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Abstract
The present study investigated the biofilm organisms growing on selected monuments of the Champaner Pavagadh complex 
(Gujarat, India), which is a UNESCO World Heritage Site. The cyanobacteria and microalgae were isolated from biofilms 
collected through non-destructive methods. The identification of these biological organisms was done using micro-morpho-
logical characters and confirmed by 16S rRNA gene sequencing. The exopolysaccharide of each of the isolated strains was 
extracted, hydrolysed and analysed by the HPTLC. Six isolated strains representing five cyanobacteria and one microalga 
belong to the genera Desmonostoc, Nostoc, Leptolyngbya, Chroococcidiopsis and Asterarcys. The relationships between 
substrates’ specificity of these isolated biofilm organisms and those identified globally were evaluated using maximum par-
simony analysis to generate a consensus phylogenetic tree. The five strains of cyanobacteria isolated were closely clustered 
with cyanobacteria belonging to a tropical region. At the generic level, no relationship between the species and substratum 
specificity was recorded. The exopolysaccharide analysis of the isolated strains revealed the presence of seven monosac-
charides. While glucose was present in all the analysed species, the concentration of either fucose or arabinose was high. 
The current study presents a novel HPTLC-based method for determination of monosaccharides composition from the 
extracellular polymeric substances.
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Introduction

Monuments are witnesses of the past and guardian pillars 
of the tangible cultural heritage of the area where they are 
found (Hassan 2014). India is known for its culture, ancient 
buildings, forts, temples and palaces, and these monuments 
are inspiration for future generations. (Dhotre and Joshi 
2019). The state of Gujarat has a rich diversity of monu-
ments which represent its glorious historical past. Three hun-
dred and seventeen of these monuments have been protected 
as per the records of the Archaeological Survey of India, 
(ASI 2020). Due to a lack of active maintenance, several 
of these monuments show the presence of different stages 

of greenish and blackish biofilms. These biofilms cause 
damage to the monument wall structure and this process is 
termed as biodeterioration (Allsopp et al. 2004). While many 
biological organisms such as cyanobacteria, green algae, 
bryophyte, lichen, fungi and some allied vascular plants 
are responsible for biodeterioration, the cyanobacteria and 
the green algae are major pioneer organisms (Ortega Calvo 
et al. 1991; Tiano et al. 1995; Gaylarde and Gaylarde 2000; 
Crispim and Gaylarde 2005; Samad and Adhikary 2008). At 
the global level, the presence of cyanobacteria and micro-
algae biofilms has been reported from diverse monuments. 
These include monuments and buildings in South Eastern 
Spain (Uher et al. 2005), diverse substrate building facades 
in France (Barberousse et al. 2006), archaeological struc-
tures at El Palacio of Palenque, Mexico (Ramírez et al. 2010) 
and the Stucco Mask of North Acropolic, Tikal, Guatemala 
(Ortega-Morales et al. 2013). Similar studies have been 
conducted on a diversity of monuments like temples, caves 
and statues across India. The main temple at Thanjavur, the 
Sivan temple and the Venkatasaperumal temple all located 
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at Thanjavur District, South India (Bhavani et al. 2013), the 
Parasurameswar temple and Khandagiri cave from Bhubane-
swar, Orrisa, East India (Rossi et al. 2012) and several sculp-
tures from Shantiniketan, West Bengal, East India (Keshari 
and Adhikary 2013) have been studied in the past.

Pioneering organisms secrete polysaccharides into the 
external environment which are known as exopolysaccha-
rides or extracellular polymeric substances (EPS) (Suresh-
kumar et al. 2007; Nwodo et al. 2012; Rossi and Philip-
pis 2015). Being mucilaginous in nature, the surface of the 
exopolysaccharide facilitates the attachment of propagules 
of other organisms which leads to further colonization on 
it. During colonization, phototrophic organisms may either 
grow on the rock surface as epilithic phototrophs or may 
occupy large pores of the rock surface as endolithic pho-
totrophs. Due to enlargement of pores, such organisms 
contribute to the breakdown of the rock crystalline struc-
tures such as sandstones, limestones, basalt, bricks, granite 
etc. (Crispim and Gaylarde 2005). EPS protect the organ-
isms against environmental stresses like drought and UV 
irradiation (Rossi and De Philippis 2015). EPS has ability 
to enhance the aggregation of soil particles, maintain the 
moisture of the environment and trap nutrients (Costa et al. 
2018). A polysaccharide sheath has the ability to regulate 
the humidity and temperature of their internal body of a cell. 
Consequently, it protects the biofilm on the stone surface and 
invites other biota on it. These exopolysaccharides are com-
posed of several different sugars in different combinations 
(Sutherland 1999; Nishanth et al. 2020). The present study 
focuses on the documentation of cyanobacteria and algae 
found on selected monuments and characterization of the 
principal sugars in their extracellular polysaccharide matrix. 
This study was carried out using the HPTLC method as this 
technique gives very precise results and it has not yet been 
used in studies employing EPS characterization.

Materials and methods

Study site

The Champaner Pavagadh complex, which is a UNESCO 
World Heritage Site since 2004, is located in central Gujarat 
(Western India). This world heritage site comprises various 
monuments at Champaner and the adjoining Pavagadh hills 
(Sinha et al. 2004; Modi 2008). Champaner was the regional 
capital city of Gujarat for some time after it was built in the 
fifteenth century (Sinha et al. 2004). The Pavagadh hills have 
several monuments which date back to the ninth century. A 
total of six monuments were selected for the study. Three 
monuments namely Makai kothar (22° 27′ 54.40″ N, 73° 
31′ 20.30″ E), Navlakha kothar (22° 28′ 02.19″ N, 73° 30′ 
40.79″ E) and Jain temple (22° 28′ 00.8″ N, 73° 30′ 54.7″ 

E) are located on the Pavagadh hills. Two of the other three 
monuments, Saher ki Masjid and Mandavi are located next 
to each other within the Champaner fort (22° 29′ 0.94″ N, 
73° 31′ 53.60″ E) while Amir manzil (not protected by the 
ASI but under supervision of the ASI 22° 29′ 25.08″ N, 73° 
31′ 44.17″ E) is located outside the fort ramparts (Supple-
mentary Fig. 1).

Sample collection, culturing and identification

The biofilm sample collection was carried out using a non-
destructive method with adhesive tape (La Cono and Urzi 
2003; Keshari and Adhikary 2013, 2014) in August 2017 
and April 2018. The month of August falls within the rainy 
season during which conditions are most favourable for 
biofilm growth, while the month of April falls within the 
dry summer season where conditions restrict the growth of 
biofilms. Samples were thus collected during these two dif-
ferent times. Permission to collect samples was taken from 
the Archaeology Survey of India, Vadodara Circle. At the 
laboratory, the collected biofilm clumps were transferred to 
conical flasks containing BG 11 media (Rippka et al. 1979) 
and incubated at 27–30 °C temperature in 2500 lux white 
light with 16-h light and 8-h dark photoperiod. During the 
light period, the samples were shaken at 100 RPM on a rota-
tory shaker for 2 h. Repeated streaking from broth onto agar 
media was carried out to obtain pure cultures. These pure 
cultured samples were confirmed microscopically (Leica 
DM 2000 microscope) and identified using micro morpho-
logical characters referred to from Desikachary (1959), 
Komarek and Anagnostidis (1989, 1999) and Anagnostidis 
and Komarek (1990). Optimization of nutrient media for fur-
ther growth was done using response surface method of the 
Design Expert 7.0.2 (state-ease, USA) (Wang et al. 2007). 
Two of the media components K2HPO4 and NaNO3 were 
optimized for increasing the in vitro biofilm growth of pure 
culture (Mehta et al. 2020).

Genomic DNA extraction, amplification of 16S rRNA 
gene and phylogenetic analysis

DNA was extracted using the xanthogenate-SDS method 
(Tillett and Neilan 2000) with minor modifications. In addi-
tion to XS buffer, 10 µl RNase A was added and mixed using 
a pipette. As the incubation time is dependent on the thick-
ness of the capsular polysaccharides sheath, the optimum 
time was standardized separately for each of the species after 
several attempts. The eppendorf tubes were incubated at 
70 °C for 30 min (Asterarcys), 60 min (Chroococcidiopsis) 
and 90 min (Desmonostoc, Nostoc and Leptolyngbya). After 
incubation, the tube was vortexed for 10 s and then kept on 
ice for 60 min. Cell debris was removed by centrifugation at 
14,000 rpm for 7–10 min. DNA was precipitated by adding 
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cold ethanol and pelleted by centrifuging at 12,000 rpm for 
10 min. It was rinsed with 70% ethanol and air dried. A 
TE buffer was used to dissolve the pellet and then stored at 
− 20 °C until further analysis.

The amplification of DNA was attempted using 16S 
rRNA universal primers like 359F, 106F and 781R (Nübel 
et al. 1997; Keshari and Adhikary 2013, 2014). However, 
the standard amplicon size for species level identification 
could not be obtained. Hence, new primers were designed 
using NCBI database sequences and the appropriate 16S 
rRNA region was selected for both cyanobacteria and micro-
algae for species confirmation (Burja et al. 2001; Alonso 
et al. 2012; Mohamed et al. 2014; Kong et al. 2017). PCR 
amplification process was carried out by designed primers 
pairs DNM1 F “GAA​AGC​CTG​ACG​GAG​CAA​TA”/DNM1 
R “CGG​GAC​TTA​ACC​CAA​CAT​CT”; DNM2 F “GCG​GTG​
AAA​TGC​GTA​GAG​AT”/DNM2 R “GTA​AGG​GGC​ATG​
CTG​ACT​TG” and DNM3 F “AGA​GGA​TGA​GCA​GCC​
ACA​CT”/DNM3 R “GGG​ATG​TCA​AGC​CTT​GGT​AA”. 
PCR reaction mixture (20 µl) was prepared by mixing 10 µl 
Dream Taq master mix, 0.5 µl forward and reverse primers 
from 1:10 stock, 1 µl template DNA and 8 µl MilliQ water. 
35 PCR cycles were performed consisting of initial dena-
turation at 94 °C for 4 min, denaturation at 94 °C for 30 s, 
elongation at 55 °C for 45 s, extension at 72 °C for 2 min 
and final extension 7 min at 72 °C. DNA purification was 
carried out by GeneJET Gel Extraction (Thermo scientific). 
The purified amplicon quality and quantity was assessed 
using nanophotometer (IMPLEN NP80) and it was then sub-
jected to Sanger sequencing. The sequence obtained from 
this process were compared with the 16S rRNA partial gene 
sequences of cyanobacterial biofilm on monuments (Keshari 
and Adhikary 2013; Adhikary et al. 2015) as well as other 
global 16S rRNA cyanobacterial sequences retrieved from 
GenBank through BLAST analysis. All selected sequences 
and the sequences obtained in the current study were used 
for the construction of a consensus phylogenetic tree by 
maximum parsimony analysis using Mega X software 
(Kumar et al. 2018). Bootstrap value was selected as 1000 
replicates.

Production and extraction of exopolysaccharide

The production of exopolysaccharide was first confirmed 
by Alcian Blue staining (Tamaru et al. 2005). Extraction 
of EPS was done using minor modification of method fol-
lowed by Sureshkumar et al., (2007) and Khattar et al., 
(2010). 500 ml of culture was centrifuged at 15,000 rpm 
for 15 min and cell pellets were separated. Cold acetone 
equal to two or three volumes of the supernatant was 
added and this solution was kept at 4 °C for 24 h. The pre-
cipitated exopolysaccharide was centrifuged at 8000 rpm 
for 20 min at 4 °C and the pellet was washed with acetone. 

Impurity like exo DNA and protein (Nwodo et al. 2012) 
in the EPS pellets could hinder further analysis. Hence, 
purity of carbohydrate was checked by the Anthrone test 
(Delattre et al. 2016). The EPS pellet was purified by 2–3 
repeated washes with chilled acetone and re-centrifuged 
at 8000 rpm for 20 min at 4 °C. The pure pellet was stored 
at 4 °C for further study.

Acid hydrolysis and separation of monosaccharides 
from EPS by HPTLC method

The digestion of EPS was carried out using the acid 
hydrolysis method of Khattar et al. 2010 with a few modi-
fications. A X mg exopolysaccharide was hydrolysed 
by 3X ml 4 N TFA (Trifluoroacetic acid) at 100 °C for 
60 min. The TFA was removed by evaporation along with 
drop by drop addition of an equal volume of methanol. 
The remaining TFA residue in this neutralized sample 
was evaporated using a rotary vacuum evaporator (Hei-
dolph Laborota 4000 efficient). This sample was used in 
to HPTLC analysis to separate the monosaccharide pre-
sent in the exopolysaccharide. The HPTLC method was 
carried out using the CAMAG HPTLC system setup with 
Linomat 3 as a sample applicator, Scanner 3 for scanning 
the derivatized plate and winCATS planar chromatogra-
phy manager software version 1.2.0. The standards and 
samples were applied using a 100 µl CAMAG Linomat 
syringe. 20 × 10 cm TLC plates (60 F254 Merck, India) 
were used to show the separation through a chromatogram. 
The plate was saturated with 0.3 N NaH2PO4 solution and 
air dried. The saturated plate was laid out with the first 
band positioned 20 mm away from the edge on X axis and 
8 mm away from the edge on Y axis. The length of each 
band was 6 mm. The plate was developed using 4:5:1 ratio 
of n butanol:acetone:0.3 N NaH2PO4 as the mobile phase. 
For development of the TLC plate, a CAMAG twin-trough 
glass chamber was used. The developed plate was derivat-
ized by ADP (aniline diphenylamine phosphoric acid). The 
derivatized plate was heated at 110 °C for 10–15 min in an 
oven. The plate was scanned by the CAMAG TLC Scanner 
3 at a wavelength of 366 nm.

Results and discussion

In current study, a total of six different strains were isolated 
as pure cultures from the biofilms of selected study loca-
tions. Identification of all these strains was confirmed by 16S 
rRNA gene sequence. Exopolysaccharide of all six strains 
was extracted and their separation was done by HPTLC 
technique.
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Biofilms strain confirmation

Sanger sequencing data were obtained from purified ampli-
con of each strains of biofilm. The BLAST analysis of 
the acquired sequence showed 96–100% similarity, which 
helped to reveal the identity of the isolated strains. There-
fore, both microscopic morphological features and 16S 
rRNA gene sequence data were considered during the iden-
tification of the strain. The six species belonging to five dif-
ferent genera were identified as Leptolyngbya foveolarum 
and Leptolyngbya crispata (Synechococcales), Desmonostoc 
muscorum and Nostoc punctiforme (Nostocales), Chroococ-
cidiopsis cubana (Chroococcidiopsidales) as well as Aster-
arcys quadricellulare (Chlorococcales) (Supplementary 
Fig. 2). All sequence data of these strains were deposited in 
the NCBI GenBank database and their accession numbers 
were obtained (Table 1).

Biofilm organisms on different substrata

In the current study, the maximum number of species (four 
species) were recorded on mortar followed by sandstone and 
lime coating substratum (Table 1). Earlier studies (Barber-
ousse 2006; Keshari and Adhikary 2013; Adhikary et al. 
2015) have reported cyanobacterial biofilm from sandstone 
and mortar substratum. Mortar, sandstone and limestone 
have a porous surface which allows organisms to settle and 
accumulate photosynthetic biomass. Phototropic organisms 
release carbohydrate and other organic nutrients facilitating 
the growth of complex microbiota which leads to initiation 
of biodeterioration activity (Crispim and Gaylarde 2005). In 
the current study, members of Synechococcales and Nosto-
cales were observed to be dominant on biofilms. Likewise, 
researchers in India have also documented a higher species 
diversity of Synechococcales and Nostocales on different 
monuments (Samad and Adhikary 2008; Keshari and Adhi-
kary 2013; Adhikary et al. 2015). Members of these two 
orders have also been recorded as prominent members of 
biofilms on monuments from France and Spain (Uher et al. 
2005; Barberousse 2006). To understand the relationships 

between different species from different substratum for 
biofilm growth, a consensus phylogenetic tree showing the 
relationship between the isolated cyanobacterial 16S rRNA 
partial gene sequences obtained in the present study and 
those reported from other parts of the world was constructed 
(Fig. 1).

Analysis of the phylogenetic tree revealed that Leptolyng-
bya was the most common genera isolated from cyanobacte-
rial biofilm on monuments followed by Chroococcidiopsis 
and Nostoc. This analysis revealed differences in the taxa 
based on their substratum as well as their location in either 
tropical or temperate region of the world which are similar to 
the findings of Keshari and Adhikary (2013). The sequences 
of the organisms isolated in the current study are closely 
clustered with sequences of organisms reported from India 
and the tropical regions. Nostoc punctiforme, Leptolyngbya 
crispata and Leptolyngbya foveolarum were closely clus-
tered with Tolypothrix scytonemoides and Leptolyngbya sp. 
isolated from India while Desmonostoc muscurorum was 
closely clustered with Tolypothrix distorta var. penicillata 
and formed a group with other Nostoc and Hassallia isolated 
from monuments in India. Chroococcidiopsis cubana was 
closely clustered with Chroococcidiopsis sp. that has been 
reported from Cambodia, a tropical region. Leptolyngbya 
has been reported from a variety of substrates like sand-
stone (India, Cambodia), mortar (India), marble, concrete 
and catacombs (Italy) while Chroococcidiopsis has been 
reported from sandstone (Cambodia, Antarctica, Israel), 
granite (Egypt & Chile) and lime mortar (India). Hence, 
at the generic level, there seems to be no specificity of taxa 
with any substratum.

Exopolysaccharides and its characterization 
by HPTLC fingerprint profile

Extracellular polysaccharide attaches to the cell surface 
sheath (capsular polysaccharide) and also secretes into 
medium as slime or released polysaccharide (RPS). The 
slime was visually confirmed by Alcian Blue staining 
(Fig. 2). EPS is mainly composed of heteropolysaccharides 

Table 1   Substrate, location and 
accession numbers of isolated 
organisms from biofilm of the 
monuments of Champaner 
Pavagadh complex

1. Saher ki Masjid, 2. Mandavi, 3. Amir Manzil, 4. Makai Kothar, 5. Navlakha Kothar, 6. Jain Temple

Sr. No Name of the organisms Substrata Monuments GenBank 
Accession 
No

1 Chroococcidiopsis cubana Lime, Mortar 1, 2 MN950976
2 Desmonostoc muscorum Mortar 3 MN950971
3 Nostoc punctiforme Mortar, Sandstone 4, 5 MN950972
4 Leptolyngbya foveolarum Mortar, Sandstone 4, 5 MN950974
5 Leptolyngbya crispata Brick 3 MN969628
6 Asterarcys quadricellulare Lime 6 MN955451
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or homopolysaccharides (Sutherland 1999; Nishanth et al. 
2020).

The characterisation of EPS of the isolated cyanobacte-
ria and microalga from the Champaner Pavagadh complex 

by HPTLC method revealed the presence of heteropoly-
scharides. This method provided a fingerprint profile chro-
matogram by densitometric evaluation. The obtained chro-
matogram was viewed at two different wavelengths of 580 

Fig. 1   Consensus tree based on 16S rRNA partial gene sequences of cyanobacterial biofilm from monuments around the globe (black circles 
represent samples from the current study)

Fig. 2   Exopolysaccharides 
stained with Alcian blue reagent
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and 366 nm which has been depicted at Fig. 3a, b, respec-
tively. This method allowed the generation of three sets of 
Rf values for each compound which facilitated the separa-
tion of compounds in which max Rf values were similar. 
Comparison with standard Rf values (Table 2) and colour 
of the fingerprints after derivatization indicated the pres-
ence of specific monosaccharides in the EPS which were 
confirmed based on their Rf values and peaks of spectra 
obtained at 366 nm. The obtained spectra of all tracks are 
shown in Fig. 4.

Fig. 3   HPTLC fingerprints of exopolysaccharides of Champaner 
Pavagadh complex biofoulants, A. Chromatogram at 580  nm and 
B. Chromatogram at 366  nm. 1—Xylose, 2—arabinose, 3—man-
nose, 4—glucose, 5—galactose, 6—fucose, 7—galacturonic acid, 

S1—Desmonostoc muscorum, S2—Nostoc punctiforme, S3—Leptol-
yngbya crispata, S4—Leptolyngbya foveolarum, S5—Chroococcidi-
opsis cubana, S6—Asterarcys quadricellulare 

Table 2   Rf values of monosaccharides peak at 366 nm wavelength

Monosaccharides Start
Rf

Max
Rf

End Rf

Xylose 0.75 0.87 0.96
Arabinose 0.51 0.59 0.76
Mannose 0.53 0.60 0.73
Glucose 0.37 0.50 0.59
Galactose 0.21 0.36 0.46
Fucose 0.73 0.84 1.1
Galacturonic acid 0.78 0.86 1.07

Fig. 4   Spectra of all tracks 
of standards and samples at 
366 nm (T1 to T7 for standards 
and T8 to T13 for samples)
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This analysis revealed the presence of six neutral 
sugars (fucose, xylose, mannose, glucose, arabinose, 
and galactose) and one acidic sugar (uronic acid). Each 
strain had the presence of three to five monosaccharides. 
Table 3 depicts the amount of different sugars isolated 
from the EPS of the isolated strains. Xylose was visible 
at 580 nm only and hence it has not been included in 
Table 3 which indicates the area covered values, observed 
at 366 nm. The spectra revealed that concentration of 
fucose and arabinose was high in comparison to other 
monosaccharides. However, in terms of dominance, glu-
cose was the dominant monosaccharide except Asterarcys 
quadricellulare which is a microalga. Glucose was pre-
sent in all the studied strains like Leptolyngbya sp., Gloe-
ocapsosis cf. crepidinum, Plectonema sp., Gloeocapsa 
kuetzingigiana (Rossi et al. 2012) and Limnothrix redekei 
(Khattar et al. 2010). In current study, we observed the 
seven monosaccharides from the EPS of cyanobacteria 
and microalga. While earlier study reported that pres-
ence of a minimum of two and up to a maximum of nine 
monosaccharides from the EPS of several microalgae and 
bacterial groups like Bacillariophyta (6–8 monosaccha-
rides), Chlorophyta (6 monosaccharides), Haptophyta 
(2–6 monosaccharides) and Cyanobacteria (3–9 mono-
saccharides). (De Philippis et al. 1998; Hu et al. 2003; 
Kielme et al. 2007; Pereira et al. 2009; Pignolet et al. 
2013; Raposo et al. 2015).

Monosaccharides from the EPS of different bacterial 
and microalga strains have been separated using various 
methods such as ion exchange chromatography, GC/MS, 
HPLC with refractive index detection and LC-high resolu-
tion mass spectroscopy (LC-HRMS) (Khattar et al. 2010; 
Rossi et al. 2012; Baldev et al. 2015; Delattre et al. 2016). 
In these methods, the separation of sugars (e.g. glucose 
and mannose) with a similar retention time was difficult to 
identify and they had to be subsequently confirmed using 
TLC (Khattar et al. 2010; Baldev et al. 2015). The HPTLC 
method used in the current study proved to be more accu-
rate and rapid as it provided results in both form spectra as 
well as chromatogram with different Rf values.

Conclusion

It can be concluded that the results obtained through molec-
ular study of biofilm organisms which led to the deteriora-
tion of the monuments of the Champaner Pavagadh area 
were composed of five cyanobacteria and one microalga. 
The chemical characterization study of isolated exopolysac-
charide suggests that HPTLC fingerprint analysis could be 
a reliable tool for monosaccharides profiling of exopolysac-
charide from biofilm forming microorganisms. The method 
standardised in this investigation could be useful for various 
applications in industrial, pharmaceutical and biodeteriora-
tion studies.
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