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An autoflocculating microalgal strain was isolated from coal mine effluent wastewater which was named
as Scenedesmus sp. NC1 after morphological and molecularly characterization. Further analysis of internal
transcribed spacer 2 (ITS2) and compensatory base changes (CBCs) showed it does not belong to the clade
comprising Scenedesmus sensu stricto. In stationary phase of growth, Scenedesmus sp. NC1 exhibited
excellent autoflocculation efficiency (> 88 %) within 150 min of setting. Temperature, pH, and inorganic
metals exhibited minor influence on the autoflocculation activity of Scenedesmus sp. NC1. The fatty acid
profiling of Scenedesmus sp.NC1 showed that palmitic acid (C16:0), oleic acid (C18:1), and stearic acid
(18:0) accounted for more than 68 % of total fatty acids. Moreover, Scenedesmus sp. NC1 demonstrated
significant bioflocculation potential over non-flocculating freshwater microalgae, Chlorella sp. NCQ and
Micractinium sp. NCS2. Hence, Scenedesmus sp. NC1 could be effective for economical harvesting of other
non-flocculating microalgae for productions of biodiesel and other metabolites.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

Keywords:

Scenedesmus sp. NC1

Fatty acid methyl ester (FAME)
Compensatory base pair changes (CBCs)
Autoflocculation

Biodiesel

Internal transcribed spacer 2 (ITS2)

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microalgae are very diverse organisms; they belong to both the
prokaryotic and the eukaryotic domains of the life tree. They are
responsible for almost 50 % of organic carbon fixation globally [1].
Microalgae can efficiently convert solar energy into chemical
potential energy than terrestrial plants. They are supposed as a
better possible feedstock for bioenergy, such as biogas, biodiesel,
and various other bioproducts, and they are very efficient in
synthesizing and accumulating a high amount of lipids in the form
of triacylglyceride (TAG) [2]. Microalgae help in the bioremediation
of various types of wastewater by assimilating nutrients such as
phosphorous and nitrogen present in wastewaters [3]. Apart from
the bioenergy prospect microalgal biomass production is advan-
tageous for mitigation of carbon dioxide (CO,), because depending
on the species microalgae have 10-50 times higher CO,
sequestration activity than terrestrial plants [4].

Biomass-based biodiesel provides a hopeful alternative for
principal energy sources, such as fossil fuel and nuclear-based
energy, and is a good source for the mitigation of greenhouse gases.
In the present time, the primary feedstock that is being utilized for
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commercial biodiesel production includes oil crops such as
sunflower, soybean, jatropha, and animal fats, But biofuel
production from these oil crops compromises the availability of
various other valuable products such as food, fodder [5] Microalgae
are a sustainable source for biodiesel energy; they belong to
photosynthetic organisms that are very efficient in fixing inorganic
carbon into various valuable products such as biofuels, pharma-
ceutical products, and many other biologically active compounds
[6].

Isolation of a pure and axenic strain of microalgae from natural
sources is significant for applying these microalgae in research,
biochemical examination, and commercial application in various
potential feedstock such as aquaculture, bioenergy, and biopro-
specting. Microalgal culturing is a very daunting task as they are
susceptible to physical and chemical parameters such as pH,
temperature, and light intensity [6]. Conventional techniques
applied for the isolation of microalgae cannot avoid the clumping/
aggregation of cells, so that there is a possibility of the formation of
the colony from more than one cell in place of a single cell [7].
Microscopic manipulation is a suitable method for isolating single
intact cells without any damage and reduced contamination [8].

Microalgal dewatering is the most significant bottleneck in the
production of microalgal products at the industrial scale. As
dewatering of microalgae from its culture cost around (20 %-30 %)
of total biomass production due to the small size (2—30 m) as
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well as lesser biomass concentrations (0.1-5.0 g/L) of microalgal
cultures [9]. Generally, microalgae dewatering is achieved by
adding substances known as flocculants, which could be natural or
modified polymeric substances and inorganic chemicals [10].
Though the chemical flocculants are very useful in the dewatering
of microalgae, those are generally not used for biomass dewatering
when the desired end product is related to food, nutritional
products, or high-value products [11]. Various techniques like
centrifugation, flotation, sedimentation, filtration, flocculation,
electrolytic, acoustic, and magnetic methods are currently used to
harvest microalgal biomass. However, no particular method is
delineated that is universally applicable to all microalgal species as
every method has inherent disadvantages that affect the overall
economics in downstream processing [12]. Therefore, the isolation
and culturing of autoflocculating microalgal strain could be a
valuable step towards the low-cost dewatering of microalgal
biomass resources for the economic commercialization of bio-
diesel, food, supplements, as well as various other commercially
relevant products derived from the microalgae.

The present paper describes the isolation of pure and axenic
autoflocculating green microalgae through microscopic manipu-
lation from the coal mine effluent environment. The isolated
microalgal strain was taxonomically identified through molecular
approaches, using compensatory base changes (CBC) in the
internal transcribed spacer two (ITS2) region of the nuclear
ribosomal RNA (rRNA) region. The identification of microalgal
strains solely on the morphological features is unreliable due to
interspecific similarity and intraspecific variations [12]. Besides,
the morphological appearance of some microalgal strains differs
with the age and culture conditions. Therefore, the ITS2 database,
where the entire set of sequences and structure database acts as a
template, facilitates the secondary structure prediction either
through homology modeling or through direct folding [13].
Moreover, The ITS2 database also provides a BLAST search facility
with specific ITS2 sequences, enabling the correct identification of
newly isolated microalgal strains to their nearest relatives [14].
Additionally, the autoflocculation behavior of the isolated strain
was studied towards the change in pH, temperature, time, and
metal ion concentration. Moreover, the flocculation efficacy of
isolated strain towards the non-flocculating microalgal freshwater
microalgal strains Chlorella sp. NCQ and Micractinium sp. NCS2,
respectively, was studied. The biomass composition in terms of
protein, carbohydrate, and lipids was studied to provide a holistic
approach towards the applicability of microalgal biomass as a
sustainable and renewable energy source.

2. Materials and methods
2.1. Analysis of coal mine effluent wastewater

The biological oxygen demand (BODs), chemical oxygen
demand (COD), total phosphate (TP), total nitrogen (TN), and
Ammonical nitrogen (NHs-N) of the water sample were estimated
by following the standard methods, 5210 B, 5220 C, 4500 P.B.5 and
4500-N C, respectively (APHA, 2012). The pH and temperature of
the water sample were estimated using the instrument, HANNA
(HI2202). Different metals in the effluent mine water were
estimated through atomic absorption spectrophotometer (AAS)
(Perkin-Elmer AAnalyst ™ 800, USA). Sodium (Na) and potassium
(K) were estimated through flame photometer (Microprocessor
based, Model 128).

2.2. Charge characteristics study of microalgae

The surface charge of microalgae affects the stability of
microalgal culture, cultures with less magnitude of zeta potential
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values are less electrostatically stable than cultures with high
magnitude of zeta value [12].The surface charge/ Zeta potential ({)
of microalgae during different growth stages were determined
through electrophoretic light scattering instrument zeta Sizer
Nano ZS (Malvern, UK).

2.3. Sample collection, purification, and isolation

Microalgal samples were collected from coalmine effluent
(Table 1) (23°82'N, 86°43'E) located in Dhanbad, India. In order to
remove the contaminants and probable predators of microalgae
like protozoa, rotifers, samples were quickly filtered by filtering
sieve with the mesh size of 60 pwm, 120 wm [15]. Microalgal
samples obtained from the natural environment are usually
contaminated with microbes. Therefore, the samples were first
purified thrice by washing through centrifugation at 5000 rpm for
5 min. The biomass pellets were eventually resuspended in media
containing a cocktail of filter (0.22 wm) sterilized antibiotic
solutions containing 50 wg/mL nystatin, 200 pg/mL kanamycin,
and 500 pg/mL cefotaxime [12]. It was essential to use different
mixtures of the broad spectrum of antibiotics because bacteria
might have different sensitivity for each antibiotic [16].

2.4. Isolation and purification of microalgae

Unicellular microalgal cells were isolated using microscopic
manipulation techniques [7]. Briefly, the sample obtained after
filtering and enrichment steps are complex mixtures of various
microalgal strains. Samples were diluted tenfold by using
autoclaved Tris-Acetate Phosphate (TAP) media comprised of [20
mM tris-base, 7 mM NH4Cl, 0.45 mM CaCl,.2H,0O, 0.83 mM
MgS04.7H,0, 1.05 mM KH,POy,4, 1.65 mM K;HPO,4, 1 mL/L of trace
elements solution (134 wM Na,EDTA. 2H,0, 184 wM H3BOs, 136
KM ZnSOg4. 7H0, 40 .M MnCl,.4H,0, 32.9 wM FeS04.7H,0, 12.3
M CoCl,.6H,0, 10 uM CuS04.5H,0, 4.44 .M (NH4)6Mo0Os3) and 1
mL/L acetic acid]. An aliquot of dilute culture was taken on a sterile
microscopic slide under the inverted microscope (Leica DMI6000)
and subsequently smeared as a thin film. A small volume (0.2 L)
of sterile TAP media was put on the slide by micropipette; the algal
cell got detached from the slide and became resuspended in the
droplet. The obtained droplet containing suspended microalgal
particles was transferred to another slide and again spread across
the slide. The steps were repeated until a single targeted microalgal
cell was obtained in the droplet. The single microalgal cell
contained in the droplet transferred to the Petri dish, having
solidified TAP media. After three days of incubation in the culture
lab conditions, at temperature (25°C =+ 2 °C), the light intensity of
(100-120) wmol m~2 s~! and with a photoperiod of 12:12 light-
dark cycles, the pure green substantial single microalgal colony
appeared [12,17]. After one week of incubation, the isolated

Table 1
Nutrient and physicochemical characterizations of coalmine effluent wastewater.

Parameters Estimated values
pH 6.58 + 0.88
Temperature (°C) 279 + 0.97
BODs (mg/L) 42 +26
COD (mg/L) 138 + 3.7
TN (mg/L) 2527 + 3.1
TP (mg/LO 1.21 £ 0.03
NH;-N (mg/L) 19.24 £ 0.9
Na (mg/L) 13.24 + 0.08
K (mg/L) 9.27 + 0.57
Fe (mg/L) 0.31
Mn (mg/L) 0.089
Zn (mg/L) 0.192
Ca (mg/L) 98.27 + 3.84
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microalgae did not show any sign of bacterial growth streaked onto
another Petri plates containing solid algal growth media supple-
mented with antibiotic cefotaxime (500 pg/mL). The unialgal
contamination-free colony of the isolated strain was inoculated
through scrapping to a 5 mL capped glass tube containing 2 mLTAP
media and incubated for 7 days under the specified conditions.
After one week of incubation, the microalgal isolate was
subcultured to a 100 mL flask containing 20 mL TAP media, and
finally, it was scaled up to 2 L culture volume. The sample was
examined microscopically and repeated plating and subculturing
throughout the study to confirm a single strain.

2.5. Microalgal strains screening and determination of growth kinetic
parameters

Microalgal cultivation was carried out in TAP media in 250 mL
conical flasks with a working volume of 150 mL and cultivated
under conditions described earlier. The microalgae growth was
monitored by measuring the optical density at 680 nm using a
spectrophotometer (Shimadzu, UV-1900 Japan). All the measure-
ments were resultant of three triplicates. The microalgal specific
growth rate () was estimated by Eq. (1), doubling time (DT) by
Eq. (2), and the microalgal biomass productivity (P) of the cultures
was calculated by Eq. (3) [18].

(ITIX2 — lTle)
(t2 —t1)
Here, X; and X, are the dry weight biomass concentrations (g L™1)

of microalgae on days t; (start of the log phase) and t; (end of the
log phase), respectively.

Specific growth rate © (d—-1) = (1)

Doubling time (DT) =In(2) x ™! (2)

X2 =X,

Biomass productivity (P) (g L-1d-1) = P
2 — U

3)
Where X ; and X , represent the dry weight biomass concen-
trations (g L~ 1) of microalgae on days t; initial day of culture, and t,
is the final day (in number) of culture, respectively.

2.6. Genomic DNA extraction, PCR amplification, and sequencing

For the microalgae's molecular identification, the genomic DNA
was extracted through the modified CTAB extraction process [12].
Briefly, microalgal culture suspension was dewatered through
centrifugation at 8000 rpm for 5 min. After proper washing, the
biomass pellet was resuspended in 500 L CTAB extraction buffer
and incubated for 30 min at 65 °C for the lysis of microalgal
biomass, followed by cooling at ambient temperature. Then, 500
L of chilled chloroform and isoamyl alcohol (24:1) added and
centrifuged at 13,000 rpm for 20 min. The aqueous phase was
transferred to another tube, an equal volume of chilled isopropa-
nol, and 50 mL of 3 M sodium acetate (pH 5.2) was added.
Subsequently, the mixture was incubated at - 20 °C for one hour,
then centrifuged at 13,200 rpm for10 min. Subsequently, the
supernatant was gradually discarded, while the obtained genomic
pellet was washed with cold 70 % ethanol and dried at ambient
temperature. Eventually, the pellet was resuspended in 50 p.L of (1
X) TE buffer. The obtained genomic fractions were visualized
through electrophoresis on 0.8 % TAE agarose gel.

For amplification of genomic DNA, two sets of oligonucleotide
PCR primers: Forward: 5‘-GAAGTCGTAACAAGGTTTCC-3' and
Reverse:5'-TCCTGGTTAGTTTCTTTTCC-3 .were used to amplify
the complete internal transcribed spacer (ITS) ribosomal regions
[12]. The PCR amplification of specific genomic segment was
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accomplished using 1x PCR buffer (5 mM KCI; 2 mM Tris—HCI pH
8.4), (60-100) ng/wl genomic DNA template, 1.5 mM MgCl,, 0.2
mM dNTPs, 1 wM primer each and (5U/ul) Taq DNA polymerase.
The thermal conditions for amplification comprises: initial
incubation at 95 °C for 10 min followed by 30 amplification cycles
at 95°C denaturation for 30 s; primer amplification at 50°C for 30 s
and extension at 72 °C for 30 s followed by a final extension at 72°C
for 10 min [19]. The PCR amplicon was examined through
electrophoretic separation on 1.2 % TAE agarose gel and purified
using a gel extraction kit (Qiagen, Hilden, Germany).

The ITS sequences obtained were examined visually, and where
required, it was edited manually in BioEdit (version 7.2.5) to
eliminate non-overlapping sequences in 5' and 3' region. Moreover,
the microalgal molecular identification was performed through
the analysis sequence similarity using BLAST (Basic Local
Alignment Search Tool) in the public database National Center
for Biotechnology Information (NCBI). Moreover, the sequences
were submitted to the NCBI gene bank under the accession number
MG756652.1.

2.7. ITS2 secondary structure prediction, species delimitation through
compensatory base changes (CBC), and phylogenetic analyses

The specific ITS2 region was identified and delimited from the
complete ITS sequences obtained for the microalgae through the
Hidden Markov model (HMM) based tool available in the ITS2
database [20]. Moreover, for analyzing the taxonomic positions of
the new microalgal isolate, several ITS2 rRNA sequences of other
homologous microalgal strains were retrieved through the BLAST
search from the ITS2 database. The sequence and structure
alignment was performed through the software program 4SALE
v1.7.Which utilizes the 12 x 12 ITS2 specific matrix composed of
three structural states (paired right, paired left, or unpaired) for
every four nucleotides to align the primary sequence and
structures synchronously [21]. Furthermore, The structure viewer
and the CBC analyzer, as implemented in the program 4SALE v1.7,
were employed to construct the ITS2 secondary structures and
calculation of the CBC matrix [21]. Consensus structures were
constructed by selecting multiple sequences, while a single
sequence was selected to obtain the individual secondary
structure.

The phylogenic history of the microalgal isolate was inferred by
reconstruction of the phylogenic trees using maximum likelihood
(ML) method [22]. The ITS2 sequences were aligned by ClustalW
and finally the phylogenetic tree were obtained using program
MEGA-X using default settings with Bootstrap support on 1000
pseudo-replicates [23].

2.8. Protein, carbohydrate, lipid, and pigment content of microalgae

The carbohydrate content in the microalgae was estimated
spectrophotometrically through the phenol-sulphuric acid meth-
od [17]. Concisely, the dried microalgae were resuspended in 0.5
mL of deionized water afterward, 0.25 mL of 5% phenol solution
was added, the obtained solution mixed with 1.25 mL of 98 %
sulphuric acid. Subsequently, the mixture was retained at ambient
temperature for 10 min. Finally, the absorbance of the resulting
yellow-orange colored solution was recorded at wavelength 490
nm (Shimadzu, UV-1900 Japan). The carbohydrate content in
biomasses was calculated using the standard curve using glucose
as the standard [17].

The protein content was estimated by the colorimetric method
with some modifications. 50 mg of lyophilized microalgal biomass
mixed with 10 mL of deionized water and sonicated for 30 min.
Subsequently, microalgal proteins were extracted by mixing an
equal volume of biomass suspension with 2 N sodium hydroxide,
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followed by heating at 90 °C for 10 min. After cooling sufficiently at
room temperature, the extracted mixture was centrifuged at 4000
rpm for 5 min. The supernatant was collected, and residues were
subjected to the same solvent extraction process. Finally, the
supernatant was combined, and residues were discarded. The
extracted protein samples were analyzed by measuring the
absorbance (Shimadzu, UV-1900 Japan) at ODsg¢ and ODg4gp and
obtaining the ODsgg /ODg4gp ratio [24]. The protein content was
determined by constructing a standard curve using Bovine Serum
Albumin (BSA) (dissolved in 0.15 M NaCl salt solution) protein as a
standard.

The lipid content of microalgae was estimated spectrophoto-
metrically through the sulpho-phospho-vanillin (SPV) method
[25]. Briefly, two (2) ml of microalgal suspension was harvested
through centrifugation at 8000 rpm for 5 min. The supernatant was
discarded while the biomass was washed with deionized water
and finally resuspended in 0.1 mL of deionized water. Then, 2 mL of
concentrated sulphuric acid (H,SO4) was added to the suspension,
and the mixture was incubated at 100 °C for 10 min. Eventually,
after cooling the sample mixture, 5 mL of the freshly prepared
sulpho-phospho-vanillin solution was added, and absorbance was
recorded at 530 nm. The standard curve for the estimation of lipid
content was prepared using triolein as standard lipid.

2.9. Lipid profiling through fatty acid methyl ester (FAME) analysis

Microalgal total lipids were extracted by following the method
adopted from Bligh and Dyer [26] with some modifications.
Concisely, 500 mg of lyophilized microalgal biomass was mixed
with 15 mL of (2:1) chloroform: methanol (v: v) and incubated for 8
h at ambient temperature. The obtained mixture was filtered using
0.2 wm; GF/C filters (Whatman). The solid residues are subjected to
the same extraction process. The combined filtrate was mixed with
25 mL of 5 % sodium chloride (w/v) solution in a separating funnel.
The lipid-containing lower fraction collected in a round bottom
flask and concentrated through the rotary evaporator. Finally, the
extracted total lipid was measured gravimetrically. The extracted
lipids were derivatized into FAMEs through acid-catalyzed trans-
esterification, as described in [9]. FAMEs were analyzed using gas
chromatography (Model GC 2010, Shimadzu, Kyoto, Japan)
equipped with a flame ionization detector, and separation was
accomplished by capillary column (Rtx-Wax, Restek). 1 L sample
volume was injected into the injection chamber at a temperature of
250 °C. Helium gas with a flow rate at 0.40 mL/min was used as the
carrier gas. Initial column temperature kept at 80°C for 1 min, and
subjected to increment by 40 °C min~! to 160 °C for 2 min, the
second ramp of 5 °C min™! to 185 °C for 4 min, that was ramped at
30 °C min~! to 280 °C for 2.5 min, and finally held for 3 min. The
detector temperature was held at 230°C. The individual FAME peak
was identified through their respective retention time by
comparing it with the reference FAME standards (Supleco FAME
-37 standards).

2.10. Auto flocculation study of microalgae

In order to estimate the autoflocculation efficiency, 200 mL of
the microalgae were taken in the flask and gently mixed for 2 min
through a magnetic stirrer. Samples were allowed to settle at room
temperature for sufficient time, and no chemical was added until
and unless stated. The auto flocculation behavior of microalgae was
calculated owing to a change in the optical density (ODggp) of
microalgal culture suspension using a UV-vis spectrophotometer
(Shimadzu, UV-1900 Japan). After settling, the sample super-
natants were pipetted out from 5 cm below the surface for
evaluation of flocculation. The dewatering/flocculating efficiency
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was calculated, applying the formula described in Eq. (4) [12].

Flocculation efficiency : n (%)
ODesgo(t0) — ODgsoyr)
B ODgso(t0) < 100 @
Where ODggoto) is the optical density before flocculation (control),
and ODggoy) is at a time (t), respectively.

For a better understanding of the autoflocculation properties of
Scenedesmus sp. NC1, the effects of temperature, time, metal ions,
and pH on the autoflocculation efficiency of microalgae was
determined. The effect of time on the autoflocculation efficiency
was studied by taking a 15 days old culture, and the flocculation
efficiency was calculated at an interval of 30 min for 3.5 h. The
effect of pH on the autoflocculation was studied by varying the pH
of the culture at desired value ranging from 5 to 12 using either 1 M
NaOH or 1 M HCIl. The microalgal culture with unaltered pH was
taken as control. To determine the effect of temperature on
autoflocculation, the microalgae was incubated at temperature 15 °
C-60 °C for and the microalgae at room temperature (28 °C) was
used as control. Whereas, the metal salts CaCl,, MgCl,, AlCl5, FeCls,
and NaCl at concentration 10-30 mM used as a coagulant aid to
study the effect of the inorganic chemicals on the dewatering of
Scenedesmus sp. NC1. In blank preparation no any coagulant aid
was added.

2.11. Bioflocculation of non-flocculating microalgae with
Scenedesmus sp. NC1

The dewatering potential of autoflocculating microalgae
Scenedesmus sp. NC1 towards non-flocculating microalgae was
examined. Before the test, fifteen-day-old microalgae Scenedes-
mus sp. NC1 was harvested through centrifugation at 8000 rpm
for 5 min. The cell-free supernatant was collected while the
microalgal biomass pellets were washed with deionized water to
remove media salts and finally resuspended in an equal volume
of deionized water. The flocculation potential of the supernatant
and the cell suspension was studied to harvest the previously
isolated non-flocculating microalgal strains viz; Chlorella sp. NCQ
and Micractinium sp. NCS2 in the stationary growth phase. The
two non-flocculating microalgal strains were grown and cultured
in TAP media under specified controlled conditions [12].
Dewatering experiments conducted using 20 mL of microalgal
suspension in 50 mL polypropylene centrifuge tubes. The cell-
free supernatant and the culture broth of the autoflocculating
microalgal strain Scenedesmus sp. NC1, were added to non-
flocculating microalgal suspension at ratio of 5%, 10 %, and 20 %
(v/v) in triplicate. Afterward, the mixtures were agitated and
allowed to settle at ambient temperature. Subsequently, the
culture aliquot was taken at a depth of 3 cm, and absorbance
was recorded at 680 nm using a spectrophotometer (Shimadzu,
UV-1900 Japan). The flocculation efficiency was calculated using
Eq. (4). The normal growing cultures of Micractinium sp. NCS2
and Chlorella sp. NCQ without Scenedesmus sp. NClwere used as
control.

2.12. Statistical analyses

In this study, all the experiments were carried out in three
independent biological replicates, and data were reported as mean
+ standard error for each set of conditions. Statistical significance
of the data was tested through one - way analysis of variance
(ANOVA) using least significant difference with p < 0.05, and post-
hoc analysis were conducted using Tukey's HSD test as imple-
mented in software IBM SPSS 25.0.
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3. Results and discussions
3.1. Isolation of microalgae

To execute any biotechnological or bioprospective activities, the
selection and isolation of axenic, pure microalgae are necessary.
Microalgae are adapted to exist in nearly all ecosystems available
on the earth they are adapted for a wide range of environmental
conditions. Microscopic studies show that the isolated microalgae
are pure and have a colonial existence. In the present study, five
microalgal strains viz NC-A, NC-B, NC-C, NC-D, and NC-E were
isolated and studied under 40 X magnification through a
Fluorescent microscope (Leica DM 3000, Germany). Among five
isolated strains, only two (NC-A and NC-B) microalgal strains grew,
and the rest turned brown during cultivation. NC-B was selected
for further characterization and study, as it showed higher growth
rates. Besides, the antimicrobial mixture, kanamycin 200 wg/mL,
cefotaxime 500 p.g/mL, and fluconazole 100 pg/mL was found to
be very useful in the isolation of pure microalgal strains. Based on
initial morphological appearances of isolate NC-B under 40 x
magnification using a fluorescent microscope (Leica DM3000,
Germany) and scanning electron microscopy (SEM) (JSM-6390LV,
Jeol, Japan). The microalgal isolates belonged to the members of
the division Chlorophyta. As microscopic and SEM image of the
microalgal isolate revealed their colonial existence as the cells
were forming distinct colonies consisting, coenobia of two-celled,
and four celled, with protruding spines at the poles (supplemen-
tary Fig. 1). Although single elongated cells were also clearly
visible. Therefore, the microalgae were identified as a member of
the genus Scenedesmus [27].

3.2. Microalgal growth kinetic parameters
Biomass growth of microalgae Scenedesmus sp. NC1, in a batch

cultivation mode, is represented in the Fig. 1. The results indicated
a general increment in the microalgal biomass concentration of

10
1.2 4
1.0 B e o I
_A—4
~0.8- E/I/E
= -8
20.6- z
=
=
;M 0.4 —a— Biomass
—s—pH -7
024 _
Ocof—l'l'l'l 7116

0 2 4 6 8 10 12 14 16 18
Culture time (day)

Fig. 1. Cell growth and pH profile of microalgae Scenedesmus sp. NC1, batch culture
mode in TAP medium, over sixteen (16) days of incubation.

Table 2
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1.02 g/L at day 13 and 0.97 g/L by day 16, where cultivation was
terminated. There was a feeble increment in biomass up to day 3,
representing the stationary growth phase. In contrast, the
exponential phase of microalgal growth started from day 4 and
happened for day 13, owing to an increase in biomass from 0.16 g/L
to 1.02 g/L, respectively. After the late exponential phase, day 13,
the microalgae enter into the stationary growth phase where the
biomass was nearly constant, and on day 16, the biomass started to
decline. The reduction in biomass growth could be attributed to the
deficiency of nutrients in the growth media. Moreover, the
microalgal Scenedesmus sp. NC1 exhibited a growth rate of 0.22
d~! and biomass productivity of 0.096 g L~! day'. Moreover,
another essential parameter is represented in the Fig. 1 is the pH
profile of microalgae during the cultivation period. The pH of the
culture at the time of inoculation was (6.5 + 0.06), the pH increased
rapidly from the second day to the eighth day of cultivation (8.12 +
0.012). After that, with a little variation, at the end of microalgal
cultivation maximum pH of the microalgal culture was (8.78 +

0.04). This increase in the pH of the microalgal culture during
cultivation could be attributed to decrease in the CO, of the culture
owing to increased photosynthetic activity of microalgae due to
growth of biomass [28]

3.3. Genomic DNA extraction, PCR amplification, and sequencing

The universal forward and reverse primers were efficient and
successfully amplified the desired segments of the genomic DNA.
The sequence obtained from the amplified products of the nuclear
ITS rDNA genomic region was around 0.652 kb in length. The BLAST
analysis using ITS2 sequences revealed that microalgal isolate was
closely related to microalgae belonging to genus Scenedesmus sp.
DSA1 with 99 % identity (Table 2). Therefore, the microalgal isolate
was identified as a member of genus Scenedesmus and named
Scenedesmus sp. NC1.

3.4. ITS2 secondary structure prediction, species delimitation through
compensatory base changes (CBC), and phylogenetic analyses

ITS2 consensus secondary structure was constructed using
different accessions of the Scenedesmus genus. Fig. 2A, visualizes
the complete sequence-structure alignment of the consensus
structure (51 %) without any gap. The consensus structure revealed
the typical core structure found in most of the eukaryotes
comprising four helices (stems) which terminated in an apical
loop. The helix Il was the longest, with bulged regions and a single
loop with UGG and GGU motifs near the apical region of the helix
[29]. It was the most conserved helix with few variable bases
present in the loop region. The helix Il was folded into a hairpin
loop with pyrimidine-pyrimidine (U-U) nucleotide mismatch.
Helix II had more variable nucleotides than helix III distributed
over the paired stem region. Besides, the A-rich region that
differentiates the helix II and helix IIl was present in between the
two helices [30]. The helix I had folded into a single hairpin loop
with single bulged region near the basal portion of the stem. It had
the highest variable nucleotides at the end of helix loop than helix
II. While helix IV folded as the shortest helix among all the helices,
which exhibited a single hairpin loop structure with a single
internal bulged region at the basal portion of the helix.

Molecular identification of indigenously isolated microalgae through sequence comparison of amplicon obtained through sequencing of ITS rDNA genomic region in NCBI
database. Details of accession numbers, length of amplicon in base pairs, similarities between amplified sequences, and closest relative for sequences for freshwater isolated

algae.

Microalgal strain Identified Accession number Length (nt)

Closest relative with accession number

Percent Similarity Unidentified strain name

Scenedesmus sp. NC1 MG756652.1 652

Scenedesmus sp. DSA1 KX818838.1 99 NC-B
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Fig. 2. (A) ITS-2 consensus secondary structure (51 %) without gap produced by 4SALE
AY170858, 3. S. raciborskii AJ237952, 4. S. regularis KF209348, 5. S. acutus AJ249508.1,
]Q910904.1, 9. S. regularis KF209348. The four major helices are numbered 1—I1V, seq

for: 1. Scenedesmus sp. NC1 MG756652.1, 2. S. abundans AJ400494.1, 3. S. obtusus
6. S. hindakii AY170856.1, 7. S. bijugus var. obtusiusculus KJ808697.1, 8. S. armatus
uence conservation is represented from red brownish (not conserved) to green

(conserved). Circles represents the different motifs. (B) ITS-2 secondary model without gap for microalgal isolate Scenedesmus sp. NC1 MG756652.1. Helices are numbered

I—1V, characteristic ITS-2 motifs; A-rich spacer between helix I and III, U—U mismatch in

helix Il and universal conserved UGG and GGU motifs are demarcated by circles. Red

arrow represents the position of 15 nucleotides conserved stretch. The figure was represented as visualized by 4 SALE.

ITS2 secondary structure of the Scenedesmus sp. NC1 is
represented in Fig. 2B. The structure was folded into the typical
secondary structure of eukaryotes with four helices interconnected
through a spacer (unpaired nucleotide) [31]. Helix Il was the
largest which folded into different bulged motifs with at least one
unpaired nucleotide region. The helix Il had a stretch of 15
nucleotides (5'-CAACUGGAUAGGUAG-3’) long highly conserved
region which confined the UGG and GGU motifs. Vanhannen et al.
[32] had studied secondary structures of different Scenedesmus
also reported the presence of such 15 nt long regions in helix III
which were 100 % conserved. The helix II had the characteristic
U—U bulge (mismatch) and the helix Il was connected to helix III
through conserved A- rich spacer [30]. Helix I was the second-
largest helix that folded into a hairpin loop structure with

prominent bulged regions. It showed unbranched conformation,
which was characterized as general feature of the Sphaeropleaceae
family that include green microalgae of genus Scenedesmus [31]. In
contrast to other helices the helix IV emerged as the smallest
among all. Moreover, the higher number of GC base pairing
available at the paired regions retained the structural framework of
the secondary structure.

The taxonomic studies concerning ITS2 genetic markers involve
calculating compensatory base pair changes (CBC) for delimitation
of species. CBC mentions the base - pair substitutions within the
secondary structure, where nucleotide base pairs of a taxon are
exchanged by different base pairs in another taxon [33]. The
presence of even a single CBC in the conserved region of ITS2 is
sufficient to delimit the species in sexual and asexual organisms
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[34,35]. According to Muller et al. [34], the likelihood of two
individuals belonging to different species within the same genus is
93.11 %; if there is at least one CBC is present in the ITS2 sequences.
Conversely, if there is an absence of any CBCs, then there is a
probability of 76.57 % that the individuals are members of the same
species. Therefore, even there are no CBCs, they still probably be
different species.

The calculation and recognition of CBCs from different ITS2
sequences were performed through 4SALE v1.7. In the comparable
region of ITS2 secondary structure observed between Scenedes-
mus sp. NC1 and other accessions of genus Scenedesmus (Table 3)
most of the CBCs were present in the highly conserved region of
helix I1I. Helix IV had less CBCs than helix Ill while fewer CBCs were
observed in helices I and II (Table 3). Three CBCs were observed
between (MG756652.1) Scenedesmus sp. NC1 and (AY170856.1)
Scenedesmus. hindakii which were detected in helix I, helix III, and
IV. Furthermore, three CBCs each in helices I, II, and IIl were also
observed between (MG756652.1) Scenedesmus sp. NCland
(KF209348) Scenedesmus. regularis. Whereas a total of 5 CBCs
were observed between (MG756652.1) Scenedesmus sp. NCland
(AJ400494.1) Scenedesmus. abundans which were confined to the
helix III only. The highest number of CBCs were present between
Scenedesmus sp. NCland (JQ910904.1) Scenedesmus. armatus,
which were distributed in helix III and IV (Table 3). Only a single
CBC was observed between Scenedesmus sp. NCland (KF209348)
Scenedesmus. raciborskii that was confined to helix IV.

Moreover, (KJ808697.1) Scenedesmus bijugus var. obtusiusculus
and (JQ910904.1) Scenedesmus armatus do not showed any CBCs
when compared with the isolate (MG756652.1) Scenedesmus sp.
NC1, and both the accessions (KJ808697.1) and (JQ910904.1)
clustered together with high bootstrap support (99) (Fig. 3).
However, the isolate (MG756652.1) Scenedesmus sp. NC1 was more
closely with (KX818838.1) Scenedesmus sp. DSA1 than (KF209348)
Scenedesmus. regularis in an immensely supported clade. Hence it
could be inferred that (MG756652.1) Scenedesmus sp. NC1 does not
belong to Scenedesmus sensu stricto clade [Scenedesmus. hindakii
(AY170856.1), and Scenedesmus. obtusus (AY170858)] (Fig. 3)

3.5. Protein, carbohydrate, lipid, and pigment content of microalgae
The biochemical composition of microalgal strain Scenedesmus

sp. NC1 was estimated from the fifteen-day old culture at
stationary growth phase. The isolate had substantial lipid content

Table 3
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of 28.3 + 1.2 %, with lipid productivity of 31.34 + 1.9 mg L' d~.
Whereas the total carbohydrate and protein content were 21 + 1.05
% and 30 + 1.5 % of total dry weight with corresponding
productivities of 19.87 + 0.48 mg L~' d~! and 26.2 + 0.67 mg
L~1d " respectively. In a study Scenedesmus. dimorphus showed 26
% of lipid content in stationary growth phase when cultivated in
BH-11 media with a light intensity of 42 pumol at temperature of 25
+ 2 °C[36]. A study performed by Shanmugam et al. [37] reported
that Scenedesmus. sp cultivated in BG-11 media with a light
intensity of 1500 Ix, at temperature 25 °C having a photoperiod of
10 h light: 14 h dark exhibited 36 % lipid content. However, the
thermotolerant strain Desmodesmus sp. F2 had 64.13 % lipid
content with lipid productivity of 263 mg L' d~, while protein
and carbohydrate content around 34.6 % and 31.5 %, respectively.
When cultivated under high light intensity and temperature of 700
pwmol/m?s high and 35 °C respectively [39]. Hence, the mineral,
nutrient composition, temperature, and light intensity used in the
culture and cultivation significantly affect the metabolite compo-
sition of microalgae. These findings depicted that the isolated
microalgae have considerable lipid content, to be efficiently
applied as a feedstock for biodiesel production. In addition to
that, the microalgal isolate exhibited an appreciable amount of
protein and carbohydrate content; hence, it could be utilized as a
feed supplement for aquatic organisms, animals and in the
manufacturing of cosmetics and dietary supplements.

3.6. Lipid profiling through FAME analysis

One of the significant concerns of microalgal biomass harvest-
ing is to use it as feedstock for the production of biodiesel. The lipid
profile of Scenedesmus sp. NC1 is depicted in Table 4. The content of
various fatty acids of microalgal lipid was ranging from C14-C20.
The palmitic acid (C16:0) was the most abundant (24.54 + 2.1 %)
fatty acid, followed by oleic acid (C18:1) and linolenic acid (C18:3)
with weight percent of 16.21 + 1.1 % and 12.32 + 1.3 %, respectively.
While the other fatty acids, such as stearic acid (C18:0), linoleic
acid (C18:2), palmitoleic acid (C16:1), and myristic acid (C14:0),
were less than 12 % of total fatty acids. Simultaneously, arachidic
acid (20:0) was the least abundant, accounting for 0.98 + 0.58 % of
total fatty acid. Various biofuel properties such as oxidative
properties, cold flow properties, and cetane number solely depend
on the chain length and degree of unsaturation of the biofuel
constituents. Biodiesel with a higher amount of monounsaturated

Frequency/Occurrence of two sided compensated base pair changes observed in the four helices between microalgal isolate Scenedesmus sp. NC1 and other related accessions

from genus Scenedesmus.

Scenedesmus. Sp. NC1

Number of CBCs

Taxon Helix1 Helix2 Helix3 Helix4
S. abundans AJ400494.1 0 0 139/222: A-U-~G-C 0 5 CBCs
141/220: U-G—A-U
152/213: U-A—A-U
179/190: A-U-G-C
180/188: C-G—G-C
S. obtusus AY170858 0 0 139/222: U-A—G-C 242[255: G-C—»A-U 2 CBCs
S.raciborskii AJ237952 0 0 0 242/[255: G-C—A-U 1 CBCs
S. regularis KF209348 47/53: G-C=A-U 91/109: C-G—U-A 139/222: A-U-~G-C 0 3 CBCs
S. hindakii AY170856.1 47/53: G-C—A-U 0 139/222: U-A—G-C 242[255: G-C—»A-U 3 CBCs
S. armatus JQ910904.1 0 0 139/222: A-U-G-C 242[255: G-C—»A-U 7CBCs
141/220: U-G—A-U 243/254: C-G-U-A
152/213: U-A—A-U
179/190: A-U—-G-C
180/188: C-G—G-C
S. bijugus var. obtusiusculus KJ808697.1 0 0 0 0 NIL
S. acutus AJ249508.1 0 0 0 0 NIL
S sp. DSA1 0 0 0 0 NIL

KX818838.1
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Fig. 3. AMaximum likelihood tree of the microalgal isolate Scenedesmus sp. NC1 and other microalgae from Scenedesmus genus based on ITS-2 Sequences. The numbers above
the branches are the bootstrap values (>50 %) for each branch and branch length are represented with precision of 2 places after decimal.

Table 4
Fatty acid composition of microalgal strain Scenedesmus sp.NC1 (wt %).

Fatty acids Fatty acid composition (wt %)
Myristic acid (C14:0) 136 + 1.7
Pentadecanoic acid (C15:0) ND
Palmitic acid (C16:0) 2454 + 2.1
Palmitoleic acid (C16:1) 234 £0.21
Stearic acid (18:0) 8.27 £ 0.57
Oleic acid (C18:1) 16.21 + 1.1
Linoleic acid (C18:2) 1042 + 1.5
Linolenic acid (C18:3) 1232 + 13
Arachidic acid (20:0) 0.98 + 0.58
Others 23.56

Total saturated fatty acid (SFA) 35.15

Total mono unsaturated fatty acid (MUFA) 18.55

Total poly unsaturated acid (PUFA) 22.74

Ratio of unsaturated/saturated fatty acid 117

fatty acid (MUFA) and higher chain length have better oxidative
stability, while polyunsaturated fatty acids (PUFA) content
enhances the cold flow properties [40]. However, the content of
monounsaturated (18.55 %), polyunsaturated (22.74 %), as well as
saturated fatty acid (35.15 %) corroborates the compatibility
towards biodiesel production as these fatty acids have better
stability to fluidity and oxidation properties of biodiesel.

Moreover, the high content of oleic acid is the most favored
quality of biodiesel as it provides a better balance between cold
flow properties and stability of oxidation [41]. Moreover, several
polyunsaturated fatty acids like linolenic acid linoleic acids are
essential omega fatty acids, a vital dietary supplement for humans
and animals. Hence, the present study reflects that the biomass of
the microalgal strain Scenedesmus sp. NC1 has the potential to be
used promising feedstock source for nutrients supplements and
feedstock for biodiesel production.

3.7. Auto flocculation study of microalgae

The relationship between the autoflocculation behavior of the
Scenedesmus sp. NC1 and the growth stages were studied, the
autoflocculation behavior was monitored. As shown in Fig. 4, the
autoflocculation behavior of the microalgae showed significant
variation with the growth stages (p < 0.05). The settling activity
increased parallel with microalgae growth stages, as shownin (Fig. 4
), the autoflocculation efficiency increased drastically in the
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Fig. 4. Zeta potential and flocculation profiles of microalgal algal strain
Scenedesmus sp.NC1 during batch culture condition.

exponential growth stage (> 75 %) than the lag phase (< 10 %).
The biomass settling increased progressively during the exponen-
tial stage and (> 81 %) autoflocculation efficiency was observed at
the end of exponential phase. Furthermore, the highest auto-
flocculation efficiency (89.31 +£1.22) was observed in the stationary
growth phase at fifteenth day of culturing. The autoflocculation
activity of microalgae was more prominentin the late growth phase.
The apparent surface charge/zeta potential ({) of microalgae of
Scenedesmus sp. NC1 was monitored during growth stages (Fig. 4).

The zeta potential decreased in magnitude during the growth stages
from (-21.3 & 1.2) at day 1 (lag-phase) to (- 14.64 + 0.87) at day 10
(mid-exponential phase), to (-10.4 + 1.26) at day 15, the stationary
phase of growth. The decrease in the magnitude of zeta potential

causes destabilization of the culture owing to reduction in the
repulsive electrostatic forces among the microalgal cells [17]. The
decrease in the magnitude of zeta potential at different growth
stages was also observed in microalgae Ettlia. Texensis which had
zeta-potential of -18.9 at the early exponential phase and remained
-12.1 in stationary growth phase [42]. The results suggested that
Scenedesmus sp. NC1 has auto/self-flocculation property that varied
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Fig. 5. The autoflocculation efficiency in fifteen day old microalgal isolate
Scenedesmus sp. NC1 with respect to time at physiological pH.

with the growth stages. Hence, the effect of various factors on
flocculation behavior was studied.

3.7.1. Effect of time on the autoflocculation

In the stationary phase the autoflocculation of Scenedesmus sp.
NC1 was more impulsive. As in a 15 day old culture, within 90 min
the microalgal settled at the bottom of the flask, leaving culture
media with reduced microalgal concentration, as manifested by
optical density 0.05—-0.07. Hence, the effect of time variation on the
autoflocculation efficiency was studied, and the results are
represented in Fig. 5. The autoflocculation efficiency of the
microalgae increased significantly (p < 0.05) with time. It showed
the flocculation efficiency of 18.3 & 1.24 % when the culture was
allowed to settle for 30 min. As the duration of settling increased
from 60—90 min, the flocculation efficiency increased from 68.57 +
3.62 % to 88.32 + 1.24 %, respectively. Moreover, the microalgae
exhibited the highest autoflocculation efficiency of 89.46 + 0.84 %
at 150 min. Furthermore, no significant change in the flocculation
efficiency was observed when settling time increased from150 min
to 210 min, indicating the steady-state condition. Therefore, it was
recommended that the microalgae Scenedesmus sp. NC1 was an
efficient autoflocculating microalgae.

3.7.2. Effect of pH on the flocculation

The effect of culture pH on dewatering of Scenedesmus sp. NC1
was examined by changing the pH microalgal culture using either 1
M NaOH or 1 M HCIL. When the culture pH reached at desired value
ranged from 5 to 12, the autoflocculation efficiency was calculated.
As shown in Fig. 6A, the culture pH showed a significant (p < 0.05)
effect on autoflocculation of Scenedesmus sp. NC1. The dewatering
of microalgae varied under different pH, at pH 8 and below
significantly (p < 0.05) lesser autoflocculation efficiency was noted
compared to control. As depicted in Fig. 6A, dewatering of
Scenedesmus sp. NC1 was lower under acidulous conditions and
showed 69.74 % efficiency at pH 5, which was significantly (p <
0.05) lower than control. At pH 9, no significant change (p < 0.05)
in the dewatering of microalgae was noted as compared to positive
control and resulted in 88.47 % flocculation efficiency. However,
when the pH was further increased above 10, a significant increase
in the flocculation was seen. The autoflocculation efficiency
increased from 90.62-94.95 % when pH increased from 11 to 12.
Several studies had reported that biomass dewatering was
prominently affected by the microalgal culture pH. In microalgae
Ettlia sp. YCOO, the flocculation efficiency of > 60 % was noted at pH
10 which had increased to 86 % when pH was raised to 13 [43].
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Chen et al. [44] have also reported the increase in removal
efficiency of self-flocculating microalge Desmodesmus sp. PW1
from 70 % to > 90 % when culture pH was increased from 3 to 12.
The microalgae Chlorella sorokiniana 211-8 k, showed lowest
removal effiency of 8.6 % at pH 9, whereas the highest flocculation
efficiency of 97 % was noted at pH 13 [45]. The observed variation in
the flocculation efficiency could have occurred due to change in the
surface charge (Zeta potential) of the microalgal cell at changed pH
conditions, which would have affected the flocculation capabilities
of microalgal cells [44,28].Moreover, it has been reported that
change in pH affects the dissolution of metal ions and the surface
composition of microalgal cells are also affected [46].

3.7.3. Effect of temperature on flocculation

We studied the effect of temperature on the autoflocculation
activity of Scenedesmus sp. NC1 by varying the temperature
between 15 and 60 °C. As shown in Fig. 6B, the autoflocculation
efficiency of microalgae exhibited significant difference (p < 0.05)
under various culture temperatures. Under varied culture temper-
ature, including 15, 25, 30, and 40 °C the Scenedesmus sp. NC1
showed the flocculation efficiency of 84.71, 85.25, 87.1, and 86.63 %
respectively representing a minor change in autoflocculation
efficiency than the positive control. However, the autoflocculation
efficiency significantly (p < 0.05) decreased at higher temperature.
As the flocculation efficiency decreased from 86.63 % to 76.72 %,
when the culture temperature increased from 40 to 60 °C. Based on
this study, the suitable temperature for biomass harvesting of
Scenedesmus sp. NC1 at room temperature could be cost effective
owing to higher autoflocculation efficiency of more than 87 %.

3.7.4. Effects of metal ions on the autoflocculation

Several studies had shown that various metal ions like
aluminum (AI**), iron (Fe**), magnesium (Mg?") could improve
microalgal harvesting when added into the microalgal culture
suspension [47]. Cationic metal ions affect the stability and
influence the flocculation of microalge generally by two
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mechanisms. Firstly, cationic metals interact directly with
negatively charged cells and neutralize the microalgae [17].
Secondly, metals hydrolyses to metal hydroxides or interact with
phosphate to produce positively charged ligand, which flocculate
the microalgae through bridging or electric patch mechanisms
(Rashid et al.,. 2019; Papazi et al,, 2009). We investigated the
influence of some metal ions on the autoflocculation activity of
microalgae, Scenedesmus sp. NC1, the results are displayed in Fig. 7.
No significant (p < 0.05) change in the flocculation efficiency of
microalgal cells was observed when Ca?*, Mg?*, and Na* were
added to the culture suspension at 5 and 10 mM concentration.
Calcium (Ca?*) showed minor but significant (p < 0.05) change in
flocculation efficiency at 20 mM concentrations, while Mg*, and
Na* remained insignificant at that 20 mM concentrations.
However, Fe>* and AI** exhibited a significant (p < 0.05) effect
on flocculation at every concentration used in this study. More
than 10 % increase in flocculation efficiency was observed at 20 mM
of Fe** and more than a 20 % increase in flocculation than control
was exhibited when 20 mM of AI>* metal salts were provided to
microalgal culture. Chen et al. [48] also reported that the metal
ions Na*, K™ and Mg?* have no significant effect on the flocculation
of microalgal strain Desmodesmus sp. PW1. Guo et al. [49] observed
an increase in flocculation efficiency in microalgal strain Scene-
desmus obliquus AS-6—1 when AI** was provided to the microalgal
culture. Findings of different studies have shown that the
flocculation of microalgae by the metal ion is dependent on the
type of metal ion and the concerned microalgal species [50,51].

3.8. Bioflocculation of non-flocculating microalgae with
Scenedesmus sp. NC1

Studies have reported that autoflocculating microalgae like,
Scenedesmus obliquus AS-6—1, Scenedesmus rubescens SX, Ankis-
trodesmus falcatus, Tetraselmis suecica, have considerable potential
to flocculate the non-flocculating microalgae and therefore could
be employed as bioflocculant [52,53,49]. The bioflocculation
potential of microalgal strain Scenedesmus sp. NC1 towards the
non-flocculating microalgae Chlorella sp. NCQ and Micractinium sp.
NCS2 using cell-free supernatant and culture broth was tested. The
results are presented in the Fig. 8. The culture broth exhibited
significant (p < 0.05) flocculation potential towards the non-
flocculating microalgae Chlorella sp. NCQ and Micractinium sp.
NCS2. In Chlorella sp. NCQ (Fig. 8A) the culture broth of
Scenedesmus sp. NC1 exhibited the flocculation efficiency of
12.98 + 2.08 % at ratio of 5 % (v/v). However, when the cell ratio

10
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nium sp. NCS2 with auto-flocculating microalgae Scenedesmus sp. NC1when the
supernatant and the cell suspensions of the autoflocculating microalgal strain
Scenedesmus sp.NC1, were added to non-flocculating microalgal suspension at ratio
of 5% to 20 % (v/v). Error bar denotes the standard error (SE) of three biological
replicates. * indicates the statistical difference of p < 0.05 compared to control.

was increased from 10 to 20 % (v/v) the flocculation efficiency
increased from 30.27 4+ 3.14 % to 66.17 + 4.57 % respectively. As
compared to Chlorella sp. NCQ the culture broth of Scenedesmus sp.
NC1showed higher flocculation efficiency for microalgae Micracti-
nium sp. NCS2 (Fig. 8B) at all tested cell ratios. As it showed 23.73 +
2.13 % flocculation efficiency at ratio of 5 % (v/v). When the final
ratio increased from 10 to 20 % (v/v) the flocculation efficiency
increased from 38.09 + 0.97 % to highest value of 73.98 + 0.87 %
respectively. Despite the culture broth the cell-free supernatant of
the isolate had little flocculation activity owing to the flocculation
efficiency of 13.17 + 0.24 % and 17.36 + 0.74 % at the final ratio of 20
% (v/v) for microalgae Chlorella sp. NCQ and Micractinium sp. NCS2
respectively. The observed variation in the flocculation efficiency
could be due to the difference the surface charge of the microalgae
Chlorella sp. NCQ (—24 mV) and Micractinium sp. NCS2 (—19.2 mV).

4. Conclusions

In this work, an autoflocculating microalgae was isolated from
coal mine effluent wastewater named as Scenedesmus sp. NC1 after
the morphological, molecular, and taxonomical examination. The
CBCs evaluation in the conserved regions of the secondary
structure of ITS2 revealed that the isolate Scenedesmus sp. NC1
does not belong to the clade comprising Scenedesmus sensu stricto.
Moreover, the mixture of antimicrobial agents' fluconazole,
cefotaxime, and kanamycin, was also proven effective for the
isolation and maintenance of axenic microalgae. The biochemical
composition of Scenedesmus sp. NC1 exhibited its potential to be
used as a source of nutrients and biofuel production. The lipid
characterisation examination demonstrated, different fatty acid
compositions with monounsaturated (18.55 %), polyunsaturated
(22.74 %), as well as saturated fatty acid (35.15 %). Indicating a
promising candidate for biodiesel production. Furthermore, the
Scenedesmus sp. NC1 exhibited admirable autoflocculating behav-
ior which was dependent on the growth stages. Meanwhile, the



N. Kumar, C. Banerjee and S. Jagadevan

autoflocculation was slightly influenced by the variation of pH,
temperature and inorganic metals. Moreover, the isolate exhibited,
substantial bioflocculation efficacy towards freshwater microalgae
Micractinium sp. NCS2 and Chlorella sp. NCQ with harvesting
efficiency of 74 % and 66 %, respectively. Inclusively, Scenedesmus
sp. NC1 was a bioflocculant with potential for biofuel production.
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