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Proteolytic bacteria isolated from agro-waste dumpsites produced
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A B S T R A C T

Microbial bioconversion of carbonoclastic materials is an efficient tool for the exploitation and
valorization of underutilized agro-industrial wastes. The agro-industrial sector accumulates tones of
keratinous wastes biomass which may be valorized into high value products. Consequently, the
keratinolytic potentials of some bacteria isolated from terrestrial milieu was evaluated. Soil samples were
collected from dumpsites, keratinase producing bacteria were isolated. Bacterial species were identified
through 16S rRNA gene sequences. The keratinase activity was assessed in relation to thiol formation,
percentage feather degradation and quantitation of keratinase produced. Keratinolytic bacteria were
identified as Bacillus spp. (accession numbers: MG214989 – MG214992, MG214997, MG214998,
MG215000, MG215002–MG215005) and Arthrobacter sp. (accession numbers; MG215001). The degree of
chicken feather degradation ranged from 61.5 � 0.71 % to 85.0 � 1.41 %. Similarly, the activity of
keratinase, total protein and thiol group ranged from 198.18 � 15.43–731.83 � 14.14 U/mL; 0.09 � 0.01–
0.87 � 0.05 mg/mL; and 0.69 � 0.12–2.89 � 0.11 mM respectively. Notably, Bacillus sp. Nnolim-K1
displayed the best keratinolytic potential with extracellular keratinase activity and feather degradation
of 731.83 � 14.14 U/mL and 85.0 � 1.41 % respectively, and that is an indication of a potential relevance
biotechnologically.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

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

Agro-industrial processes are on the upward trajectory and,
expectedly so, would continue to increase as the world’s
burgeoning population needs sustenance. Diverse agro-industrial
activities have led to the accumulation of byproducts of the various
kinds either as waste or secondary products with recyclable value.
Besides, most waste products from these agro-industries are fed
into the environment; thus, constituting an environmental
nuisance. Sustainable biotechnology, on the other hand, drives
zero waste and, strategically propels the valorisation of waste to
high-value products. Microbes and microbial products with unique
properties are employed in the bio-recycling or valorisation
processes for high-value products. Enzymes, a product of microbial
metabolism, are of high relevance in the green economy for
apparent reasons of high specificity to substrates, enhanced
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catalytic efficiency, cost-effectiveness, and eco-friendliness [1,2].
Microbial enzymes including polymerases, proteases, lipases and
amylases are high up in contribution to the bio-economy world
over. Microbial proteases belong to the hydrolases group and, are
predominantly multifunctional enzymes that catalyse the hydro-
lysis of an array of proteinaceous polymers into constituent
peptides and amino acids [3,4]. The global contribution of
proteases to industrial enzymes is approximately 60 %, of which
the primary sources are bacteria from the genus Bacillus [5].
Several of the proteases produced by Bacillus spp. serves a different
purpose and, are commercially available [6].

Microbial keratinases (EC 3.4.21/24/99.11), which is a member
of proteolytic enzymes, is a group predominantly associated with
keratin hydrolysis [7,8]. Keratins are fibrous, structural and
insoluble proteins that constitute the epidermis and epidermal
appendages, such as skin, hair, nails, hooves, horns, scales, claws,
and feathers [9,10]. Keratins are classified as α-keratin and β-
keratin, based on the major secondary structural elements of
polypeptides, α-helices or pleated β-sheets, respectively [9]. The
conformational orientations of the cysteine residues and inter-
actions of hydrophobic groups confer mechanical stability to the
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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polymer against biotic and abiotic factors; thus, a major contribu-
tor for the recalcitrance of keratin to decomposition [11]. The
agro-industrial wastes, especially those emanating from leather
and poultry processing industries are considered to have little or
no economic relevance due to their structural stability, which
makes valorisation difficult. Nonetheless, several strategies have
been employed to harness the locked up potentials from
keratinous wastes, and these strategies have included thermo-
energetic processing, acid or alkaline hydrolysis [12]. Keratin waste
valorisation with the above-indicated procedures has yielded
products which have not been suitable for industrial applications
[13]. Keratinases which may bioconvert keratin to peptides and
amino acids, on the other hand, has not been a front runner in the
valorisation of keratinous waste biomass; although agro wastes are
thought to increase as the world population increases. So, it would
be prudent to state that keratinases shall enjoy extreme impor-
tance soon [2].

The bioconversion of keratinous wastes into amino acids or
peptides with functional values would be an attractive endeavour
for several applications including animal feed formulations. The
valorisation approach would represent a potentially sustainable
strategy for the proper management of keratin-rich agro wastes
[10] and food security in animal farming. Therefore, sourcing
efficient and effective keratinolytic microorganisms and enzymes
would be beneficial from the biotechnological and industrial
viewpoint. Consequently, this study was set out to evaluate the
keratinolytic potentials of some bacterial isolates autochthonous
to the terrestrial milieu of Raymond Mhlaba Municipality, South
Africa. The bacterial isolates remarkably degraded intact chicken
feathers with formation of high concentrations of thiol groups in
the fermentation medium through extracellular production of
keratinolytic enzymes.

2. Materials and methods

2.1. Keratin – substrate preparation

The keratin substrate was prepared from chicken feathers
obtained from a local poultry processing farm. The feathers were
thoroughly washed and rinsed with distilled water, and subse-
quently, dried at 60 �C for 48 h. The dried feathers were milled into
a fine powder with a pulveriser fitted with a 2 mm mesh and stored
in an airtight container at room temperature.

2.2. Samples collection and bacteria isolation

The soil samples were collected in April 2018 from dumpsites
with deposits of keratinous wastes in Alice (geographical
coordinates 32� 47’ 0” S, 26� 50’ 0” E), in the Ramond Mhlaba
Local Municipality, Eastern Cape Province, South Africa. The
sampling sites (dumpsites) receive a collection of municipal
wastes that come from both households and agro-farms. The
samples were aseptically transported to the laboratory and
processed within 6 h of collection. Approximately 1 g of the soil
samples was inoculated in 500 mL Erlenmeyer flask containing 99
mL sterile basal medium with the following constituents (g/L):
K2HPO4, 0.3; KH2PO4, 0.4; MgCl2, 0.2; CaCl2, 0.22; NH4Cl, 0.5;
chicken feather powder (CFP),10 [14] and initial pH of 6.0. The flask
was incubated in a rotary shaker for 5 days at 30 �C. The culture
broth (100 mL) was spread plated on a CFP agar plate
supplemented with nystatin (50 mg/L) to inhibit fungal growth.
The CFP agar consisted of the following constituents (g/L): K2HPO4,
0.3; KH2PO4, 0.4; MgCl2, 0.2; CaCl2, 0.22; NH4Cl, 0.5; CFP, 10; and
bacteriological agar, 15. After 48 h of incubation at 30 �C, distinct
colonies were picked and purified.
2.3. Isolates screening for proteolytic activity

Pure bacterial culture was inoculated onto freshly prepared CFP
agar plates and incubated at 30 �C for 18 h. A loopful of bacterial
colonies was transferred into sterile microtubes and was washed
twice with sterile saline (8.5 g/L NaCl). The pellet was re-
suspended in sterile saline and the optical density adjusted to
0.1 (corresponding to 0.5 McFarland’s standard) at 600 nm, and
isolates were screened for the ability to hydrolyse casein in
skimmed milk (SM) as described by Riffel and Brandelli [15] with
modification. The proteolytic potentials of the isolates were
examined on SM agar with the following composition (g/L):
K2HPO4, 0.3; KH2PO4, 0.4; MgCl2, 0.2; CaCl2, 0.22; NH4Cl, 0.5;
skimmed milk, 10; and bacteriological agar, 15. The medium pH
was adjusted to 6.0. The plates were inoculated at the center with
10 mL of the standardised bacterial suspension (comparable to 1 �
108 CFU/mL) and incubated at 30 �C for 24 h. The halo zone
formation of was measured to the nearest millimeter after the
incubation period.

2.4. Keratinolytic activity screening

Bacterial strains with proteolytic activity on skimmed milk agar
plates were grown in a basal medium containing (g/L): K2HPO4, 0.3;
KH2PO4, 0.4; MgCl2, 0.2; CaCl2, 0.22; and whole chicken feathers, 10;
as the only source of carbon and nitrogen [16]. The initial medium pH
was adjusted to 6.0 before sterilisation by autoclaving at 121 �C for 15
min. The submerged fermentation was carried out in triplicate using
250 mL Erlenmeyer flasks containing 100 mL working medium for 96
h at30 �Cinanorbitalshaker(130rpm).About2%(v/v)of thebacterial
suspension served as fresh inoculum for the submerged cultivation.
After incubation, flasks with a complete or considerable decomposi-
tion of intact chicken feathers were selected for further studies, and
respective culture broths further analysed. The cultures were filtered,
and the residual chicken feathers were used to determine percentage
degradation, while some aliquot of the filtrates were spun at
15,000�g for 10 min using centrifuge(HERMLE LabortechnikGmbH,
Germany). Subsequently, culture supernatants were used to
quantify keratinase production, protein concentration, and thiol
concentration. The change in the initial pH of the culture broth was
determined with JENWAY pH meter (Bibby Scientific Ltd, UK).
Bacterial strains that displayed high keratin degrading capacity
were maintained on CFP agar slants at 4 �C for the preparation of
fresh inoculum, and in 20 % glycerol at �86 �C for long term storage.

2.5. Determination of percentage feather degradation

Chicken feather degradation by isolated bacterial strains was
estimated by using feather weight loss approach [17]. Unutilized
feathers were recovered by filtering the culture broth through
Whatman no. 1 filter paper. Afterwards, the residues were washed
with distilled water to remove bacterial cells; then dried in an oven
at 60 �C for 24 h to achieve a constant weight. The dry weight of the
residual feathers was determined, and the percentage of degrada-
tion was calculated with the equation as shown below.

Percentage f eather degradation %ð Þ ¼ ð1 � RF=WFÞ X 100
Where RF = dry weight of residual feathers after fermentation; WF
= dry weight of intact feathers before fermentation.

2.6. Assay for keratinase activity

Keratinase activity was determined following the method of
Jaouadi et al. [18] with slight modification. Briefly, the reaction
mixture contained 0.5 mL of diluted crude enzyme preparation and



Table 1
Halo zone formation on skimmed milk agar through hydrolysis by proteolytic
bacteria.

S/N Isolate code Diameter (mm) Feather degradation

1. FS-3 21.5 � 2.12a +
2. FS-1 25.5 � 0.71b +
3. FS-4 26.5 � 0.71bc +
4. SS-3 28.0 � 0.00bcd +
5. HS-1 28.0 � 1.41bcd –

6. BT1-7 28.5 � 0.71bcde +
7. BT4-2 29.0 � 1.41bcde +
8. SS-5 29.0 � 0.00bcde –

9. SS-2 30.0 � 0.00cde –

10. SS-4 30.0 � 2.83cde –

11. BT5-7 30.5 � 3.54cde +
12. SS-1 30.5 � 0.71cde +
13. SS-6 30.5 � 0.71cde +
14. SS-7 30.5 � 0.71cde –

15. BT1-8 32.0 � 1.41def +
16. HS-2 32.5 � 3.54ef +
17. SS-8 35.5 � 3.54fg +
18. FS-2 37.0 � 1.41g –

Values are presented as mean and standard deviation, number of replicate, n = 3.
The values without the same superscript letters down the column are significantly
different (P < 0.05). (+) indicates isolates that could degrade intact chicken feathers.
(-) indicates isolates that could not degrade intact chicken feathers.
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0.5 mL of 10 g/L keratin azure (Sigma Aldrich, USA) in 100 mM Tris-
HCl buffer (pH 7.5). The mixture was shaking incubated for 1 h at 37
�C, with shaking (220 rpm). After that, the reaction mixture was
placed on ice for 10 min to stop the reaction. The unutilized
substrate was removed by centrifugation at 15,000�g for 10 min
and filtration through Millipore cellulose filters (0.45 mm). The free
azo dye was determined by measuring the absorbance of the
filtrate at 595 nm using SYNERGYMx 96 wells microplate reader
(BioTek, USA). The control followed the same protocol except that
the mixture contained the enzyme and buffer without the
substrate. One unit of keratinase was defined as the amount of
enzyme causing an increase of 0.01 in absorbance at 595 nm per
hour under the assay protocol described.

2.7. Determination of total protein concentration

The protein concentration of the crude extract was estimated
using the Bradford method [19], and bovine serum albumin (BSA)
served as a protein standard.

2.8. Thiol concentration determination

The presence of free sulfur-containing groups in the fermentation
broth was determined using a previously described method [20].
Briefly, 4 mg/mL of 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB)
(Sigma-Aldrich, USA) was dissolved in phosphate buffer (0.1 M; pH
8.0). Then, 50 mL of this solution were mixed with 500 mL of distilled
water, and 250 mL of crude extract was subsequently added to this
mixture and allowed to stand at room temperature for 5 min for
stable colour development. The yellow-coloured sulfide that
developed upon reduction of DTNB was measured spectrophoto-
metricallyat 412 nm. Broth from the un-inoculated mediumwas also
assayed as described above and served as a control.

2.9. Molecular identification of keratin-degrading bacteria

The genomic DNA of the keratinolytic bacterial isolates was
extracted during the exponential growth phase using the ZR
Fungal/Bacterial DNA KitTM (Zymo Research). The 16S target region
was amplified using the polymerase chain reaction (PCR) under
standard conditions. The set of universal primers used for the 16S
rRNA gene sequence amplification were 27f (5’-AGAGTTT-
GATCMTGGCTCAG-3’) and 1492 r (5’-CGGTTACCTTGTTACGACTT-
3’) as forward and reverse primers respectively [21]. PCR was
performed using a master mix with constituents including
DreamTaqTM DNA polymerase (Thermo ScientificTM). The ampli-
cons were gel extracted (Zymo Research, ZymocleanTM Gel DNA
Recovery Kit), and sequenced in forward and reverse directions on
the ABI PRISMTM 3500xl Genetic Analyzer. The basic local
alignment search tool (BLASTn) program on the National Center
for Biotechnology Information (NCBI) was used to compare the
nucleotide sequences with reference sequences in the database
[22]. The sequences were aligned; trimmed and the phylogenetic
tree constructed with muscle, by exploring the construct/text
neighbour-joining tool in molecular evolutionary genetics analysis
(MEGA) software, version 7.0.26 [23]. The partial 16S rDNA
nucleotide sequences (ranged between 822 bp and 858 bp) of
these keratinolytic strains were submitted at GenBank through the
NCBI under the accession numbers MG214989 – G214992,
MG214997 – MG214998, MG215000 – MG215005.

2.10. Statistical analysis

All experiments were performed in triplicate and the results
were presented as mean values with standard deviations. Data
were subject to analysis of variance, and compared at P < 0.05.
3. Results

3.1. Keratinolytic activity screening – qualitative evaluation

Eighteen bacterial isolates showed protease activity with varied
halo zone formation on the skimmed milk agar plates (Table 1). The
halo zones were measured to the nearest millimetre and ranged
from 21.5 � 2.1 (mm) for isolate coded as FS-3 to 37.0 � 1.41 (mm)
for isolate coded as FS-2. The proteolytic activity of these 18 strains
served as an index for selection in the subsequent experimenta-
tion. Out of the 18 isolates positive for protease activity; twelve
showed keratinolytic potentials as observed from the fermentation
flasks (supplementary file). On the contrary, the remaining six
isolates, HS-1, SS-5, SS-2, SS-4, SS-7, and FS-2 demonstrated good
proteolytic activity, with diameter of halo zone that ranged from
28.0 � 0.71 mm for HS-1 to 37.0 � 1.41 mm for FS-2 on the
skimmed milk agar but were unable to degrade chicken feathers as
sole source of carbon and nitrogen (data not shown).

3.2. Keratinolytic activity screening - quantitative evaluation

The extracellular keratinase activity determined from the cell-
free extracts ranged from 198.2 � 15.4 U/mL for SS-1 to 731.8 � 14.1
U/mL for FS-4 (Table 2). The total protein concentrations
estimation also ranged from 0.09 � 0.02 mg/mL to 0.87 � 0.05
mg/mL for FS-3 and BT1-8 respectively. The thiols produced during
the degradation of chicken feather ranged from 0.69 � 0.1 mM for
BT4-2 to 2.89 � 0.1 mM for FS-4. The slightly acidic medium (pH
6.0) which favored the production of keratinases changed to
alkaline during fermentation; varied pH increases were observed
and the values ranging from 7.4 for BT5-7 and BT4-2 to 8.6 for SS-8
as shown in Table 2. In addition, the feather degradation potential
varied with test isolate, and ranged from 61.5 � 0.7 % for SS-1 to
85.0 � 1.4 % for FS-4.

3.3. Keratinolytic bacterial isolates identification

Bacterial isolates with keratinolytic potentials were identified
through 16S rRNA gene sequence. The sequence BLAST analysis
showed a high percentage of sequence homology with related
sequences in NCBI GenBank. Eleven isolates coded as FS-4, SS-8,
SS-6, HS-2, BT1-7, SS-3, BT4-2, BT5-7, FS-3, BT1-8 and SS-1 were



Table 2
Evaluation of keratinolytic potentials of the study bacterial isolates.

S/N Isolate code Keratinase activity (U/mL) Protein concentration
(mg/mL)

Thiol concentration (mM) Final pH Feather degradation (%)

1. FS-4 731.83 � 14.14h 0.47 � 0.01d 2.89 � 0.11g 8.3 � 0.01h 85.0 � 1.41f

2. SS-8 510.91 � 5.15g 0.67 � 0.00e 2.09 � 0.23ef 8.6 � 0.01i 81.0 � 1.41de

3. SS-6 452.73 � 28.28f 0.49 � 0.03d 1.89 � 0.02de 8.2 � 0.02g 82.0 � 2.83def

4. HS-2 400.01 � 7.71e 0.45 � 0.02cd 2.27 � 0.08f 8.2 � 0.01h 83.0 � 1.41ef

5. BT5-7 372.12 � 2.10de 0.32 � 0.03b 0.81 � 0.13a 7.4 � 0.02a 67.0 � 1.41b

6. FS-1 349.09 � 2.57cd 0.47 � 0.01c 1.29 � 0.07b 7.6 � 0.01c 74.5 � 2.12c

7. SS-3 334.55 � 12.86c 0.27 � 0.01b 1.68 � 0.19cd 8.1 � 0.01f 80.0 � 1.41de

8. BT4-2 331.82 � 14.14c 0.14 � 0.02a 0.69 � 0.12a 7.4 � 0.01b 64.5 � 0.71ab

9. BT1-7 292.73 � 20.57b 0.72 � 0.04f 1.53 � 0.11bc 7.9 � 0.04e 68.5 � 2.12b

10. FS-3 287.28 � 5.14b 0.09 � 0.02a 1.64 � 0.04cd 8.2 � 0.01h 78.5 � 0.71d

11. BT1-8 281.81 � 25.71b 0.87 � 0.05g 2.71 � 0.09g 8.3 � 0.02h 81.5 � 3.54def

12. SS-1 198.18 � 15.43a 0.12 � 0.01a 0.80 � 0.04a 7.7 � 0.02d 61.5 � 0.71a

The values are presented as mean and standard deviation of triplicate experiments; the values without the same superscript letters down the column are significantly
different (P < 0.05).
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identified as Bacillus spp.; FS-3 showed 100 % sequence homology
with Bacillus megaterium and B. megaterium SF4 (KY855376.1).
Conversely, the isolate with the code FS-1 showed 99 % sequence
homology with Arthrobacter sp. KA4-2 (AJ_785761.1). The summa-
ry of the keratinolytic bacteria identification is presented in
Table 3. A significant proportion of the isolates belonged to the
Bacillus cereus sensu lato group, and the dendrogram clustering of
the phylogeny is shown in Fig. 1.

4. Discussion

Green technology promotes environmental sustainability and
has significantly spurred a continuum in the search for microbes
with industrial and biotechnological prospects from diverse
ecological niche. Consequently, a collection of bacterial strains
was isolated from dumpsites using basal medium with chicken
feather as the only carbon and nitrogen source. There are reports
on bacteria with remarkable keratinolytic activity from soil
samples with deposition of keratinous wastes [24–26]. Similarly,
accounts of keratinolytic bacteria isolated from aquatic milieu also
abound [27,28]. The bacteria isolated from dump sites were
qualitatively screened, and eighteen (18) of the isolates showed
proteolytic activity through the hydrolysis of protein with
subsequent formation of halo zones on the skimmed milk agar
plates. This preliminary screening on the skimmed milk for protein
hydrolysis served as a vital step in the identification of isolates with
proteolytic potentials [15,29].
Table 3
Summary of keratinolytic bacteria identification through 16S rRNA gene sequence.

S/N Isolate
code

Reference sequence Sequen
similar

1. FS-4 Bacillus thuringiensis Ta3 (MK517627.1) 100 

2. SS-8 Bacillus cereus KBB4
(MN032406.1)

99 

3. SS-6 Bacillus thuringiensis C4 (MN173385.1) 100 

4. HS-2 Bacillus cereus BF-E1
(KY292459.1)

100 

5. BT1-7 Bacillus thuringiensis Md1-10 (MF581416.1) 100 

6 SS-3 Bacillus cereus 4 F (MK104469.1) 100 

7 BT4-2 Bacillus thuringiensis FMH28(KX821757.1) 100 

8 BT5-7 Bacillus sp. BDHGL04
(MG333438.1)

100 

9 FS-3 Bacillus megaterium SF4
(KY855376.1)

100 

10 BT1-8 Bacillus thuringiensis Eca13(KY952738.1) 100 

11 SS-1 Bacillus cereus B69
(LN890245.1)

100 

12 FS-1 Arthrobacter sp. KA4-2 (AJ_785761.1) 99 
Subsequently, only twelve out of the eighteen bacterial isolates
were able to simultaneously hydrolyse skimmed milk and utilize
chicken feather as sole source of carbon and nitrogen. Conse-
quently, these bacterial species possess keratinolytic properties as
they were able to hydrolyse keratin and utilize the hydrolysate as
nutrient, and this characteristic may only be attributed to the
diversity of their genetic composition. A similar observation has
been made with keratin degrading bacterial species isolated from a
different ecological niche [16,30].

The Basic Local Alignment Search Tool (BLAST) analysis of the
16S rRNA gene sequences of the keratinolytic bacteria showed ten
out of the twelve test bacteria to possess a high sequence
homology with Bacillus cereus sensu lato group and the bacteria
were respectively identified as Bacillus spp. with suffix unique to
the respective strain. Although, these bacteria were identified as
Bacillus sp.; the varied degree for which feather was hydrolysed is
an indication of uniqueness for the respective bacteria and strain
difference. Furthermore, two bacterial isolates coded as FS-3 and
FS-1 respectively showed 100 and 99 % sequence similarity with
Bacillus megaterium SF4 (KY855376.1) and Arthrobacter sp. KA4-2
(AJ_785761.1), respectively, hence, they were identified as Bacillus
megaterium FS-3 and Arthrobacter sp. KFS-1.

Bacillus represents about 92 % of the isolates that showed
significant keratinolytic potentials and this genus was previously
reported for similar properties [31–33], including the most
extensively studied Bacillus licheniformis PWD-1 [34]. Bacillus
species are the leading microbes noted for the production of
ce
ity (%)

Sequence identity Sequence
length (bp)

NCBI accession
number

Bacillus sp. Nnolim-K1 851 MG214998
Bacillus sp. CSK1 853 MG215004

Bacillus sp. CSK2 853 MG215005
Bacillus sp. Okoh-K1 858 MG215000

Bacillus sp. BT1-7 826 MG214989
Bacillus sp. Mabinya-K1 832 MG215003
Bacillus sp. BT4-2 858 MG214991
Bacillus sp. Nwodo-K1 823 MG214992

Bacillus megaterium FS-3 836 MG214997

Bacillus sp. BT1-8 856 MG214990
Bacillus sp. SS-1 858 MG215002

Arthrobacter sp. KFS-1 822 MG215001



Fig. 1. A phylogenetic tree of keratinolytic bacterial isolates and the closely related genera based on 16S rRNA gene sequence. NCBI accession numbers are shown in
parentheses. The tree was generated using neighbor-joining technique, and the evolutionary distances calculated based on the maximum composite likelihood and the
bootstrap value was set as 1000 replicates. The tagged bacterial strains represent keratinolytic isolates, and those without tags are reference strains from GenBank. The tree
was rooted on Chryseobacterium culicis as an out-group.
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keratinases and, this pattern may be as a result of the excellent
plasticity the bacterial strains have shown towards the degradation
of vast arrays of recalcitrant biomass for nutrients [8]. Arthrobacter
sp. has similarly been documented to possess the potentials to
serve as an essential source of biomolecules of interest including
enzymes [35], and antimicrobial compounds [36]. The Arthrobacter
sp. KFS-1 reported in this study effectively degraded chicken
feathers with high extracellular keratinase production.

The varied degree in the keratinolytic activity observed among
the isolated bacterial species would be a reflection on their
different optimal fermentation process conditions. Consequently,
the extracellular keratinase production achieved by the various
isolates was akin to the feather degradation capacity; except for a
few isolates including Bacillus sp. Mabinya-K1, B. megaterium FS-3
and Bacillus sp. BT1-8 that demonstrated significant feather
degradation with relatively decreased extracellular keratinase
activity. The disparity observed with keratinase activity in relation
to the degree of feather degradation may be attributed to, either,
the negative influence of the fermentation medium and environ-
mental conditions on the active extracellular keratinase [13], or the
utilization of the degradation products faster by some microbe as a
source of nutrient [37]. In addition, the enzyme specificity toward
keratin degradation may have been higher with the strains
showing higher degradation potentials.

Another indicator of the effective degradation of the chicken
feathers was the formation of the thiol group. The hydrolysis of
disulfide bridges, which substantively contribute to the mechani-
cal stability of keratin leads to the formation of the thiol group [38].
The concentrations of thiol group formed by respective keratino-
lytic bacteria were comparable to the degree of feather biodegra-
dation with slight variation, and this may be attributed to the
specificity and profound activity of microbial keratinolytic
enzymes in the bioconversion of the recalcitrant keratinous
biomass [33,39]. Similarly, the high thiol concentration yielded
by some isolates might be an indication of predilection of the
microbial sulfitolytic systems for the cleavage of the polypeptides
at positions rich in cystine disulfide bridges, hence, releasing free
sulfur-containing groups into the medium [40]. The thiol group
formation observed with the bacterial strains under investigation
is significantly higher than most reported keratinolytic bacteria
including Chryseobacterium sp. kr6 [41], Stenotrophomonas malto-
philia [38], and Bacillus sp. MBRL 575 [30] that yielded respective
maximum thiol concentrations of 75 mM, 84 mM and 44.5 mM
during feather biodegradation. This observation therefore under-
pins the dexterity of the study bacterial isolates in keratin-rich
wastes bioconversion to functional proteins and their biotechno-
logical prospects in agro sector of the economy.

The optimization of the fermentation process variables for the
keratinolytic bacteria are critical for the harnessing of optimal
potentials, and the bacterial species showed significant keratino-
lytic activities within the ambits of moderate conditions which is
an indication that a cost effective process could be in play at a pilot
scale production. Factors that may be in play with regard to the pH
change may be medium ammonification resulting from the
chicken feather dismemberment into various soluble proteina-
ceous molecules or associated byproducts of metabolism [42]. The
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acidic fermentation medium has been reported to be ambient for
microbial keratinase production [43,44]. However, the pH drift to
neutral or alkaline may be necessary or inimical for the effective
keratinolysis. An alkaline pH has been likewise reported among
active feather degrading bacteria [33,45].

5. Conclusion

In conclusion, the Bacillus spp. and Arthrobacter sp. identified
via 16S rRNA gene sequence showed excellent keratinase produc-
tion potential, and the keratinases showed varied activity which
may have been as a result of enzyme specificity and yield
accordingly. Thiol group formation likewise showed efficient
hydrolysis of cysteine disulfide linkages of the feather keratin by
the microbial sulfolytic systems. The considerable degradation of
chicken feather and extracellular keratinase produced in basal
medium was an indication that the bacterial species showed
potentials as industrially important organisms. The valorization of
agro-waste biomass (chicken feather) into digestible proteins
using microbial-based technology represents sustainable devel-
opment from both economic and environmental perspectives, and
the bacterial species reported in this study have shown the
potentials. The keratinases may have novel properties, and the
enzyme hydrolysis products may also be novel; this is subject to
further studies as it was beyond the scope of the reported work. In
addition, the gene(s) coding for the enzyme(s) would be of high
importance particularly, if cloning and expression in an industri-
ally suitable vector for large-scale keratinase production is put into
perspective.
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