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Bioflocculants are biodegradable polymers produced by microorganisms. The aim of this study was to produce
and characterize a bioflocculant by microorganisms isolated from earthen pond sludge. Sludge from the earthen
pond was collected from ‘Lapai Gwari’ in Minna, Nigeria. The microorganisms were screened for the potential of
producing bioflocculant using kaolin suspension and a selective medium. The isolate with the highest floccu-
lating potential was identified based on its molecular characteristics. The bioflocculant produced was charac-

terized using thermogravimetric analysis (TGA), Fourier-transform infrared (FTIR) spectroscopy and scanning
electron microscopy (SEM). Four bacteria and three fungi were isolated from the sludge. Priestia megaterium
(ON184360) was identified as the isolate with the highest flocculant production potential, with 10.67 g of
bioflocculant produced from 500 mL of medium, which was confirmed by TGA, FTIR and SEM results. The
findings of this study showed that Priestia megaterium is a more efficient alternative for flocculant production.

1. Introduction

Bioflocculation is a process during which flocculants mediation is
achieved owing to microbial presence or the macromolecular biode-
gradable flocculants they release into their immediate environment (Das
et al., 2022). Various microorganisms (i.e., actinomycetes, fungi, algae,
and bacteria) have been reported to produce bioflocculants. For
example, the biomass of Arthrobacter sp. (Salehizadeh and Shojaosadati,
2015), Bacillus sp. AEMREG7 (Okaiyeto et al., 2015) and Pichia
kudriavzevii MH545928.1 (Tsilo et al., 2021).

Biopolymers of microbial origin have gained recognition as anti-
algal, anti-viral and anti-bacterial agents. Also, they are recognized as
inducers of biofilm formation and microbial aggregation. Furthermore,
flocculants from microorganisms have been applied in numerous in-
dustries for several purposes, for example in the pharmaceutical and
food industries, bioflocculants are utilized as stabilizing, emulsifying
and viscosifying agents. They are also utilized in water purification and
treatment of wastewater (Zhong et al., 2018). Bioflocculants are utilized

as biosorbents in the removal of numerous types of metallic pollutants
from wastes generated by manufacturing industries (Salehizadeh and
Yan, 2014). In beverage primary treatment, biocoagulation and bio-
flocculation are cost-effective methods that are being utilized (Sale-
hizadeh and Yan, 2014).

Although synthetic flocculants have been demonstrated to be effi-
cient in causing flocculation of colloidal substances in a liquid medium.
However, some synthetic flocculants are of concern as they pose a
serious risk to the health of humans. For example, Alzheimer’s disease
has been related to aluminum salts (Liu et al., 2021). In addition,
monomeric units can cause serious carcinogenic and neurotoxic effects.
Due to the non-degradable nature of acrylamides, their use as flocculants
has been banned or limited in several countries (Abu-Tawila et al.,
2018). As such, bioflocculants that are efficient, safe and biodegradable
with better flocculating activities are attracting the interest of re-
searchers across the globe. In addition, microorganisms utilized in the
production of bioflocculants can be characterized and the optimal con-
ditions that will support their growth and metabolism can be determined
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to enable their use for improved product yield (Tsilo et al., 2021;
Agunbiade et al., 2022). Therefore, as the search for improved strains of
bioflocculants-producing microorganisms increases, the screening of
indigenous microorganisms in Minna, Nigeria may provide an isolate
with a more efficient bioflocculants production potential. Thus, leading
to affordable, safer, and readily available flocculants with environ-
mental and industrial applications. The aim of this study was to produce
and characterize a bioflocculant from microorganisms isolated from
earthen pond sludge. The choice for exploring the earthen pond sludge
for the presence of bioflocculant-producing microorganisms in this
study was because the pond sludge is a pool deposit of naturally
occurring organic materials that develop over time. In addition, the
earthen pond sludge is rich in clay, which is key to water retention.
Besides, kaolin clay has been used extensively to screen for
bioflocculants-producing microorganisms by several authors (Harun
et al., 2017; Abu-Tawila et al., 2018; Bisht and Lal, 2019; NKkosi et al.,
2021; Tsilo et al., 2021).

2. Materials and methods
2.1. Collection of Samples

Sludge from the earthen pond was collected from ‘Lapai Gwari’
community in Bosso Local Government Area of Minna, Niger State,
Nigeria located at longitude 6.5052 °E and latitude 9.5246 °N. The
sludge samples were taken to the Microbiology laboratory at the Federal
University of Technology, Minna Nigeria for analysis.

Waste oranges were collected from fruit vendors in Minna under
aseptic conditions. The samples were stored in a sterile plastic container
and immediately transported to the Microbiology laboratory of the
Federal University of Technology, Minna. The oranges were washed
with tap water, peeled and cut into smithereens using a sterile knife. The
juice in the sliced fruits was extracted with the aid of a juice extractor.
The fruit juice sample was then stored under refrigeration at 4 °C until
required for further analysis.

2.2. Screening of bioflocculating microorganisms using selective medium
and kaolin suspension

The sludge samples were serially diluted tenfold. The bacteria with
bioflocculating ability were screened using a flocculation selective me-
dium containing NaCl 0.1 g, MgS047H20 0.2 g, urea 0.5 g, Ko;HPO4 5 g,
yeast extract 0.5 g, KHoPO4 2 g, glucose 10 g, in 1 L of distilled water and
the pH was maintained at 7.0. The medium was sterilized using the
autoclave at 121 °C for 15 min, which was allowed to cool to 45 °C
before pour plating it with 0.5 mL of 10~* dilution factor. This was
followed by incubation for 4 days at 37 °C (Chen et al., 2016).

The fungi with bioflocculating ability were screened using a floccu-
lation selective medium containing MgSO47H,0 0.2 g, urea 0.5 g,
KoHPO,4 5 g, yeast extract 0.5 g, KHoPO4 2 g, glucose 10 g in 1 L of
distilled water. The medium was sterilized and was allowed to cool and
pour plated with 0.5 mL of 10~* dilution factor, before incubating at
room temperature (28 °C (+2)) for 7 days (Zhang et al., 2007). The
growths on the selective medium for both bacteria and fungi were sub-
cultured repeatedly on nutrient agar (NA) and Sabouraud dextrose agar
(SDA) respectively, to get pure isolates (Suryan et al., 2012).

The isolated fungi and bacteria were further screened for bio-
flocculant production on a waste fruit juice. The cultures of all the iso-
lated bacteria and fungi were prepared. The pure colonies grown on NA
and SDA were transferred into 20 mL of sterilized nutrient broth (NB)
and Sabouraud dextrose broth (SDB) in Erlenmeyer flasks. The flasks
were incubated at 37 °C and 28 °C (£2) respectively, at 150 rpm until
growth was observed. The broth from the incubated flask was used as
inoculum for bioflocculant production in the waste fruit juice. The 5 %
(5 % v/v) of inoculum was transferred into a 250 mL conical flask
containing 100 mL of sterilized waste fruit juice. The flasks were
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incubated in triplicate at 37 °C and 28 °C (+2) and 150 rpm for 72 h to
allow the formation of bioflocculant. Samples were taken from the
culture after each 24 h to determine the amount of bioflocculant pro-
duced as well as the efficiency of the bioflocculant. The formation of floc
in the waste fruit juice is an indication that the organisms had the po-
tential to produce bioflocculant. The amount of bioflocculant produced
was measured using spectrophotometry (UV-visible model 759 s & 756
s, China). The culture producing the highest bioflocculant quantity was
selected for further screening and analysis (Agunbiade et al., 2019).

2.3. Determination of flocculating activity and bioflocculant production

A wastewater model (kaolin clay suspension) was used in deter-
mining the flocculating activity as well as the efficiency of the bio-
flocculants as reported by Kurane et al. (2015). Kaolin clay (2 g) was
suspended in 250 mL of distilled water in 14 of 500 mL conical flasks,
labelled A; — Ay and B1-B; where A; — Ay were without isolate and B;-By
were inoculated with 2 mL of fresh cultures of each isolate. Flasks A and
B were mixed vigorously for a minute before allowing them to settle for
5 min at 28 + 2 °C to allow floc collection to be possible (Kurane et al.,
2015; Mohammed et al., 2023). A spectrophotometer (UV-visible model
759 s & 756 s, China) was used to determine the optical density (OD) of
the upper liquid at 550 nm and the organism with the highest absorption
was selected as the isolate with the highest ability to produce flocculants
(Gao et al., 2016; Khiew et al., 2016).

The isolate was used to produce bioflocculant using 500 mL of the
selective medium in a 1 L conical flask. The medium was incubated for 5
days at 37 °C and centrifuged at 5000 rpm for 15 min using high speed
refrigerated centrifuge (LR10-2. 4A, India). The sediment was taken as
the bioflocculant. The bioflocculant was then freeze-dried using a
lyophilizer (LGJ18, China). The lyophilized flocculant was kept for
further analysis.

2.4. Identification of isolates with flocculating activity

The bacterial isolates were identified based on their cultural,
morphological and biochemical characteristics as described by Chees-
brough (2006). The identification of fungal isolates was based on their
cultural, microscopic and morphological characteristics. The fungi were
stained with lactophenol cotton blue and viewed on a bionocular mi-
croscope with x10 and x40 objectives noting features including hypha,
septa, conidiophores, sporangia and spores (Kidd et al., 2016; Alsohaili
and Bani-Hasan, 2018). In addition, the isolate that exhibited the
highest flocculating potential was identified based on its molecular
characteristics (Wawrik et al., 2005; Frank et al., 2008).

The extraction of DNA was guided using protocols of Wawrik et al.
(2005) and Frank et al. (2008). The pure colony of the isolate was then
transferred from the solid medium into liquid medium (1.5 mL) and
grown in an incubator with a shaker at 28 °C for 48 h. At the end of the
incubation period, the cultures were spun at 4600g for 5 min. The pellets
obtained were then suspended in 520 pL of Tris-EDTA (TE) buffer (pH
8.0, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM Tris-HCI)
followed by the addition of protease K made from 20 mg/mL (3 pL)
and 15 pL of 20 % sodium dodecyl sulfate-SDS. The mixture obtained
was then incubated at 37 °C for 1 h, followed by the addition of 5 M NaCl
(100 pL) and 10 % solution of 80 pL cetyltrimethylammonium bromide
(CTAB) in 0.7 M of NaCl before vortexing for 5 min. The suspension was
further incubated at 65 °C for 10 min and then kept on ice for 15 min. An
equal volume of isoamyl alcohol: chloroform (1:24) was added before
incubating for 5 min on ice followed by centrifugation for 20 min at
7200g. A new test tube was utilized in collecting the aqueous phase of
the centrifuged mixture before adding isopropanol (1: 0.6) followed by
DNA precipitation for 16 h at —20 °C. Further centrifugation was done to
obtain the DNA at 13000 for 10 min. The DNA was then washed with
500 pL of ethanol (70 %) before air-drying at room temperature (28 °C
=+ 2) for 3 h and finally dissolved in 50 pL of TE buffer.
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2.5. Polymerase chain reaction (PCR) and gel electrophoresis

The cocktail used in the preparation of PCR sequencing contains 5x
GoTaq (10 pL) colourless reaction, 25 mM of MgCl, (3 pL), a mix of 10
mM dNTPs (1 pL), 1 pL of 10 pmol each from 1525 R and 27 F primers,
Taq DNA polymerase (0.3 units) (Promega, USA) and made up to 42 pL
with sterile distilled water to which 8 uL of DNA template was added. A
GeneAmp Thermalcycler 9700 PCR system (Applied Biosystem Inc.,
USA) was utilized in carrying out the PCR; this consist of a 5 min initial
denaturation at a temperature of 94 °C, 30 cycles immediately carried
out consisting of 94 °C, 50 °C, and 72 °C for 30 s, 60 s, and 90 s
respectively. The cycle was finally terminated at 72 °C for 10 min and
cooled at 4 °C.

To confirm gene amplification, an agarose gel (1.5 %) was used to
run an integrity check on the fragments of the amplified gene. The
agarose gel (1.5 %) was prepared using —1x Tris-acetate-EDTA (TAE)
buffer. A microwave was used to boil the suspension for 5 min before
allowing the molten agarose to cool to a temperature of 60 °C. The
molten agarose gel was stained using 3 pL of 0.5 g/mL ethidium bromide
(this stain is responsible for the absorption of invisible UV lights, the
energy absorbed is being transmitted as viable orange light). A comb,
which contained the molten agarose gel was slotted into the casting tray
before pouring molten agarose. The wells were formed by allowing the
gel to solidify for 20 min. Onto the gel tank was poured 1xTAE buffer,
which barely submerged the gel. A loading dye of 10x blue gel (2 pL)
(which is responsible for giving colour and density as well as enhancing
loading of the samples into the wells; and allows monitoring of the entire
progress of the gel) was added to each PCR product (4 pL) before loading
it into the wells. The 100 bp DNA ladder was also loaded into well 1.
Electrophoresis of the gel was done at 120 V for 45 min followed by
visualization before being photographed after UV transillumination was
done. The size of the PCR products was estimated by comparing the
movement of the PCR product side-by-side with the mobility of the 100
bp molecular weight ladder in the gel (Wawrik et al., 2005; Frank et al.,
2008).

To remove PCR reagents used for the gel integrity test, the amplified
fragments were purified with ethanol. A 3 M Na acetate (7.6 pL) and 240
pL (95 %) ethanol were added to the products of PCR that were ampli-
fied in a sterile Eppendorf tube (1.5 pL), the solution was then mixed
thoroughly using a vortex mixer and kept for 30 min at 20 °C. The
mixture was then centrifuged at 13,000g for 10 min at a temperature of
4 °C before the supernatant was removed. The pellets were washed via
the addition of 150 pL ethanol (70 %), and mixed thoroughly before
centrifuging at 7500g for 15 min at a temperature of 4 °C. All the su-
pernatants were removed and the tube was inverted on tissue paper in
the fume hood for 15 min. Sterile distilled water (20 puL) was used for the
resuspension of the mixture and held at 20 °C before the time for
sequencing. The purified fragment was subjected to agarose gel (1.5 %)
and ran for an hour on a voltage of 110 V to confirm the purity of the
PCR products, which was further quantified with a nanodrop (model
2000, Thermoscientific) (Wawrik et al., 2005; Frank et al., 2008). A
genetic analyzer (3130xl sequencer, Applied Biosystems) was used in
sequencing the amplified fragments; BigDye Terminator (v3.1 cycle kits
for sequencing). MEGA 6 and Bio Edit software were utilized during all
the genetic analyses (Wawrik et al., 2005; Frank et al., 2008). The gene
sequences of the isolate were submitted to the NCBI Gene Bank and the
accession number provided was ON184360.

2.6. Molecular identification of tyrosine-protein kinase gene using
genomic specific primers

Molecular investigations of the species-specific tyrosine-protein ki-
nase genomic regions responsible for bioflocculant production were
achieved by conducting PCR utilizing a genomic-specific primer on the
extracted DNA. For all the primer sets per PCR used, the reaction
cocktail consisted of 0.25 pL of 10 pM DNTP, 0.75 pL MgCly, 2.5 pL 5x
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PCR SYBR green buffer, and 0.25 pL of 10 pM each for forward
GGTGCCGATGTATACCAACA and backward ACCCAAACATCCA-
TACTCCTAAC primer, 0.06 pL of 8000U Taq DNA polymerase, which
was further made up to 10.5 pL using distilled sterile water into which
template of 2 uL was added. PCR profile included a 5 min initial dena-
turation at a temperature of 94 °C. A 30 cycle was immediately carried
out consisting of 94 °C, 50 °C, and 72 °C for 30 s, 60 s, and 90 s
respectively; the cycle was finally terminated at 72 °C for 10 min uti-
lizing the recommendable profile designed for each pair of primer
(Wawrik et al., 2005; Frank et al., 2008).

2.7. Analysis of the bioflocculant

The thermogravimetric property of the bioflocculant was determined
using a TGA analyzer (PerkinElmer, Inc., Waltham, MA, USA) at 10 °C
per minute with a heating rate of 23-884.2 °C. Nitrogen gas flow was
used to keep the condition constant during the process (Damini et al.,
2020).

The detection of functional groups responsible for flocculating ac-
tivities of the flocculant was determined using the FTIR analysis. This
analysis utilizes a Bruker FTIR spectrophotometer (Tensor 27) at
3500-1000 cm ™! on a resolution of 4 cm™!. Bioflocculant (5 mg) was
mixed with a powder of potassium bromide before pressing it into pellets
(Luo et al., 2014).

The structural component of the bioflocculant was determined using
scanning electron microscopy (SEM) facilitated by an elemental
analyzer (JEOL, Peabody Inc., MA, USA). Five milligrams (5 mg) of the
flocculant were added to a slide and silicon-coated. A spin coater was
used in fixing the silicon-coated slide and spun for 60 s at 1000 rpm
before inserting it into the analyzer for analysis (Rasulov et al., 2017).

3. Results
3.1. Microorganisms Isolated from Earthen Pond

Four bacteria (Acinetobacter spp., Priestia megaterium, Achromobacter
spp. and Bacillus subtilis) and three fungi (Aspergillus terreus, Aspergillus
flavus and Aspergillus fumigatus) were isolated from the earthen pond
sludge (Tables 1 and 2). One of the microbial isolates produced the
highest optical density of 0.108 and flocculating activity of 30 % in the
suspension of kaolin clay (Table 3). This isolate on the NA plate
appeared smooth, pale white and circular with a diameter of 1 pm. The
result from Gram’s reaction showed that the isolate was a Gram-positive
rod with cream-coloured colonies.

3.1.1. The molecular identity of bacterial isolate

Fig. 1a shows the agarose gel image of the isolate and it shows that
the size of the isolate is 1500 bp. NCBI blast results showing sequence
identity as compared to established sequences in the NCBI database
along the 16 s rRNA are presented in Table 4. The sequence of the isolate
confirmed that it is 99.58 % similar to Priestia megaterium. The gel image
of P. megaterium shows a positive amplification along the 16s rRNA to
gene tyrosine-protein kinase, the gene that codes for the production of
bioflocculant (Fig. 1b, Table 5).

3.2. Thermogravimetric property of the bioflocculant produced by
P. megaterium

Priestia megaterium produced 10.67 g of bioflocculant from 500 mL of
the selective medium. At 300 °C, the weight decrease by 5 % with a
further decrease of 30 % at 350 °C (Fig. 2). Loss in weight was observed
at temperatures ranging from 40 to 230 °C. At 300 °C, the weight loss of
the bioflocculant decreased much more, up to 400 °C. Between 400 and
500 °C, there was a 90 % decrease in weight, until 800 °C, at which
point, a total loss in weight was observed.
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Table 1
Morphological and biochemical characteristics of the bacterial isolates.
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Isolates Gram'’s Reaction Catalase Coagulase Starch hydrolysis Indole Oxidase Urease Citrate Methyl Red Voges Probable isolate
Code Proskauer

BIA - rod + - - - + + - + Acinetobacter spp
BIB + rod + - - - - - - - - Priestia megaterium
BOA - rod + = — = + + + — + Achromobacter spp.
BOB + rod + - + - - + + - + Bacillus subtilis

NB: BIA, BIB were bacteria isolated from sludge inside the earthen pond. BOA and BOB were bacteria isolated from earthen sludge after overnight excavation.

Table 2
Morphological features of fungi identified from the sampling sites.
Isolate Macroscopy Microscopy Probable
code isolates
FIA White and woolly Thread-like septate Aspergillus
appearance (surface hyphae terreus
view)
FIB Pale yellow with a brick Unbrached, non- Aspergillus
appearance septate conidiophore flavus
FOA Dark greenish Narrow hyphae Aspergillus
intertwined together fumigatus

NB: FIA, and FIB were fungi isolated from sludge inside the earthen pond. FOA
was fungi isolated from earthen sludge after overnight excavation.

Table 3
Flocculating activities of bacterial and fungi isolates.

Isolates Optical density Flocculating activities
BIA 0.082 23 %

BIB 0.108 30 %

BOA 0.079 21 %

BOB 0.017 5%

FIA 0.031 9%

FIB 0.006 2%

FOA 0.044 12%

NB: Where BIA, and BIB were bacteria isolated from sludge inside the earthen
pond. BOA and BOB were bacteria isolated from earthen sludge after overnight
excavation. FIA were fungi isolated from sludge inside the earthen pond FOB
fungi were isolated from earthen sludge after overnight excavation.

3.3. Functional groups determination by Fourier-transform infrared
(FTIR)

Different microorganisms produced varying types of bioflocculants,
which are different in their composition. A bioflocculant activity is
solely dependent on the types of chemical structure, which is the re-
sponsibility of the functional groups present in the molecule. Fig. 3
shows the FTIR spectra, which reveal the different functional groups
present in the bioflocculant. The FTIR contains a characteristic func-
tional group of a bioflocculant, with the band at 3213 cm ™! describing
the presence of a C—O group (i.e., carboxyl group), the peak (1397.8
cm 1) band exhibits the characteristics of the hydroxyl bending group
and peak 1118.2 cm™! is an amine with N—H bending group. Sugar
derivatives are indicated in the purified flocculant based on 928 and
849 cm ™! adsorption bands. The presence of sugar monomers and
B-glycosidic linkages are indicated by small absorption peaks.

3.4. Scanning electron micrograph of the bioflocculant

The scanning electron micrographs of the bioflocculant at different
magnifications (x300, x500, x1000 and x1500) are shown in Fig. 4. The
micrographs show the white flakes characteristic of flocculants.

4. Discussion

Microorganisms were isolated from earthen pond sludge and were

mk B buffer

MK B buffer

1500bp

700bp

Fig. 1. (a) Gel image showing the size of isolate (b) Agarose gel showing the
positive amplification of the tyrosine-protein kinase gene amplified from DNA
isolated from cultured bacteria using gene-specific primers. The presence of
700 bp indicates a positive amplification in extracted DNA.

used to produce flocculants in this study. Various attempts have been
made to reduce the cost of producing bioflocculants. Despite being
effective, they have been insufficient in meeting the global demand for
flocculating substances. This has made researchers explore various en-
vironments for isolating more efficient bioflocculant-producing micro-
organisms. In this study, bioflocculating microorganisms were screened
from the sludge of an earthen pond. At the end of the screening process,
7 isolates were obtained, 3 fungi and 4 bacteria. However, Priestia
megaterium was finally selected for flocculant production because it gave
the highest flocculating activity (30 %) in the kaolin solution.

Several authors have reported the microbial communities of earthen
fish ponds with the purpose of determining the microbiological quality
of the ponds and tracing it to the presence of pathogenic organisms in
fish. However, few researchers have reported on the microbiological
contents of earthen pond sludge and their possible role in bioflocculants
production. The earthen pond is a rich sediment comprising nutrients
from leftover feeds or dead fishes as well as clay, which provides a
suitable environment for the growth of varying microbial communities
with potential application in numerous industrial processes. The mi-
crobial species (Bacillus subtilis Priestia megaterium, Aspergillus terreus, A.
flavus, A. fumigatus and species of Acinetobacter and Achromobacter)
isolated in this study affirm that microorganisms are ubiquitous with
adaptive features that allow them to survive varying environmental
conditions such as the one found in the earthen pond sludge. This also
signifies that the earthen pond sludge contains essential nutrients that
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Table 4
NCBI blast results showing sequence identity along the 16 s rRNA.
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SAMPLE CODE Scientific Name Max Score Total Score Query Cover

Error value

% Identity

Accession

B P. megaterium 2588 2588 99 %

0

99.58 %

ON184360

Table 5
NCBI blast results showing sequence specific to tyrosine-protein kinase gene.

Scientific Name Max Score Total Score Query Cover Error value

% Identity

length of sequence

Accession

P. megaterium 1375 1435 99 % 0
tyrosine-protein kinase gene

99.34 %
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Fig. 3. Functional groups in the bioflocculant determined by FTIR.

Fig. 4. Scanning electron micrograph of bioflocculant, A — x300, B — x500, C - x1000 and D - x1500.

support microbial growth and metabolism. The ability to trap nutrients
such as phosphorus and nitrogen has been demonstrated by the earthen
pond. These essential nutrients are concentrated in the sediments. Pouil
et al. (2019) reported that on average, phosphorus (77 %) and nitrogen
(61 %) inputs are trapped in the accumulated sediments, giving
credence to the fact that trapping by accumulated sediments was the
main sink of nutrients in earthen pond. Njoku et al. (2015) reported the
presence of Aspergillus sp. in some earthen ponds in the Niger Delta area
of Nigeria but did not report the presence of Bacillus, Acinetobacter and
Achromobacter sp. probably because their investigation was on fish pond
water and not the sludge.

Priestia megaterium isolated from the earthen sludge had the highest
production of bioflocculant with 10.67 g of bioflocculant in 500 mL of
the selective media. This could be due to the presence of high extra-
cellular polymeric substances (EPS), a complex high-molecular-weight

mixture of polymers excreted by P. megaterium when compared with
the other isolates. The EPS plays an important role during aggregate
formation (Guo et al., 2016). According to Yuan et al. (2011), EPS is
produced from cell lysis. Structurally, P. megaterium, initially called
Bacillus megaterium is a Gram-positive, rod-shaped, aerobic, spore-
forming bacterium widely found in habitats with adverse conditions
with a cell length of up to 4 pm and a diameter of 1.5 pm. These char-
acteristics suggest the reason it was found in earthen pond sludge.
P. megaterium is amongst the biggest known bacteria where the cells
often occur in pairs and chains, which are joined together by poly-
saccharides on the cell walls. The presence of thick polysaccharides in
the cell walls may be responsible for the massive production of bio-
flocculant during screening, as reported in this study. This attribute
made it possible for the wide applicability of the bacterium. Priestia
megaterium has been an important industrial organism for decades
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(Gupta et al., 2020). According to Jianzhong (2019), P. megaterium can
grow on many carbon sources, thus the earthen pond is a suitable place
for the growth of P. megaterium due to the presence of ideal temperature,
food remains from the feeding of fish, as well as clay or silt-clay that is
excellent for water retention.

The production of 10.67 g/500 mL of bioflocculant by P. megaterium
in this study is highly substantial compared to 65.6 mg bioflocculant
recovered from 1 L of fermentation by the strain of Enterobacter sp.
isolated from activated sludge (Tang et al., 2014). In addition, Tsilo et al.
(2021) obtained 2.836 g/L of bioflocculant from Pichia kudriavzevii
MH545928.1 previously isolated from Kombucha tea and Okaiyeto et al.
(2015) recovered 1.6 g/1 L of bioflocculant from the fermentation broth
of Bacillus sp. AEMREG7. Moreover, tyrosine-protein kinase found in
P. megaterium has been documented by Liu et al. (2017) as the gene
responsible for bioflocculant production.

The scanning electron micrographs showed aggregates and highly
compacted flocs at various magnifications considered. The white flocs
appeared clumped together after flocculation with bioflocculant. The
floc allowed particles to be absorbed onto the bioflocculant, resulting in
larger flocs observed at higher magnification (Tsilo et al., 2021). The
bioflocculant appeared to be amorphous in structure. The aggregates
formed by the bioflocculant are similar to the large flocs typical of
bioflocculant produced by Bacillus aryabhattai strain PSK1 (Abd El-
Salam et al., 2017) and the amorphous structure of bioflocculant re-
ported by Nkosi et al. (2021).

The thermogravimetric analyzer revealed that the bioflocculant
produced by P. megaterium had a 15 % loss in weight between temper-
atures of 23-300 °C, which could be attributed to a loss in the moisture
content (Okaiyeto et al., 2016). Another weight loss of 30 % was ob-
tained at around a temperature of 400 °C, which has been suggested to
be an attribute of biopolymer decomposition. An increase in tempera-
ture above the aforementioned led to a further increase in weight loss of
the bioflocculant. From the result obtained, it can be deduced that the
bioflocculant produced by P. megaterium is thermostable. This attribute
has been reported to be an important characteristic of a bioflocculant
from sludge (Xiong et al., 2010; Tang et al., 2014; Li et al., 2018).

The Fourier transform infrared (FTIR) spectra of the bioflocculant
showed characteristics of a carboxyl group with a band of 3213 em L.
Also, at a band of 2109 ecm ™, the bioflocculant can be said to contain
uronate owing to symmetrical stretching observed in the carboxylate
(Okaiyeto et al., 2016). The peak band at 1397.8 em™! is attributed to
the presence of the OH group and the peak band at 1118.2 cm™! is
ascribed to amine with N—H bending group in the bioflocculant. Sugar
derivatives were also suspected to be present owing to the absorption
bands of 849 and 928 cm ™! that were recorded. Reports have been made
by Agunbiade et al. (2018) that the small absorption peak recorded is
associated with monomers of sugar and f-glycosidic linkages. The
presence of hydroxyl and carboxyl functional groups suggests a unique
position for the adsorption of suspended particles, underpinning it as the
preferred choice of functional groups required for flocculating pro-
cesses. The functional groups reported in this study have a great
contribution to the remarkable flocculating activities observed.
Okaiyeto et al. (2016) reported the presence of functional groups
including amino, hydroxyl and carboxyl groups in bioflocculants pro-
duced by a strain of Bacillus toyonensis AEMREG6. This is also similar to
the report of Nkosi et al. (2021) on bioflocculants produced by Provi-
dencia rettgeri KF534469.

According to Hua et al. (2021), strong interactions with particles
may have been caused by the hydroxyl, carboxyl, and amine groups
present on the surface of the bioflocculant. In addition, Okaiyeto et al.
(2015) attributed the presence of hydroxyl, carboxyl and amine func-
tional moieties in bioflocculant as the flocculation absorbents and
binders. Interestingly, the biochemical analysis of the bioflocculants
revealed the presence of polysaccharides (82 %) only. Although this
result is remarkable, it only confirmed that polysaccharides are the
major backbone of bioflocculants. Thus, supporting the flocculating
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activities recorded in this study.

The interaction of the polymer-floc of the flocculant produced by
P. megaterium in this study was attributable to the exceptional removal
of a high quantity of dissolved solids, owing to an increase in dissolved
particle conglomeration. Nonetheless, the functional groups reported in
the bioflocculant could also be attributed to the high flocculating ac-
tivities observed, which resulted in the high forces of adsorption they
possess in enhancing the aggregation process during the formation of
flocs (Agunbiade et al., 2019). Findings from this study are similar to the
characteristics of bioflocculants produced by Bacillus licheniformis and
Serratia ficaria when compared with conventional flocculants reported
by Gong et al. (2008).

5. Conclusion

Four bacteria (Bacillus subtilis, Acinetobacter spp., Achromobacter spp.
and Priestia megaterium (ON184360) and three fungi (Aspergillus terreus,
A. fumigatus and A flavus) were isolated from sludge of earthen pond in
‘Lapai Gwari’ community, Minna Nigeria. The results of this study
showed that Priestia megaterium (ON184360) isolated from earthen pond
sludge is a more efficient alternative for the production of a thermo-
stable flocculant having produced 10.67 g of bioflocculant from 500 mL
of selective medium using the tyrosine-protein kinase gene. However,
the conditions for bioflocculant production can be optimized to improve
yield and alternative low-cost substrates can be used to reduce pro-
duction costs. In addition, the bioflocculant can be produced on a large
scale in a bioreactor and applied in municipal water and wastewater
treatment and other industrial applications where bioflocculant will be
required.
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