Received: 11 November 2022

Revised: 24 January 2023

W) Check for updates

Accepted: 25 February 2023

DOI: 10.1002/jrs.6514

SPECIAL ISSUE - RESEARCH ARTICLE

Journal of

RAMAN
spECTRoscopy YVILEY

Using Raman spectroscopy to detect scytonemin of epiliths
and endoliths from marble, serpentinite and gypsum

Jan Jehlicka® |

Unstitute of Geochemistry, Mineralogy
and Mineral Resources, Faculty of
Science, Charles University, Prague,
Czech Republic

ZBiology Centre of the Czech Academy of
Sciences, Institute of Hydrobiology, Ceské
Budéjovice, Czech Republic

*Center Algatech, Institute of
Microbiology, The Czech Academy of
Sciences, Ttebon, Czech Republic

Correspondence

Jan Jehlicka, Institute of Geochemistry,
Mineralogy and Mineral Resources,
Faculty of Science, Charles University,
Prague 12843, Czech Republic.

Email: jehlicka@natur.cuni.cz

Funding information

Czech Science Foundation, Grant/Award
Number: 21-03322S; Center for Geosphere
Dynamics, Grant/Award Number: UNCE/
SCI/006

1 | INTRODUCTION
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Abstract

Here, we present Raman spectra showing the presence and distribution of scy-
tonemin and carotenoids in epilithic and endolithic colonisations from temper-
ate locations in Central Europe and Sicily. In the Bohemian Massif, marble
and serpentinitic cyanobacterial epiliths dominated by cyanobacteria Scyto-
nema, Stigonema, Hassallia, Gloeocapsopsis and Gloeocapsa were investigated
using light microscopy and Raman spectroscopy. Scytonemin was a common
dark pigment, accompanied by carotenoids and gloeocapsin on the marbles
from Opolenec and on serpentinites from Holubov (South Bohemia). Raman
spectra from other sites originated from endolithic colonisations of gypsum.
They were located in the Carpathian foredeep (Badenian, Silesian unit, eastern
Poland) and in Messinian complexes in the Mediterranean area (Sicily). Simi-
larly to the previous localities, almost ubiquitous occurrence of scytonemin
confirmed the presence of cyanobacterial colonisations. Obtained findings are
important from the spectroscopic point of view. Additionally, comparing
results from several sites confirmed the common occurrence of scytonemin in
both endoliths and epiliths from areas that cannot be considered climatically
extreme, although they experience rapid fluctuations in temperature, humidity
and UV irradiation on the exposed rocky substrates.
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granite.*”) These organisms are known as lithobionts
and can be divided into several groups—epiliths (inhabit-

As Walker and Pace stated in their excellent review, ‘The
endolithic environment, the pore space within rocks, is a
ubiquitous habitat for microorganisms and a critical
interface between biology and geology’.[” Sometimes,
microbes thrive and colonise mineral or rocky out-
crops.>*! They sometimes colonise surface, cracks or
cleavage spaces of gypsum,*! calcite,!® dolomitel”! or

ing the surface of rocks), endoliths (inhabiting inner
parts of rocks) and hypoliths (inhabiting spaces below
rocks).""®! Endoliths can be further divided into chas-
moendoliths (colonising rock fissures and cracks) and
cryptoendoliths (colonising pores within rocks).””! These
lithobionts include diverse groups of organisms—micro-
algae, lichens, fungi, cyanobacteria and archaea.!'*1?]
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Marble and granite are the most common rocks cov-
ered by black, dark or reddish microbial, frequently cya-
nobacterial colonies.'®! Rock surfaces can be fully
exposed to sunlight and occur also in all types of tropical
biomes, including the table mountains in the Guayana
Uplands of South Americal'! inselbergs (isolated rock
outcrops) in rainforests, humid and dry savannas''® and
semideserts.|'®’ These rock surfaces harbour a surpris-
ingly high variety of cyanobacteria and cyanobacterial
lichens thriving in the harsh environments.!®!

Colourful patches on rocky outcrops, building stones,
statues or on surface of trees have sometimes origin in
microbial colonisation.!'”~2°! Microbial world is colourful,
and the pigmentation reflects different possible functions
of the synthesised pigments. Not all are used for photo-
synthesis (chlorophylls, carotenoids), and some of them
participate in processes allowing microbes to protect
themselves against environmental stressors such as UV
radiation, for example, mycosporine-like amino acids and
scytonemin.?!! Orange, pink, reddish and yellow carot-
enoids are widespread not only among photosynthetic
prokaryotes.l”***! Many other classes of pigments are
encountered in the microbial world: Examples include
chlorophylls and bacteriochlorophylls; phycobiliproteins;
retinal-containing proteins such as bacteriorhodopsin,
halorhodopsin and proteorhodopsin; carotenoids; flexiru-
bins; and many others.**?>*! Phototrophic prokaryotes
can also display brown, violet and blue colours as
reflected in names such as Chlorobium phaeovibrioides,
Rhodocyclus purpureus and Cyanothece aeruginosa. Prop-
erties such as the colony colour and the presence of dif-
ferent pigments are useful for taxonomic characterisation
of prokaryotes,[22] and the pigments may even be used as
biosignatures for search of life in astrobiology./**?”! The
chemical structure of some microbial pigments is still
unknown, such as the pigment of the marine proteobac-
terium Phaeobacter inhibens,'*®! gloeocapsin found in sev-
eral cyanobacteria®*>°! or glaukothalin of Rheinheimera
baltica.*"!

Scytonemin is a very common protective pigment of
cyanobacteria, exclusively produced by this group of
microorganisms, thus serving as a specific biomarker.[**~
31 1t was documented by Raman spectroscopy in various
samples, for example, by endolithic cyanobacteria from
the Atacama Desert!**"! or from cold zones.!***! Scyto-
nemin has the following formula: C3¢H,N,04. A yellow-
brown lipid-soluble dimeric compound is composed of
indolic and phenolic subunits,**! and it occurs in oxi-
dised (MW 544 Da) and reduced (MW 546 Da) forms.**!

The application of Raman spectroscopy (resonance
Raman spectroscopy) in natural pigments research,
mainly to study carotenoids and chlorophylls, has devel-
oped since 1980s.1“*! The technique was also used to
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assess the presence of light-harvesting pigments bacterio-
chlorophyll and bacteriochlorophyll-protein complexes in
purple photosynthetic bacteria.'**! Resonance Raman
spectra of astaxanthin-protein complexes were published
soon after, allowing to deepen the knowledge of
carotenoid-protein interactions.!*®! More achievements of
the technique appeared later on photosynthetic and pro-
tective pigments of very different microorganisms,
including extremophillic ones, as reviewed, for example,
by Jehlicka et al. and Maia et al.***! Raman spectros-
copy was suggested as an excellent tool to rapidly pros-
pect, detect and discriminate pigments on rocky
outcrops.[4>3)

Scytonemin was reported from rocky colonisations of
different types many times as detected using Fourier
transform (FT)-Raman spectroscopy with 1064-nm exci-
tation. These studies describe colonisations from different
cold areas, for instance,[51’52] or from warm desert zones,
more commonly using 785 nm!>*! but also using FT-
Raman spectroscopy with 1064-nm excitation.l**! The
spatial distribution of scytonemin and other pigments
was evidenced using different techniques of Raman spec-
troscopic mapping or imaging. This information is more
and better reported mainly from endoliths in different
lithologies from the Atacama Desert (e.g., Vitek et al.,
2013).14!

The first Raman spectroscopic analysis of scytonemin
was reported from the purified extracted material
obtained from Lyngbya cf. aestuarii from intertidal cyano-
bacterial mats by Edwards et al.®®! The measurements
were carried out using an FT-Raman with 1064-nm
Nd:YAG excitation. The authors described the key spec-
troscopic signatures and suggested for the first time
assignments of all Raman bands. The Raman spectrum of
scytonemin includes four major diagnostic Raman bands
at 1590, 1549, 1323 and 1172 cm™ L. The tentative assign-
ments of the most important scytonemin bands are as fol-
lows: The 1590 cm™ ' band is assigned to the v(CCH)
aromatic ring quadrant stretching vibration, the
1549 cm ™' band is assigned to the v(CCH) p-disubstituted
aromatic ring vibration, the 1323 cm ™' band is attributed
to the v(C=N) stretching vibration of the indole ring and
the 1172 cm ! band arises from the (C=C-C=C) system
(trans) that can be followed throughout the molecule and
is possibly centred on the important v(C-C) vibration of
the dimer bond between the two parts of the molecule.

Raman signatures of carotenoids from different sites
with less extreme environmental conditions (compared
with the deserts and polar regions) were already
reported™*® from gypsum endoliths from Sicily. Some
data were collected directly in the field at gypsum out-
crops using portable Raman spectrometer.[57] They are
also common photosynthetic pigments connected to the
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cyanobacterial endolithic colonisations at different sites
in eastern Poland as reported recently.[*"’

In this study, we focus on the dark protective pigment
scytonemin from rocks from three different, climatically
temperate areas. Investigated outcrops include gypsum
endoliths and marble and serpentinite epiliths from Cen-
tral European and Sicilian sites. The Raman measure-
ments are accompanied by optical microscopic analysis
of detected microbial communities. Our aim was to show
that the spectroscopic data and detected pigments can be
associated with the presence of the identified
cyanobacteria.

2 | MATERIALS AND METHODS

2.1 | Sampling sites

Investigated sites of colonised marble and serpentinite
occurrences studied belong to Bohemian Massif
(Czechia), and outcropping gypsum is of Badenian age
(eastern Poland) and those Messinian age (Sicily).
Figure 1 reports a simplified map with the positions of
the localities, and Table 1 lists the sampling sites.

2.1.1 | Opolenec

Samples of epiliths were collected in the Opolenec Nature
Reserve, on steep west-oriented slopes of the Opolenec
hill in Sumavské Podhtifi mountain range (forest-steppe
pine wood), close to the town of Vimperk, South Bohe-
mia, Czechia. The rocks belong to Bohemian Massif
(Moldanubicum) and consist of a metamorphosed lime-
stone lens embedded in gneisses. Two sampling spots
included crystalline limestone (marble) outcrops exposed
to direct sunlight in the area of a small karst cavern
(Sudslavicka Cave; GPS: 49.0905586° N, 13.7958778° E
(Figure 2A) and an abandoned historical quarry nearby.

2.1.2 | Holubov

The second sampling site in South Bohemia included two
sub-localites, the Holubovké hadce Nature Reserve (GPS:
48.8924278° N, 14.3423711° E) and another spot outside
the Borinka Nature Reserve (GPS: 48.9001161° N,
14.3094308° E), both near Kfemze, in the Blansky les
Protected Landcape Area. Both localities are also part of
the Bohemian Massif (Moldanubicum) and contain ser-
pentinite outcrops on hillslopes of the Kiemzsky Brook,
covered by a sparse pine wood. The samples of epiliths
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FIGURE 1 Map of the site with investigated epilithic and
endolithic occurrences.

were taken from sunlit serpentinite outcrops in the Holu-
bovské hadce site (Figure 2C).

2.1.3 | Skorocice

Gypsum samples were collected from weathered areas of
the gypsum outcrop close to the village Skorocice (GPS:
50.4181372° N, 20.6706975° E). Colonisation was green
and blackish coloured and were located mostly in the
cleavage zones of flat honey colour gypsum crystals
(around 10 cm in length). The blackish colonisation was
located always in the areas closer to the surface.
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TABLE 1 List of sampling sites.
Country Locality (site) GPS coordinates Lithology Type of colonisation
Czechia Opolenec (Opolenec Nature Reserve) 49.0905586° N, 13.7958778° E Marble Epiliths
Holubov (Holubovké hadce Nature Reserve) 48.8924278° N, 14.3423711° E Serpentinite Epiliths
Holubov (Borinka Nature Reserve) 48.9001161° N, 14.3094308° E Serpentinite Epiliths
Poland Skorocice 50.4181372° N, 20.6706975° E Gypsum Endoliths
Chotel Czerwony 50.3715161° N, 20.7284994° E Gypsum Endoliths
Chwatowice 50.5651914° N, 20.6162725° E Gypsum Endoliths
Wola Zagojska Gorna 50.4439208° N, 20.6105317° E Gypsum Endoliths
Sicily (Italy) Eraclea Minoa 37.3942910° N, 13.2892600° E Gypsum Endoliths
Santa Ninfa 37.7768692° N, 12.8667633° E Gypsum Endoliths
Entella 37.7694772° N, 13.1011228° E Gypsum Endoliths
Ravanusa 37.3007758° N, 13.9900467° E Gypsum Endoliths

FIGURE 2 Marble and serpentinite
colonised outcrops from Southern
Bohemia—Opolenec marble (A) and
detail of dark epilithic colonies (B),
Holubov serpentinite rocks (C) and
detail of black epilithic colonies (D).

2.1.4 | Chotel Czerwony

found in honey colour narrow transparent gypsum crys-
tals, mostly located between the greyish-white gypsum
crystals.

Colonised gypsum samples were collected from the ouc-
trop near the town Chotel Czerwony (GPS:
50.3715161° N, 20.7284994° E) (Figure 3A). Greyish-
white gypsum crystals (40-60 cm in length) (Figure 3B)  2.1.5 |
were found at the bottom, and in some places, these crys-

Chwalowice

tals were covered by dark grey coating. Uppermost black
and inner green pigmented endolithic colonisation was

Colonised crystals originate from gypsum outcrop about
100-m distance from the road from Gartatowice to
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Chwatowice (GPS: 50.5651914° N, 20.6162725° E). Grey-
ish flat selenitic crystals (~10 cm in length) showed no
specific orientation at the outcrop, and their cleavage
spaces were by black (uppermost), orange and green
(inner) endoliths.

2.1.6 | Wola Zagojska

Small outcrop about 10 m from the road in Wola
Zagojska Gérna (GPS: 50.4439208° N, 20.6105317° E)
(Figure 2C). Gypsum crystals with various orientation
were colonised in their cleavage space by black (upper-
most) (Figure 3D), orange and green endoliths in the
inner parts of crystals.

2.1.7 | Eraclea Minoa

Endolithic colonisations were found in a gypsum-calcite
outcrop about 200 m from the village Eraclea Minoa
(GPS: 37.394291° N 13.289260° E). Colonised crystals
were collected from the blocks of gypsum from the upper
part of the outcrop. Gypsum crystals were about 10 cm
long, and colonisation was located about 2-4 cm from
the surface.

FIGURE 3
eastern Poland—Chotel Czerwony (A,B)

Gypsum outcrops from
and Wola Zagojska (C,D); image

(D) shows green endolithic
colonisations.

Santa Ninfa

2.1.8 |

Flat honey-coloured selenites were collected from a gypsum
outcrop near the village Santa Ninfa (GPS: 37.7768692° N,
12.8667633° E). These crystals were colonised in their
cleavage spaces, frequently in the inner weathered zones.

2.1.9 | Entella

Gypsum outcrop is located near the road between Pog-
gioreale and Borgo Roccella (GPS: 37.7694772° N,
13.1011228° E) (Figure 2A). Grey gypsum crystals formed
aggregates (~5 cm in length) with underlaying fine-
grained weathered matrix (Figure 4B). In this matrix,
endolithic colonisations were found.

2.1.10 | Ravanusa

Gypsum outcrop is located near the road close to the
town Ravanusa (GPS: 37.3007758° N, 13.9900467° E)
(Figure 3C). On the surface of the outcrop, grey crystals
(about 0.5-2 cm in length) were present (Figure 4D).
Beneath them, weathered fine-grained matrix with endo-
lithic colonisation occurs (about 5 cm below the surface).
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FIGURE 4 Gypsum outcrops found
in Sicily—Entella (A) and Ravanusa

(C) and detailed images of green
endolithic colonisations at Ravanusa site
(B) and Entella site (D).

2.2 | Field sampling and microscopic
analysis

Samples of epilithic aerophytic microbial mats were
taken by scraping from rock into sterile vials using the
cap of the vial or a knife washed by distilled water, and
endolithic samples were taken as small pieces of rock
with visible coloured patches of microbial colonisation.
The rock outcrops inside protected areas were sampled
with caution to vegetation and the mineral substrate,
gently removing only minor amounts (up to 2 mL) of the
microbial assemblage at sites directly accessible from
touristic footpaths. The samples were air-dried in the lab-
oratory and stored at a dark and dry place for further
processing.

Sampled microbial biomass was gently removed from
the substrate and crushed on a microscopy slide in a
drop of sterile water. Microscopic observations were
accomplished using Olympus BX 51 light microscope
equipped with differential interference contrast optics
under 400-1000x magnification (bright field), and cya-
nobacteria were documented using Olympus cell Sens
Standard v. 2.1 image analysis software. Cyanobacterial
taxa were identified according to Komdrek and
Anagnostidis,'*®!  Komarek.”>®!  Three slides per
sample were analysed to reliably identify the dominant
species.

RAMAN _ | s
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2.3 |

Raman spectroscopy

Tiny amount (<1 mm?®) of each colony was sampled at
random from the originally collected samples and subse-
quently placed on an aluminium slide and was analysed
after drying. The analyses were performed at first in a
screening mode, where fast analyses at many points cov-
ering the sample allowed to establish the relative occur-
rence of different pigments. Two Raman spectrometers
were used for acquisition of the Raman spectra. The first
was a Thermo Scientific DXR Raman microscope coupled
with an Olympus microscope. Excitation was provided by
445-, 532- and 780-nm diode lasers. The spectra were
recorded using a high-resolution grating in the range of
100-1800 cm ' with a spectral resolution less than
2 cm ' Single Raman spectra were collected using
128 scans each of 2-s exposure for an improved signal-to-
noise ratio. The laser spot size was approximately 2 pm
in diameter when focused at the surface. Laser power
used was variable for different lasers (typically 0.5-4 mW
at source); however, the care was taken as to avoid any
changes to the organic part of the samples and subse-
quent manifestations in the Raman spectra. A polysty-
rene standard was used for spectral wavenumber
calibration. The second spectrometer was a Renishaw
inVia Reflex Raman microspectrometer coupled with a
Leica microscope. Excitation was provided by a 514-nm
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TABLE 2 Identified dominant species of microorganisms and their typical pigments.
Lithology/site Sample Dominant species Identified pigments
Marble 1(3) Gloeocapsa alpina, G. novacekii, Scytonema sp. Scytonemin
Opolenec (CZ) Scytonemin derivative
2(8) Gloeocapsa violascea Scytonemin
Carotenoids
3(15) Scytonema sp. Scytonemin
Carotenoids
Chlorophyll
4(16) Scytonema myochrous, Tolypothrix elenkii Scytonemin
Scytonemin derivative
Serpentinite 5(17) Stigonema sp., G. novacekii Scytonemin
Holubov (CZ) Scytonemin derivative
Carotenoids
Gloeocapsin
6 (18) Stigonema sp. Scytonemin derivative
Gloeocapsin
Carotenoids
7 (19) G. novacekii Scytonemin derivative
Gloeocapsin
Carotenoids
Melanin
8(21) Hassalia byssoidea Scytonemin
Scytonemin derivative
Gloeocapsin
Gloeocapsin
9 (23) Hassalia byssoidea, Nostoc sp. Scytonemin
Chlorophyll
Carotenoids
10 (24) Hassalia byssoidea Scytonemin
Carotenoids
Gypsum P3 Chroococcidiopsis, Gloeocapsa sp, Gloeocapsa Scytonemin
Chotel Czerwony (PL) violacea, Nostoc sp, green algae Gloeocapsin
Scytonemin derivative
Gypsum P4 Gloeocapsa sp., G. violascea, green algae Scytonemin
Skorocice (PL) Carotenoids
Gypsum P5 Nostoc sp., Chroococcidiopsis, Gloeocapsa sp, Gloeocapsin
Chwatowice (PL) G. violascea Carotenoids
Scytonemin
Gypsum P9 Gloeocapsa sp., G. violascea, Nostoc sp. Gloeocapsin
Wola Zagojska (PL) Scytonemin
Carotenoids
Melanin
Gypsum S5 Nostoc sp., Chroococcus, Chroococcidiopsis, Scytonemin
Eraclea Minoa (IT) Gloeocapsopsis pleurocapsoides Carotenoids
Gypsum S10 G. compacta, Chroococcus sp., G. novacekii, Scytonemin
Santa Ninfa (IT) Gloeobacter violaceus, Gloeocapsosis rupestris, Gloeocapsin
G. alpina Carotenoids
Gypsum S11 Nostoc sp., G. compacta, Gloeocapsa sp., Scytonemin
Entella (IT) Gloeobacter violaceus, Chroococcus sp., Carotenoids
G. novacekii, Chroococcidiopsis, Gloeocapsosis Melanin
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TABLE 2 (Continued)
Lithology/site Sample Dominant species Identified pigments
Gypsum S13 Gloeocapsa novacekii, G. compacta, Gloeocapsosis Scytonemin
Ravanusa (IT) pleuropasoides, Nostoc sp., Symplocastrum cf., Carotenoids

Chroococcidiopsis

FIGURE 5
epilithic cyanobacteria from Opolenec,
Czechia (marble) observed by light
microscopy. Scytonema myochrous (A);
Tolypothrix elenkinii (B); Gloeocapsa
alpine (C); Gloeocapsa violascea (D);
Gloeocapsa novacekii (E); Gloeocapsopsis
pleurocapsoides (F). Scale bars = 10 pm.

Dominant species of

argon laser and a 785-nm diode laser. The spectra were
recorded using a high-resolution grating in the range of
100-1800 cm ! with a spectral resolution less than 2 cm™ .
Single Raman spectra were collected using 10-30 scans
each of 10-s exposure for an improved signal-to-noise ratio.
Using the 50x objective, the laser spot size was approxi-
mately 2 pm in diameter when focused at the surface.
Laser power used was variable for different lasers (typically
0.1-2 mW at source for the 514-nm laser and 0.3-15 mW
for the 785-nm laser). Raman spectra were exported into
the Galactic *.SPC format. Spectra were viewed and evalu-
ated using GRAMS AI spectroscopy software suite (9.3,
Thermo Electron Corp., Waltham, MA, USA).

3 | RESULTS

3.1 | Optical microscopy of
microorganisms
3.1.1 | Microscopic observation of epilithic

phototrophs from Czechia

The epilithic microbial communities at both Czech sam-
pling sites (Opolenec and Holubov) were clearly domi-
nated by cyanobacterial species possessing thick
exopolysaccharide envelopes with content of colourful

UV-screening pigments as an adaptation to periodical
desiccation and direct UV radiation."***! Macroscopi-
cally, the samples of epilithic colonisations consisted of
thick epilithic biofilms with a structure corresponding to
the dominant cyanobacterial morphotypes—filamentous
biofilms were dominated by heterocytous filamentous
cyanobacteria, whereas finely granular biofilms were
dominated by spherical colony-forming cyanobacteria.
These two prominent groups of cyanobacteria prevailed
in individual samples at both sites although the species
composition only partly overlapped (Table 2). The fila-
mentous heterocytous cyanobacteria (Nostocales) with
yellow-brown sheath pigments were represented by Scy-
tonema myochrous (Figure 5A), Stigonema tomentosum
(Figure 6A), Tolypothrix elenkinii (Figure 5B), Hassallia
byssoidea (Figure 6B,C) and Nostoc sp. (Figure 6D). The
colonial coccoid cyanobacteria included species with
blackish violet (Gloeocapsa violascea—Figures 5D and
6F; Gloeocapsa alpina—Figure 6C), red (Gloeocapsa
novacekii—Figures 5E and 6E; Gloeocapsopsis dvorakii—
Figure 6G) and yellow-brown (Gloeocapsopsis pleurocap-
soides—Figure 5F) sheath pigments.

The samples of endolithic colonisation in gypsum
(Poland and Sicily) consisted of the endolithic biomass
colonising the gypsum rock, either within the softer
porous material or on the loose cleavage planes within
gypsum. The colonisation was clearly stratified: the black
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coloured colonisation being the closest to surface and the
source of light, the red colonisation beneath and the
green colonisation in the deepest parts.

3.1.2 | Microscopic observation of endolithic
phototrophs from Poland

Colonised samples in Polish sites had always chasmoen-
dolitihic character; that is, colonisation was found in the
cracks and fissures of gypsum crystals. The colonisation
was clearly stratified, creating at least two strata of green
or black colour. In samples collected from Chotel Czerw-
ony and Wola Zagojska sites, additional orange (middle)
zones were present. The most abundant species, present
in all samples, were Nostoc sp. (Figure 7B), Gloeocapsa
sp. and Gloeocapsa violascea (Figure 7A). These species
created colonies with brownish or blackish pigmented
sheaths causing the overall colour of gypsum crystals.
Chroococcidiopsis sp. was another abundant species
found in samples collected from sites Chotel Czerwony
and Chwatowice.

3.1.3 | Microscopic observation of endolithic
phototrophs from Sicily

Similarly to colonisation in Poland, endolithic colonisa-
tions in Sicily were observed in the cracks and fissures of
gypsum crystals. Compared with Polish samples, more
species were found. At all sites, at least two zones of colo-
nisations were present, usually dark/black pigmented

FIGURE 6
epilithic cyanobacteria from Holubov,

Dominant species of

Czechia (serpentinite) observed by light
microscopy. Stigonema tomentosum (A);
Hassallia byssoidea (B,C); Nostoc sp. (D);
Gloeocapsa novacekii (E); Gloeocapsa
violascea (F); Gloeocapsopsis dvorakii
(G). Scale bars = 10 pm.

FIGURE 7

Microscopic images of the examples of the most
abundant endolithic cyanobacteria, Gloeocapsa violascea isolated at
site Wola Zagojska (A); Nostoc sp. from Chwatowice site (B) and
Gloeocapsa novacekii from Entella site (C). Scale bars = 10 pm.

zone frequently colonised by sheathed colonies of Gloeo-
capsa and Nostoc sp. that was closer to the surface and
inner green coloured areas dominated by Chroococcidiop-
sis sp. At sites Santa Ninfa, Entella and Ravanusa, orange
colonisation region was present between these two
zones—always above the greenish one. The orange zones
contained also inorganic material, and cells were more
damaged (or dead) than in the other zones of colonisa-
tion. The orange zones were colonised by various species
such as G. novacekii (Figure 7C), Chroococcus, Gloeocap-
sosis rupestris, G. compacta, Gloeocapsa sp. or Gloeobacter
violaceus.
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3.2 | Raman spectroscopy
3.2.1 | Epiliths (in marbles and
serpentinites, Czechia)

The samples of epilithic colonisation in marbles
(Opolenec, Czechia) and in serpentinites (Holubov,
Czechia) consisted of the epilithic biomass in the form of
coatings. For measurements, macroscopically homoge-
neous blackish parts were scraped-off of the rock faces.
The major pigment as well as the other minor pigments
detected are listed in Table 2. For each individual and dif-
ferent pigment, several Raman spectra were collected
with a good signal-to-noise ratio. The representative
Raman spectra for each major and minor pigment
detected in marbles and serpentinites are shown in Fig-
ures 8 and 9, respectively. Raman spectra of pigments
presented in all the figures are listed in a descending
order from the top left to bottom right roughly based on
the relative abundance of the pigment. If there are more
than one coloured colonisations (green and red in addi-
tion to black), the colour of the colonisation the pigments
originate from is noted as well. Detailed list of the Raman
bands of the detected pigments is shown in Table S1.

Because, macroscopically, the samples appeared very
dark to almost black coloured (when wet), the dark
brown and black biological pigments were expected to be
detected.

Indeed, the major pigment detected in the samples of
the epiliths both from marbles and serpentinite was scy-
tonemin (see Table 2) with the characteristic Raman
bands located at 1712 (w), 1632 (ms), 1593 (vs), 1558 (m),
1323 (mw) and 1171cm ' (ms). An additional
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spectroscopic signature of another dark pigment was
detected in majority of the samples of endolithic colonisa-
tion. This signature while similar to the scytonemin spec-
trum was distinctly different and arguably belongs to one
of the scytonemin derivatives. In most of the samples, the
regular scytonemin was the major dark pigment; how-
ever, the scytonemin derivative was also quite commonly
detected in most of the samples of epiliths, and in a few
samples, it seemed to be the dominant of the species
derived from the scytonemin skeleton. The detected
Raman bands of this scytonemin derivative were 1650
(m), 1605 (s), 1584 (ms), 1559 (s), 1437 (ms), 1424 (ms),
1401 (mw), 1343 (mw), 1321 (m), 1258 (m) and
1185 cm ™' (mw). This result is further discussed later.
Several other pigments were detected within the black
colonisation, namely, different species of carotenoid pig-
ments corroborated by the characteristic carotenoid sig-
natures with the position of the v; band at cca 1510, 1520
and 1525 cm . The relatively complex carotenoid signa-
ture (Figures 8C and 9C) differs significantly from
f-carotene signatures consisting of three major Raman
features. Because this signature was detected at many
spots with an identical spectrum (relative intensity of
Raman bands), we presume that this is not a mixture of
several pigments, rather a one stable complex system
containing carotenoid pigment. Another pigment gloeo-
capsin was tentatively detected in the samples from Holu-
bov (Figure 9D). The presence of the gloeocapsin Raman
signature was however not very common in the investi-
gated specimens of epiliths. Melanin, (eumelanin),
another dark coloured UV-screening pigment, was
detected on fungal hyphae structures with its characteris-
tic signature of two broad bands located at around 1600

micro Raman
445 nm
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Opolenec #16
scytonemin derivative

Raman intensity
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carotenoids
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FIGURE 8
Opolenec #3.
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Raman spectra of pigments of epiliths in marbles at Opolenec, Czechia. An asterisk (*) denotes the scytonemin bands in
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Raman spectra of pigments of epiliths in serpentinites at Holubov, Czechia. A hash (#) denotes the scytonemin derivative

bands, an asterisk (*) denotes the scytonemin bands in Holubov #23 and the plus sign (+) denotes the carotenoid bands in Holubov #18 and

Holubov #19.

and 1350 cm™ ' (Figure 9G). Chlorophyll was also
detected in few spots. Lastly, gloeocapsin was detected in
the samples of epiliths in serpentinites (Figure 8).

322 |
Sicily)

Endoliths (in gypsum, Poland and

Small pieces of samples were analysed using either regu-
lar or long working distance objectives depending on the
surface morphology of the sample. The use of long work-
ing distance objective allowed suitable focusing and
obtaining spectra of aggregates attached inside the cavities
of an uneven surface. The analyses were performed at first
in a screening mode, where fast analyses at many points
covering the sample allowed to establish the relative
occurrence of different pigments. The major pigment as
well as other minor pigments that were detected are listed
in Table 2. For each individual and different pigment, sev-
eral Raman spectra were collected with a good signal-to-
noise ratio. The detailed summary of Raman bands of the
detected pigments is listed in Table S1, and the examples
of the spectra of pigments detected in gypsum endoliths
from Poland and Sicily are shown in Figures 10-12.

Unlike the epiliths, the endoliths in gypsum both
from Poland and Sicily showed distinct stratification into
black, red and green zones of colonisation. In the samples
from Poland, the most frequently occurring pigments
were scytonemin: 1711 (mw), 1633 (m), 1600 (s), 1558
(m) and 1174 cm ™' (ms); and gloeocapsin: 1672 (ms),
1573 (m), 1328 (ms, sh), 1288 (ms), 467 (m). The pigment
gloeocapsin was significantly more abundant in the gyp-
sum samples from Poland than in either marbles and ser-
pentinites from the Czechia or samples of gypsum from
Sicily. In the samples of gypsum endoliths from Poland
(Chotel Czerwony locality), we again found the scytone-
min derivative mentioned previously, as corroborated by
the bands at 1648 (m), 1603 (s), 1586 (ms), 1559 (s), 1437
(ms), 1425 (ms), 1320 (m) and 1259 cm™' (m). Melanin
pigment was found in the samples of gypsum endoliths
from Poland, as evidenced in the broad features at 1615
and 1360 cm ™' (see Figures 10D and 11D). Carotenoids
were detected in the zones of all colours. In the black col-
our colonisation, the position of the carotenoid v, Raman
bands was typically 1512-13 cm ™, carotenoids within
the red zone showed strong signal with the position of
the v; band at 1513-14 cm ' and the carotenoids in the
green zone the v; band was located at 1520 cm™'. The
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FIGURE 10 Raman spectra of pigments of endoliths in gypsum from Wola Zagojska, Poland. The plus sign (+) denotes the

carotenoid band.
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FIGURE 11 Raman spectra of pigments of endoliths in gypsum from Chwatowice, Poland. The plus sign (+) denotes the carotenoid

bands in Chwalowice (c).

complex carotenoid signature (see Figures 8C and 9C)
was detected only in the samples from Sicily (see bottom
spectra in Figure 12Ac and Bd). Using a 785-nm excita-
tion, chlorophyll and phycobilliproteins were detected in
the green zone (see Table S1).

4 | DISCUSSION

Interesting cyanobacterial colonisations were described
from hot environments in tropical areas from Latin Amer-
ica where they develop on rocky (frequently granitic)
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Raman spectra of pigments of endoliths in gypsum from Santa Ninfa, Sicily (A) and from Entella, Sicily (B). A plus sign

(+) denotes carotenoid bands in Santa Ninfa (b) and Entella (a,b) and the asterisk (*) denotes the scytonemin bands in Santa Ninfa (c).

inselbergs. Bultel-Poncé et al.!®"! have described the pres-

ence of photoprotective pigments in cyanobacterial colo-
nies of Scytonema sp. growing on granite at Mitaraka
Inselberg (French Guyana). Pigments detected in extracts
from these epiliths include scytonemin, dimethoxyscyto-
nemin, tetramethoxyscytonemin and scytonin. The molec-
ular structures of all three derivatives have been
determined by nuclear magnetic resonance (NMR) and
infrared (IR) spectroscopy!®’! and have already been dis-
cussed with respect to their theoretical Raman spectra pre-
dicted on the basis of ab initio Hartree-Fock (HF) and
Density Functional Theory (DFT) calculations.°® Some of
the derivatives have not yet been characterised experimen-
tally using Raman spectroscopy. Recently, we succeeded
to record Raman spectra of a derivative!®®! with Raman
features very similar to those of previously theoretically
predicted scytonin.[®’! More detailed investigation of the
distribution of scytonin and other scytonemin derivatives
from gypsum endoliths is currently in preparation.

Scarce investigations reported epilithic colonisations
and interaction with outcropping bedrock using Raman
spectroscopy. These focus mostly on detecting photosyn-
thetic or UV-protective pigments. Some epiliths and
endoliths from cold Antarctic areas, their colonists
(lichens, cyanobacteria) and Raman spectra of their pig-
ments were reported by Jehlicka et al.*”! Common pig-
ments detected from these environments included
B-carotene, chlorophyll, scytonemin, rhisocarpic acid

and parietin. Raman spectra of native epiliths from red-
dish biofilm located on the sandstone from the North-
side of La Galea Fortress (Getxo, North of Spain) were
collected by Morillas et all®* Here, authors report
fB-carotene, scytonemin and haloarchaeal C50 caroten-
oid connected to the colonising alga Trentepohlia. The
biofilms from the granitic Sacred Rock from the Machu
Picchu Inca sanctuary (Cusco Region, Peru) contain
rich biocolonisations. Raman spectra of studied epiliths
showed the presence of carotenoids of different lengths
of the conjugated chain, chlorophyll and scytonemin.!®”
Desert varnish is another geological material from
where epilithic colonisation was described in hot and
dry desertic zones. Dark desert varnish specimens from
Colorado contain for instance besides p-carotene also
scytonemin, as shown by the diagnostic Raman
bands.[° Parts of natural geological outcrops of lime-
stone colonised at Pont de Bonne, Hoyoux Valley, Mod-
ave, Belgium are covered by dark cyanobacterial
colonies. Here, an important Raman spectroscopic study
showed the presence of scytonemin and also gloeocap-
sin, an enigmatic pigment from cyanobacterial epilithic
sheats.!?*°]

In the present report, two sites with different lithol-
ogy of the epilithic colonisation were investigated, both
from South Bohemia—serpentinite and marble. Epilithic
or endolithic colonisations of similar weathered perido-
titic rocks—serpentinites—were described scarcely.
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Sigal!®”! described interesting associations of lichens on
peridotites and serpentinites in the frame of few sites in
California. Lichens growing on ultramafic rocks of differ-
ent types including serpentinite at New Idria (California)
area were described and catalogised by Rajakanura
et al.[®® The specific cyanobacterial microflora of serpenti-
nite rocks was previously studied in Holubovské hadce
nature reserve (one of our sampling localities) by Hauer!®”!
and Mohelenskd hadcovd step nature reserve by
Novacek!”” and Hauer”!! The species composition in our
samples from Holubov was in agreement with the data by
Hauer,'®!  documenting long-term  dominance of
H. byssoidea, G. dvorakii, G. violascea and Stigonema spp.

Marble and its epilithic colonisations are described
more commonly. A comparison of occurrences and pro-
cesses in carbonate rocks colonized by
lithobionths - lichens and endolithic cyanobacteria was
given by Hoppert et al..’?! Macedo et al.'”! reviewed the
reports of the occurrences of algal and cyanobacterial
deterioration of monuments in the Mediterranean area.
They show that about 37 genera of cyanobacteria and
48 genera of chlorophyta are encountered in such coloni-
sations mostly on limestone, marble and travertines. The
composition of epilithic cyanobacterial communities
growing on non-aquatic limestone substrates was thor-
oughly reviewed in Hauer et al."*! Our sampling site for
limestone epiliths, Opolenec, was previously briefly
investigated by Hauer.[*”)

Endolithic mode of colonisation of rocks by cyanobac-
teria and algae seems to be reported and investigated
more commonly. Some rocks—sandstones, gypsum,
halite, dolomites or limestones—are colonised more com-
monly, and reports on these interactions show different
examples.>**7>74 Raman spectroscopic investigations of
such stony colonisations were reported since the end of
20th century. Such spectroscopic studies of endolithic col-
onisations focused, interestingly, on areas of stressed
environments. First excellent reports on common photo-
synthetic pigments and their Raman spectra originate
from Antarctic area.l**’ Contrary to these environ-
ments, Wierzchos et al.*®! reported the presence of scyto-
nemin in the cyanobacteria from hypoendolithic habitat
in gypsum in Atacama. Previously, Vitek et al."! did not
report scytonemin using Raman spectroscopy of photo-
tropic communities in gypsum. However, Raman spectra
showed common presence of scytonemin within the cya-
nobacterial colonisation in halite crusts from the same
desert area.*®>3!

Examples of rocky colonisations documented in this
report fall clearly in the group of endoliths of mild cli-
matic conditions. Mediterranean area as well as major
parts of Europe belongs to areas of mild climatic condi-
tions. Summer temperatures do not exceed 35°C. Winter
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frosts can be significant in mountain areas but generally
prolonged low temperature periods are not common in
the Mediterranean or European lowlands. Annual rain-
fall in the Mediterranean area does not exceed 250 mm.
Higher rainfall is common in mountainous areas. The
Raman spectroscopic data collected on a series of gypsum
endoliths from Sicily confirm the almost ubiquitous pres-
ence of scytonemin in dark parts of samples investi-
gated.!>*° Studies of gypsum endolithic outcrops in
Eastern Poland confirm the same common presence of
this protective pigment.!*® The distribution of prevalent
cyanobacterial UV-protective pigments in our study gen-
erally followed the distribution of dominant species as
documented by light microscopy (Table 2). In macroscop-
ically dark-brown and blackish epilithic samples from
marble and serpentinite substrates, dominated by fila-
mentous (Scytonema, Stigonema, Tolypothrix, Hassallia)
and coccoid (G. pleurocapsoides) cyanobacteria with
yellow-brown sheath pigmentation, scytonemin (or its
derivative) was unambigously detected as the most abun-
dant pigment. Scytonemin was further recorded in endo-
lithic samples, mostly those containing Nostoc
sp. colonies, again with yellow-brown pigmentation.
These data support the previously demonstrated wide
phylogenetic span of scytonemin biosynthesis across mul-
tiple cyanobacterial orders.[*!!

Another special pigment reported in the studied sam-
ples is a derivative of scytonemin from cyanobacterial
colonies in marble and serpentinite (Czechia) and
scarcely also from gypsum from Poland. It was however
challenging to link the putative scytonemin derivative to
any specific cyanobacterial species. The compound, as
identified by Raman spectroscopy, occurred in samples
dominated by S. tomentosum (Figure 6A) and samples
with S. myochrous (Figure 5A), T. elenkinii (Figure 5B)
and Nostoc sp. but lacking Stigonema. Therefore, it seems
that the compound may serve as a more widespread UV-
protective scytonemin analogue in a variety of nostoca-
lean cyanobacteria. Obtained spectra (Figures 7 and 8)
and diagnostic features resemble those predicted for scy-
tonin by Varnali and Edwards.[°?! Scytonin differs struc-
turally from the dimethoxy- and tetramethoxy-
substituted derivatives of scytonemin in that the scytone-
min symmetrical dimeric structure is completely trans-
formed. Raman signatures obtained here (samples 3 and
16 from Opolenec, 17-19 from Holubov, P3) match well
with the published DFT calculations of scytonemin deriv-
ative scytonin. Another study further deepens the knowl-
edge on the possibility of the presence of this scytonemin
derivative in endoliths (epiliths). (Edwards et al.).[3]

Interestingly, the Raman signatures of another enig-
matic UV-absorbing pigment gleocapsin were recorded
not only in samples with high content of blackish-violet
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Gloeocapsa (especially G. violascea—Figures 5D and 6F)
but also in samples clearly dominated by the red
G. dvorakii (Figure 6G) in serpentinite samples. This is an
unexpected finding, difficult to explain in the absence of
the knowledge on the precise chemical structure of gloeo-
capsin or its putative derivatives.*>*®! In the traditional
concept, gloeocapsin should appear violet in the pH
range of calcite and serpentinite substrates,[29’75] as docu-
mented by G. violascea occurring in the same samples.
Diagnostic Raman features of this pigment present in the
spectra of gypsum endoliths from Poland were found at
1674, 1669, 1574, 1287 and 1276, 902 and 463-465 cm ™.
Results of a detailed study on the characteristics and dis-
tribution of gloeocapsin in European gypsum endoliths
using Raman spectroscopy will be presented in a forth-
coming study.

5 | CONCLUSIONS

The presence of the UV-protective pigment scytonemin
was documented using conventional Raman spectrome-
try in marble and serpentinite epiliths and gypsum
endoliths at several sites from mild environmental con-
ditions from Central Europe and Sicily. Based on our
results, scytonemin is likely produced by a wide range
of cyanobacterial epilithic and endolithic representatives
from the orders Nostocales (Scytonema, Stigonema, Has-
sallia, Tolypothrix, Nostoc) and Chroococcidiopsidales
(Gloeocapsopsis), growing on a variety of aerial rocky
substrates. Melanin and gloeocapsin are other pigments
detected additionally in few samples of rock-inhabiting
biofilms. General similarities with gypsum endoliths
and their Raman spectra showing the presence of scyto-
nemin, carotenoids, gloeocapsin and melanin are shown
and discussed. Interestingly, gloeocapsin was tentatively
detected also in Gloeocapsopsis dvorakii, a coccal cyano-
bacterium with red pigmentation on basic substrate,
and it reportedly has blackish-violet colour in co-
occurring species of Gloeocapsa. Raman spectra of a
derivative of scytonemin, tentatively supposed to be
close to scytonin, were repeatedly recorded as well in
samples dominated by multiple species of heterocytous
filamentous cyanobacteria. A forthcoming study will
further develop Raman spectroscopic search of scytone-
min derivatives in cyanobacteria. Then, a comparison of
Raman spectroscopic results from endolithic and epi-
lithic cyanobacterial colonisations with existing theoreti-
cal data obtained from calculations of scytonemin
derivatives as already published will be an option to
confirm the hypothesis.
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