context

& Sample preparation, either mechanical (i.e. powdering)
or chemical (i.e. solvent extraction), is not necessary and
so microbial communities can be studied undisturbed in
their niche

& Raman is a non-destructive technique
& The nature of the specimen surface, such as irregular,

fractured or polished, is not important
& Raman analysis is invariant to sample size, from micro-

scopic to macroscopic targets
& Fibre-optic-based Raman spectrometers allow remote sens-

ing of inaccessible targets such as subsurface boreholes

The ExoMars rover is an ESA mission [12], now likely to
be merged with NASA involvement, designed specifically
to look for signs of life on Mars and due for launch in 2018.
The ExoMars confirmed scientific payload includes the
Raman laser spectrometer (RLS) instrument; the first time
a Raman spectrometer will be launched on a planetary
mission. The ExoMars RLS will analyse crushed soil sam-
ples retrieved from the martian near subsurface by the
rover's drill. RLS uses green excitation light at a wavelength
of 532 nm, and the spectrometer unit offers a spectral range
of 200–3,800 cm−1 (covering both mineralogical and bio-
logical signals), at a spectral resolution of 6–8 cm−1 [13].

A major hazard in the martian near subsurface that
may act to degrade microbial biosignatures otherwise
detectable by Raman spectroscopy, however, is the flux
of cosmic radiation.

Cosmic rays

Beyond the shielding influence of Earth’s magnetic field
and atmosphere, the space environment is pervaded by an
ionising radiation field known as cosmic rays, composed of
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both solar energetic particles (SEP) and galactic cosmic rays
(GCR) [14].

SEPs, primarily protons, are accelerated by flares and
coronal mass ejections to energies typically of tens to
hundreds of megaelectronvolts (MeV). The total fluence,
peak flux, and energy spectra vary greatly between individ-
ual SEP events (see comparison by Mewaldt [15]), and
events can last between a few hours and a week (reviewed
by Vainio et al. [16]). The flux of these SEP is thus sporadic
in nature and also dependent on the 11-year solar activity
cycle, one half of the 22-year Hale cycle due to the periodic
reversal of the Sun’s magnetic field [17]. Over long irradi-
ation durations, such as the cumulative SEP fluence onto the
martian surface over millennia, however, time-averaged
SEP spectra can be used (e.g. [18, 19]).

The peak flux of GCR particles, at around 500 MeV/
nucleon, is three to four orders of magnitude lower than the
averaged SEP flux at 10 MeV (e.g. [19]), but the power law
tail of the CR spectra extends up to 1020 eVat extremely low
fluxes. The GCR spectrum is composed of 85% protons,
14% alpha (helium nuclei), and a small fraction of heavy
ions (fully ionised atomic nuclei) and electrons (see [16, 20,
21] for discussion of the particle acceleration mechanism).
GCR below about 1 GeV/nucleon are modulated by the
heliosphere so their flux is anticorrelated with the solar
activity cycle [22].

Thus, GCR and SEP represent two complementary pop-
ulations of ionizing particles in space: GCR are present at a
relatively constant low flux, but their spectra extend to very
high energy levels, whereas SEP have a much higher flux at
lower energies and are accelerated within sporadic events.

When an energetic cosmic ray primary particle strikes
shielding matter, such as in the Earth’s upper atmosphere, it
produces extensive showers of secondary particles including
nuclear fragments and gamma rays [23]. The flux of sec-
ondaries builds with increasing shielding depth until it rea-
ches a peak, known as the Pfotzer maximum, after which the
average particle energy is below the threshold for new
particle production and the cascade is steadily absorbed. In
Earth’s atmosphere, the Pfotzer maximum occurs at the
altitude of 15–26 km, depending on latitude and solar activ-
ity level [24].

The surface of Mars today receives negligible shield-
ing against cosmic rays, due to its thin atmospheric
column and lack of global dipolar magnetic field. These
extensive cascades of secondary particles occur in the
near subsurface, with the Pfotzer maximum lying in the
top metre, although the precise depth of penetration is
dependent on the density and composition of the surface
shielding material (e.g. [25, 26]).

Ionising radiation is a major threat to the survival of
microbial life, the persistence of detectable biosignatures,
and the operation of spacecraft equipment and biosignature

detection instrumentation (see review in Dartnell [27]). Cos-
mic radiation destroys biological molecules through ioniza-
tion and radiolysis [28]. Thus, the cosmic rays represent a
dominant hazard in the martian near-subsurface environ-
ment [25, 26, 29] and far exceed the penetration of the
unfiltered solar UV flux. The ExoMars drill will be able to
retrieve subsurface samples from a maximum depth of 2 m,
and so cosmic radiation is a prime consideration within this
accessible region. Furthermore, the photosynthetic lifestyle
of cyanobacteria requires that they reside near the surface
for access to sunlight, and thus on Mars such organisms, as
well as their Raman-detectable remnant biosignatures,
would be exposed to cosmic irradiation.

So, a major unresolved issue in the search for biosigna-
tures of past or present microbial life on the martian surface
is the effect of such long-duration irradiation on their pres-
ervation. How is the distinctive Raman fingerprint of differ-
ent extremophile compounds modified or distorted by
radiation-induced breakdown of these organic biosignatures,
and at what rate are the Raman peaks diminished by expo-
sure to ionising radiation?

This initial study on the issue uses ionizing radiation ex-
posure experiments on the detectable Raman biosignatures of
the model cyanobacterium Synechocystis sp. PCC 6803 and
the extremely radiation resistant Deinococcus radiodurans.

Materials and methods

Cell culture preparation

Synechocystis sp. PCC 6803 was cultured to high cell den-
sity in 100 ml BG11 liquid growth medium [30] with a
photon flux of 46 μE/m2/s in a photosynthesis incubator
(Innova 4340, New Brunswick Scientific, St. Albans, UK)
at 25 °C with constant agitation of 130 rpm for 8 days.
Deinococcus was cultured to high cell density in tryptone
digest, glucose, and yeast extract liquid medium, composed
as described in Ref. [31] and incubated for 8 days at room
temperature with constant agitation on a vertical rotator at
40 rpm. The liquid cultures of both organisms were centri-
fuged at 15,000×g for 10 min (Eppendorf centrifuge 5804R)
and the supernatant discarded. Seven millilitres of sterile
phosphate-buffered solution (PBS; Dulbecco's phosphate-
buffered solution, Sigma) was pipetted onto each pellet
and vortexed briefly to resuspend the cells. This protocol
was followed to produce high densities of cells in the PBS
suspensions, but the exact density of colony forming units
was not quantified.

For both the Synechocystis and Deinococcus concentrat-
ed cell suspensions, one millilitre samples were pipetted into
2.0 ml borosilicate clear glass vials (2-CV, Chromacol,
purchased through Fisher Scientific) and stoppered with
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screw-caps. All vials and caps had previously been sterilised
by autoclaving. These samples were stored overnight refrig-
erated at 4 °C and transported to and from the irradiation
facility chilled on ice.

Irradiation protocol

The ionising radiation exposures were carried out at the
cobalt-60 radionuclide gamma-ray source at Cranfield Uni-
versity, Shrivenham, UK. Distance from the cylindrical
source determines the dose rate of the sample irradiation,
so the sample vials were positioned at an appropriate dis-
tance to yield the desired total dose after an exposure of 5 h.
One set of samples were positioned to receive a total irradi-
ation of 15 kGy, a second set were positioned within the
source cylinder to receive 150 kGy, and a third set were
designated as controls and remained unexposed. The accu-
racy of doses delivered to samples is ±5%, which includes
error in the timing of the exposure, positioning of the sam-
ple, and dosimetry. Control samples (0 kGy exposure) were
prepared and transported alongside the irradiation vials, but
stored for the duration of the exposure outside the irradiation
room. See Dartnell et al. [32] or Dartnell et al. [33] for
further details on the irradiation protocol.

After irradiation, the exposed and control samples were
split; half analysed with a 532-nm excitation Raman spec-
trometer and half with a 633-nm Raman, as explained below.

Five hundred thirty-two-nanometre Raman analysis

A Bruker Senterra micro-Raman spectrometer with an ob-
jective of ×40 magnification was used for the analysis at
532 nm. The laser power was 2 mW, to avoid sample
damage through heat biomolecular degradation. Previous
experimentation had confirmed that no molecular alteration
was produced at this laser power. A spectral range between
200 and 1,800 cm−1 was recorded. Spot size on the sample
was around 1 μm. Spectra were achieved at 10-s exposure
time, and 40 accumulations were performed for improving
signal-to-noise-ratio. The analyses were carried out directly
on samples dried onto glass slides and repeated in five
different spots for comparing spectra.

The uncorrected Raman spectra generated for both Dein-

ococcus and Synechocystis samples showed a gradual slope
up to higher wavenumbers and so a simple linear function
was fitted as a baseline and subtracted for the spectra shown
in Figs. 1 and 2.

Six hundred thirty-three-nanometre Raman analysis

Raman spectroscopic analysis was performed at the Univer-
sity of Bradford using a Renishaw RIAS instrument
equipped with a diode laser emitting at 633 nm with the

maximal output power of the diode laser at the source of 500
and ~50 mW at the sample. The instrument used a CCD
detector and a diffraction grating (1,000 lines/mm) limiting
the spectral range to ~2,100–100 cm−1 with a spectral reso-
lution of 10 cm−1. The instrument was attached to a fibre-
optic probe with an objective lens. Calibration of the instru-
ment is performed using the most intense peak within the
silicon spectrum occurring at 520.0±0.10 cm−1.

The samples were analysed by pipetting a small quantity
of culture to fixed depth onto a polished metal slide that
produced no Raman signal. All the samples were analysed
using the ×5 optical objective, in order to maximise depth of
field, and exposed to the laser for 10 s. The Synechocystis

cyanobacterium samples were exposed to 1% of the laser
power for one accumulation. The Deinococcus samples
were exposed to 100% of the laser power and the spectra
were averaged over 25 accumulations.

Background emission from the 633-nm Raman analysis of
Deinococcus gave a humped distribution, so a sixth-order
polynomial function (of the form: a+bx+cx2+dx3+ex4+fx5+
gx6) was fitted to this as a baseline and subtracted for the
spectrum shown in Fig. 3.

Results

A total of 12 Raman spectroscopic analyses were performed:
two microorganisms (Deinococcus and Synechocystis sp.
PCC 6803) studied with two laser excitation wavelengths
(532 and 633 nm) after exposure to three different doses of
gamma rays (0 kGy, control; 15 kGy; and 150 kGy).

Figure 1 shows the Raman spectra of D. radiodurans

between 1,700 and 300 cm−1, using a laser excitation wave-
length of 532 nm, and after exposure to 150 (top; black line)
and 15 kGy (middle; dark grey line) of ionising radiation,
compared against the unexposed control sample (bottom; pale
grey line). The wavenumbers of the three most prominent
peaks, located at 1,511, 1,152 and 1,003 cm−1, are indicated.
Also shown as faint horizontal lines are the baselines used in
the calculation of the peak heights, used to quantify the degree
of radiolytic destruction as plotted in Fig. 5.

Figure 2 displays the stacked Raman spectra of the
Synechocystis cyanobacteria samples from 532-nm exci-
tation, also colour coded from light to dark to indicate the
radiation exposure. Background emission was more prob-
lematic for these cyanobacteria samples than the Deino-

coccus, and so the baseline-corrected spectra do not
appear as flattened. The three most prominent peaks are
also labelled, occurring at 1,518, 1,155 and 1,005 cm−1, i.
e. at slightly greater wavenumbers than the corresponding
peaks detected in D. radiodurans.

The stacked Raman spectra collected for D. radiodurans
excited at the slightly longer laser wavelength of 633 nm are
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given in Fig. 3. The fitting function has proved very effective
at yielding spectra with a flat baseline. The most salient peaks

occur at 1,510, 1,152 and 1,003 cm−1, noted to be essentially
identical to those detected in the same organism with 532-nm

Fig. 1 Stacked Raman spectra (532-nm laser excitation) of D. radiodurans control sample and after exposure to 15 and 150 kGy of ionising
radiation. Wavenumber of most prominent Raman peaks indicated

Fig. 2 Stacked Raman spectra (532-nm laser excitation) of Synechocystis control sample and after exposure to 15 and 150 kGy of ionising radiation.
Wavenumber of most prominent Raman peaks indicated
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excitation. A broader Raman feature is evident around
2,900 cm−1 and is seen to remain at a remarkably constant
peak height between the unexposed control sample and max-
imum irradiation of 150 kGy. This 2,900 cm−1 spectral feature
is not present in the blank slide analysis (spectrum not shown
here) and so is a genuine signal from the cellular sample.

A comparison of the Raman spectra of the Synechocystis

and Deinococcus samples after both have been exposed to the
maximum dose of 150 kGy is shown in Fig. 4. It can be seen
that despite the different nature of the two microorganisms,
photosynthetic cyanobacterium and brightly pigmented poly-
extremophile, their Raman spectra are very similar after mas-
sive cellular degradation by the high radiation dose.

Figure 5 plots the change in Raman peak heights over
increasing radiation exposure, as indicated in the spectra
shown in Figs. 1, 2 and 3. Data are shown for each of the
three prominent peaks in the spectra, measured by both 532-
(green) and 633-nm (red) laser excitation for D. radiodur-
ans, but only 532-nm laser excitation for the Synechocystis

due to the domination of fluorescence background from the
cyanobacterium at 633 nm.

Discussion

Results presented here show the Raman spectra of both the
photosynthetic cyanobacterium Synechocystis sp. PCC 6803

and the brightly pigmented and extremely radiation resistant
polyextremophile D. radiodurans. Analyses were performed
with both 532- and 633-nm lasers, and results from Deino-

coccus are shown for both wavelengths, but no useful Raman
spectra could be collected for Synechocystis with the 633-nm
excitation. At this wavelength, any detectable Raman signal
was swamped by excessive background emission from auto-
fluorescence of the cyanobacterium's photosystem and other
pigments. Dartnell et al. [34] characterise the complete fluo-
rescent response (by generating fluorescence excitation-
emission matrices) of several different model microorganisms
including Synechocystis sp. PCC 6803 and Deinococcus (and
see Dartnell et al. [33] for a closely related study on the rate of
degradation of this cyanobacterial fluorescence biosignature
by ionising radiation). The analysis shows that 633-nm light
excites intense fluorescence from the cyanobacterial photo-
synthetic pigments phycocyanin and chlorophyl, whereas a
wavelength of 532 nm induces much less fluorescence (of
order five times less intense; Fig. 4 in Dartnell et al. [34]). D.
radiodurans, a non-photosynthetic organism, exhibits negli-
gible fluorescence at either 633 or 532 nm (Fig. 5 in Dartnell
et al. [34]).

For the successful Raman analsyses, seen in Figs. 1 and 2
at 532-nm excitation and Fig. 3 at 633-nm excitation, both
organisms exhibit three prominent Raman peaks at similar
wavenumbers. These are identified as different vibrational
and rocking modes of cellular carotenoid molecules.

Fig. 3 Stacked Raman spectra (633-nm laser excitation) ofD. radiodurans control sample, and after exposure to 15 and 150 kGy of ionising radiation.
Wavenumber of most prominent Raman peaks indicated
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Cellular carotenoids

The carotenoids are a large class of lipid-soluble molecules,
totalling around 600 distinct compounds. They are com-
posed of a long π-electron-conjugated carbon-chain back-
bone, functionalised with groups such as hydroxy, keto,
aldehyde and ester. Carotenoids are strongly coloured, due
to an allowed π–π* electronic transition that falls within the
visible spectrum, and range in appearance between dark red
and pale yellow (indeed, the hues of autumnal leaves, and
many fruit and vegetables are due to their carotenoid com-
position). Carotenoids are produced by all oxygenic photo-
synthetic bacteria (such as the Synechocystis species
analysed here), as well as eukaryotic algae and higher
plants, where they act as accessory pigments to increase
the light-collection efficiency of the photosystems as well
as acting to protect against photooxidation of the reaction
centres. Carotenoids are also synthesised by non-
photosynthetic bacteria (such as D. radiodurans) as they
function as efficient scavengers of reactive oxygen species
(ROS). This protective role of carotenoids will be discussed
in depth later.

Carotenoids are promising biosignatures of microbial life
surviving in extreme terrestrial habitats, as well as poten-
tially on the martian surface, because they yield a distinctive
fingerprint in the Raman spectrum. The identifications of

the three prominent peaks seen in the spectra of Deinococ-
cus and Synechocystis are listed in Table 1 (for assignment
of these wavenumbers, see, for example, [6]). The Raman
peak at around 1,515 cm−1 is due to vibrations about the
carbon double bonds, v1(C0C), in the polyene chain of the
carotenoid, whereas the peak at around 1,150 cm−1 is caused
by a second vibrational mode, around carbon–carbon single
bonds, v2(C–C). The spectral feature at around 1,000 cm−1

is from in-plane rocking modes of methyl groups attached to
the polyene backbone coupled with C–C bonds.

Deinococcus analysed with both 532- and 633-nm lasers
also shows smaller features in the spectral region 1,400–
1,250 cm−1 due to in-plane rocking of C–CH and 1,000–
700 cm−1 from out-of-plane wagging of hydrogen [35].
These less prominent spectral features were not included
in the degradation rate analysis as they could not be reliably
identified in the 15 kGy exposed samples.

Whilst Synechocystis excited at 532 nm shows a strong
Raman signature of β-carotene, there were no detectable
peaks from chlorophyll, expected at around 1,320 and
1,360 cm−1 from the tetrapyrrole ring [1, 3, 6]. However,
Jorge-Villar and Edwards [3] note that the 1,326 cm−1 chlo-
rophyll feature is detectable with 785-nm excitation but not
with 514-nm excitation, due to the sensitivity of Raman
scattering by pigments on the laser excitation wavelength.
The Raman spectrum of D. radiodurans has been reported

Fig. 4 Comparison of the Raman spectra produced by Synechocystis

sp. PCC 6803 and D. radiodurans cells irradiated to the maximum
dose of 150 kGy. The Raman spectra of these very different categories

of microorganisms are remarkably similar after massive radiolytic
cellular degradation
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by Edwards et al. [36] from 1,064-nm laser excitation, and
here we supplement this with spectra generated from 532-
and 633-nm excitation and find that the wavenumber of
these carotenoid features agree very closely. Additionally,
this current study is the first to examine the loss of signal
from radiolytic degradation of biosignature molecules, as
discussed further below.

Both Deinococcus and Synechocystis exhibit carotenoid
peaks at very similar spectral locations, but importantly
Table 1 shows that the v1(C0C) feature is found at a signif-
icantly lower wavenumber in Deinococcus (1,510 cm−1)
than the cyanobacterium (1,518 cm−1). The location of the
v1(C0C) Raman feature is strongly dependent on the num-
ber of C0C bonds in the polyene chain of the carotenoid

Fig. 5 The decrease in Raman
spectral peak height measured
for (a) D. radiodurans and (b)
Synechocystis sp. PCC 6803
cells exposed to increasing
doses of ionizing radaiation.
Data from three prominent
Raman peaks are shown at
1,511/1,518 cm−1

(Deincococcus/Synechocystis),
1,152/1,155 and 1,003/
1,005 cm−1. Colour coding
indicates the excitation laser
wavelength used 532 (green)
and 633 nm (red), and the
darker shades indicate the
increasing radiation exposure.
Only 532 nm (green) laser
excitation yielded an analysable
Raman spectrum for
Synechocystis

Table 1 Identification of the
three prominent peaks in the
Raman spectra shown in Figs. 1,
2 and 3, located at very similar
wavenumbers in Deinococcus

radiodurans and Syncechocystis

sp. PCC 6803

Peak no. Deinococcus

wavenumber (cm−1)

Syncechocystis

wavenumber (cm−1)

Compound Mode

1 1,510 1,518 CAROTENOID v1(C0C)

2 1,152 1,155 CAROTENOID v2(C–C)

3 1,003 1,005 CAROTENOID δ(C0CH)
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molecule: the greater the number of conjugated bonds the
lower the wavenumber of the corresponding v1(C0C) peak.
The Raman spectra thus indicate that the primary carotenoid
pigment synthesised by Deinococcus is a longer molecule
than that of Synechocystis. Figure 6 shows the molecular
structures of several representative carotenoids: both caro-
tenes, hydrocarbons typically with backbones forty carbon
atoms long (such as β-carotene), and xanthophylls, deriva-
tives of carotenes that incorporate one or more oxygen
atoms in functional groups (such as deinoxanthin).

High-performance liquid chromatography reveals that the
brightly pigmented Deinococcus contains six coloured com-
pounds with a β-carotene chromophore [37]. The dominant
carotenoid synthesised by D. radiodurans has been named
deinoxanthin [38], with a molecular structure determined as:
(2R)-2,1′-dihydroxy-3′,4′-didehydro-1′,2′-dihydro-β, ψ-
caroten-4-one [39], as shown in Fig. 6 (top). Deinoxanthin
seems to be unique to the Deinococcus genus, although it is

structurally similar to flexixanthin (a carotenoid produced
by species of the Flexibacter genus [40]) as seen in Fig. 6.
Both deinoxanthin and flexixanthin are believed to be syn-
thesised from lycopene [41, 42], but deinoxanthin differs by
an additional hydroxyl functional group on the C2 carbon of
the β-ring [43]. In contrast to deinoxanthin, β-carotene is a
very widespread pigment, and is the dominant carotenoid in
Synechocystis cyanobacteria. Figure 6 shows β-carotene to
possess only nine conjugate bonds in its structure, compared
with 11 in the polyene backbone of deinoxanthin. It is this
structural difference in the predominant carotenoid that
explains the shift of the v1(C0C) feature in the Deinococcus
and Synechocystis Raman spectra.

The colour of a carotenoid molecule also depends on the
number of double bonds in the main carbon-chain: increas-
ing the conjugation length yields hues passing from yellow
through orange to deep red [44]. For example, β-carotene
with its 11 conjugated bonds looks orange, bacterioruberin

Fig. 6 Molecular structures of
carotenoids relevant to this
study: deinoxanthin, the C-2
hydroxyl monocyclic caroten-
oid unique to species of the
Deinococcus genus [43]; flex-
ixanthin, the structurally similar
carotenoid produced by mem-
bers of Flexibacter genus [40,
41]; γ- and β-carotene, com-
mon accessory pigments and
antioxidants in both photosyn-
thetic and nonphotosynthetic
microorganisms; and lycopene,
a carotene intermediate in the
synthetic pathways for many
carotenoids [49]
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has 13 and appears a pinkish red [35] whereas D. radio-

durans is a bright pink colour from deinoxanthin and its
conjugation length of 12.

Rate of biosignature degradation

The central aim of this present study was to characterise the
degradation of Raman biosignatures of the two representa-
tive microorganisms. Synechocystis sp. PCC 6803 is a mod-
el cyanobacterium that is easy to culture and has been well-
characterised by genetic and photosynthetic research, and
exhibits many of the same pigments and other cellular
compounds as cyanobacteria living in extremophilic micro-
habitats. Deinococcus is a very radiation resistant microbe,
and is often taken a model polyextremophile capable of
tolerating martian conditions.

Figures 1, 2 and 3 show the Raman spectra generated for
these two organisms after increasing exposure to ionising
radiation, emulating the cosmic ray fluence on the martian
surface. Substantial diminishment of the prominent spectral
peaks is evident after 15 kGy of irradiation, and by 150 kGy
the carotenoid biosignatures have been completely
destroyed. Indeed, the Raman spectra of Deinococcus and
Synechocystis samples exposed to the maximum irradiation
(150 kGy) can be seen in Fig. 4 to be remarkably similar.
These two distinct cell types, Deinococcus a very deeply
rooted bacterium only closely phylogenetically related to the
heat-tolerant Thermus genus [45] and with a unique carot-
enoid complement, and Synechocystis a photosynthetic cy-
anobacterium, appear to be very similar once their cellular
biomolecules have been extensively degraded by radiation.

Figure 5 quantifies the rate of Raman signal loss, plotting
the change in peak height for the three carotenoid features
against radiation dose. Signal intensity of deinoxanthin ca-
rotenoid in Deinococcus from 633-nm excitation is reduced
to one third after 15 kGy, and around 4% as measured by the
532-nm instrument. The detectable Raman signal from β-
carotene in Synechocystis is down to about two thirds of the
unirradiated control after 15 kGy. Whilst some variability in
the rate of signal loss is apparent between 633- and 532-nm
analyses of D. radiodurans, the three peaks measured in the
same organism with the same wavelength are notably con-
sistent with each other. It should also be stressed that the
Raman signal strength from carotenoids is known to be
closely dependent on the excitation wavelength used, and
most notably when the laser wavelength coincides with an
allowable π–π* electronic transition within the carotenoid
the signal is greatly enhanced; the basis behind resonance
Raman spectroscopy [35]. Regardless of this variation, the
trend is very clear and by 150 kGy the Raman fingerprint of
carotenoids in both Synechocystis and Deinococcus has
been completely erased. By way of comparison, absorption
spectroscopy of similarly irradiated Synechocystis sp. PCC

6803 cells implies that carotenoids have been completely
degraded by 60 kGy of gamma rays [33].

These substantial reductions in the Raman biosignatures,
particularly the complete absence of detectable signal after
150 kGy, are believed to be due to radiolytic destruction of
the carotenoids by the high fluxes of ionising gamma-rays,
and not inter-sample variability.

The broad Raman feature in the region of 2,900 cm−1 in
the spectrum of D. radiodurans excited with 633-nm laser
light (Fig. 3) is due to C–H stretching vibrational bands of
aliphatic compounds [46]. Such a feature is indicative of
aliphatic organic molecules, but not necessarily biological
compounds in the way that carotenoids are an unambiguous
biosignature. This 2,900 cm−1 feature is noted to be very
stable in the face of high doses of ionising radiation, in
contrast to the complete loss of signal from the three indic-
ative peaks of the carotenoid. The standard error of the
variation in the peak height of this feature is less than 6%
across the three dose levels. Similarly, the broad background
feature around 500 cm−1 in Figs. 1 and 2 from 532-nm
excitation is also stable to the radiation exposure, with the
standard error of variation being 7.5% across all three expo-
sures of Deinococcus and 4.5% between the control and
15 kGy exposure of Synechocystis. The stark decreases in
the peak heights of the labelled Raman biosignatures can
thus be confidently ascribed to the molecular destruction of
irradiation and not sample or measurement variation, and so
the quantitative analysis shown in Fig. 5 is taken to be
reliable.

Role of carotenoids in radiation resistance

In addition to demonstrating the total loss of detectable
biosignatures after 150 kGy of ionising radiation, the results
presented in Fig. 5 suggest that the carotenoid Raman fin-
gerprint of the irradiated Deinococcus population is degrad-
ed more rapidly by the gamma ray flux than the carotenoids
in the Synechocystis cyanobacterium. As seen in Fig. 6, the
principal carotenoid in Deinococcus, deinoxanthin, is a lon-
ger chain molecule than the β-carotene in Synechocystis,
and also contains one rather than two terminal ring struc-
tures. These structural features may render the carotenoid
complement Deinococcus more susceptible to radiolytic
break-down, by either the direct or indirect mechanisms,
than that of the Synechocystis cells. Carotenoid molecules
serve as accessory pigments to increase the efficiency of
photosystems but are also synthesised by many non-
photosynthetic bacteria as they function as efficient scav-
engers of ROS. As described in the Introduction, irradiation
of water produces hydrated free electrons, free radicals such
as the ·OH hydroxyl radical, and molecular oxidants like
hydrogen peroxide, which diffuse from their site of produc-
tion and attack biomolecules (see Dartnell [27] for a
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summary of the reaction pathways of irradiated water).
Carotenoids have an antioxidant function and can effective-
ly scavenge these reactive oxygen species and free radicals
[47, 48]. Carotenoids act as a non-enzymatic line of defence
against oxidative stress (alongside enzymes such as super-
oxide dismutase and catalase that catalytically break-down
ROS), sacrificially protecting a cell from the oxidizing
products of radiation and so are themselves rapidly
destroyed (see the excellent review of carotenoids presented
in Armstrong [49], and references therein). Prior radiation
exposure experiments reported by Dartnell et al. [33] have
found that carotenoids diminish much more rapidly (as
determined by absorption spectroscopy) than other cellular
pigments such as chlorophyll and phycocyanin within irra-
diated cyanobacterial cells.

The prevalence of carotenoids in Deinococcus is thought
to contribute to the organism's extreme radiation resistance,
alongside enzymatic processes involved in ROS removal
and DNA repair [50]. Tian et al. [43] demonstrated that
deinoxanthin is particularly effective at scavenging both
H2O2 and singlet oxygen, performing better than either
carotenes (such as lycopene and β-carotene) or other xan-
thophylls (including zeaxanthin and litein). Targeted muta-
genesis was used to knock-out the phyoene synthase gene
and so block the carotenoid synthesis metabolic pathway.
The mutants were thus unable to generate carotenoids,
appearing unpigmented, and were found to be more sensi-
tive to hydrogen peroxide, desiccation and ionising radia-
tion than the wild type strain [43]. This complements earlier
work showing that unpigmented D. radioduransmutants are
significantly more sensitive to oxidising hazards such as
H2O2 and ionising radiation, as well as desiccation and
UV radiation (e.g. [37, 51, 52]), although it is important to
note that wildtype unpigmented members of the genus, such
as Deinococcus deserti, can be as radioresistant as the
intensely red D. radiodurans [53]. This may be partly due
to the fact that some carotenoids, including phytoene, are
colourless, and an apparently unpigmented strain may still
synthesise some carotenoids [54] and so be afforded antiox-
idant protection.

The superior ROS-scavenging capability of deinoxanthin is
believed to be due to its extended conjugated double bonds
and hydroxyl functional end groups [54], as can be seen in
Fig. 6. This enhanced scavenging ability of deinoxanthin, and
the sacrificial protection against irradiation products it affords
D. radiodurans, thus explains the more rapid degradation of
theDeinococcus carotenoid signatures than the cyanobacterial
Raman peaks that is evident in the plots in Fig. 5.

Necessity for further work

Many papers over recent years have stressed the applicabil-
ity of Raman spectroscopy to planetary exploration, and in

particular searching the martian surface for remnant bio-
signatures (see [1–4, 6, 10, 11] and references within these),
but the response of target biosignature molecules to long-
term exposure to cosmic radiation on Mars has not yet been
addressed.

Previous studies have looked at the changes in Raman
spectrum from organic material in a diagenetic series or
exposed to ionising radiation. Marshall and Olcott Marshall
[44] report the differences in Raman spectra between two
biosignature carotenoids, β-carotene and lycopene (see
Fig. 6), and their diagenetic products, the perhydro deriva-
tives β-carotane and lycopane. These derivatives are formed
by hydrogenation of the polyene chain and thus loss of all
conjugated C0C bonds; the dominant chemical process dur-
ing senescence and early diagenesis. They found, as would
be expected, that the perhydro derivatives exhibit no Raman
band around 1,512–1,518 cm−1 due to ν1(C0C) stretching
(see Table 1) but instead show appearance of an intense
band assigned to methylene scissoring and eight other bands
due to variance vibrational modes of C–C bonds.

Court et al. [55] used Raman spectroscopy to analyse
terrestrial organic matter (bitumens) that had been naturally
irradiated in situ by the radionuclide content of their host
rock. They found that whereas thermal maturation and
metamorphism of organic matter generally leads to an in-
crease in structural organisation, through carbonisation and
graphitisation, the effects of long-term irradiation are to
increase disorganisation.

This current study, however, is the first to examine the
changes in the Raman spectra of microbial biosignatures
with ionising radiation, which is a dominant environmental
hazard on the martian surface. The radiolytic degradation of
cellular compounds, or their refractory diagenetic products,
by the long-term flux of cosmic rays will act to degrade
biosignatures detectable by Raman spectroscopy and so
frustrate life detection in the martian surface. This study
has clearly demonstrated the significance of this effect and
the erasure of Raman fingerprints of biosignatures by ionis-
ing radiation.

Further work is needed to study in greater detail this
radiation-induced degradation of microbial biosignatures.
This current study has found significant degradation by
15 kGy of ionising radiation, and total destruction of the
Raman signal by 150 kGy, thus defining the limits for future
work. On-going work will explore this defined range with
greater dose resolution, and also explore the effect of tem-
perature during irradiation. The martian near subsurface at
midlattitudes varies between 230 and 180 K [56], and fur-
ther irradiation experiments will examine to what extent a
lower temperature limits the rate of degradation, as has been
found, for example, on the effects of ionising radiation on
organism survival [32, 57] and ultraviolet radiation on ami-
no acid degradation [58].

Destruction of Raman biosignatures by ionising radiation 141

Author's personal copy



We have found here a clear diminishment of Raman peak
heights with irradiation, but another effect that might also be
expected is a shift in the position of particular bands. For
example, the wavenumber of the v1(C0C) band depends on
the number of conjugate bonds in the carotenoid polyene
backbone. If ionising radiation causes lysis of chains, or
otherwise destroys C0C bonds, you might expect to see a
shift or broadening of this spectral feature as carotenoids are
steadily radiolysed to yield a population of fragments of
different conjugate lengths.

The long-term flux of cosmic radiation is thus expected
to not only diminish detectable Raman peak heights, but
also potentially distort recognisable spectral fingerprints,
and so to maximise the chance of success of astrobiological
searches in the martian surface it is imperative to understand
both the nature and rate of this biosignature degradation.
Raman spectroscopy has also been proposed for biosigna-
ture detection in other astrobiological targets influenced by
ionising radiation. For example, penetrator probes may in-
vestigate in situ the near-subsurface ice of Europa [59], an
environment that is exposed to the very high flux of trapped
particle radiation in the Jovian magnetic field. This question
of the effects of ionising radiation on the detectability of
Raman biosignatures is not therefore limited to the explora-
tion of Mars.

This paper is intended as a clarion call for the necessary
investigations into the effects of ionising radiation on the
detectability of microbial biosignatures by Raman spectros-
copy, in the crucial interests of astrobiology.

Conclusions

Raman spectroscopy is a promising technique for searching
for biosignatures of microbial life in the surface and near
subsurface of Mars. The model microbes Synechocystis sp.
PCC 6803 and D. radiodurans have been shown here to
yield a distinctive Raman biosignature. Three prominent
peaks were observed in the Raman spectra of D. radiodur-
ans from both 532- and 633-nm laser excitation, and of the
Synechocystis cyanobacterium at 532 nm. These spectral
features are identified as the v1(C0C) and v2(C–C) backbone
vibrations and the δ(C0CH) rocking modes of cellular car-
oteniods: deinoxanthin in D. radiodurans and β-carotene in
Synechocystis. The lower wavenumber of the v1(C0C) fea-
ture in D. radiodurans corresponds to the longer conjugate
length of the polyene backbone of deinoxanthin. These
distinctive biosignature Raman spectral features of carote-
noids, common to photosynthetic and extremophilic micro-
organisms on Earth, thus represent a promising target for the
RLS instrument aboard ExoMars. The unshielded flux of
cosmic radiation onto Mars creates an ionizing radiation
field that penetrates the top metres of the subsurface, and

will act to degrade detectable organic biosignatures. This
study has found a significant diminishment of Raman spec-
tral peak heights after 15 kGy of ionising radiation, and
complete erasure of Raman biosignatures by 150 kGy. The
carotenoid signature of Deinococcus is observed to diminish
more rapidly than that of Synechocystis. This is believed to
be due to the fact that deinoxanthin is a superior scavenger
of reactive oxygen species, such as produced by radiolysis,
and so is destroyed more quickly than the less efficient
antioxidant β-carotene. This present study highlights the
necessity for further investigation into this effect of ionizing
radiation, and the degradation rate of Raman biosignatures
on Mars.
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