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Abstract
In the present investigation, biological

crusts from the surface of eight historical
monuments of Varanasi, India, were exam-
ined for the presence of scytonemin (a
cyanobacterial photoprotective pigment)
containing cyanobacterial species. Lyngbya
sp. and Scytonema sp. were the dominant
cyanobacteria present in all crust samples.
The absorption spectroscopic data of
chlorophyll, carotenoids and scytonemin
showed that scytonemin was more abundant
than the carotene and chlorophyll in all the
crusts. Identification of these compounds
was done using UV-Vis spectroscopy and
High Performance Liquid Chromatography
(HPLC) analysis. HPLC analysis revealed
the presence of scytonemin in seven out of
eight samples and peaks of scytonemin with
retention time ranging from 1.4-1.9 min
with corresponding absorbance maxima at
386, 300 and 252±2 nm. As per our knowl-
edge this is the first report of its kind from
monuments of Varanasi. From this study, it
can be concluded that synthesis of photo-
protective compounds like scytonemin and
its derivatives counteract the damaging
effects of solar radiation which enable
cyanobacteria to colonize and inhabit
almost all kinds of habitats, including
extreme lithic habitats, such as rocks and
walls of monuments which face prolonged
high intensity solar radiation. 

Introduction
Ozone depletion has resulted in an

increase in the solar ultraviolet radiation
(UVR; 280-400 nm) on the Earth’s surface
which may cause numerous deleterious

effects on living organisms hence effecting
existence and survival of all organisms.1
Absorption of solar radiation to perform
photosynthesis and nitrogen fixation expos-
es cyanobacteria to lethal UVR.2 The high-
energetic UV-B radiation constitute <1% of
the total solar irradiance. It affects normal
states of life either through direct effects on
cellular nucleic acids (denaturation of DNA
and RNA) or indirectly by the production of
reactive oxygen species (ROS)3,4 in various
living systems including phytoplankton,5
bacteria6 and cyanobacteria.7 In contrast,
UV-A (315-400 nm) radiation is not
absorbed directly by the native DNA, but
still induce DNA damage either by produc-
ing a secondary photoreaction of existing
DNA photoproducts or via indirect photo-
sensitizing reactions.8,9 Several defense
strategies have been evolved in cyanobacte-
ria to counteract the damaging effects of UV,
such as migration, mat formation, synthesis
of antioxidants, presence of specific active
repair mechanisms and UV-absorbing com-
pounds.10,11 The UV-absorbing/ screening
compounds such as mycosporine-like amino
acids (MAAs)12 and scytonemin have
received fair attention for their potential role
in UV photoprotection.13 Scytonemin, a
dimer of indolic and phenolic subunits, is a
yellow-brown lipid soluble pigment located
in the extracellular polysaccharide sheath of
about 300 cyanobacterial species. Purified
scytonemin has maximum UV absorption at
384±2 nm, although it may also absorb sig-
nificantly at 252, 278 and 300 nm.14 The
main peak of scytonemin lies in the UV-C
region, but the additional peaks in the UV-B
and UV-A regions are protective against UV
radiation which is important in the current
atmosphere which lacks UV-C. Scytonemin
exists in oxidized (Mw 544 Da) as well as
reduced (Mw 546 Da) form depending on
the redox and acid–base conditions during
the process of extraction.15 Metabolites of
aromatic amino acid biosynthesis are
thought to be precursors of scytonemin
biosynthesis, which can be induced by high
photon fluence rate.15 Scytonemin is highly
stable against different stresses and per-
forms its UV-absorbing/screening activity
without any further metabolic investment.16

The UV-sunscreen role of scytonemin has
been well demonstrated in the terrestrial
cyanobacteria.17 Scytonemin prevent cellu-
lar damage by acting as an antioxidant
against UV-induced production of ROS.13,18

Because of its potential UV-
absorbing/screening capacity as well as non-
toxic and antiproliferative properties,19,20

scytonemin may be biotechnologically
exploited for pharmaceutical and cosmetic
applications.21 Hence, the main objective of
this study was to explore the scytonemin

containing cyanobacteria inhabiting histori-
cal monuments of Varanasi, India and
screening and partial purification of photo-
protective compound, scytonemin from
cyanobacterial samples collected from eight
historical monuments of the holy city of
Varanasi, India.
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Materials and Methods

Collection site and sample collection
Varanasi is situated between the 25°28’

North, 82°96’ East, in the eastern part of
Uttar Pradesh, India. Samples were taken
aseptically from eight different sites namely
Brahaspati Temple, Ramnagar Fort,
Vishwanath Temple, BHU, Sanskrit
University’s old building, Madhavrav’s
Dharhara, Brahaspati Temple, Jalnigam’s
old tank and Dhamek Stupa, Sarnath
(Figure 1). These are very popular monu-
ments of Varanasi having great historical
and religious importance and many of these
monuments are included as protected mon-
uments of Archaeological Survey of India.
Since these monuments are protected by
Archaeological Survey of India, non-
destructive sampling techniques were used
to collect the crusts from the surfaces with a
sterile plastic scalpel. Samples were imme-
diately placed into a sterile plastic bag and
transported to the laboratory for analyses.
Digital images and coordinates of sampling
sites were recorded using a digital camera
and GPS respectively. Light intensity, UV-
A, UV-B radiation, temperature and relative
humidity at sites was recorded with a lux
meter, solarmeter, digital thermometer and
hygrometer respectively. All the experi-
ments were repeated thrice with at least
three replicates and the mean values ± SD
were calculated from three replicates (n=3).

Identification of organisms
The collected crusts were soaked with

sterile distilled water for 2 h and cleaned
repeatedly with sterile distilled water. To
examine the presence of algae in the crust, a
pinch of the rehydrated crust was observed
in compound microscope. The organisms
appearing in the crusts were further exam-

ined using Image binocular microscope and
photographed using Dewinter-2011 scien-
tific digital camera and analyzed with
Dewinter software. The organisms belong-
ing to cyanobacteria were identified follow-
ing standard monographs.22

Pigment analysis
Pigment profile of crust was analyzed

taking equal amount of crust (5 mg) from
each monument, extracted in 90 %
methanol (v/v) and the absorption spectra
were measured in a Hitachi U-2190 UV-
Visible double beam spectrophotometer in
the wavelength range of 200-800 nm using
quartz cuvettes. Quantity of chlorophyll - a
was estimated using the extinction coeffi-
cient of Mackinney (1941)23 and Dere et al.
(1998)24 and the amount of total carotenoids
was determined following Davis (1976)25

and Dere et al. (1998).24 The cellular scy-
tonemin content was calculated using the
trichromatic equation following Gracia-
Pichel and Castenholz (1991)15 from 10 mg
dry weight of crusts.

Extraction of scytonemin
From crusts scytonemin was extracted

in 1:1 (v/v) methanol:ethyl acetate by
overnight incubation at 4°C followed by
sonication (2011-Sonic, cycle 30 %, Power
40 %) for 4 min. After centrifugation
(10,000g for 5 min), supernatants were
evaporated in a vacuum evaporator at 38°C
and redissolved in 500 µL of 1:1 (v/v)
methanol:ethyl acetate. Subsequently, the
samples were filtered through 0.22 µm
pore-sized sterilized microcentrifuge
syringe-driven filter before being subjected
to HPLC analysis.

                                                                                                                             Article

Table 1. Cyanobacteria colonizing surface of different historical monuments of Varanasi, India.

Organisms                                                                                                  Monuments
                                 Ramnagar Fort     Bharatmata         Brahaspati    Vishwanath    Madhavrav’s         Sanskrit   Jalnigam      Dhamek
                                                                    Temple                Temple          Temple         dharhara          university                         Stupa,
                                                                                                                                                                                                                   Sarnath

Lyngbya sp.                                    +                                  -                                   -                            +                             +                               +                    +                         -
Nostoc commune                          +                                  -                                   -                             -                              -                                +                     -                         +
Nostoc sp.                                       +                                  -                                  +                            -                              -                                +                     -                          -
Anabaena sp.                                 +                                                                      +                                                           +                                                                                   +
Scytonema sp.                                -                                  +                                 +                           +                              -                                +                    +                         -
Phormidium sp.                            +                                  -                                   -                             -                              -                                 -                      -                          -
Aulosira sp.                                     -                                  -                                  +                            -                              -                                 -                      -                         +
Westiellopsis sp.                            -                                  -                                  +                            -                              -                                 -                      -                          -
Aphanocapsa sp.                           -                                  -                                   -                            +                              -                                 -                      -                          -
Aphanothece sp.                            -                                  -                                   -                            +                              -                                 -                      -                          -

Figure 1. Cyanobacterial crust collection sites of Varanasi, India. Non
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High Performance Liquid
Chromatography analysis

Partially purified scytonemin was anal-
ysed using a HPLC system (Waters 2998,
Photodiode Array, pump L-7100, USA)
equipped with a Licrospher RP 18 column
and guard (5 μm packing; 250 mm × 4 mm
inside diameter). The samples (10 µL) were
injected into the HPLC column through an
auto-injector into the HPLC column
through a Waters 717 plus autosampler.
Elution was at a flow rate of 1.0 mL min-1

using the mobile phase of solvent A (ultra
pure water) and solvent B (acetonitrile-
methanol-tetrahydrofuran, 75:15:10, v/v).
The 30 min gradient elution programme
was set with 0-15 min linear increase from
15 % solvent A to 100% solvent B, and 15-
30 min at 100% solvent B. The detection
wavelength was at 376 nm. PDA scan
wavelength was from 250 to 750 nm.
Scytonemin was identified by its character-
istic absorption maxima in the solvent cor-
responding to the appropriate retention
time.15,26,27

Results 
Nature of the crust and algal identi-
fication

The nature of crusts in all the eight mon-
uments were greenish to brown in colour,
predominately growing in the crevices,  roof
tops  and portions which were exposed to
high solar and UV radiation (Figure 2).
Varanasi experiences a humid subtropical
climate with large variations between sum-
mer and winter temperatures. The dry sum-
mer starts in April and lasts until June, fol-
lowed by the monsoon season from July to
October. The temperature ranges between 22
and 46°C (72 and 115°F) in the summers.
The average annual rainfall is 1,110 mm
(44 in). There was  no significant variation in
the climatic conditions of the eight monu-
ments and the environmental data in summer
months shows light intensity varies from
41.56 to 45.34 w/m2, UV-A 3.99 to 4.10
mw/cm2, UV-B 0.43 to 0.47 mw/cm2, tem-
perature 44-50°C and relative humidity 81-
85%. Ten species of cyanobacteria were
reported from the crust samples of eight
monuments of Varanasi (Table 1). Among
the algal group, cyanobacteria were the dom-
inant population growing in all the monu-
ments. Out of all the crust samples examined
for the presence of algae, Lyngbya sp. and
Scytonema sp. were the major taxa in all the
monuments (Figure 3). In all the crusts sam-
ples sheathed filamentous cyanobacteria
were in abundance. Species composition of
the crusts varied with the amount of solar

                             Article

Figure 2. Historical monuments of Varanasi, India, showing surface colonization of
cyanobacteria. (A) Brahaspati Temple, (B) Vishwanath Temple, BHU, (C) Bharatmata
Temple, (D, E) Madhavrav’s Dharhara, (F-H) Sanskrit University, (I) Jalnigam’s old
tank, (J-L) Ramnagar Fort and (M)  Dhamek Stupa, Sarnath. 

Figure 3. Cyanobacteria isolated from different historical monuments of Varanasi (A)
Lyngbya sp., (B) Anabaena sp., (C) Nostoc sp., (D) Scytonema sp., (E) Aphanocapsa sp.,
(F) Westiellopsis sp., (G) Phormidium sp. and (H) Aphanothece sp. Scale bar = 10 µm.
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exposure to the surface. The exposed roof
top of the monuments, was mostly covered
by dark brown coloured crust and composed
primarily of Lyngbya sp. and Scytonema sp.
whereas the walls were dominated by unicel-
lular forms of cyanobacteria species like
Aphanothece sp. and Aphanocapsa sp.
Cyanobacteria are the dominant species col-
onizing on the sub aerial surfaces in warm
temperate to tropical regions,28,29 as they
have the capacity to tolerate high tempera-
ture, desiccation and can protect themselves
from intense solar radiation. During summer
months the temperature of surface of monu-
ments reaches up to 55°C, coupled with high
light intensity, UV radiation and extreme
dryness and cyanobacteria can withstand
such extreme environment and survive in the
surfaces of these monuments as blackish-
brownish crust. 

Pigment profile
Pigment profile of the crusts from the

eight monuments of Varanasi is given in
Figures 4 and 5. The absorption spectra of
90% (v/v) methanolic extract showed
absorption at 665 nm due to chlorophyll-a,
at 470 nm due to carotenoids and at 384±2,
300 and 252 nm due to scytonemin. In all
the crust samples scytontemin content
(mg/gfw) was found to be quite prominent
than the chlorophyll and carotenoids con-
tent, indicating its important role in photo-
protection. Chlorophyll content (µg/gfw)
was found to be less than carotene content
(µg/gfw) in all the samples (Figure 6)
except in the crust collected from
Bharatmata Temple and this might be due to
the shadow effect of the nearby wall.

Carotenoids are thought to protect
cyanobacteria against photoxidative reac-
tion and are also known for their antioxi-
dant activity.30 In cyanobacteria carotenoids
occur in outer cellular membrane as well as
in thylakoid and during long-term exposure
to high irradiance, higher ratios of
carotenoids to chlorophyll-a have been
reported in some species of cyanobacteria.31

Cyanobacteria which are exposed to intense
solar radiation have also been found to con-
tain one or more UV-absorbing compounds
like extracellular sunscreen pigment scy-
tonemin which acts as a photoprotectant
against high solar irradiance.13 Since the
terrestrial cyanobacteria colonising the sur-
face of the monuments, survive for long
period of quiescence and due to desiccation

                                                                                                                             Article

Figure 4. Absorption spectra of methanolic extracts of crust sam-
ples from different historical monuments of Varanasi, India (a)
Ramnagar Fort, (b) Madhavrav’s dharhara, (c) Brahaspati
Temple, (d) Bharatmata Temple, (e) Sanskrit University, (f)
Jalnigam’s old tank and (g) Vishwanath Temple, BHU. All the
experiments were repeated thrice with at least three replicates.

Figure 5. Absorption Spectra of scytonemin extracted from
cyanobacterial samples collected from different historical mon-
uments of Varanasi, India. All the experiments were repeated
thrice with at least three replicates.

Figure 6. Pigment analysis of cyanobacterial samples collected from different historical
monuments of Varanasi, India. All the experiments were repeated thrice with at least three
replicates. Bars represent ± SD. Chlorophyll and total carotene contents are represented
by green and red bars respectively.
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Figure 7. Absorption spectra of partially purified scytonemin (i) and its corresponding HPLC chromatograms (ii) from crust samples
of (A) Bharatmata Temple, (B) Ramnagar Fort, (C) Vishwanath Temple, BHU and (D) Sanskrit University. All the experiments were
repeated thrice with at least three replicates.
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Figure 8. Absorption spectra of partially purified scytonemin (i) and its corresponding HPLC chromatograms (ii) from crust samples
of (A) Madhavrav’s Dharhara, (B) Brahaspati Temple (RT 1.63), (C) Brahaspati Temple (RT 1.73) and (D) Jalnigam’s old tank. All the
experiments were repeated thrice with at least three replicates.
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and exposure to solar radiation, they synthe-
size scytonemin as a mitigation strategy to
reduce photo damage of their cells which
play vital role for their survival.

HPLC analysis and partial purifica-
tion of scytonemin

In the present study we made an attempt
to partially purify scytonemin from the
crusts. Scytonemin was found to be present
in all of the crusts samples except in the
crusts collected from Dhamek Stup,
Sarnath. Scytonemin from the crust of the
seven monuments shows a strong
absorbance in the ultraviolet region of the
spectrum with major peaks in the UV-A
region (at 384±2 nm), UV-B (at 300±2 nm)
and continue up to UV-C region (at 252±2
nm) (Figures 7 and 8). The cellular scytone-
min content (mg/ gdw) was found to be
maximum in the crust collected from Old
building of Sanskrit University followed by
crust collected from Ramnagar Fort and
was found to be minimum in the crust col-
lected from Vishwanath Temple, BHU
(Figure 9).

The biosynthesis of scytonemin is
greatly affected under different abiotic
stress.32,33 Synthesis of scytonemin has
been shown to be enhanced by high temper-
ature, photo-oxidative stress and periodic
desiccation stress.34 High culture tempera-
ture, strong illumination intensity, and light-
dark cycle (12:12 h), nitrogen deficiency,
salinity were found to elevate the synthesis
of the scytonemin.35-37 Osmotic stress and
elevated UV-A exposure in combination
with temperature or photooxidative stress
induces the synthesis of scytonemin.32 UV
radiation plays a key role in promoting the
synthesis of scytonemin.38 Overall, a num-
ber of environmental factors have been
reported to enhance the synthesis of scy-
tonemin, but the exact mechanisms that
govern the production of scytonemin are yet
to be elucidated.

Discussion and Conclusions
Cyanobacteria are possibly the most

ancient photosynthetic microorganisms that
have some mechanisms including synthesis
of UV-absorbing pigment, scytonemin, to
deal with the consequences of UV radiation
in their natural habitats. We have reported
10 species of cyanobacteria from historical
monuments of Varanasi, which constituted
the major composition of crust. Sheathed
cyanobacteria such as Lyngbya sp. and
Scytonema sp were the dominant cyanobac-
terial taxa in all the monuments. Lyngbya
sp. and Scytonema sp. have a gelatinous

sheath that acts as a reservoir of water,
where it is bound through strong molecular
forces that allow cyanobacteria to colonize
stone/rocks even during dry conditions.39

The sheath plays an important role in adhe-
sion to the substratum. Sometimes thick
sheaths may be pigmented such as in
Gloeocapsa or Scytonema with intense col-
ors, being the reflection of environmental
adaptations at diverse ecological stages.
Under low-nitrogen conditions, cyanobac-
teria can take on yellow-brown color as a
result of reduction in chlorophyll and phy-
cocyanin with an increase in carotenoids.
Pigmentation may also change in response
to environmental factors such as light qual-
ity, light intensity, temperature, nutrient
availability and the age of cells.40 The
cyanobacterial sheath has been suggested to
be associated with cellular resistance
against various environmental stresses and
presence of UV-absorbing pigments,
extrapolysaccharides (EPS) and water stress
protein (Wsp) have been reported to be
present in the cyanobacterial sheath of vari-
ous genera.41 In the present study, the UV-
absorbing pigment, scytonemin from
cyanobacterial crusts was screened and par-
tially purified through HPLC. Scytonemin
occur in several species of cyanobacte-
ria42,43 and are induced by exposure to UVR
and periodic desiccation.7,32 The incident
UV-A radiation entering the cells may be
reduced by approximately 90% because of

the presence of scytonemin in the
cyanobacterial sheaths.16,17 Nostoc flagelli-
forme containing UV-absorbing compounds
showed photosynthetic insensitivity to solar
UVR.44 Such studies reflect the involve-
ment of UV-screening compounds as effi-
cient protective mechanisms in cyanobacte-
ria.

Scytonemin as well as MAAs consider-
ably absorb radiation throughout the UV-A
and UV-B regions. The protective effects of
UV-absorbing compounds on diverse vital
biological processes including photosyn-
thetic carbon fixation,45 have been demon-
strated in a wide range of organisms.45-47 In
N. flagelliforme the combination of com-
pounds having complementary absorption
maxima at 370 nm, corresponding to in vivo
absorption of scytonemin,26 and 312/335
nm, corresponding to MAAs,48 is very like-
ly to induce the photosynthetic insensitivity
to UVR.44 In addition to the mutual shading
of cells in the multiserate filaments of N.
flagelliforme, the predominant localization
of scytonemin in the outer layer was likely
to increase the protection of this organism
from harmful UV-radiation.46,49 

Our study reveals that most of the
blackish brown crust appeared on exposed
roof surfaces and composition of the micro-
bial crust varies greatly according to differ-
ent environmental condition and nature of
the substratum. For example, Granite, with
a very low pH and porosity represent an

                             Article

Figure 9. Scytonemin content of cyanobacterial samples collected from different historical
monuments of Varanasi. All the experiments were repeated thrice with at least three repli-
cates. Bars represent ± SD.

[page 10]                                                         [Microbiology Research 2017; 8:6559]

Non
 co

mmerc
ial

 us
e o

nly



                                      [Microbiology Research 2017; 8:6559]                                                        [page 11]

unfavorable substratum for cyanobacteria.52

The colonization of substratum such as
stones is closely correlated with roughness,
porosity, capillary water absorption and
hygroscopicity which strongly influence the
water availability for micro-organisms.53-55

Environmental parameters such as tempera-
ture, solar radiation, water regime, climate,
etc. play an important role in a successful
colonization hence high number of taxa
were found on a substratum does not neces-
sarily imply high bioreceptivity of that sub-
stratum. In this study, we have selected
monuments subjected to similar climatic
conditions. However, the extent to which
microclimatic parameters (orientation, per-
manent capillary humidity, exposure to
shadow etc.) determine colonization is still
not very clear. The microclimate determines
the degree of colonization, the type of com-
munity and its specific composition.
Monuments can create microclimatic differ-
ences between places that are very close.56 

HPLC analyses of the photoprotective
pigment extracted from cyanobacterial crust
exhibited the existence of an UV absorbing
compound, scytonemin, with absorption
maxima at 384±2 nm. Synthesis of scytone-
min was found to be higher than carotene
and chlorophyll in all the crust samples col-
lected from different monuments indicating
that the cyanobacteria can protect itself
from harmful doses of UVR by inducing the
synthesis of scytonemin as a cellular
defence mechanism. Scytonemin has great
potential in photoprotection and genome
maintenance by minimizing the cellular
damage from UV-induced ROS and
thymine dimer formation.8,57 More studies
are needed to understand the induction and
protection mechanisms of this ecologically
important scytonemin molecule in
cyanobacteria under varying environmental
stress including UV radiation.
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