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Abstract

The present work performs the polyphasic characterization of a novel cyanobacterial species Scytonema ambikapurensis
isolated from an Indian hot spring and evaluates its wastewater bioremediation potential. While the physicochemical analyses
of the wastewater indicated high load of nutrients and metals, the wastewater bioremediation experiment performed using
the test cyanobacterium denoted the removal of 70 and 86% phosphate, 49 and 66% sulfate, 96 and 98% nitrate, 91 and 92%
nitrite, 95 and 96% ammonia, 66 and 72% chloride, 79 and 81% zinc, 68 and 80% nickel, 81 and 90% calcium, and 80 and
90% potassium from the autoclaved and un-autoclaved wastewater, respectively, after 20 days of culturing. The kinetics
study of zinc and nickel removal from wastewater revealed that the cyanobacterium employed sequential biosorption (by
following pseudo-second-order kinetics model) and bioaccumulation methods to remove these two metals. The quality of
the autoclaved and un-autoclaved wastewater was further improved by the cyanobacterium through reduction of hardness
by 74 and 81%, respectively. In wastewater, the cyanobacterium not only enhanced its biomass, chlorophyll and carbo-
hydrate contents, but also produced small amount of released and high capsular exopolysaccharide (EPS). The FTIR and
TGA analyses of capsular EPS unraveled that it was a negatively charged sulfated biomolecule having thermostability up to
240 °C, which suggested its possible use as excellent emulsifying, viscosifying, and biosorption agent. The credibility of this
EPS as biosorption agent was ascertained by evaluating its metal chelating ability. Finally, the experimental data denoting
the ability of S. ambikapurensis to bioremediate wastewater and simultaneously produce EPS was statistically validated by
PCAT1-pollutant removal model and the PCA2-cellular constituent model, respectively. Briefly, the study discloses that the
cyanobacterium has huge biotechnological and industrial importance as it bioremediates wastewater and simultaneously
produces thermostable exopolysaccharide.

Keywords Bioremediation - Biosorption kinetics - Cyanobacteria - Pollutants removal model - Polyphasic - Potentially
toxic elements

Introduction

Water contamination is the global problem and its manage-
ment and treatment have emerged as an escalating chal-
lenge globally. Release of untreated industrial and munici-
pal wastes containing toxic pollutants such as dyes, heavy
D4 Satya Shila Singh metals, surfactants, herbicides, pesticides, fertilizers and

satyashila@rediffmail.com pharmaceuticals into the surface water bodies and their sub-
sequent leaching to the subsoil layers cause pollution and
consequently decrease the water and soil quality. Most of
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mixed type wastewater, various techniques such as chemical
(electrochemical oxidation), physical (adsorption and mem-
brane filtration) and biological (using microorganisms) have
so far been developed (Crini and Lichtfouse 2019). Although
the chemical and physical techniques are rapid and more
efficient, they require high energy, maintenance and opera-
tional cost. Hence, these techniques are not feasible for small
industries. In contrast, the biological techniques are eco-
friendly and allow treatment “in situ” which significantly
reduces technology cost (Crini and Lichtfouse 2019).
Biological techniques mainly use microorganisms as they
provide different mechanisms and pathways of transforma-
tion and transfer of hazardous substances from one medium
to another. Moreover, their ubiquity, small size, high rate
of reproduction and large surface-to-volume cell ratio
also make them potential biological agents for wastewater
bioremediation. These features are also characteristic for
cyanobacteria—one of the oldest groups of photosynthetic
prokaryotes on the Earth (Cepoi et al. 2016). Cyanobacteria
have big advantages over other life forms, which allowed
them to survive in different conditions. Their biochemical
processes and specific adaptations under harsh conditions
make them very flexible. Moreover, their high availability
and autotrophic mode of nutrition are the additional advan-
tages which significantly curtail the cost of industrial cul-
tivation. Besides, cyanobacteria are also well known for
their incredible efficiency to adsorb and accumulate poten-
tially toxic elements from the polluted environments (De
Philippis et al. 2011). This bioaccumulation of toxic ele-
ments by cyanobacteria mainly results from their chelation
and incorporation in specific organic structures like amino
acids, oligopeptides, proteins and oligo- and polysaccharides
(Banerjee et al. 2021). Among these organic compounds,
cyanobacterial polysaccharides, especially those which are
released outside the cell (exopolysaccharides (EPSs)), have
recently gained immense importance as potential biological
agents for the treatment of wastewater because they have
unique advantages over the EPSs synthesized by plants,
animals, and higher algae (Banerjee et al. 2021). The exo
or released polysaccharides of cyanobacteria are generally
polyanionic heterocyclic compounds rich in uronic acid resi-
dues (glucuronic acid and galacturonic acid) and sulfates
(De Philippis et al. 2011). In addition to their roles in heavy
metal scavenging, EPSs also help cyanobacteria in surface
attachment, colonization (Janczarek et al. 2015), and nutri-
ent uptake (Kalpana et al. 2018). However, the production
of EPSs is more common in case of those cyanobacterial
(Lopez-Ortega et al. 2021) strains which grow under harsh
environmental conditions such as high salinity, acidity and
temperature. This is so because they use EPS as protective
machinery under such tough conditions (Lépez-Ortega
et al. 2021). Since EPSs are able to remove both potentially
toxic elements and organic pollutants from the environment,

cyanobacterial strains regularly or occasionally exposed to
extreme conditions appear to be the most suitable ones for
wastewater bioremediation uses. In addition, EPSs produced
by these cyanobacterial strains also have biotechnological
advantages over traditionally used biopolymers (Arias et al.
2020a). Previously, many studies were performed using
cyanobacteria for the wastewater bioremediation (Arias
et al. 2020b; Chevalier et al. 2000; Zhu et al. 2021; Samiotis
et al. 2022), but most of the studies were conducted in syn-
thetic wastewater using mesophilic cyanobacterial strains.
Therefore, studies related to the treatment of natural mixed
wastewater using extremophilic EPS-producing cyanobac-
teria are still vacant despite their remarkable ecological and
biotechnological importance.

Among the extreme environments, hot water springs rep-
resent a unique habitat where cyanobacteria constitute the
major portion of the photosynthetic microbial mats and act
as primary producers. In India, about 340 hot springs are
known to be present in different ecological regions but only
few hot springs especially located in the northern part of
India have so far been investigated for their cyanobacterial
diversity. Furthermore, whatever cyanobacterial strains have
been isolated and characterized from these hot springs have
not yet been thoroughly studied for their efficiency to biore-
mediate wastewater and produce EPSs. Thus, cyanobacte-
rial diversities of majority of the Indian hot springs are still
remaining largely unexplored. Tatapani hot spring located
in the state Chhattisgarh is one such completely unexplored
hot spring which presents high possibility of getting new
cyanobacterial species (Jaiswal et al. 2021) with interesting
properties including bioremediation of polluted environ-
ments and EPS production.

In this context, the current study has been designed to
isolate a potent cyanobacterial strain from the Tatapani hot
spring and assess its ability to bioremediate mixed-type
wastewater. Moreover, the additional aims of the study were
to assess the ability of the organism to produce EPSs as bio-
products and analyze their basic characteristic features for
enumerating their biotechnological or industrial prospects.
Therefore, the study would not only explore the applicabil-
ity of the isolated cyanobacterium in wastewater treatment
plants but also reflect its prospects in the EPS producing
industries.

Materials and methods

Sample collection, isolation and purification

The cyanobacterial samples were collected in pre-sterilized
falcon tubes from the outflow of Tatapani Hot Spring, Bal-

rampur, Chhattisgarh, India (23.6986°N and 83.68404°E), in
May, 2019. The collected samples were repeatedly washed
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in double-distilled water to remove sediments and further,
isolation and purification was achieved by spreading seri-
ally diluted samples on solid BG-11, medium (Rippka et al.
1979) and alternative sub-culturing between liquid and solid
BG-11, medium, respectively. The purified cyanobacterium
strain (labeled as TPJ-3) was maintained in liquid BG-11,,
medium (pH 7.6) under the illumination of cool florescent
light at 50-55 uE m~2 s~! with a photoperiod of 12/12 h
light/dark cycle at 27 +2 °C.

Morphological, molecular and phylogenetic
analysis of TPJ-3

The morphological attributes like shape, size and position
of vegetative cells and heterocytes, branching pattern, pres-
ence/absence and color of sheath of isolated cyanobacte-
rium were studied throughout the experiment and for the
primary identification of the strain keys of Desikachary
(Desikachary 1959) and Komarek (Komarek et al. 2013)
were consulted.

Further, for the molecular characterization of TPJ-3,
genomic DNA was extracted by using HiPurA Bacte-
rial Genomic DNA Purification Kit (MB505-250R). The
cyanobacterial specific primer pA (5'-AGAGTTTGATCC
TGGCTCAG-3') and B23S (5'-CTTCGCCTCTGTGTGCCT
AGGT-3’) were used for the amplification of the 16S rRNA
gene and 16S-23S ITS regions (Edwards et al. 1989; Gke-
lis et al. 2005). The amplified products were sequenced by
Sanger’s method on a 3730x1 DNA analyzer (Applied Bio-
systems, Foster City, CA, USA) and the obtained sequence
was compared with the NCBI database using BLAST tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

After that, the phylogenetic analysis of the test cyanobac-
terium was done by retrieving the reference sequences of
16S rRNA gene representing 274 OTUs from the GenBank
and aligning using ClustalW in MEGAS.2. Maximum Like-
lihood (ML), Neighbor-Joining (NJ) and Maximum Parsi-
mony (MP) algorithms were used for the reconstruction of
the phylogeny of the strain TPJ-3 in MEGA 5.2 by selecting
the model with the lowest Bayesian Information Criterion
score (Tamura et al. 2011). The ML tree was inferred using
Kimura 2-parameter model (K2 4+ G+1) and the reliability
of all the trees was tested using the bootstrap method with
1000 replicates. The Mfold web server (Zuker 2003) was
used for the analysis of folded secondary structure of 16S-
23S ITS regions (D1-D1' and box-B) and compared with
phylogenetically related taxa.

Experimental design for wastewater bioremediation
In order to perform wastewater bioremediation study, the

Assi Nala which is situated about 1.5 km away from the
Assi bank of river Ganga in Varanasi, India, was selected
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as sample collection site because it receives untreated
domestic as well as industrial effluents regularly. Earlier
studies showed that the wastewater of Assi Nala contains
high concentrations of toxic (organic and inorganic) pollut-
ants (Singh 2011) and releases them into the river Ganga.
Since the river Ganga has a religious background, people
of Varanasi as well as from other parts of India frequently
uses its water for bathing and drinking purposes which
clearly suggests that the Assi Nala is a serious threat to the
well-being of Indians and efforts must be invested for the
management of its wastewater to minimize its health risks.
Therefore, selecting Assi Nala as the wastewater collection
site in our study appears to be quite convincing from the
view point of wastewater bioremediation research. Waste-
water was initially collected from the Assi Nala, Varanasi,
India, and further its physico-chemical analysis was per-
formed as per standard protocols (mentioned below). The
collected wastewater sample was left for the sedimenta-
tion of suspended particles followed by divided into three
parts, i.e., (1) un-autoclaved and un-inoculated wastewater
(T1), (2) autoclaved wastewater with 0.5 gL.~! inoculum of
TPJ-3 strain (T2) and (3) un-autoclaved wastewater with
0.5 gL‘1 inoculum of TPJ-3 (T3). Treatment of the auto-
clave or unautoclaved wastewater with or without the test
cyanobacterium was run in 2 L Erlenmeyer flasks under
illumination of cool florescent light approximately 50-55
uE m~2 s~! with a photoperiod of 12/12 h light/dark cycle
at 27 +2 °C. Changes in physicochemical properties (pH,
total dissolve solid, conductivity, salinity and total hard-
ness), nutrient contents (phosphate, sulfate, nitrate, nitrite,
ammonia and chloride) and metal ion concentration (Zn, Ni,
Na, Ca and K) of the wastewater were recorded on the Oth,
10th and 20th day under T1, T2 and T3 conditions. After-
wards, the morphological, physiological and biochemical
features of the TPJ-3 strain were studied under wastewater
grown conditions (T2 and T3) and compared with that of
a control condition, i.e., TPJ-3 grown in BG-11, medium.

Measurement of pH, TDS, conductivity, salinity
and total hardness

The changes in pH, total dissolved solids, conductivity and
salinity in T1, T2 and T3 conditions on the Oth, 10th and
20th day were determined by using PCSTestr 35, whereas
the total hardness of the wastewater was measured by titra-
tion against EDTA as per described in APHA (APHA 2005).

Assessment of nutrients and potentially toxic
element removal efficiency

The nutrients and potentially toxic element removal ability
of TPJ-3 was determined on the Oth, 10th and 20th day by
centrifuging cyanobacterium cultures from T1, T2 and T3
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at 6000 rpm for 10 min. The obtained supernatants were
subjected for the determination of nutrients like phosphate,
sulfate, ammonia and chloride contents (APHA 2005).
Phosphate and sulfate contents were measured by using
vanadomolybdo-phosphoric acid colorimetric method (using
K,HPO, as standard) and BaCl, turbidity method, respec-
tively. Ammonia was quantified by using Nessler’s reagent,
whereas chloride content was measured according to the
Mohr’s method by titrating against AgNO; in the presence
of potassium chromate as an indicator. Nitrate content was
measured by using nitration of salicylic acid method (Cat-
aldo et al. 1975), whereas nitrite content was determined by
formation of a reddish purple azo-dye produced by coupling
of diazotized sulfanilamide with N-(1-naphthyl)-ethylene-
diamine dihydrochloride using NaNO, as standard (APHA
2005). The concentrations of metal ions (Zn, Ni, Na, Ca and
K) in the obtained supernatants were measured by using
atomic absorption spectrometer (AAS).

Biosorption kinetics and distribution of potentially
toxic elements (Zn and Ni)

Biosorption assay and cellular distribution of the Zn and Ni
were performed by inoculating 0.5 gL.™! biomass of TPJ-3
to autoclaved wastewater (T2). The content was filtered
through Whatmann filter paper (0.45 pm) and the concen-
trations of the Zn and Ni ions were determined at time inter-
vals of 0, 1, 2, 4, 8, 16, 24, 48 and 72 h by using AAS. In
order to measure the surface-bound metal ion concentration,
wastewater-treated cyanobacterial cells were suspended and
vortexed in 0.1 M HCI for 15 min and then centrifuged at
5000 rpm for 10 min. The obtained supernatant was further
analyzed through AAS to measure the concentration of Zn
and Ni and the remaining cyanobacterial pellet was used
for measuring the intracellular concentrations of the same
metals. For this, the cyanobacterial pellet was acid digested
(HNO;, HCI, 1:3 v/v) and the obtained solution was diluted
using metal-free double-distilled water and then analyzed
to estimate the intracellular concentrations of Zn and Ni.

The metal biosorption efficiency and maximum biosorp-
tion capacity at equilibrium was calculated according to the
following equations:

(Co — Ce) .

Biosorption efficiency (%) = 100
Co—-CnV
Biosorption capacity (qt) = %
- vV
Biosorption capacity (g,) = %

where g, is the biosorption capacity at time t (mg g™,
q. 1s the biosorption capacity (mg L~!) at equilibrium, C,is
the initial metal ion concentration (mg L_l), C, is the metal
ion concentration (mg L_l) at time ¢, C, is the metal ion con-
centration (mg L™!) at equilibrium, V is the volume of the
medium (L) and M is the amount of the bio-sorbent (g). The
Langergren linearized form of the pseudo-first-order and
pseudo-second-order adsorption kinetic equation (Ramesh
et al. 2012) used was described below:

log( - ) =log q, — kit
qe ql q(f 2303
t_ 1

4% kgl 4.

where k; is the rate constant of pseudo-first-order adsorp-
tion and k, is the rate constant of pseudo-second-order
adsorption.

Determination of changes in morphological,
physiological and biochemical attributes of TPJ-3

Characterization of morphological changes

The changes in size and shape of vegetative cells and hetero-
cytes as well as frequency of heterocytes were observed using
the microscope (Olympus CX43 fitted with Magnus magCam
DC-5 camera) under wastewater (T2 and T3) and control condi-
tion (BG-11,)). The permeabilized cells were stained with DAPI
(4',6-diamidino-2-phenylindole) and further visualized under
the confocal microscopy (Zeiss LSM-780) to detect intracel-
lular changes using the excitation filter at 370 nm and emission
filter at 526 nm (Mukherjee et al. 2015).

Estimation of chlorophyll a (chl a) and biomass

The growth of the strain TPJ-3 in terms of the chl a was
estimated on the Oth, 5th, 10th, 15th and 20th day. 5 mL of
cyanobacterial culture was harvested from BG-11,, T2 and
T3 by centrifugation at 6000 rpm for 10 min and washed
twice with double-distilled water. The pellets were resus-
pended in 5 mL of 95% methanol and kept overnight at 4 °C
in dark. The A5 and A, of the supernatants were recorded
using spectrophotometer (Hitachi U-2900) and the chl a
was calculated according to the Ritchie (Ritchie 2006) and
expressed in terms of ug mL.

The changes in biomass production of TPJ-3 in terms of
fresh weight was obtained on the Oth, 10th and 20th day by
weighing the blot dried cyanobacterial culture from BG-11,,
T2 and T3 using microbalance (Shimadzu AUX 220) and
represented as gm L.
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Estimation of protein, lipids and carbohydrate

The protein content was measured by centrifuging the
cyanobacterial cultures from BG-11,, T2 and T3 on the Oth,
10th and 20th day at 6000 rpm for 10 min. The obtained pel-
lets were washed and resuspended in potassium phosphate
buffer (pH 6.8, 50 mM) and then crushed in liquid nitrogen
with the help of mortar and pestle. After centrifugation at
12,000 rpm for 15 min at 4 °C, the protein content was meas-
ured according to the protocol of Bradford (Bradford 1976)
by taking absorbance at 595 nm and using BSA standard.

For the extraction of total lipids from TPJ-3 on the Oth,
10th and 20th day from BG-11,, T2 and T3 the cyanobac-
terial cells were crushed in chloroform:methanol (2:1 v/v)
using mortar and pestle. Then, equal volume of distilled
water was added and after 10 min of incubation at room
temperature centrifuged at 6000 rpm for 10 min. After
achieving phase separation, the upper phase, i.e., aqueous,
was discarded whereas the lower phase chloroform was
used for total lipid. The dissolved lipids in chloroform were
determined by the method described by Yi and Jean (2011)
using canola oil as standard. The estimation of carbohydrate
content of TPJ-3 in BG-11,, T2 and T3 was done by the phe-
nol-sulfuric acid method using glucose as standard as per
the protocol given by Dubois (Dubois et al. 1951).

Extraction and quantification of capsular
and released exopolysaccharides

The extraction of EPS was performed as per the protocol
described by Khattar (Khattar et al. 2010) with some modi-
fication. For the capsular EPS, cyanobacterial cultures were
harvested from BG-11, T2 and T3 on the Oth, 10th and 20th
day by centrifugation at 6000 rpm for 10 min and the obtained
pellets were treated with a mixture of 0.6 M NaCl and 0.06 M
EDTA at 65 °C for 3 h followed by cooling at RT. Further,
centrifugation was performed at 10,000 rpm for 20 min and
the obtained supernatants and cell free medium (for released
EPS) were treated with equal volume of chilled ethanol and
kept at 4 °C overnight. The precipitated EPS was centrifuged
at 10,000 rpm for 20 min and washed twice with chilled 96%
ethanol. Thereafter, the pellet was air-dried for removal of any
residual ethanol and sample was stored at —20 °C for further
analysis. The carbohydrate content in the EPS was quanti-
fied by the phenol-sulfuric acid method using the protocol
given by Dubois (Dubois et al. 1951). After that, the protein
content in EPS was also measured by Bradford protein assay
(Bradford 1976). In our study, the released EPS content was
found to be extremely low (0.099 +0.002, 0.103 +0.002 and
0.150+0.015 mg g~' FW in BG-11,, T2 and T3 conditions
respectively); henceforth, the capsular EPS was further char-
acterized and designated as EPS.

@ Springer

Fourier transform infrared spectroscopy
and thermogravimetric analysis of EPS

The chemical compositions of EPS were determined via
Fourier transform infrared spectroscopy (FTIR) spectro-
photometer (PerkinElmer Spectrum Version 10.03.05)
where 1 mg of EPS was grounded with 100 mg of potas-
sium bromide (KBr) powder and then compressed into
pellets of 3-mm diameter. Fourier transform infrared
spectrum was then acquired in transmittance mode to ana-
lyze different functional groups in the frequency range of
4000-400 cm™".

Thermogravimetric analysis (TGA) of EPS was carried
out on PerkinElmer STA 6000 where TGA curve plots the
reference material temperature on the x-axis against the
TGA signal, converted to percentage weight change on
the y-axis. For the analysis, EPS was placed in a platinum
crucible and heated at a linear rate of 10 °C min~! over a
temperature range of 30 to 700 °C under nitrogen environ-
ment and the corresponding weight loss was determined.

Metal-binding analysis of the EPS

The metal-binding capacity of the EPS was analyzed by
equilibrium dialysis experiment as described previously
(Geddie and Sutherland 1993; Morillo et al. 2006). The
experiment was performed in 200 ml of 0.1 mM solution
of the metal ion (Ni, Zn, Co, Cd and Cu) separately as
well as in mixed condition. Five milliliters of EPS solu-
tion in milli Q water (0.5% w/v) was placed into the pre-
treated dialysis tube (Himedia-LA395, 12,000 Da) and was
released into the flask containing 200 mL of the respective
metal ion solution under shaking condition (100 rpm) at
room temperature. The concentration of the metal ions was
measured at 0 and 24 h by using AAS.

GC-MS analysis of fatty acid methyl esters

The cyanobacterial cells from BG-11, and T2 were har-
vested on the 20th day and 1 g dried cells was crushed in
appropriate amount of chloroform:methanol (2:1 v/v) fol-
lowed by saponification and methylation by sodium meth-
oxide and boron trifluoride-methanol, respectively, and
boiled for 12 min. The sample was immediately cooled
on ice bath followed by addition of 5 mL of HPLC grade
n-hexane (Kang and Wang 2005). After layer separation,
2/3" of upper hexane layer was transferred to GC vials
and concentrated until 100 pL samples were remained.
Finally, 3 pL of sample was injected to GC-MS for the
analysis of fatty acids.
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Statistical analysis

All the experimental results were represented as the means
of three replicates and were statistically analyzed at 95%
significance level by two-way ANOVA (Tukey test) using
IBM SPSS statistics 26. To determine the effect of cultiva-
tion time, various conditions, and their correlation with the
cellular constituents as well as the nutrient and metal ion
contents in wastewater, the principal component analysis
(PCA) was performed using XL STAT software.

Results and discussion
Morphological, molecular and phylogenetic analysis

Strain TPJ-3 formed conspicuous soft spongy, bluish green
to brownish green mat attached to the substratum on running
shallow water at the time of sampling. In-depth microscopic
observation the strain showed typical characteristics of the
family Scytonemataceae. The filaments were densely entan-
gled, uniseriate, isopolar and depicted single and geminate
type of false branching. Filaments were enclosed in firm,
distinct and colorless sheath. The barrel-shaped vegetative
cells of filament were usually wider than length where length
and width were found to be ranged from 6.00 to 10.00 pm
and 8.50 to 12.00 pm respectively (Fig. 1). The terminal cell
of the filaments was interestingly always yellowish in color
with rounded end. The intercalary positioned heterocytes
were solitary as well as paired with concave and convex
type of ends whereas length and width ranged from 10.50
to 30.00 pm and 10.00 to 13.00 pm respectively. Akinetes
were not observed throughout the study. The morphological
characters of the strain TPJ-3 were compared with the other
Scytonema species (Table S1). The presence of terminal yel-
lowish cell with rounded end and comparatively larger, soli-
tary and paired heterocytes with concave and convex ends
seems interesting.

Further, the identity of TPJ-3 was resolved by molecular
characterization for which the partial sequence (1494 bp) of
16S rRNA gene was obtained and its comparative BLAST
analysis amongst 16S rRNA gene sequences in GenBank
showed 96.68% similarity with the strain Scytonema cf.
mirabile ER0515.01 (MG970546). The pairwise comparison
of the strain TPJ-3 with putatively related taxa showed that
they shared less than 96.60% similarity (Table S2). Thus,
the identity of TPJ-3 as Scyfonema was established and also,
the possibility of TPJ-3 as new member of genus Scytonema
was suggested.

Additionally, the phylogenetic tree reconstructed from
274 nucleotide sequences of the 16S rRNA gene depicted
the stable clustering of TPJ-3 within the Scytonema
clade on separate node with strong bootstrap support

(99/100/99), and consistent tree topology (Fig. 2) pro-
vided strength to the proposition of TPJ-3 as new species
of genus Scytonema. The sequences of Scytonema were
clustered into multiple groups which represented the poly-
phyly of the genus Scyfonema as shown in previous studies
(Komarek 2013; Mishra et al. 2021; Saraf et al. 2018).
Members of these clusters may represent new generic
identities; hence, their further study using polyphasic
approach is essential before creating new generic iden-
tities. The families Tolypothrichaceae and Godleyaceae
form monophyletic clades unlike the highly polyphyletic
family Scytonemataceae which suggested that the intense
revision at family level is indispensable.

Further, the taxonomic validation of TPJ-3 was
achieved by secondary structure analysis of 16S-23S ITS
region. The folded structure of D1-D1’ helix was com-
pared with closely related taxa S. panchmarhiense and S.
javanicum (Fig. S1) and showed a deferent folding pat-
tern. The D1-D1’ helix of TPJ-3 comprised 97 nucleo-
tides and showed continuous formation of two topmost
loops whereas in S. panchmarhiense and S. javanicum,
D1-D1’ helix consisted of 102 and 82 nucleotides with
no single topmost loops. Further, the folded structure of
box-B region of strain TPJ-3 also differed from S. panch-
marhiense and S. javanicum by having only 29 nucleotides
instead of 31 and contained a small loop of 6 nucleotides
at the top instead of 12 and 8 nucleotides as in S. panch-
marhiense and S. javanicum, respectively (Fig. S2).

The polyphasic evaluation and comparative analysis of
strain TPJ-3 using morphological, molecular phylogenetic
(16S rRNA based) and folded secondary structures of ITS
regions indicated that the strain is indeed a new member of
the genus Scytonema.

Bioremediation of wastewater by TPJ-3

Physicochemical characteristics of wastewater collected
from Assi Nala, Varanasi, India

The results obtained from the physicochemical analyses of
wastewater revealed that the water was highly contaminated
with phosphate, sulfate, nitrogen (nitrate, nitrite, and ammo-
nium), Cl, Na, Ca, K, Zn, Ni, Cu, Cr and Cd (according to
the permissible limit, WHO). The presence of these pollut-
ants collectively indicated the toxicity and mixed nature of
the wastewater (Table 1). Although it is well known that
the abundance of phosphate and nitrogen in water causes
eutrophication, no micro-algal growth was observed both at
the sampling site and in laboratory (T1). Along with exces-
sive nutrients, the presence of potentially toxic elements was
supposed to be the reason of such observation.
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Fig. 1 Morphological attributes of Scytonema sp. TPJ-3 and compari-
son between standard media (BG-11,)—grown and wastewater-grown
culture. Scale bar 10 pm. (A) Scytonema sp. TPJ-3 grown in BG-11,,

Removal of pollutants by TPJ-3 and changes
in physicochemical properties of the wastewater

After the growth of strain TPJ-3 in wastewater condi-
tions, the conductivity, TDS, salinity, and hardness of the
wastewater were found to be decreased whereas the pH
was recorded to be increased significantly (p value >0.001)
(Table 2). Conductivity was decreased from 395.00 to
248.50 pS in T3 condition and from 391.00 to 269.50 pS
in T2 conditions on the 20th day while TDS was dropped
from 282.00 to 178.50 mg L~ in T3 condition and from
278.00 to 191.00 mg L™! in T2 condition. Salinity was
curtailed by 37% in T3 condition, 32% in T2 condition, and
25% in BG-11, condition on the 20th day. Reduced salinity
and conductivity of the wastewater may be corroborated

@ Springer

(B) Scytonema sp. TPJ-3 grown in wastewater, (C) DAPI-stained
strain Scytonema sp. TPJ-3 grown in BG-11, and (D) DAPI-stained
strain Scytonema sp. TPJ-3 grown in wastewater

with the removal of mainly Na, K and Ca ions by 20% and
28%, 81% and 90%, and 80% and 90% respectively in T2
and T3 conditions on the 20th day by TPJ-3. Moreover, the
declined level of TDS may be attributed to the degradation
of dissolved solids by TPJ-3 into simpler forms followed
by their possible utilization as nutrients. The total hard-
ness, which was observed to be minimized significantly,
i.e., from 211.33 to 67.33 mg L™! and 53.33 mg L~ in T2
and T3 conditions respectively (Table 2, p value >0.001),
may also be connected with efficient removal of nutrients
and metal ions from the wastewater by the TPJ-3 strain.
However, the increase in pH of the wastewater from 8.50
to 10.07 and 9.89 in T2 and T3 conditions was recorded
respectively. The increased pH may be ascribed to the
cyanobacterial carbon concentration mechanism because
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Fig.2 Phylogenetic position
of strain TPJ-3 based on 16S
rRNA gene along with 274
OTUs of heterocytous genera
inferred by Maximum Likeli- 85/86/73 Hapalosiphonaceae (84 OTUs)
hood tree with the bootstrap
values representing ML/NJ

and MP, respectively. Bar 0.05
changes per nucleotide position
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Table 1 Physicochemical analysis of the wastewater

Parameters Permissible
limits (WHO)

pH 8.57+0.03 6.5-8.5

Conductivity (puS) 396+1.41 -

Salinity (mg L™") 195.50 +1.06* 60

Total dissolved solids (mg L™")  284+0.70 500

211.33£2.30* 200
245.79+£20.07* 0.1

Hardness (mg LY
Phosphate (mg L)

Sulfate (mg L") 37.58+1.75 200
Nitrate (mg L™") 218.67 +7.02% 45
Nitrite (mg L™ 127.87 +4.35* -
Ammonia (mg L") 14.45+1.25% 0.5
Chloride (mg L™ 234.30+3.55 250
Zinc (mg L™ 18.5240.17* 5
Nickel (mg L™ 0.94+0.15% 0.02
Sodium (mg L") 112.15+3.78* 50
Potassium (mg LY 31.30+0.26* 10
Calcium (mg LY 29.22+2.77 75
Copper (mg L) 0.02+0.003 0.05
Iron (mg L) 0.30+0.09 0.3
Cadmium (mg L") 0.08+0.003* 0.003
Chromium (mg LY 0.04 +.008 0.05
Bacterial count (CFU mL™}) 27x10* -

“Concentration is above the permissible limit

during this process, the photosynthetic dissociation of
hydrogen carbonate into CO, and OH™ takes place in car-
boxysome and the produced OH™ further gets released
outside the cells and increases the pH of the surrounding
environment (Kishi et al. 2020). Furthermore, the eleva-
tion in pH by the cyanobacterium caused reduction in TDS
by precipitating hydroxide ions; this hydroxide ion pre-
cipitation was supposed to be the reason why no growth
of other invasive microorganisms (bacteria and fungi)
was found during this study (Shahid et al. 2020). Since
the high concentrations of inorganic phosphorous and
nitrogen in wastewater lead to eutrophication, the removal
of these two nutrients is an important aspect to mitigate

water eutrophication (Whitton et al. 2016). The nutrient
removal ability of the strain TPJ-3 in terms of phosphate,
sulfate, nitrate, nitrite, ammonium and chloride is depicted
in Fig. 3. The removal of the phosphate content on the 20th
day in T2 and T3 conditions was 70% and 86% whereas the
sulfate content was decreased by 49% and 66% respectively
(Fig. 3A, B). Nearly complete removal of nitrate, nitrite
and ammonium, i.e., 96%, 91%, and 95%, in T2 and 98%,
92%, and 96% respectively, by TPJ-3 from the wastewater
was recorded on the 20th day (Fig. 3C, D, E). Interestingly,
the results of our study reflected that the initial concentra-
tions as well as removal of phosphate, sulfate and nitrogen
(nitrate, nitrite and ammonium) was comparatively higher
than that observed in the earlier wastewater bioremediation
studies performed using cyanobacteria (Bohutskyi et al.
2016; Wu et al. 2018) (Table S4). Additionally, the sur-
plus phosphate in the wastewater induced the intracellular
accumulation of poly-phosphate bodies (Sanz-Luque et al.
2020), which was examined in the TPJ-3 cells through con-
focal microscopy (Fig. 1C, D). The higher concentration
of nitrogen and phosphorous sources increases the assimi-
lation of nitrate and phosphate in the biomass (Samiotis
et al. 2022) as shown in Fig. 1 D and 6B. Further, the
elevated removal of zinc and nickel from the wastewater by
TPJ-3 strain was also a unique observation of the present
study (Fig. 4A, B). While the Zn and Ni concentrations
were decreased by 81% and 80% respectively, in T3, 79%
and 68% drop respectively in Zn and Ni concentrations
was identified in T2. An elevated removal of Zn and Ni
from the wastewater by cyanobacteria may be linked to
the cyanobacterial ability to adsorb them on the surface
by synthesizing EPSs and/or accumulate them inside cells
(Chakraborty and Mishra 2020). In order to validate this
prediction, we analyzed the Zn and Ni biosorption kinetics
in TPJ-3 strain in T2 condition and this study revealed that
the cyanobacterium followed pseudo-second-order reaction
model of biosorption kinetics for both Zn and Ni as the
experimental g, (¢ (cxp)) Was closer to theoretical g, of the
pseudo-second-order biosorption kinetics with high cor-
relation coefficient (R?) (Fig. 5). Moreover, the study also
unveiled that the rate limiting step was chemisorptions and
the rate of the adsorption was dependent on the biomass of

Table 2 Change in physicochemical properties of wastewater after the inoculation of strain Scytonema sp. TPJ-3

Parameter T1 T2 T3

Day 10 Day 20 Day 10 Day 20 Day 10 Day 20
pH 8.75+0.03 8.90+0.04 9.99+0.03 10.07+0.07 9.56+£0.05 9.89+0.03
Conductivity (uS) 389+1.41 384+2.83 290+2.83 269.50+2.12 288 +2.82 248.5+3.53
Salinity (mg L™") 187 +1.41 185+2.12 145.50+2.47 130.50+1.06 140.50+0.35 122+2.12
TDS (mg L) 277.50+0.35 277+1.41 210.50+1.76 191.50+1.06 205.50+0.35 178.50+1.06
Hardness (mg L") 160.66 +3.05 142.66 +2.30 67.33+3.05 53.33+3.05 60+2 40+2
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the cyanobacterium TPJ-3. Moreover, the results obtained
from the analyses of cellular distribution of Zn and Ni
reflected that the cyanobacterium contained 3.54 +0.08
and 0.59 +0.01 mg L™! Zn and Ni, respectively, on its sur-
face and accumulated 11.05+0.21 and 1.37 +0.10 mg L™
Zn and Ni, respectively, inside the cells (Fig. S3). This
indicated that the metal ions were removed by the cyano-
bacterium from the wastewater through sequential process
of adsorption and absorption (Sutherland and Ralph 2019).
Although the trace levels of Zn and Ni play an important
role in the cyanobacterial physiology by acting as the
cofactors of hydrolase and urease enzymes, respectively,
the higher concentrations of these trace metals exert del-
eterious effects on the growth of cyanobacteria (Huertas
et al. 2014). In our study, however, the strain TPJ-3 was
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found to grow efficiently in presence of high concentrations
of Zn and Ni which revealed the highly adaptability of the
cyanobacterium.

As compared to T2 (autoclaved TPJ-3 inoculated
wastewater), the removal of majority of the pollutants
was slightly higher in T3 (unautoclaved TPJ-3 inoculated
wastewater). This may be described by the fact that the
unautoclaved wastewater sample, i.e., T3, possibly con-
tained other microorganisms along with the test cyanobac-
terium which ultimately caused enhanced removal of pol-
lutants; however, autoclaving the wastewater might have
killed those organisms in T2 and only the cyanobacterium
was there which removed slightly lesser amounts of pollut-
ants. Despite these clearly observable differences between
T2 and T3 in removing pollutants, it can be firmly said
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that the test cyanobacterium alone was highly efficient in
removing pollutants from wastewater.

Modulations in morphological and physiological
characteristics of TPJ-3

Changes in morphological characteristics

Microscopy revealed no changes in size and shape of veg-
etative cells of TPJ-3 in wastewater (T2 and T3) when
compared with that of the BG-11, medium. While the fila-
ments remained intact and dark bluish green even after
the 15th day of inoculation in wastewater conditions, BG-
11,-grown cyanobacterial filaments started fragmenting
and became slightly yellowish in color (Fig. 1A, B). The
sheath became slimy in wastewater condition which was

@ Springer

a result of increased production of EPSs. Moreover, the
heterocyte frequency in TPJ-3 was decreased in wastewa-
ter conditions from 7.21 to 4.33% in respect to the control
as the nitrogen sources were available in surplus amount.
Confocal microscopy of cyanobacterial filaments reflected
the enhanced accumulation of polyphosphate bodies
(PPBs) inside the cells of wastewater grown TPJ-3 as com-
pared to that of the control (BG-11, medium) (Fig. 1C,
D). The intracellular accumulation of PPBs suggested the
excellent uptake of the phosphate by TPJ-3.

Changes in cellular constituents
The chl a content of the cyanobacterium TPJ-3 was

recorded to be increased by 3.86, 4.51 and 4.82 times
respectively in BG-11;, T2 and T3 on the 20th day.
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Biomass was also increased by 3.78, 5.15 and 5.48 times
in BG-11,, T2 and T3 respectively. The increment in chl
a and biomass was found to be up to 1.12 and 1.38 times
higher in T2 and 1.21 and 1.71 times higher in T3 when
compared with BG-11,. This indicated that the highest
growth was in T3 and least in BG-11, (Fig. 6A, B). The
final biomass production of the TPJ-3 under wastewa-
ter condition was recorded 2.60 gL ™! in T2 and 2.77 in
T3 which was comparable to the previous reports (Table
S4), where biomass production up to 2.00 gL~! by Syn-
echococcus; 1.50 gL_l by Anabaena, Nostoc and Calo-
thrix, (Aketo et al. 2020); 1.88 gL' by Acaryochloris
marina; and 2.23 gL~! by Oscillatoria and Pleurocapsa
has been reported under wastewater condition (Shahid
et al. 2020). Thus, it can be speculated that the abun-
dance of nutrients in wastewater supported the growth of
the strain or the excellent nutrient uptake capability of
the strain TPJ-3 due to its extreme habitat origin could
be the reasons of its luxurious growth and higher bio-
mass production in wastewater. The production of such
a high amount of biomass in wastewater creates inter-
est to subject the cyanobacterium for further extraction
of economically important substances such as biodiesel,
biopolymer, exopolysaccharides, pigments and secondary

first-order and pseudo-second-order adsorption kinetic of Ni, and (E)
comparison of the pseudo-first and pseudo-second-order biosorption
rate constants and experimental g, (¢, xp)) and theoretical g, values

metabolite production (Arias et al. 2020a; Singh et al.
2019). The result obtained after estimating the protein,
carbohydrate and lipid contents indicated drastic change
in carbohydrate content of TPJ-3 when grown in waste-
water (Fig. 6E). However, no significant alteration was
observed in case of protein and lipid contents (Fig. 6C,
D). In contrast, the protein and lipid contents were found
to be slightly higher in BG-11,-grown TPJ-3 with respect
to T2 and T3 (Fig. 6C, D). In addition, from the initial
day, there were 2.03, 3.07, and 4.27 times increments in
total carbohydrate content observed in BG-11, T2 and T3
respectively (Fig. 6E). This suggested that the pollutants
present in wastewater acted as stressors and also triggered
the osmotic changes due to high salinity of wastewater
(about 81% higher than BG-11,) which in turn resulted
in the increased biomass production with increased car-
bohydrates level to regulate the inner-cell turgor pressure
(Samiotis et al. 2021). This further indicated the alloca-
tion of photosynthates toward carbohydrate synthesis and
mainly EPSs as the carbohydrates also comprise the EPS
that stabilize membrane structure and provide cellular sta-
bility; furthermore, the negatively charged EPS reduced
the toxicity level by the biosorption of heavy metals (De
Philippis et al. 2011).
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Production of exopolysaccharides by wastewater grown
TPJ-3

Results of EPS content analysis disclosed that there were 2.89,
3.37 and 3.74 times enhancement in EPS content of TPJ-3 on
the 20th day under BG-11,,, T2 and T3 condition respectively
(Fig. 6F). This increased production of EPS was supposed to
be a mechanism of the cyanobacterium to compensate osmotic
changes, survive and grow in the wastewater which was con-
taminated with the high concentrations of several nutrients and
metal ions (Table 1). The inducive effects of combined nitro-
gen, heavy metals, calcium, pH and salinity on the production
of EPS by cyanobacteria have previously been reported by
Pereira (Pereira et al. 2011). Since EPS has mutifaceted use in
food and pharmaceutical industries, this high EPS-producing

@ Springer

ability makes the strain TPJ-3 a perfect platform for the pro-
duction of EPS at the industry scale (Li et al. 2001).

Fourier transform infrared spectroscopy analysis of EPS
produced by TPJ-3

The outcomes of FT-IR analysis elucidated the bio-
chemical characteristics of the EPS by determining
its functional groups (Fig. 7A). The broad spectrum
around 3410 cm™! (3401 cm™! in T2) and sharp ones at
2929 cm™! is common to all polysaccharides and cor-
responds to the stretching vibration of hydroxyl group
and C-H, respectively (Kavita et al. 2014). A small band
at 2345.27 cm™! was found in BG-11,, but not in T2,
which corresponded to the amine group (Ahluwalia and
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Fig.7 (A) FT-IR analysis and (B) thermogravimetric analysis of the exopolysaccharide of BG-11 and wastewater grown Scyfonema sp. TPJ-3

Goyal 2005). The peak around 1655 cm™! was attributed
to C =0 stretch of carbonyl group. The presence of the
protein molecules could be linked with the peak around
1547 cm™! under both BG11, and T2 conditions (Mihoubi
et al. 2017). Stretching of COO — group detected at
1412 cm™" in BG-11, which was shifted to 1421.2 cm™'
in T2 may be ascribed to the presence of uronic acids
(De Philippis et al. 2011). The band attributed to sulfate
ester 0-S—O around 1240 cm™! and 1244 cm™! was found
in BG-11, and T2 respectively, which suggested the sul-
fated nature of EPS (De Philippis et al. 2011). The band
around 1073 cm™! in both conditions corresponded to the
stretching vibration of C—O-C of glucose units (Yu and
Irudayaraj 2005). The signal at 890 cm™! which corre-
sponded to the B-glycosidic linkage was observed only in
BG-11 (Alvareze et al. 2021) whereas peak at 560 cm™!
in BG-11, and at 553 cm™! in T2 corresponded to the
alkyl-halides (Kavita et al. 2014).

The FTIR spectra of EPS extracted from the BG-11 and
wastewater condition (T2) did not show major changes.
However, the presence of amide-II was observed only in
wastewater condition which indicated that the EPS pro-
duced by TPJ-3 contains protein impurities. In order to
confirm this, protein content in EPS was measured and
the presence of 0.91% and 2.39% protein contents was
found under BG-11, and T2 conditions respectively. The
increased protein in exoplysaccharide might be due to
secretion of extracellular enzymes, and proteins which may
be involved in the degradation of contaminants or adhe-
sion/cellular commmunication in response to pollutants

(L6pez-Ortega et al. 2021) are present in wastewater.
Moreover, this EPS-associated proteins may be enzymes
that were possibly secreted by the cyanobacterium along
with the EPS to degrade the utilizable substances present
in the wastewater. In addition to these differences, the
EPS consisted hydroxyl, carboxyl, carbonyl and amine
groups which have the ability to chelate metal ions and
such EPSs are also known for their antimicrobial proper-
ties (El Essawy et al. 2016). Furthermore, the uronic acid
imparts negative charge and acidic property to the EPS
which projects the metal-complexing capacity of EPS and
this property is often used for the bioremediation purposes
(De Philippis et al. 2011). Also, the sulfated EPSs have
been reported for their unique physico-chemical (viscocify-
ing and emusifying) and biological properties (antimicro-
bial) (El Essawy et al. 2016). Therefore, the FTIR-based
characterization of EPS produced by TPJ-3 confirmed its
industrial suitability.

Thermogravimetric analysis of EPS

The thermogram showing the TGA analysis of EPS
extracted from BG-11, medium and T2 condition grown
TPIJ-3 is depicted in Fig. 7 B. The EPS from BG-11,, was
decomposed in three steps. In the first step, EPS lost
11.26% weight by elevating temperature from 30 to 240 °C,
and thus, represented the elimination of moisture contents
attached to carboxyl group as previously described (Kumar
et al. 2004). The 22.29% weight loss was recorded in the
second step which took place in the temperature range of
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240 to 320 °C and corresponded to the removal of struc-
tural water conjugated with dehydration reaction. The
third step that occurred in the temperature range of 320 to
700 °C showed 32.12% weight loss and involved depolym-
erization conjugated with the breakage of C—C and C-O
bonds and leading to the formation of CO, CO, and H,0O
and decomposition of the remaining inorganic materials
(Zamora et al. 2002).

The EPS from T2 grown TPJ-3 showed sequential deg-
radation with an initial loss of 16.17% weight in the form
of moisture content up to 250 °C. Subsequently, 61.32%
weight was lost with elevation of temperature from 250
to 700 °C and attributed to dehydration, depolymeriza-
tion and decomposition. Increasing temperature up to
700 °C resulted in the formation of graphitic carbon and
poly nuclear aromatic structure, which was recorded about
34.32% and 22.49% under BG-11, and wastewater (T2)
conditions respectively.

The TGA revealed the thermostability of the EPS
obtained from both BG-11,, and wastewater-grown culture
was similar to that of Cyanothece sp., Nostoc sp. and Oscil-
latoria sp. (Parikh and Madamwar 2006). Therefore, it can
be firmly said that the EPS of TPJ-3 could be a promising
viscosifying, emulsifying, and biosorption agent at higher
temperature also; however, further validation of this state-
ment is still needed which requires higher level characteriza-
tion of the EPS such as compositional and structural analy-
ses via HPLC and NMR.
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Fig. 8 Metal-binding capacity of the exopolyssacharide produced by
the strain Scyfonema sp. TPJ-3
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Analysis of metal binding property of the EPS

The EPS extracted from the experimental cyanobacterium
showed the highest affinity for the Zn in both the condi-
tions (single and mixed) and the affinity to the cations fol-
lowed the order Zn > Cu > Ni> Co > Cd (Fig. 8). As per
our best knowledge, this is the first report of the metal
binding capacity of the purified EPS extracted from the
cyanobacteria which has excellent cation chelating poten-
tial as compared to bacterial EPS (Arias et al. 2003; Mata
et al. 2008). The binding capacity of the EPS with the cati-
ons depends on the concentration of the charged compo-
nents such as sulfate, phosphate, and uronic acids and the
EPS of the isolated strain was already characterized which
showed the presence of the abovementioned components
through FTIR. The bio-compatible and eco-friendly ion-
exchange resins can be developed using such EPS hav-
ing great potential to chelate cations and can be used to
remove potentially toxic element pollutants from the sew-
age, sludge, mines and other industries as an alternative to
other physical and chemical methods which are not feasible
to small industries and required high maintenance cost (De
Philippis et al. 2011).

Analysis of fatty acid methyl esters

The fatty acid profiling of BG-11,- and wastewater-grown
culture showed that the fatty acid methyl esters (FAME)
composition did not vary significantly (Table 3). The
major fatty acids found in strain TPJ-3 were palmitic acid
(C16:0), palmitoleic acid (C16:1), hexadecadienoic acid
(C16:2), strearic acid (C18:0), oleic acid (C18:1), linoleic
acid (C18:2), linolenic acid (C18:3) and stearidonic acid
(C18:4). In both conditions, the palmitic acid (>50%) and
the stearic acid (> 2%) formed the major proportion of the
total saturated fatty acids (> 60%), whereas the unsatu-
rated fatty acid proportion was dominated by palmitoleic

Table 3 Fatty acid profile of Scyfonema sp. TPI-3 grown in BG-11,
and wastewater (T2)

Fatty acid (%) BG-11, Wastewater (T2)
Palmitic acid C16:0 58.24 58.72
Palmitoleic acid C16:1 2.08 2.31
Hexadecadienoic acid C16:2 10.16 9.77
Strearic acid C18:0 2.59 2.19
Oleic acid C18:1 6.61 7.17
Linoleic acid C18:2 5.35 5.57
Linolenic acid C18:3 10.53 10.07
Stearidonic acid C18:4 4.43 4.23
Total saturated fatty acid 60.83 60.90
Total unsaturated fatty acid 39.17 39.10
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acid (>2%), hexadecadienoic acid (~10%), oleic acid
(~7%), linoleic acid (> 5), linolenic acid (> 10%) and
stearidonic acid (> 4%). In both conditions, the proportion
of the total saturated and unsaturated fatty acids was about
61% and 39% respectively (Table 3). It was shown that the
wastewater had neither positive nor negative impact on
the FAME composition. The FAME of TPJ-3 comprised
of short-chain fatty acids (C,4—C,g) with 69% of saturated
and monounsaturated fatty acids which are most preferred
fatty acids for the biodiesel production (Church et al.
2017), although the further evaluation of biodiesel prop-
erties of fatty acids in terms of kinemetic viscosity, iodine
value, cetane number and oxidative stability is required.

Besides, the fatty acids are primary metabolite; they are
genetically determined and therefore conservative. The
composition and relative percentage of individual fatty
acids reflect the evolutionary changes in each genus or
species along with biochemical processes in cyanobacte-
ria. On the basis of differential composition of fatty acids,
the cyanobacteria have been classified into four groups
(Kenyon et al. 1972; Murata et al. 1992). The group I con-
tains only saturated fatty acids; group II contains 16:1, 18:2
and 18:3a but no 18:3y or 18:4; group III contains 18:1,
18:2 and 18:3y but neither 18:3a nor 18:4; and group IV
contains 18:1, 18:2, 18:3a, 18:3y, and 18:4. Therefore,
according to the Kenyon-Murata classification system,
the strain TPJ-3 corresponded to group IV. But it must be
noticed that the very few numbers of investigated strains
belonging to these genera hinder the clear taxonomic con-
clusions at the generic level. However, the chemotaxonomy
of strain TPJ-3 will serve as a reference species for the
future studies.

Statistical analysis

The result obtained from statistical analysis (two-way
ANOVA) exhibited that the changes in the means of dif-
ferent parameters were highly significant with the p value
less than 0.001 (p <0.001) under different sets of time
and conditions (Table S3). In order to understand the
correlation between removal of pollutants and changes
in cyanobacterial cellular constituents, with respect to
different combinations of time and wastewater condi-
tions, two separate PCA models were developed (Figs. 9
and 10) and the correlation among the corresponding
components was presented in terms of their eigenvalues.
From the scree plot of PCA1 pollutant removal model
(Fig. 9), it was evident that the first two PCs were enough
to explain 97.95% of the overall correlation. In PCA1 pol-
lutant removal model, the major contributors of the PC1
were found to be salinity, conductivity, TDS, hardness,
phosphate, sulfate, nitrate, nitrite, ammonium, chloride,
Zn, Ni, Na, Ca and K, whereas the pH was identified as

the major contributor of PC2. As per PC1, both clusters
1 and 2 showed positive values but in respect to the PC2;
cluster 1 showed positive value while cluster 2 reflected
negative value. The high positive value of cluster 1 on the
PC1 and PC2 axis indicated the high concentration of the
pollutants in the wastewater on the initial day whereas
the relatively lesser positive value of cluster 2 on PC1
and negative value on PC2 suggested very slight removal
of the pollutants probably by the already-exiting organ-
isms in the naturally collected unautoclaved wastewater.
Within the cluster 2, the higher negative value of day20/
T1 as compared to day10/T1on the PC2 axis enumerated
small but time-dependent progressive removal of the pol-
lutants. While the positive value of cluster 3 on the PC2
axis along with the high load of pH denoted enhancement
of alkalinity, the high negative value of the same cluster
with respect to PC1 pinpointed elevated removal of pol-
lutants from the cyanobacterium inoculated autoclaved
wastewater. Moreover, the higher negative value of day20/
T2 as compared to day10/T2 of the cluster 3 on the PC1
axis suggested that the higher the incubation time the
more the pollutant removal and alkalinity. In contrast to
all other clusters, cluster 4 exhibited negative values on
both PC1 and PC2 that indicated the maximum removal of
the pollutants from the wastewater. This highest removal
of the pollutants by the cyanobacterium in unautoclaved
wastewater (T3) may be attributed to the functions of both
the test cyanobacterium and other contaminating organ-
isms. Again, the higher negative value of day20/T3 as
compared to dayl0/T3 revealed the positive correlation
between incubation time and removal of pollutants from
the wastewater. Similarly, like the PCA1 scree plot, PCA2
cellular constituent model (Fig. 10) scree plot reflected
that the first two PCs were sufficient to explain 97.72%
of the overall correlation. In PCA2, the major contribu-
tors of the PC1 were observed to be biomass, chl a, pro-
tein, lipid, carbohydrate and EPS, whereas protein and
lipid were identified as major contributors of the PC2.
In PCAZ2, four different clusters (1 to 4) were obtained.
Among these clusters, clusters 1 and 2 showed negative
values on the PC1 whereas on the PC2, cluster 1 showed
positive and cluster 2 showed negative values. The identi-
cal location of day0/BG-11,,, day0/T2 and day0/T3 within
cluster 1 was because of very initial day observations
with similar contents of the variables. In contrast, slight
enhancement of positivity on the PC2 of day10/T2, which
was also a part of cluster 1, indicated the increased con-
centrations of the variables in the test cyanobacterium
with increasing incubation time. The position of clusters
2 and 3 in the biplot revealed more positive correlation
of day10/BG-11, and day20/BG-11,, with only two vari-
ables, i.e., lipid and protein. The progressive increasing
in positive value of dayl0/T3 and day20/T3 of cluster
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3 on both PCs demonstrated the progressive increasing
positive correlation with variables in order of carbohy-
drate > EPS > biomass > chl a respectively. In a nutshell,
the PCA analysis firmly supported our experimental data.
The PCAL1 pollutant removal model and the PCA2 cellu-
lar constituent model reassured that the test cyanobacte-
rium alone is highly efficient in removing pollutants from
wastewater and producing high amount of carbohydrate,
biomass, and EPS.

@ Springer

Conclusion

The cyanobacterial strain TPJ-3 isolated from Tatapani hot
spring is a novel species of the genus Scyfonema. Since the
Tatapani hot spring is located in Ambikapur district of the
state Chhattisgarh, India, the cyanobacterium is named
as Scytonema ambikapurensis. The cyanobacterium has
considerable efficiency to bioremediate highly polluted
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wastewater (about complete removal of nitrogen sources, 86%
phosphate, 81% Zn and 80% Ni) and simultaneously shows
luxuriant growth with high production of biomass and EPS
(up to 1.70-fold and 85% higher than the BG-11, respectively).
While the bioremediation property of this organism reflected its
environmental applicability, the production of high-temperature

stable EPS denoted its biotechnological and industrial values.
Therefore, it can be concluded that the cyanobacterium is an
outstanding bioagent to be used in wastewater treatment plants
and at the same time, the cyanobacterium may also be used as
a promising platform for the production of industrially valuable
thermostable capsular EPS.
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Description of Scytonema ambikapurensis
Sp. nov.

Etymology: Scytonema ambikapurensis (am.bi.ka.
pu.ren'sis. N.L. masc. adj. ambikapurensis, pertaining to
district Ambikapur from where the strain was isolated).
Description: dark bluish green to brownish green, soft
spongy, macroscopic mats found growing by adhere to
the substratum on shallow water. The filaments are isopo-
lar, uniseriate and densely entangled with solitary and
geminate false branching. Sheath is prominent, thick,
colorless and encloses the complete trichome. The veg-
etative cells are constricted, barrel shaped and usually
wider than the length. The length of the vegetative cells is
from 6.00 to 10.00 pm, whereas the width is found to be
8.50-12.00 pm. The terminal cells are distinctly marked
and are yellowish in color with rounded end. The hetero-
cytes are solitary as well as paired and are intercalary posi-
tioned. The ends of the heterocytes are both types concave
as well as convex. The length of the heterocytes is ranges
from 10.50 to 30.00 pm and the width is ranges from 10.00
to 13.00 pm. Akinetes not observed throughout the study.
Type locality: Tatapani hot spring, Ambikapur, Chhattis-
garh, India (23.6986°N; 83.68404°E).

Habitat: Strain TPJ-3 was isolated from a hot spring field
with temperature and pH of around 37 °C and 8.2 respec-
tively. The habitat was characterized by 314 mg L~! salin-
ity, 507 mg L~! total dissolved solid, 718 pS cm™! conduc-
tivity and 95 mg L~! alkalinity. The sulfate concentration
was found to be 89 mg L™'. The ionic concentration and
dominance was found to be Na* (812 mg L™') > K™ (23 mg
L™h>Ca™ >Nit*> Mg (<0.5 mg L.

Holotype (here designated): portion of a culture of Scy-
tonema ambikapurensis is preserved in metabolically inac-
tive form in National Agriculturally Important Microbial
Culture Collection (NAIMCC) and available under the
accession number NAIMCC-CC-00358.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-023-26032-2.
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