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Abstract: Though the keratin content of chicken feathers is being explored for many potential

uses, the crude lipid content of the biomass significantly hinders the valorization processes. There-
fore, this study explored the potential of bacteria isolated from sediment for lipolytic properties.
Sediment-associated strains were evaluated for lipolytic activity on tween 80—peptone agar. The best

lipolytic bacterium was used to break down the lipid content of chicken feathers. The results showed

that out of six bacterial strains with variable lipolytic activity, strain TTs1 showed the largest zone

of precipitate around the colony, which is why it was selected and identified as Bacillus sp. TTs1.
The maximum lipase production of 1530.5 U/mL by strain TTs1 was achieved at 96 h post-fermentation,
with optimal process conditions of initial pH (10), incubation temperature (45 °C), agitation speed

(140 rpm), inoculum size (2% v/v) and tween 80 (10% v/v). The total free fatty acid (0.58%) was

liberated from chicken feathers at a concentration of 6% (w/v). Crude fat extraction from both

untreated and TTs1-pretreated chicken feathers showed fat contents of 2.1 4 0.42% and 0.92 £ 0.13%,

respectively. The findings of this study highlight the biotechnological relevance of strain TTs1 in

lipase production and the sustainable delipidation of lipid-rich bioresources.
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1. Introduction

Livestock production remains on a growth trajectory, providing the needed resources
for the increasing global population. A significant proportion of the generated keratin-
rich wastes accumulate in the ecosystem due to their durability and the lack of proper
recycling technology used by farmers [1]. Keratinous biomass typically exists as o-keratin
or 3-keratin, depending on the structural architecture and molecular configuration [2].
Keratinous wastes are resistant to decomposition by environmental factors due to the
existence of a high network of disulfide linkages, hydrogen, and hydrophobic interac-
tions in the biopolymer [3]. Nonetheless, the biomass has been processed as feed and
has also been utilized as feedstock in the biodigesters for green energy production [4,5].
The hydrolysates derived from keratinous biomass degradation are gaining traction for
use in cash crop cultivation because of their sufficient nitrogen content and other crucial
elements that support plant growth and development [6]. The hydrolysates’ slow nitrogen
releasing tendency makes them good candidates for use in soil fertility augmentation while
promoting soil ecosystem and sustainable agroecology [7]. The European Union (EU)
Parliament’s regulation on the use of keratinous biomass as organic fertilizers and soil
improvers states that such products should not pose public or animal health risks [8].

Avian feathers remain the topmost keratinous waste emanating from livestock pro-
duction [4,9]. The pecking order of poultry production shows that the US, Brazil, China,
and the EU are the lead producers globally. South Africa produces several million tons
of chicken due to the imposition of anti-dumping duties on the poultry sector. This high-
capacity poultry processing results in the generation of high amounts of keratinous residues
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as by-products [10]. The EU regulations require that poultry farmers dispose of poultry
carcasses without undue delay via incineration at a Department of Agriculture- or Environ-
mental Protection Agency-approved facility [11]. Again, the regulations concerning good
practice guidelines stipulate that poultry litter which does not contain dead birds or pose
any health risks should be transported to farms, compost sites or biogas plants where it can
be adequately exploited. The regulations also add that wastewater from poultry facilities
should not be discharged on livestock grazing land or land adjacent to water courses as
such practice could lead to serious health issues [12].

In 2021, a total of 1089 million broilers were processed for chicken in the Republic of South
Africa, and this generated a huge amount of feather waste of about 98,000 tons, supposing
a mature broiler weighed an average of 1.8 kg [13]. A small portion of widely generated
feather waste is transformed into important products such as feed supplements and organic
fertilizers [14]. The poultry trading projection predicts growth in developing countries because
of the rising human population, which would result in higher keratinous waste generation [15].
In developing countries, the majority of the feather waste generated is landfilled or incinerated
in an improper facility, creating variable forms of environmental pollution. The adverse
impact of waste on the environment has spurred the National Waste Management Strategy
(NWMS) of South Africa to encourage the diversion of 25% of recyclables from municipal
landfills for re-use, recycling, and recovery [16]. However, the municipalities have struggled
with the implementation of these measures owing to the lack of capacity or infrastructure.
Keratin from different sources has been utilized to produce dietary protein, bio-adhesives,
and nanocomposite materials, among other useful products [17]. Its extraction from cheap
and readily available feather waste represents a sustainable development from the economic
and ecological perspectives. A few selected patents related to innovative development from
keratinous biomass are presented in Table S1.

Although the keratin content of chicken feathers is significantly high (about 85-90%),
the biomass is equally reported to contain about 11% crude lipid [18]. The feather lipids pro-
vide a protective and waterproof layer on the feathers’ surface and a physical barrier against
microbial attack [18]. Consequently, the lipid moiety interferes with the bio-valorization
of keratinous feathers by limiting the catalytic activity of keratinases [19]. Therefore, the
crude lipids in chicken feathers are dealt with before the transformation process during
the value-addition stage [20]. The conventional methods, such as ethanol soaking and
high temperature drying, have been fundamentally used to remove excess lipids from
keratinous biomass [19]. The relatively lipid-deficient keratin can then be valorized into
value-added products through alkaline hydrolysis or by using oxidizing and reducing
agents [21]. Considering the above methods’ environmental concern and energy cost, the
bio-treatment approach signifies sustainable development.

In view of the foregoing, up-regulation of the lipolytic esterase-encoding gene was
reported during the growth of Streptomyces sp. SCUT-3 on chicken feather medium, suggest-
ing the bacterium’s involvement in lipid digestion [22]. Adelina and colleagues reported
a decrease in the lipid content from 2.44% to 1.42% after chicken feather biotreatment to
improve the nutritional quality for potential use in fish feeds [23]. Sediments comprise
a large community of bacterial species with diverse metabolic activity crucial for the bio-
geochemical cycle within lotic ecosystems [24]. Therefore, this study assessed the lipolytic
potential of some bacteria isolated from sediment samples from the Tyume River, South
Africa. The most potent isolate was employed as a bio-treatment candidate for the digestion
of chicken feathers’ lipids in a submerged-state fermentation. Lipolytic enzyme production
by the selected isolate was enhanced through optimization studies, and the crude lipid
extraction from the chicken feathers was likewise evaluated.

2. Materials and Methods
2.1. Collection and Processing of Samples

The Tyume River sediments were collected in sterile sampling bags and placed in
a cooler box with ice packs. The samples were transported to the Patho-Biocatalysis
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Laboratory at the University of Fort Hare, South Africa for analysis. The Tyume River is
in the Eastern Cape Province, South Africa, at these coordinates: 32°46'55" S 26° 50'47" E.
The samples were further processed under aseptic conditions by air-drying for seven days
in a lamina flow cabinet, properly crushing using a sterilized ceramic mortar and pestle,
and being kept in sterile bottles at room temperature.

2.2. Bacterial Isolation

Starch casein agar with the following composition, starch, 10.0 g/L; casein, 1.0 g/L;
seawater, 37.0 g/L; and agar, 15.0 g/L (HiMedia Laboratories Pvt. Ltd., Mumbai, India),
was used as the growth medium for the bacterial isolation. Gram-negative bacteria and
fungi were prevented from growing on the plates by the respective addition of nalidixic
acid (50 mg/L) and nystatin (25 mg/L) (Merck, Darmstadt, Germany) to the isolation
medium [25]. In 100 mL of sterile normal saline, 5 g of crushed samples was homogenized
and serially diluted to about 10~°. An aliquot (0.1 mL) was withdrawn from each dilution
and evenly distributed onto the isolation agar plates [26]. The plates were inspected for
bacterial growth after 7 days of incubation at 30 °C. Colonies with variable morphological
characteristics were selected and purified by streaking them onto newly prepared media.
The axenic bacterial cultures were stored on slants at 4 °C.

2.3. Evaluation of Potential Lipase Activity

Tween 80-peptone agar was used for the study of the lipolytic capacity of the strains,
as previously reported [26,27]. The following composition was used to formulate the
screening medium in g/L: peptone, 10.0 g (Merck, Modderfontein, South Africa); NaCl,
5.0 g; MgS0O,4-7H,0, 2.0 g; CaCl,-2H,0, 0.1 g; tween 80, 10% (v/v) (Sigma-Aldrich, St.
Louis, MO, USA); and bacteriological agar, 15.0 g (Merck (Pty) Ltd., Modderfontein, South
Africa). Separately, tween 80 and basal salt medium were autoclaved at 121 °C and 15 psi
for 15 min. The tween 80 was aseptically mixed with the basal media after their temperature
had dropped to about 45 °C. The tween 80-peptone media was aseptically dispensed into
Petri dishes and allowed to set. After that, the plates were inoculated with 10 pL of the
axenic cultures and incubated for 48 h at 30 °C. The visible precipitate surrounding a
colony caused by the deposition of crystals of the calcium salt generated by the fatty acid
released indicated that the isolate possessed lipase activity [27]. Each plate was examined
for precipitate formation, and the diameter of the zone of precipitation was recorded in
millimeters (mm).

2.4. Enzyme Production and Assay for Lipase Activity

Enzyme production was carried out in Erlenmeyer flasks containing medium with a
composition similar to that in Section 2.3., without the addition of bacteriological agar. The pH
of the medium was adjusted to 7, and the flasks were autoclaved for 15 min at 121 °C. The flasks
were placed in an incubator and incubated for 72 h at 30 °C and 120 rpm. After the incubation,
the fermented medium was pipetted into microtubes and centrifuged at 15,000 x g for 10 min
and at 4 °C. The supernatant was transferred into a new tube, which served as the crude enzyme
for the lipase activity assay.

The lipase activity was determined using titration, and the principle was based on
olive oil hydrolysis [28]. In 20 mL test tubes, the assay was carried out with the com-
bination of 3 mL olive oil, 2.5 mL deionized water, 1 mL of 200 mM Tris-HCI buffer
(pH 7.5), and 1 mL crude lipase solution. The solution was properly vortexed until fully
mixed prior to incubation at 37 °C for 30 min. The control experiment had a similar
composition, without the active enzyme. Following the incubation period, 3 mL of 95%
ethanol was added to the test and control samples. Four drops of thymolphthalein indicator
(Merck (Pty) Ltd., Modderfontein, South Africa) were added to the test and control solu-
tions in 250 mL Erlenmeyer flasks. These mixtures were titrated against 50 mM NaOH until
a pale blue coloration appeared. One unit (U) of lipase is the amount of enzyme liberating
one micromole of fatty acid per minute under the assay conditions described [29].
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2.5. Lipolytic Bacteria Identification

The most efficient lipolytic bacterium, strain TTs1, was extracted for its genomic DNA
using a Quick-DNA™ Fungal /Bacterial Miniprep Kit (Zymo Research, Cat. No. D6005; Irvine,
CA, USA) according to the manufacturer’s guidelines. The 165 rRNA gene target region was
amplified with OneTaq® 2X Master Mix (Promega, Madison, WI, USA) under standard thermal
cycling conditions. The forward and reverse primers used for the polymerase chain reaction
(PCR) were the universal oligonucleotide sequences 165-27F 5-AGAGTTTGATCMTGGCTCAG-
3" and 165-1492R 5'-CGGTTACCTTGTTACGACTT-3, respectively [30]. The amplicons were
separated on an ethidium bromide-stained agarose gel (1% w/v), and the bands were extracted
using a Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Cat. No. D4001; Irvine, CA,
USA). A ZR-96 DNA Sequencing Clean-Up Kit™ (Cat. No. D4050; Irvine, CA, USA) was used
to purify the fragments following the manufacturer’s instructions. After purification, an ABI
3500xL Genetic Analyzer (Applied Biosystems, ThermoFisher Scientific, Johannesburg, South
Africa) was used to analyze the fragments. The abl files generated by the ABI 3500xL analyzer
were further analyzed using the CLC Bio Main Workbench v7.6. The assembled 16S rRNA
gene sequence was BLASTed against the National Centre for Biotechnology Information (INCBI)
database to identify the closely related taxa for strain TTs1 [31]. The closely related taxa revealed
by the basic local alignment search tool hits were extracted from the NCBI and used to conduct
the phylogenetic analysis. The neighbor-joining approach was used to infer the evolutionary
relationship, and the analysis was carried out in MEGA-X [32]. The isolate was identified as
Bacillus sp. TTs1, and the 165 rRNA gene sequence for strain TTs1 was deposited in GenBank
with accession number MW556206.

2.6. Fermentation Condition Optimization to Enhance Lipase Production

Using a one-variable-at-a-time strategy, the influence of physicochemical variables on lipase
production was studied. The initial medium pH (4-11), incubation temperature (25-50 °C), and
agitation speed (100-180) were studied at intervals of 1 unit, 5 °C, and 20 rpm, respectively.
Similarly, the influence of the inoculum size (2-10%) was determined at 1% unit intervals.
The starter culture was standardized based on the 0.5 McFarland turbidity standard, which is
comparable to the density of a bacterial suspension with 1.5 x 108 CFU/mL [33]. The inducers’
effect (tween 20, avocado oil, tween 80, olive oil, sunflower oil, castor oil) on the extracellular
lipase secretion by the isolate was determined at 10% (v/v). In each step, the incubation was
performed for 48 h, and the crude enzyme was extracted via centrifugation. The lipase activity
assay was performed using the previously described conditions.

The time course study was performed in 250 mL Erlenmeyer flasks containing the
basal salt medium and at optimized fermentation conditions of pH 10, 45 °C, 140 rpm,
2% inoculum and 10% tween 80. At 24 h intervals, aliquots of the fermentation medium
were removed and centrifuged at 15,000 x g for 10 min and at 4 °C; thereafter, the cell-free
filtrates served as crude enzymes and were used to determine the lipase activity under the
previously specified conditions.

2.7. Influence of Chicken Feather Concentration on the Medium Free Fatty Acid

At different concentrations (2, 4, 6, and 8% (w/v)) of chicken feathers, the fermentation
medium was formulated. The chicken feathers were collected from a local poultry farm.
The flasks were autoclaved at 121 °C for 15 min and 15 psi. For the test samples, 2% (v/v)
bacterial suspension was used to inoculate the flasks. The negative control flasks were
prepared with a similar composition, except for the addition of the inoculum. After incubation
at 45 °C for 96 h and 140 rpm, the fermented medium was filtered using Whatman™ filter
paper 1 (Cat No 1001-150; GE Healthcare Ltd., Buckinghamshire, UK) with a pore size of 11 p
to separate the feather biomass from the liquid part. The filtrate was assessed for the presence
of free fatty acid by titrating against 0.1 N NaOH, and phenolphthalein (Merck (Pty) Ltd.;
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Modderfontein, South Africa) served as an indicator [34]. The fatty acid concentration (%)
was computed using the formula stated below.

Free fatty acid (%) = (Y —2) x Z\Vill\laoH x 28.2] O

where Y represents the titrant volume, Z represents the blank volume, N is used to denote
the normality factor (0.1), and W indicates the weight of the sample (g).

The above calculation assumes that oleic acid is the major component of the fatty acids
released from the keratinous feathers [35].

2.8. Quantitation of the Crude Fat Content of Untreated and Biotreated Chicken Feathers

The crude fat content of the untreated and biotreated chicken feathers was determined
using the Soxhlet extraction method [36]. In the case of the chicken feather (8 g) pretreatment
with the lipolytic bacteria, fermentation was carried out for 4 days under optimal conditions.
Thereafter, the chicken feather fermentation medium was filtered through Whatman™
filter paper (150 mm, Cat. No 1001-150; GE Healthcare Ltd., Buckinghamshire, UK),
thoroughly washed with tap water, and dried to a constant weight at 60 °C. The control
experiment (untreated) passed through the same treatment, except for inoculating the
flasks with strain TTs1. The extraction of crude fat from the untreated and TTs1-pretreated
chicken feathers (8 g) was carried out for 6 h at 45 °C. Petroleum ether (250 mL) (Merck (Pty)
Ltd., Modderfontein, South Africa) was used per cycle, and the experiment was carried
out in triplicate. A rotary evaporator (Apex Scientific, Bloemfontein, South Africa) was
used to eliminate the extraction solvent from the samples at the end of the experiment.
Subsequently, the extract was placed in an oven at 100 °C for 1 h to ensure complete
vaporization of the solvent, and then it was stored in a desiccator before being weighed [37].
The crude fat concentration (%) of the chicken feathers was determined using the USDA
Food Safety and Inspection Service’s formula, which is given below [38].

Crude fat = ¥ x 100% 2)
where X represents the sample weight, Y represents weight of the flask and extract, and Z
represents weight of the flask before extraction

2.9. Statistical Analysis

Unless otherwise stated, triplicate experiments were carried out in each case, and
the data accrued were analyzed using an analysis of variance (ANOVA) in the Statistical
Package for Social Sciences (SPSS) version 23. The significant differences between the
means were compared at p < 0.05 using Duncan’s multiple range test.

3. Results

Chicken feather waste recycling has been a challenge to poultry farmers due to the
intractable nature of the biomass; hence, its valorization strategy remains a research hotspot.
Sediments harbor a unique microbial community with genetic diversity that could be
explored for various biotechnological processes. Avian feathers contain crude lipids that
may hinder their bioconversion into useful products. Consequently, this study investigated
the lipolytic potential of sediment-associated bacterial species. The isolate that showed
promising lipase-producing capacity was employed for the digestion of the crude lipids in
chicken feathers.

3.1. Lipolytic Bacterial Isolation and Identification

The sediment-associated bacterial strains were evaluated for lipase production.
Out of twenty strains coded as ACT001-ACT020, six showed variable degrees of cal-
cium salt precipitation around the colonies (Supplementary Table S1), with halo zones
between 9 mm and 30 mm, which was an indication of lipase activity by the bacterial



Clean Technol. 2023, 5

1240

strains. Among the six strains, strain TTs1, with the largest zone of crystalized calcium
salt precipitate around the colony on tween 80-peptone agar (Figure 1A), was selected for
further study.

Bacillus toyonensis MRC ZO1 11 (OK605836)
Bacillus toyonensis C11 (OU707432)
Bacillus sp. MRC Z03 33 (OK605858)
Bacillus proteolyticus MRC ZO3 43 (OK605868)
Bacillus cereus PCA29 (OK083719)
Bacillus thuringiensis MRC ER3 65 (OK605794)
Bacillus cereus MRC ER2 62 (OK605791)
Bacillus thuringiensis INUO1 (OK326694)
Bacillus cereus HWSJ-C2 (OK036744)

Bacillus proteolyticus T11-14 (OM062575)

Bacillus cereus 7S-3 (OK284403)

Bacillus cereus EBT01 (OL597898)
L’i Bacillus cereus P20-08 (OM061692)

Bacillus cereus C-1 (OM033542)
_‘ﬁcﬂlns cereus SA02 (OK350066)

Bacillus sp. BAC79 (OK335867)
- ® Bacillus sp. TTs1 (MW556206)

Bacillus cereus DBTD14 (OL468256)

0.00

Figure 1. (A) Evaluation of lipolytic activity on tween 80—peptone media; a visible precipitate around
the colony showed positive lipase activity by the bacterial isolate. (B) A phylogenetic tree showing
the evolutionary relationship between the strain TTs1 (round black tip) utilized for the study and
other closely related taxa. The GenBank accession numbers are presented in parentheses.

Based on 165 rRNA gene sequencing and analysis, strain TTs1 demonstrated a high
percentage of sequence similarity with Bacillus spp., including Bacillus cereus DBTD14
(accession number OL468256); hence, it was identified as Bacillus sp. (Figure 1B). Accord-
ingly, the 165 rRNA gene sequence of strain TTs1 was deposited in the NCBI GenBank
under the accession number MW556206.

3.2. Optimization of the Fermentation Process Conditions

The optimization process indicated differential lipase activity at the various initial pH
conditions tested. Lipase production by Bacillus sp. TTs1 increased from acidic to alkaline
conditions, with an optimum performance at pH 10 (Figure 2A).

However, there was no significant difference between the lipase production at pH 9
(510.0 & 42.43 U/mL) and pH 10 (577.65 + 6.15 U/mL), with p = 0.495. Above pH 10, the
lipase activity dropped significantly compared to the optimum, with p < 0.000. The study of
the incubation temperature showed that strain TTs1 produced lipase at all the temperatures
evaluated, with the highest lipase production (630.1 £ 13.72 U/mL) at 45 °C (Figure 2B).
At 50 °C, the lipase production drastically decreased, with an enzyme titer of 326.25 & 51.27
U/mL. Agitation of the fermentation medium promoted lipase production by strain TTs1, with
the maximum activity (594.55 £ 0.78 U/mL) displayed at 140 rpm (Figure 2C). Beyond 140 rpm,
the enzyme production by the isolate decreased with an increasing agitation speed.
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Figure 2. Effect of fermentation conditions: (A) initial medium pH, (B) incubation temperature,
and (C) agitation speed on lipase production by Bacillus sp. TTs1. The bars represent the mean and
standard deviation (error bar) of three independent experiments. The bars sharing the same letter(s)
(a, b, ¢, d) are not statistically different.

In addition, the study of the starter culture concentration showed that 2% (v/v)
inoculum was optimal for lipase production (575.15 & 28.21 U/mL) by Bacillus sp. TTs1
(Figure 3A). An increase in the concentration of the starter culture beyond 2% resulted in
a decrease in enzyme production, with the least lipase yield obtained at 10% inoculum
(248.55 + 19.73 U/mL). The inductive effect of different substrates was studied, and the
results indicated that tween 80 optimally induced lipase production (510.45 £ 2.33 U/mL),
followed by tween 20 (382.1 £ 12.58 U/mL), while sunflower oil had the least inductive
effect, with lipase activity of 139.95 + 9.41 U/mL (Figure 3B).
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Figure 3. Effect of (A) inoculum size and (B) inducer on lipase production by Bacillus sp. TTs1.
(C) Time course study of lipase production by Bacillus sp. TTs1. The bars or points represent the mean
and standard deviation (error bar) of three independent experiments. The bars or points sharing the
same letter(s) (a, b, ¢, d, e) are not statistically different.
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The time course study of lipase production by Bacillus sp. TTs1 showed that extracellu-
larly secreted lipase displayed an incremental titer with an increasing fermentation period,
and subsequently, it peaked at 96 h, with an enzyme activity of 1530.5 U/mL (Figure 3C).
Beyond 96 h, the lipase activity consistently declined with an increasing incubation time.

3.3. Influence of Chicken Feather Concentration on the Medium Free Fatty Acid

The free fatty acid released from the chicken feathers via the lipolytic activity of Bacillus
sp. TTs1 increased with an increasing feather concentration. Free fatty acid of 0.26%, 0.43%
and 0.58% were obtained at the respective chicken feather concentrations (w/v) of 2%, 4%
and 6% (Figure 4). A further increase in the feather concentration to 8% (w/v) showed a
comparable result (0.58%) to that obtained at 6% (w/v).

0.7 -

0.6

Free fatty acid (%)
et NG o
w e W

<
N
1

<
—_
1

2 4 6 8
Chicken feather concentration (% w/v)
Figure 4. Effect of chicken feather concentration on free fatty acid liberation directed by Bacillus sp. TTs1.
Each bar represents the mean and standard deviation (error bar) of three independent experiments. Bars
sharing the same letter(s) (a, b, c) are not statistically different.
3.4. Quantitation of Crude Lipid Content of Untreated and TTs1-Pretreated Chicken Feathers

The crude lipids from both untreated and TTs1-pretreated chicken feathers was studied
using Soxhlet extraction. The results showed that a crude lipid content of 2.1 £ 0.42% was
extracted from the untreated chicken feathers, while 0.92 + 0.13% was recovered from the
TTs1-pretreated feathers (Table 1 and Figure S1).

Table 1. Crude fat determination from both untreated and TTs1-pretreated chicken feathers.

Feather Sample Crude Fat (%)
Untreated 21+0422
TTs1-pretreated 092 +£0.13b

ab The letters show a statistical difference between the two treatments.

4. Discussion

Chicken feathers, a by-product of the chicken processing industry, have a high crude
protein content in the form of keratin, making them a good source of dietary protein.
Efficient valorization of keratinous feathers has been hindered by the lipid component of the
biomass. Hence, this study investigated a sustainable route for removing the feather lipids
to generate lipid-deficient keratin. Consequently, bacterial stains from sediment samples
were evaluated for lipolytic potential. Sediments have been described as important sources
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of bacteria with great capacity to produce secondary metabolites [39,40]. The community
of bacterial strains recovered from the sediment samples showed variable efficiencies in
terms of the lipase activity, as indicated by formation of insoluble precipitate on tween
80—peptone agar. This observation highlighted their metabolic diversity and served as an
index in the selection of competent strains [41].

The complexation of calcium salts with free fatty acids released via the action of extra-
cellularly secreted lipase has been one of the efficient methods of assessing the lipolytic
properties of bacteria on solid media [42]. Similarly, Lee et al. [41] reported visible precipi-
tate formation on tween—agar medium by bacterial strains recovered from oil-contaminated
soil samples. However, another study employed the phenol red method in the evaluation of
bacterial lipolytic potential on solid medium [43]. Interestingly, the tween 80-peptone agar
method has been preferred over the phenol red method, as the latter is highly dependent
on the pH of the medium and any alteration in the pH could affect the process sensitiv-
ity [41,44]. Therefore, the selection of strain TTs1 was based on its promising lipolytic
activity on tween 80-peptone agar.

Based on partial 165 rRNA gene sequencing and an NCBI database search, strain TTs1
was identified as Bacillus sp. TTs1. Even though reports on lipase production among different
strains of Bacillus spp. abound [45-48], the genetic variation and geographical distribution
of microbial species also influence the catalytic robustness of their secondary metabolites.
Secondary metabolites are produced by microbes in response to their immediate need to either
defend themselves against predation or utilize complex substrates for homeostasis.

Alkaline conditions enhanced lipase production by Bacillus sp. TTs1, and this result
suggests that the biosynthetic pathways and/or extracellular transportation of the synthe-
sized lipolytic enzyme were favored by the prevailing micro-environmental conditions.
In agreement with the present finding, Bacillus sp. LBN 2 achieved maximum lipase pro-
duction at pH 9.0 [49]. The maximum lipase secretion by Bacillus spp. in a submerged state
fermentation has been extensively reported at a pH ranging from 7 to 10 [50]. However, ex-
tremophilic Bacillus pumilus and Bacillus subtilis from the oil extraction industry maximally
produced lipase at pH 1.0 [51]. The incubation temperature influences enzyme production
by regulating the microbial growth or biosynthetic pathways via transcription, translation,
and enzyme secretion [49]. The strain’s metabolic capacity also plays a crucial role in relation
to the optimal conditions for microbial productivity. Hence, B. pumilus and B. subtilis isolated
from a similar environment maximally secreted lipases at 50 °C and 35 °C, respectively [51].

Agitation enhances the aeration of the culture medium and promotes the homogeneity
of medium nutrients. Adequate dissolved oxygen in an aerobic fermentation is crucial for
optimal cell growth and enzyme production [52]. The nature of the nutrients in the fer-
mentation medium significantly influences/regulates the microbial metabolism in relation
to gene expression, enzyme biosynthesis and extracellular production [53]. An increased
agitation speed beyond the optimum could create shear forces that negatively impact the
cell biomass integrity, which therefore affects the enzyme productivity [54]. Likewise, other
studies have shown that lipase production by Bacillus licheniformis [55] and B. subtilis [56]
was optimum at 140 rpm and 150 rpm, respectively. The size of the starter culture influ-
ences enzyme production by bacterial strains; overpopulation of the culture medium at
the inception of fermentation could be a limiting factor in terms of the optimal enzyme
yield, as this might result in the quick depletion of nutrients and dissolved oxygen [47].
This might explain why the lipase activity of Bacillus sp. TTs1 decreased beyond a 2%
inoculum size. Bacillus aryabhattai SE3-PB optimally secreted lipase when fermentation was
initiated with an inoculum size of 2.2% (v/v) [57].

Various substrates have been utilized in the fermentation medium to induce extracel-
lular lipase production, and the enzyme titer in response to the available substrate might
be strain-specific. Consequently, Bacillus methylotrophicus [46], B. subtilis [58], B. pumilus [51],
Ps. gessardii [59], and B. subtilis [47] maximally secreted lipolytic enzyme when the production
media were constituted with tween 80, olive oil, palm oil, beef tallow, and waste cooking oil,
respectively. Among the surfactants, tween 80, which showed the maximum inducible effect
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in the present study, has been reported to be a potent lipase inducer compared to tween 20,
sodium dodecyl sulfate and triton X-100 [60].

Lipase production by Bacillus sp. TTs1 reached the highest titer at 96 h, and the timeline
for the maximum lipase production in a pilot-scale fermentor by bacterial strains might be
attributed to the strain efficiency and media composition, as the induction mechanism by
the inducer-substrate could differ significantly [61]. Similar to the present finding, B. pumilus
achieved a maximum lipase titer of 1100 U/mL at 96 h [51]. However, Riaz and colleagues
reported a maximum lipase activity of 5.12 U/mL after 48 h with Bacillus sp. FH5 [50].
Generally, the optimal lipase production timeline of Bacillus spp. has been extensively reported
to be between 48 h and 96 h [28,47,62,63].

The increasing fatty acid liberation with the incremental chicken feather concentra-
tions suggests an up-regulation of the lipase-encoding gene. Lipase production among
prokaryotes is generally inducible in the presence of lipid-rich substrates that promote the
biosynthesis and extracellular secretion of the lipolytic enzymes [64]. However, when the
amount of chicken feathers exceeded the optimum, further increment showed no significant
change in the fatty acid concentration. This assertion could explain why the free fatty acid
concentration remained constant at 6% and 8% (w/v) chicken feathers.

The decrease in crude fat obtained from the biologically pretreated chicken feathers
compared to the untreated feathers indicates that a significant amount of lipids has been
hydrolyzed by the action of Bacillus sp. TTs1 lipase. The crude fat extracted from the
untreated chicken feathers is in the same percentage range as that reported by Prajapati and
colleagues, who recorded 2.30 £ 0.05% [20]. Lipids have a detrimental effect on chicken
feather conversion into digestible proteins and other biomaterials such as nanofibers [19].
Lipid-deficient keratin is an ideal substrate for the value-addition stage as it permits a
keratinolytic system or chemical agents to efficiently penetrate and dismember the polymer
into desired products [65]. This finding of our study highlights the delipidation ability of
Bacillus sp. TTsl lipase and its relevance to sustainable and eco-friendly developments.

An approach spurring on a complete hydrolysis of readily available keratinous feath-
ers into amino acid-rich protein hydrolysates augurs well for the agro-industrial sector.
A sustainable method of digesting feather lipids provides a cheap protein substrate that
could be harnessed as an alternative source of livestock feed protein while promoting
eco-friendliness. The lipolytic potential of the studied bacterium warrants further research
that would include the following. (1) Comparative study of protein hydrolysates recovered
from the biodegradation of bio-delipidated and untreated chicken feathers. This objective
would shed more light on the efficacy and relevance of chicken feather delipidation before
enzymatic/chemical keratinolysis. (2) Another pertinent future study would focus on
bacterial genomic profiling and the mining of relevant genes involved in lipolytic activity,
and on the expression of such genes in competent industrial hosts. It is considered that
the recombinant host would enhance lipolytic enzyme production in a short timeline of
fermentation as against the wild bacterial strain.

5. Conclusions

In conclusion, bacterial strains with variable lipolytic activity were isolated from
sediment samples. Remarkably, strain TTs1, which was identified as Bacillus sp. TTs1,
displayed promising lipase activity, as indicated by the formation of a large halo zone
precipitate of calcium salt crystals around the colony on tween 80-peptone agar. An alkaline
condition (pH 10) and a moderate temperature (45 °C) optimally supported extracellular
lipase production by strain TTs1. Tween 80 elicited the maximum positive effect in terms of
inducing bacterial lipase among the different inducers that were evaluated. The crude lipid
extracted from untreated chicken feathers differed from that obtained from TTs1-pretreated
chicken feathers, and this variation suggests the lipolytic potential of Bacillus sp. TTsl.
Therefore, the findings of this study highlight the biotechnological prospects of strain TTs1
in lipase production and the sustainable delipidation of keratinous biomass.
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