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Abstract: Biolocculants are gaining attention in research due to their environmental friendliness and
innocuousness to human in comparison to the conventional flocculants. The present study aimed
to investigate the ability of fungi from Kombucha tea SCOBY to produce effective bioflocculant
in bulk. A 16S rRNA gene sequence analysis was utilized to identify the isolate. The medium
composition (carbon and nitrogen sources) and culture conditions (inoculum size, temperature,
shaking speed, pH, and time) were optimized using one-factor-at-a-time method. The functional
groups, morphology, and crystallinity of the bioflocculant were evaluated using Fourier transform
infrared (FT-IR), scan electron microscope (SEM) and X-ray diffractometry (XRD). The fungus was
found to be Pichia kudriavzevii MH545928.1. It produced a bioflocculant with flocculating activity of
99.1% under optimum conditions; 1% (v/v) inoculum size, glucose and peptone as nutrient sources,
35 °C, pH 7 and the shaking speed of 140 rpm for 60 h. A cumulus-like structure was revealed by
SEM; FT-IR displayed the presence of hydroxyl, carboxyl, amine, and thiocynates. The XRD analysis
demonstrated the bioflocculant to have big particles with diffraction peaks at 10° and 40° indicating
its crystallinity. Based on the obtained results, P. kudriavzevii MH545928.1 has potential industrial
applicability as a bioflocculant producer.
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1. Introduction

Flocculation is a purification technique whereby destabilized colloids in solution
aggregate together through mechanisms such as charge neutralization and bridging [1].
Flocculants enhance agglomeration of colloidal particles in solution, consequently leading
to easy separation [2]. Thus, flocculants are generally used in separation techniques, such
as wastewater treatment, drinking water purification, activated sludge dehydration, food
fermentation, and downstream processing [3]. They are typically categorized into two
groups: chemical and natural flocculants-bioflocculants. Chemical flocculants are further
divided into two group namely synthetic organic flocculants, e.g., polyethyleneimine and
polyacrylamide byproducts and inorganic flocculants, which include aluminum sulfate and
polyaluminum chloride [4]. Chemical flocculants are predominately employed because of
their profound effectiveness [5]. However, they can cause harmful effects to humans as they
are mutagenic, neurotoxic, and carcinogenic [6]. Moreover, due to their non-degradable
nature, they tend to form large volume of sludge, consequently generating environmental
pollution [7]. They tend to accumulate in water bodies where fish assimilate them. The
assimilated polymers then interfere with fish gill function, causing high fish mortality; con-
sequently leading to reduction in the supply of healthy fish for consumption [8]. Recently,
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the focus has shifted to the production of natural flocculants, also known as bioflocculants,
due to their effectiveness and non-detrimental effects in comparison to chemical flocculants.

Bioflocculants are naturally occurring extracellular biopolymers that result from the
exudation of plants and microorganisms including fungi, bacteria, algae, and yeast [9].
In contrast to chemical flocculants, bioflocculants are reported to be environmentally
friendly as they are biodegradable and harmless to humans. Moreover, they do not cause
any secondary pollution [3]. Louis Pasteur was the first to evaluate the potentiality of
bioflocculants produced by the yeast Luvure casseeuse [10]. However, until now, there is a
limited number of studies on fungal bioflocculants in comparison to bacterial bioflocculants
reported [11]. Nevertheless, microorganisms turn to produce low bioflocculant yields. This
has become one of the main constraints for their production and use industrially [12].
Thus, there is a constant search for novel bioflocculant producing strains with capability to
produce high bioflocculant yield and enhanced activity [12].

Bioflocculant producing microorganisms have been isolated from a variety of sources,
such as soil, palm mill effluents, activated sludge, etc. [13]. However, there are no reports on
the isolation of these microorganisms from food such as Kombucha tea SCOBY (symbiotic
culture of bacteria and yeast). Kombucha tea SCOBY is a fermented beverage that has
recently attracted market attention. The consumption of this tea has expanded from China
to all parts of the world due to its health-promoting benefits such as the ability to treat the
digestive disorders, stimulate immune system, and possession of hypoglycemic and anti-
aging effects [14]. Moreover, Kombucha in tea is reported to improve the shelf-life of the
tea [15]. The tea harbors symbiosis of acetic acid bacteria (AAB), lactic acid bacteria (LAB),
and yeasts [16]. The bacteria and yeast numbers can reach 10° colony forming units per
milliliters (CFU/mL) in a culture which has been allowed to ferment for a period of 10 days.
According to literature, the composition of yeast in the tea tends to outnumber the bacterial
count [17]. These microorganisms assimilate different substrates in a tea as their carbon and
nitrogen sources for their survival; consequently producing desired SCOBY products [18].
Thus, Kombucha tea is a potential reservoir for bioflocculant producing fungi.

The present study aimed at isolating and identifying a bioflocculant producing fungal
strain from Kombucha tea SCOBY using conventional and 16S rRNA gene sequence
analysis. The medium components and culture conditions of the isolate were optimized in
order to improve yield and flocculating efficiency using the one-factor-at-a-time method.
Finally, the extracted bioflocculant was characterized using scanning electron microscope
(SEM) for evaluation of surface morphology, X-ray diffraction (XRD) for assessment of its
crystallinity, and Fourier-transform infrared (FT-IR) for functional groups.

2. Materials and Methods
2.1. Isolation of Bioflocculant-Producing Fungi

The Kombucha tea with a SCOBY was purchased from Greenheart Organics Pinetown
in Durban KwaZulu-Natal Province, delivered to the University of Zululand at Kwa-
Dlangezwa, in the province of KwaZulu-Natal in South Africa and used for bioflocculant
production. Kombucha tea was prepared as follows: the tea (1/2 cup of sugar and two
ordinary tea bags) was boiled with sterilized distilled water in a clean beaker (1000 mL)
(ChemlLabs, Johannesburg, South Africa). Afterwards, the tea was cooled, the starter
culture (SCOBY) was then added. Lastly, the jar (ChemLabs, Johannesburg, South Africa)
was covered with a few layers of a tightly woven cloth and wrapped with a rubber band
for 5 days at room temperature. The tea was then serially diluted using sterile saline water
(0.85%) up to 107> dilution. For microbial isolation, potato dextrose agar (PDA) (Masiye
Labs, Johannesburg, South Africa) was used. About 100 uL of the diluted Kombucha tea
broth was aseptically spread on agar plates (Reflecta Laboratory Supplies, Johannesburg,
South Africa). Thereafter, the inoculated plates were incubated for 3 days at 37 °C to
obtain colonies. After the incubation period had elapsed, the colonies obtained were picked
based on divergence in morphology, size, and color. The selected isolates were further
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sub-cultured on fresh agar plates to obtain pure cultures and re-incubated. Pure cultures
were stored at —80 °C in 50% glycerol (ChemLabs, Johannesburg, South Africa).

2.2. Isolates Fermentation Activation

A medium containing 10 g tryptone, 5 g sodium chloride, and 3 g beef extract (Reflecta
Laboratory Supplies, Johannesburg, South Africa) was prepared in a liter of autoclaved
distilled water. About 5 mL of the activation medium was transferred into dissimilar test
tubes (Laboratory Consumables and Chemical Supplies Cc, Durban, South Africa) and
autoclaved at 121 °C for 15 min. After autoclaving, the isolates were inoculated into the
media and incubated for 24 h at 37 °C with a rotary shaker (Laboratory Consumables and
Chemical Supplies Cc, Durban, South Africa) at 160 rpm [19].

2.3. Screening for Bioflocculant Production

The method by Chen et al. [19] was followed for the bioflocculant production of
the isolates. Production medium consisting of 20 g glucose, 0.5 g urea, 0.1 NaCl, 0.3 g
NH4S0y, 0.3 g MgSQy, 5 g KoyHPSOy, 2 g KH,PSO4, and 0.5 g yeast extract (ChemlLabs,
Johannesburg, South Africa) was prepared in a liter of Kombucha tea broth. Conical flasks
(250 mL) (Laboratory Consumables and Chemical Supplies Cc, Durban, South Africa) were
used to pour the production medium (50 mL) and then autoclaved. Thereafter, each flask
was inoculated with pure isolates. All the inoculated flasks were incubated for 3 days at
30 °C with shaking speed of 160 rpm. After three days of incubation, 2 mL of the fermented
medium was pipetted into sterile Eppendorf tubes (Labotec (Pty) Ltd., Cape Town, South
Africa) and centrifuged (Labex Pty. Ltd., Johannesburg, South Africa) at 8000 rpm for
15 min. The supernatant was used to evaluate the ability of the isolates to produce a
bioflocculant with excellent flocculating activity.

2.4. Determination of the Flocculating Activity

The method used by Luo et al. [20] was employed for the assessment of flocculating
activity of the broth cultures. Briefly, kaolin solution (4 g/L) (Laboratory Consumables and
Chemical Supplies Cc, Durban, South Africa) was prepared in using autoclaved distilled
water. About 100 mL of kaolin solution was poured in a 250 mL conical flask (Laboratory
Consumables and Chemical Supplies Cc, Durban, South Africa) and mixed with 2 mL of
cell-free supernatant and 3 mL of 1% CaCl, (w/v) solution. The mixture was agitated for
1 min, poured into a 100 mL measuring cylinder, and allowed to stand for 5 min at room
temperature to sediment. A crude bioflocculant was replaced with a sterile production
medium for a control. The optical density (OD) of the treated solution was measured
at a wavelength of 550 nm using a spectrophotometer (Spectro-quant, Pharo 300 Merck,
Boston, MA, USA). The following equation was utilized to calculate the percentage (%)
flocculating activity.

A—-B
Flocculating activity (FA) = [A] x 100% (1)

where A is the OD at 550 nm of kaolin clay suspension and B is the optical density at
550 nm of the treated solution.

2.5. Identification and Purification of Fungi

The strain with the highest promising flocculating activity against kaolin clay suspen-
sion was selected, and identified using molecular technique. The genome DNA of the yeast
was extracted by a ZR Fungal/Bacterial Kit™ (Zymo Research, Catalogue No. D6005, New
York, NY, USA) according to the manufacturer’s instructions. Polymerase chain reaction
(PCR) was employed to amplify of the fungal ribosomal RNA gene by the primers ITS1:
5'-TCCGTAGGTGAACCTGCGG-3' and ITS4: 5-TCCTCCGCTTATTGATATGC-3/, using
OneTaq™ Quick Load 2x Master Mix (NEB, Catalogue No. M0486 Ipswich, MA, USA).
PCR products were run on gel, followed by gel extraction using Zymoclean™ Gel DNA
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Recovery kit (Zymo Research, Catalogue No. D4001, Ipswich, MA, USA). The obtained frag-
ments were sequenced in the forward and reverse directions on Nimagen, Brilliantdye™
Terminator Cycle Sequencing Kit V3.1, BRD3-100/1000 and cleaned by Zymo Research,
ZR-96, DNA Sequencing Clean-up Kit™, Catalogue No. D4050. The cleaned portions were
analyzed by ABI PRISM™ 3500x1 Genetic Analyzer. The cleaned sequencing products were
analyzed by CLC Bio Main Workbench v7.6, followed by a BLAST search using the US
National Center for Biotechnology Information (NCBI) database to ascertain the closest
fungal strain [21].

2.6. Optimization of Culture Conditions for Bioflocculant Production

Temperature, fermentation time, initial pH, shaking speed, cations, inoculum size,
and carbon and nitrogen sources are the major factors which were optimized to enhance
and increase the production yield and flocculation efficiency of the selected isolate [22].
The selected isolate had the initial flocculating activity of 75% against kaolin solution.

2.6.1. Effect of Inoculum Size on Bioflocculant Production

To determine the optimum inoculum size for bioflocculant production, the broth
culture ranging from 1% (v/v) (0.5 mL) to 5% (v/v) (2.5 mL) was made and inoculated into
100 mL conical flasks with 50 mL sterile production medium. The inoculated flasks were
incubated at 30 °C for 72 h at 160 rpm. The flocculating activity was measured by mixing
3 mL of 1% (w/v) calcium chloride and 2 mL cell-free supernatant and 100 mL kaolin
suspension (4 g/L) added in 250 mL conical flask (ChemLabs, Johannesburg, South Africa).
The mixture was shaken thoroughly for 1 min, transferred into graduated measuring
cylinder (100 mL) and allowed to stand at room temperature for 5 min for sedimentation.
The clear supernatant was utilized to determine flocculating activity at 550 nm as described
in Section 3.4. The inoculum size with the highest flocculating activity was used in all
subsequent experiments [23].

2.6.2. Effect of Carbon and Nitrogen Sources on Bioflocculant Production

Different carbon sources such as lactose, galactose, glucose, starch, sucrose xylose,
and maltose were used, replacing glucose in the original production mediums. The isolate
was inoculated in the production medium and incubated at 30 °C for 72 h in a shaker at
160 rpm. Flocculating activity determination was conducted after 3 days of incubation.
The effect of different nitrogen sources (peptone, yeast extract, (NH4)2S0O4, NH4Cl, and
urea) on flocculating activity, were used. The equivalent amount (1.2 g/L) of the multiple
nitrogen sources (urea, yeast extract, and (NH4)2SO4) (ChemLabs, Johannesburg, South
Africa) used in the original medium was replaced with each nitrogen source, separately.
The isolate was inoculated and incubated at 30 °C, 160 rpm for 72 h [20]. After incubation,
the flocculating activity was measured as described previously. The carbon and nitrogen
sources that showed the highest flocculating activity were used for further research.

2.6.3. The Effect of Agitation on the Production of a Bioflocculant

The method described by Zhang et al. [11] was followed to assess the dissimilar
shaking speed effect on the flocculating activity. The assessed shaking speeds were 60,
80, 100, 120, 140, 160, and 180 rpm. Conical flasks (250 mL) with production media
of 50 mL were inoculated with the optimum inoculum size (v/v) of the bioflocculant-
producing isolate and incubated at 30 °C for 72h at dissimilar shaking speed ranges of
60-180 rpm. After 72 h of fermentation, the flocculating activity was determined for
the different shaking speeds and the shaking speed that showed the highest flocculating
activity was used for all the experiments followed.
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2.6.4. Effect of Initial pH on Bioflocculant Production

The initial pH effect on bioflocculant production was evaluated by varying pH of the
production medium with 0.1 M HCl and 0.1 M NaOH (ChemLabs, Johannesburg, South
Africa) to adjust it to pH values ranging from 3 to 12. The pH adjustment was made before
the production medium was sterilized. Thereafter, the isolate was inoculated and incubated
at 30 °C, 160 rpm. After 72 h of cultivation, the flocculating activity was measured for each
pH value as described previously and the pH value with the highest flocculating activity
was used in all subsequent experiments [24].

2.6.5. Effect of Cations on Flocculating Activity

The cations impact on the flocculating activity was evaluated using the method by
Nie et al. [25]. From the basal medium, the 1% (w/v) CaCl, (ChemLabs, Johannesburg,
South Africa) was replaced with different metal salt solutions (1% w/v) (LiCl, FeCls, NaCl,
BaCl,, MnCl12, KCl, and AICl3) (ChemLabs, Johannesburg, South Africa). Each of the above
cation was prepared and poured into a 250 mL conical flask with 100 mL kaolin solution
and 2 mL of cell-free supernatant, shaken for 60 s, transferred to a 100 mL measuring
cylinder (Laboratory Consumables and Chemical Supplies Cc, Durban, South Africa), and
left to stand at room temperature for 5 min. To prepare the control experiment, the mixture
of 100 mL kaolin solution and cell free supernatant was made without the addition of
cations. The flocculating activity was measured as described previously and the cation
with the highest effect on flocculating activity was used in all subsequent tests.

2.6.6. Effect of Cultivation Temperature on Bioflocculant Production

The method of Xia et al. [26] was used for determination of the effect of cultivation
temperature on flocculating activity. The different temperatures (20, 25, 30, 35, 40, 45, 50, 55,
and 60 °C) were used for incubation after the inoculation of the isolate in the production
medium for a period of 72 h. After fermentation, the flocculating activity was measured and
the temperature that showed the highest flocculating activity was used for further research.

2.6.7. Time Course

The method described by Okaiyeto et al. [27] was employed for the determination of
fermentation time. The obtained optimum medium components and culture conditions
were all used during the determination of the effect of time on flocculating activity, pH
and microbial growth. Thus, the isolate was inoculated into the optimum autoclaved
production medium and incubated under the obtained culture conditions. Sample (2 mL)
was drawn at 12 h intervals for 120 h to evaluate the flocculating activity, pH, and microbial
growth by measuring the OD at 660 nm.

2.7. Extraction and Purification of a Bioflocculant

The method by Chen et al. [28] was used during extraction and purification of the
bioflocculant. After 60 h of fermentation, the fermented broth was centrifuged at 8000 rpm
for 15 min to remove cells. About 1 volume (1000 mL) of distilled water was added into the
cell-free supernatant, mixed properly, and re-centrifuged at 8000 rpm for 15 min. About
2 volumes (2000 mL) of ethanol was then added, agitated, and stored for 12 h at 4 °C. To
obtain the crude bioflocculant, after 12 h the formed precipitate was vacuum dried. The
crude bioflocculant was then re-dissolved in distilled water (100 mL) (w/v). Thereafter,
the mixture of butanol and chloroform (5:2 v/v) (100 mL) was added. The mixture was
thoroughly shaken and left at room temperature to stand for 12 h. The precipitate was then
centrifuged at 8000 rpm for 15 min and vacuum-dried to obtain a purified bioflocculant.
The weight of the dried purified bioflocculant was measured and expressed in g/L.
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2.8. Bioflocculant Surface Morphology Analysis

Scanning electron microscopy (SEM) (SEM-Sipma-VP03-67, Zeiss, and P-Sigma, Mu-
nich, Germany), was used for the assessment of morphological structure of the purified
bioflocculant. The bioflocculant was placed on the silicon-coated slide and fixed with a
spin coater at 1000 rpm for 1 min. The surface appearance of the flocculated kaolin clay
and kaolin clay particles were also investigated in the same way.

2.9. Chemical Analysis of the Purified Bioflocculant
2.9.1. Fourier Transform Infrared Spectrophotometer (FT-IT) Analysis

The FT-IR spectroscopy (Perkin Elmer System 2000, Cambridge, UK) was used to
evaluate the functional groups of the purified bioflocculant. The purified bioflocculant
(3 mg) was subjected to FI-IR spectroscopy. The sample was run at room temperature in
the wavelength ranges of 4000-400 cm ! after being mixed with potassium bromide (KBr).

2.9.2. X-ray Diffraction Analysis of the Bioflocculant

A Bruker D8 Advance diffractometer (Johannesburg, Burker 2190, South Africa)
equipped with Cu-K« radiation (1.5406) at 40 kV, 40 mA was utilized to investigate the
crystallinity of the bioflocculant at room temperature. The bioflocculant were put on a
sample holder, and the patterns of diffraction were recorded from 0 to 80 degrees [29].

2.10. Flocculation of a Purified Bioflocculant
2.10.1. Effect of Dosage Concentration on Flocculating Activity

The method described by Makapela [30] was utilized to determine the purified biofloc-
culant dosage concentration effect on flocculating activity. Concentration ranges of the
bioflocculant solutions were prepared in a range between 0.2 and 1.0 mg/mL (w/v). The
bioflocculant solution (2 mL) for each concentration was mixed with the kaolin clay suspen-
sion (100 mL) and 3 mL of 1% (w/v) NaCl in a conical flask (250 mL) and vigorously shaken.
A standing graduated measuring cylinder (100 mL) was used to transfer the thoroughly
shaken solution and was allowed to stand for 5 min at room temperature to sediment. As
previously described, the flocculating activity of the clear supernatant was determined.

2.10.2. Effect of Heat on Flocculating Activity

The thermal stability of the bioflocculant was assessed within the range of 50-121 °C.
To evaluate the thermal stability, 10 mL of the bioflocculant solution (0.4 mg/mL) was
heated for 30 min at different temperatures. Afterwards, the heated bioflocculant solution
(2 mL) was poured into a mixture of kaolin clay suspension (100 mL) and 3 mL of 1% (w/v)
NaCl in a conical flask (250 mL). The mixture was agitated and allowed to stand for 5 min.
Thereafter, the flocculating activity was measured as described previously [31].

2.10.3. Effect of pH on Flocculating Activity

The pH stability of the purified bioflocculant was determined. Before the determi-
nation of flocculating activity against pH, kaolin solution (4 g/L) (100 mL) was adjusted
to pH range of 3-12 using 0.1 M NaOH or 0.1 M HCL (ChemLabs, Johannesburg, South
Africa). Then, 2 mL of 0.4 mg/mL solution of a bioflocculant, 3 mL of 1% NaCl (w/v), and
kaolin solution (100 mL) were mixed. The flocculating capability of the bioflocculant was
then calculated [26].

2.10.4. Effect of NaCl Concentration on Flocculating Activity

The method used by Maliehe et al. [23] was adopted for the evaluation of the effect
of salinity of the bioflocculant. By varying the different NaCl concentrations in a range
of 5-30 g/L in kaolin solution (4 g/L), the effect of salinity on bioflocculant’s flocculating
activity was studied.
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2.11. Statistical Analysis

All data were collected in triplicates with mean and standard deviation values
determined where differences were considered significant at 0.05 at confidence level
(p > 0.05) by the use of Graph Pad Prism version 6. The significance was evaluated by
variance analysis (ANOVA).

3. Results and Discussion
3.1. Isolation and Identification of Fungi with Bioflocculant-Producing Potential

The Kombucha tea SCOBY was used as the source for the isolation of the bioflocculant-
producing microorganisms. Dilutions were made to obtain pure cultures and the obtained
pure cultures were screened for bioflocculant production potential. Three isolated microor-
ganisms were screened for bioflocculant production against kaolin clay suspension (4 g/L).
The isolate with the highest flocculating activity (75%) was selected. The isolate was further
identified using 165 rRNA sequencing method. In the GenBank database, the isolates com-
parative analysis of its 165 rRNA sequence showed 99% similarities with Pichia kudriavzevii
and the accession number of the isolate was MH545928.1. Therefore, the isolate was named
Pichia kudriavzevii MH545928.1. P. kudriavzevii, previously known as Issatchenkia orientalis,
is the teleomorph of the Candida krusei. It is abundant in the environment and commonly
found in soil, on the skins of fruits, as well as in fermented beverages. Like most yeast,
P. kudriavzeii is predominately used in the fermentation of wine and beer [32]. However, to
the best of our knowledge, this fungus has not been reported as a bioflocculant-producer.

3.2. Optimization of Culture Conditions for Bioflocculant Production

Bioflocculant production is reported to be influenced by factors such as carbon and
nitrogen sources, oligoelements, and operating parameters (inoculum size, temperature,
pH, aeration rate, etc.) [33]. In order to increase the bioflocculant production by P. kudri-
avzevii MH545928.1 and the 75% activity, different growth factors were optimized using
the one-factor-at-a-time method.

3.2.1. Effect of Inoculum Size on Bioflocculant Production

The literature reveals that inoculum size is important for flocculating activity of a
bioflocculant and during its production. Muthudineshkumar and Anand, Ref. [34] reported
that the excessive inoculum size could clump-up the microorganisms and result in the
inhibition of bioflocculant production while the insufficient inoculum size might lead to a
delay of growth of microbes resulting to the poor bioflocculant production. It was observed
that the bioflocculant was optimally produced when the inoculum size was 1% (v/v)
with the flocculating activity of 95% (Figure 1). The increase in inoculum sizes from 1%
(0.5 mL) led to a decrease in flocculating activity. The lowest activity of 67% was observed
at the inoculum size of 5% (2.5 mL). A large inoculum probably made the niche of the
P. kudriavzevii MH545928.1 to overlap excessively and inhibit the bioflocculant production.
A bioflocculant produced by Aspergillus flavus was reported to attain the highest flocculating
activity of 86.6% when 2% (v/v) inoculum size was used [35]. Therefore, each and every
microorganism has its preferred inoculum size for optimal production of the bioflocculant.
Thus, in all the experiments that followed, the inoculum size of 1% (v/v) was used in
this study.

3.2.2. Effect of Carbon Source on the Production of a Bioflocculant

Carbon sources are considered as key factors during the bioflocculant production as
they enhance the growth and production rate; thus, dissimilar microorganisms have varied
preference for carbon sources [36]. The effect of various carbon sources on the production of
a bioflocculant by P. kudriavzevii MH545928.1 was investigated and the results are depicted
in Table 1. It was observed that among the studied carbon sources, glucose was the most
preferred carbon source with 94.8% flocculating activity. All tested carbon sources were
effective for production of the bioflocculant with more than 70% flocculating activity. The
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findings were in agreement with other studies, which stated that glucose is the most
preferred carbon source for P. kudriavzevii MH545928.1 [37,38]. Glucose was then used for
all subsequent experiment.

120

1 0 O

Flocculating activity (%)

< S < S <

Inoculum size (mL)

Figure 1. The effect of inoculum size on bioflocculant production. Different letters (a,b) signify
statistical significance at (p < 0.05).

Table 1. Effect carbon and nitrogen sources, speed, temperature, cation, and pH on flocculation.

Carbon Source FA (%) = SD Nitrogen Source FA (%) £ SD Speed (rpm) FA (%) = SD Temperature (°C) FA (%) = SD Cations FA (%) £ SD pH FA (%) £SD
Sucrose 793+1792 Casein 78 £0.412 60 67340942 20 69.3 0472 MnCI2+ 783 £10272 3 534 +0.042
Lactose 81440492 (NH,)»S0y 80 +0.492 80 713 +2622 25 717 £3.092 AICI+ 74341252 4 56.4 £ 0.052
Maltose 87344582 Peptone 944+031b 100 71.7 44502 30 86 +12.962 FeCI3+ 73042492 5 56.7 +0.172
Glucose 922+ 1853b NHyNO3 72+ 054 3P 120 95.3 +287P 35 97 +£0.822 K* 73.3+£0942 6 69.2+£0.152

Starch 82.3 +2363b Yeast extract 87 +0.31 abe 140 96.0 +2.05P 40 86.7 + 0472 Lit 73343302 7 91.1+0133b

Xylose 753 +£2492 Urea 724054 3b 160 95.3 +287P 45 827 £11592 BaZ+ 840 42,053 8 892+0173b
Galactose 81+216P 180 763+3.092 50 78+ 14972 Na* 95.0+252b 9 913+19ab
Control 36 +£273¢ 10 69.0+042

1 7724033
12 682+£01723

FA denotes flocculating activity while SD represents standard deviation. Different letters (a—d) signify statistical significance at (p < 0.05).

3.2.3. Effect of Nitrogen Source on Bioflocculant Production

With respect to the requirements for nitrogen sources, it has been found that different
microorganisms prefer different nitrogen sources for their efficient growth and production
of bioflocculant [39]. Peptone, yeast extract, urea, ammonium sulphate, ammonium nitrate,
and casein were the nitrogen sources evaluated for their effect on bioflocculant production
by P. kudriavzevii MH545928.1. Peptone was the most preferred nitrogen source with
the flocculating activity of 94% (Table 1). Ammonium sulphate and urea were the least
preferred nitrogen sources with the flocculating activity of 72%. Therefore, peptone was
used in the production of bioflocculant by P. kudriavzevii MH545928.1. These results are
in accordance with the results reported by Deng et al. [38], whereby Aspergillus parasiticus
optimally produced a bioflocculant when peptone was utilized as a sole nitrogen source.

3.2.4. Effect of Agitation on the Bioflocculant Production

Lopez-Lopez et al. [40] reported that a continuous agitation of a production medium
results in an aerobic growth stimulation as it enhances solubility of oxygen. From Figure 1,
it can be observed that the low shaking speeds (60, 80, and 100 rpm) did not favor biofloccu-
lant production by P. kudriavzevii MH545928.1. The bioflocculant production was favored
by the optimum shaking speed of 140 rpm and yielded the flocculating activity of 96%. The
optimum agitation provided sufficient oxygen requirement by P. kudriavzevii MH545928.1
during its growth phase and bioflocculant production [32]. The results were in close
conformity with those reported by Piyo et al. [41], whereby the best flocculation was
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obtained at 160 rpm. The similarities was attributed to the same oxygen demand by the
microorganisms at different growth stages [39].

3.2.5. Effect of Cultivation Temperature on Bioflocculant Production

Maximum enzymatic activities take place at optimum temperatures for microbial
growth and bioflocculant production. Thus, the growth temperature significantly af-
fects fungal growth, bioflocculant production, and consequently flocculating activity [42].
The effect of temperature was investigated on bioflocculant production by P. kudriavzevii
MH545928.1 and the most effective temperatures were 3045 °C as shown on the Table 1.
The highest flocculating activity of 97% was observed at temperature of 35 °C while the
lowest temperature (20 °C) resulted in the least flocculating activity (69%). A rise in
temperature above optimum tends to increase fungal growth, metabolic functions, and
bioflocculant production until the point where denaturation of biomolecules, such as pro-
teins, set in [43]. On the other hand, low temperatures may slow down the rate of metabolic
processes, such as cell wall polymer synthesis, consequently leading to poor growth and
metabolite production [44]. The two phenomena were observed in this study. The high-
est flocculating activities of bioflocculants were reported when the microorganisms were
cultured at 30 °C [45].

3.2.6. Effect of Cations on Bioflocculant Production

Cations have been found to either inhibit or stimulate the production of biofloccu-
lants [46,47]. Mechanisms involved in stimulation are stabilization and neutralization
of the residual charge of functional groups on the bioflocculant by the cations [38]. The
suspension solution of metal ions results in the increase of the ionic strength because of
the addition of the metal ion; thus, reducing electrostatic forces of the suspended impu-
rities [16]. The various cations’ effect on flocculating activity of the production of the
bioflocculant by P. kudriavzevii MH545928.1 was studied and the results are shown Table 1.
The different cations ions including monovalent (Na*, K*, and Li*), divalent (Mn%* and
Ba?*), and trivalent (A1>* and Fe?*) and the control were evaluated. The monovalent NaCl
showed the highest flocculating activity of 95%, followed by divalent MnCl, and BaCl,
with flocculating activity of 78 and 84%, respectively. Other metal ions such as AlCl3, FeCls,
KCl], and LiCl also gave flocculating activities above 70%. Thus, the bioflocculant seems to
be cation dependent with the control (no cation) showing less than 40% flocculating activity.
Nevertheless, Lian, [48] reported that some microorganisms do not require addition of
cations for their optimum bioflocculant production. Contrary to the study findings, a
bioflocculant produced by Bacillus sp. AEMREG4 was reported to show low flocculating
activity of 67.7% for Na* (monovalent cation) and AI3* (trivalent cation) showed the high-
est flocculating activity (83.3%) [49]. Therefore, Na* cation was used in all subsequent
experiments in this study:.

3.2.7. Effect of Initial pH on Bioflocculant Production

Dissimilar microbes prefer varied pH ranges for the production of bioflocculants.
The initial pH of the culture medium influences the electric charge of the microbial cells
and the redox potential that can have an impact on enzymatic reactions and nutrient
absorption [41]. Table 1 depicts the effect of the initial pH of the medium on bioflocculant
production. Over the pH range of 3-7, the lowest flocculating activity was 53%; within the
range of pH 7-12, the least activity (68%) was obtained when the initial pH was 12. The
optimal pH for bioflocculant production for P. kudriavzevii pH 7 and pH 9, which gave the
flocculating activity of 91%. Therefore, pH 7 was used for all subsequent tests as it could
save the amount of alkaline and acid solutions required to adjust the pH, consequently
reducing the cost of production. These findings are in accordance with the study by [32],
whereby Aspergillus flavus MCB 271 and Aspergillus niger MCBF 08 produced a bioflocculant
optimally at pH 7.
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3.2.8. Time Course on Production for Bioflocculant

The growth curve for the microorganism according to flocculating activity, optical
density (ODggonm), and pH is depicted in Figure 2. The optimal flocculation conditions that
were obtained previously from the experiments were utilized for the growth curve. The
yeast P. kudriavzevii MH545928.1 was examined for the production of a bioflocculant during
the growth curve (120 h). The microbe was able to optimally produce the bioflocculant
at 60 h of cultivation with flocculating activity of 99.1%. After 60 h of fermentation, the
flocculating activity declined constantly. It has been observed that nutrients deficiency
is in direct proportion to the decline of the cell growth from the production medium of
the microorganism. This explains the reason for a reduction in flocculating activity of the
bioflocculant production after 60 h. In general, the reduction may also be in correlation to
the bioflocculant degrading enzyme that is produced and released; in turn, the produced
bioflocculant is utilized as a source of carbon, or this depletion may be the result of
autolysis. The findings were in accordance to those of Deng et al. [38], who reported that
Aspergillus parasiticus produced bioflocculant with maximum flocculating activity (98.1%)
after 60 h. This confirms that some fungi are able to produce bioflocculant with maximum
flocculating activity during the early stationary phase of their cultivation. Contrary to
these study findings, other studies have shown that some bioflocculants are produced
at the late stationary phase of cultivation [50]. It was suggested that the decrease in
the flocculation activity observed after 60 h could be attributed to the molecular weight
decrease in the bioflocculant due to protease hydrolysis due to the decrease in pH [51].
A direct proportionality was also observed in the study between optical density and
flocculation activity. The similarities shown by the growth and activity is an indication
that the bioflocculant was not produced by autolysis of cells, rather by a biosynthesis
process [52]. The pH of the production medium decreased from pH 7.05 to pH 6 during the
exponential production of the bioflocculant. Thereafter, it increased from pH 6 up to pH
7.0 at which it remained constant for 48 h during bioflocculant production and decreased
to pH 5.5. The decrease might be attributed to organic acids secreted by P. kudriavzevii
MH545928.1 during metabolic reactions [52]. A bioflocculant IH-7 produced by A. flavus
presented similar findings to the current study where pH was seen to decrease from pH 7.0
to 5.3 within 48 h of fermentation, then it increased insignificantly after 96 h to pH 5.6 [3].
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Figure 2. Effect of time course on flocculating activity, fungal growth, and pH.

3.3. Extraction and Purification of the Bioflocculant

The crude bioflocculant produced by P. kudriavzevii MH545928.1 strain after extraction
was 3.6 g/L. The colour substance of the bioflocculant was a milky white. The extract was
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then partially purified using a mixture of chloroform and butanol (5:2 v/v), which yielded
a white powdered substance weighing about 2.836 g/L. This yield is better when compared
to the one reported by Fang and Shi [53], whereby Talaromyces trachyspermus OU5 produced
1.21 g/L of the bioflocculant. Zhang et al. [11] reported a yield of 14.8 g/L bioflocculant
from the organism Myxobacterium nannocystics sp. NU-2, which is 4 times to the yield
obtained in this study. Li et al. [54] also reported that Paenibacillus elgii B69 produced a
bioflocculant of 25.63 g/L utilizing sucrose as carbon source. Low yields and high costs
present significant practical application constraints in the production of bioflocculants [55].
Thus, it is suggested that in future P. kudriavzevii MH545928.1 in fungal consortia is used in
order to further improve bioflocculant yield and flocculating activity.

3.4. Characterization of the Purified Bioflocculant
3.4.1. Functional Groups of the Bioflocculant

FT-IR analysis was undertaken to determine the presence of functional groups of the
bioflocculant. The FT-IR spectrum revealed the presence of sharp band O-H stretching
bond at 3723 cm ™!, which indicated the availability of alcohol. The hydroxyl presence in
the polymer favors hydrogen bonding possibilities with one or more molecules of water,
which therefore, means in an aqueous solution, the bioflocculant is highly soluble [56]. A
band stretching at 3304 cm ! indicated the presence of secondary amine. The peaks at 2996
and 2925 cm~! were attributed to the functional group C-H of stretching vibration of sugar
residues constituents. The presence of a strong vibration peak was observed at 2354 cm ™!,
which indicated the presence of C-O. The peaks at 2193 and 2131 cm ™! were observed,
indicative of the presence of weak alkyne and strong thiocynate, respectively. Alkynes
are unsaturated hydrocarbons and have been found to have a higher boiling point which
could be the reason for the observed flocculating activity of the bioflocculant at higher
temperatures (Figure 3) [57].
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Figure 3. Infrared spectrum of the purified bioflocculant.

The thiocynate functional group shows high solubility in water (177 g/100 mL (0 °C))
and has a high boiling point (500 °C), which could be the attributor effect to the bioflocculant
being able to dissolve in water and show good flocculating activity even when autoclaved
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(121 °C) [58]. Sharp absorption vibrations were observed at 1660 and 1582 cm ™! indicating
the presence of carbonyl functional groups, which have been said to allow the spreading
out of the chain due to electrostatic repulsion [59]. A strong peak at 1416 cm~! indicated
the presence of sulfonyl functional group, which has asymmetrical stretching vibrations
of S = O [3]. The presence of sugar was indicated by a small absorption peak at 1244 and
1169 cm ™!, which showed C-O bonds. The aliphatic amine was revealed by the presence of
strong peaks showed by the spectrum at 1060 cm ™! and 1045 cm~!. The presence of furan
sugar (saccharide) was indicated by a sharp peak at 894 cm~! and a strong peak stretching
at 607 and 520 cm ! represented a halo compound. The strong absorption peak present at
1100 and 1200 cm~! and the functional groups (carboxyl and hydroxyl) that are available
in the molecular chain of a bioflocculant are known to be general characteristics of all sugar
derivatives [52]. From these observations it can be deduced that the bioflocculant consist
of a polysaccharide as its main constituent. The detected functional groups were thought
to be responsible in the bioflocculant’s flocculation process [60]. The observed findings
were also in line with the findings of other researchers for the FT-IR spectrum produced by
variety of bioflocculants [61].

3.4.2. Crystallinity of the Bioflocculant

The X-ray pattern illustration of the bioflocculant at angle (20) is depicted in
Figure 4 with deep peaks observed between 10° and 40° angles. The strong peaks
shown on the bioflocculant are very intense which could mean that the bioflocculant
may have some impurities [62] The broadening of peaks in solid XRD pattern is usually
due to particle size effect. Broader peaks signify smaller particle size, and this means the
bioflocculant produced in this study has bigger particles as the bioflocculant does not show
any broad peaks.
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Figure 4. X-ray diffraction of the purified bioflocculant.

3.4.3. Surface Morphology of the Bioflocculant

In the flocculation process, the surface morphological structure of the bioflocculant is of
great importance [63]. It determines the effectiveness of bioflocculants during flocculation
process. Figure 5 shows images obtained using a scanning electron microscope. The
image of a cumulus-like form of bioflocculant was shown (Figure 5a). The bioflocculant
high-flocculating activity could be due to its configuration. The structure of the kaolin
particles seemed to be fine and smooth (Figure 5b). The floc appeared clumped together
after flocculation with bioflocculant (Figure 5¢). The floc appeared to be interconnected
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as a result of the flocculation process, which allowed particles to be absorbed onto the
bioflocculant, resulting in larger flocs.

Figure 5. Scanning micrograph of the bioflocculant (a), kaolin particles (b), and flocculated kaolin

particles (c).

3.5. Flocculation Properties of the Purified Bioflocculant
3.5.1. Dosage Size Effect on Flocculating Activity

In deciding bioflocculant efficiency, dosage concentration is a critical factor. Inade-
quate or excessive dosage can lead to inhibition in bioflocculant performance. Moreover,
appropriate dosage sizes minimize expenses [64]. Thus, the effect of the dosage size was
evaluated. The flocculating activity of the bioflocculant initially increased with the increase
in dosage size; a subsequent decrease in activity was observed at dosage sizes higher than
0.4 mg/mL. The maximum flocculating activity of 80% was obtained at 0.4 mg/mL and the
lowest activity (28.3%) was at 1 mg/mL (Table 2). Similar results were reported, whereby
0.4 mg/mL dosage size was found to have high flocculating activity (Table 3) [65]. The
dosage concentration of 0.4 mg/mL was used for all the experiments that followed.

Table 2. Effect of dosage, temperature, pH, and salinity on flocculating activity of a purified bioflocculant.

Temperature

D:’;“g%;i‘)ze FA (%) + SD iy FA(%)+SD pH FA(%)+SD  Salinity (g/L) FA (%)

0.2 544 42792 50 79.9 +2.602 3 48.0 +7.30 2 5 81.2 +£3.132

0.4 80.2 £2.81P 60 76.8 +3.572 4 48.0 +4.012 10 75.0 £1.242

0.6 59.4 + 3.04 2 70 713 +3.712 5 36.4 + 4,382 15 61.1 4+ 3.542b

0.8 50.8 + 0.65 2 80 68.3 +2.052 6 573+ 3,002 20 57.0+2.86P

1.0 28.4 +3.89 ab 90 65.5 +2.482 7 67 +3.37b 25 50.3 +5.85b
100 67.57 +1.822 8 69.1+1.06P 30 40.4 + 559 b
121 64.5 4+ 0.412 9 65.0 £ 3.23 ab

10 58.0 £5.572
11 533+ 1742
12 49.1+2392

FA denotes flocculating activity, whereas SD denotes standard deviation. Different letters (a,b) denote statistical significance at (p < 0.05).

Table 3. Characteristics of bioflocculant from P. kudriavzevii MH545982.1 vs. bioflocculant from other fungi.

Bioflocculant Dosage FA (%) pH FA (%) Temperature FA (%) Citation
Producers

P kudriavzevii 04mg/mL  80.2% 8 80.2% 50 °C 79.9% Present stud

MH545928.1 =me e e o y
Aspergillus flavus 0.2 mg/mL 7 35°C David et al. [32]
Aspergillus niger 0.4 mg/mL 7 79.0% 40 °C 68.4% Richards and Connelly [65]
Asperillus oryzae 32g/L 91.1% 5 91.1% 60 °C Nie et al. [25]

Aspergillus niger (A18) 5mL/L 90.1% 6 90.1% 100 °C 83% Pu et al. [66]
Zryzopus sp. 0.1 mg/mL 85% 5 83% 30°C 95% Pu et al. [67]

FA denotes flocculating activity.
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3.5.2. Effect of Temperature on the Bioflocculant

The thermal stability of the bioflocculant (0.4 mg/mL) was evaluated by varying
different temperatures and the results are depicted in Table 2. The increase in temperature
led to a slight decreased in the flocculating activity. The highest flocculating activity of
79% was observed at 50 °C and the lowest activity (65%) was seen at 121 °C. Pu; [66]
observed similar findings where bioflocculant from Aspergillus niger (A18) retained the
flocculating activity above 83% at 100 °C (Table 3). Thus, the bioflocculant is considered
a thermally stable molecule. This could imply that the bioflocculant is predominately
polysaccharide, which is confirmed by the identified functional groups (Figure 2) [32].
Protein rich bioflocculants have poor thermal resistance than those of polysaccharides.
Thus, the slight loss of activity at high temperatures might be attributed to the denaturation
of proteinous components [48]. Bioflocculants with high sugar content are reported to
be heat stable and can retain more than fifty percent of their flocculating activity when
exposed to high temperatures [49].

The bioflocculant produced from P. kudriavzevii was well comparable with other fungal
bioflocculants from other researchers.

3.5.3. Effect of pH on Flocculating Activity on the Bioflocculant

The flocculation process is mainly influenced by pH, which can be considered as
the key factor in reaction mixture. Literature states that the alteration of pH may affect
the bioflocculant electric status and physiognomies of suspended particles, consequently
altering the flocculating activity [45]. In this study, the effect of pH on flocculating activity
of the purified bioflocculant was assessed and the results are shown in Table 3. The
bioflocculant had a promising flocculating activity at neutral, and at slightly alkaline pH
conditions (pH 8-9). The peak flocculating activity was observed at pH 8 (69.1%) and the
lowest (35%) at pH 5. The changes in the activity might be due to the changes in pH due
to the fact that the bioflocculant and kaolin particles exhibited various electric states at
different pH values [28]. At acidic conditions, the bio-flocculant and kaolin particles might
have absorbed hydrogen ions (H"), which weakened the formation of the bioflocculant-
kaolin complexes, resulting in poor flocculating activity. However, at the optimum pH of 8,
the hydroxide ion (OH ™) absorbed promoted the formation of the complexes (bioflocculant-
kaolin particles), consequently leading to effective flocculating action. The promising
flocculating activity of the bioflocculant at neutral and slight basic conditions indicates its
ability to be used in different biotechnological applications. Contrary to these findings,
Nie et al. [24], reported that a bioflocculant obtained from Aspergillus oryzae had optima
flocculating activity at pH 5 (93%) (Table 3).

3.5.4. Effect of Salinity on Flocculating Activity of the Bioflocculant

High salinity tends to interfere with bioflocculants” activity. The effect of salt con-
centration on the flocculating activity of the bioflocculant (0.4 mg/mL) was assessed and
the results are displayed in Table 3. There was a constant decrease in flocculating activity
with the increase in salt concentration. The highest activity of 81% was obtained at the
lowest NaCl concentration of 5 g/L while the least activity (40%) was observed at 30 g/L.
The decrease in activity could be attributed to the excessive of Na* interfering with the
agglomeration between kaolin particles and the functional groups of the bioflocculants.
Moreover, the bioflocculants” physical properties might have been changed due to the high
Na+ concentrations [68]. Contrary to these findings, Satyanarayana et al. [69], reported
the highest flocculating activity of 94.3% by the bioflocculant at the high salinity (25 g/L).
From these findings, it can be deduced that the bioflocculant produced by P. kudriavzevii
MH545928.1 can only be effectively used in environments with low NaCl concentrations.

4. Conclusions

The study showed that the fungal strain P. kudriavzevii MH545928.1 produce biofloc-
culant with high flocculating activity under optimum medium components and culture
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conditions. It also produces moderate bioflocculant yield when compared with other
fungal strains. Its morphological structure, diverse functional groups (hydroxyl, carboxyl,
amine, and thiocynates) and crystallinity are responsible for its profound flocculating
activity. Moreover, the bioflocculant is effective at low dosages size (0.4 mg/mL), saline
sensitive, and is thermally stable when exposed to different temperatures. The revealed
properties suggested its potential applicability in industrial fields. For further studies, the
bioflocculant will be applied in treatment of wastewater and dye removal.
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