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Abstract
Enormous aggregates of keratinous wastes are produced annually by the poultry and leather industries which cause 
environmental degradation globally. To combat this issue, microbially synthesized extracellular proteases known as keratinase 
are used widely which is effective in degrading keratin found in hair and feathers. In the present work, keratinolytic bacteria 
were isolated from poultry farm soil and feather waste, and various cultural conditions were optimized to provide the highest 
enzyme production for efficient keratin waste degradation. Based on the primary and secondary screening methods, the potent 
keratinolytic strain  (HFS_F2T) with the highest enzyme activity 32.65 ± 0.16 U/mL was genotypically characterized by 16S 
rRNA sequencing and was confirmed as Bacillus velezensis  HFS_F2T ON556508. Through one-variable-at-a-time approach 
(OVAT), the keratinase production medium was optimized with sucrose (carbon source), beef extract (nitrogen source) 
pH-7, inoculum size (5%), and incubation at 37 °C). The degree of degradation (%DD) of keratin wastes was evaluated after 
35 days of degradation in the optimized keratinase production medium devoid of feather meal under submerged fermentation 
conditions. Further, the deteriorated keratin wastes were visually examined and the hydrolysed bovine hair with 77.32 ± 0.32% 
degradation was morphologically analysed through Field Emission Scanning Electron Microscopy (FESEM) to confirm 
the structural disintegration of the cuticle. Therefore, the current study would be a convincing strategy for reducing the 
detrimental impact of pollutants from the poultry and leather industries by efficient keratin waste degradation through the 
production of microbial keratinase.
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Graphical Abstract

Introduction

As the human population expands one of the gravest dan-
gers to the human race is the disposal and proper handling 
of solid waste. Among the solid wastes, keratin wastes are 
produced in mammoth quantities from pecuniary poultry 
processing plants, the leather industry, the wool industry, 
the textile industry, slaughterhouses, and barber shops [1]. 
Keratin debris in the form of bird feathers, strands of hair, 
horns, nails, and hooves, is primarily generated via animal 
body parts [2]. This waste contains over 90% of keratin that 
is highly inert, water-insoluble, and non-biodegradable by 
most proteolytic enzymes such as trypsin, pepsin, and papain 
[3, 4].

In 2020, India would consume around 3.9 million metric 
tonnes of chicken meat, with each person consuming 2.6 kg 
of the meat annually. Poultry is one of the industries that 
contributes the most to the global economy and is still 
growing. The annual production of feathers by poultry 
processing facilities poses a significant challenge for the 
management of solid waste. One such waste is chicken 
feathers, which make up 7% of the bird's weight overall. 
Each bird can have up to 125 g of feathers, and the amount 
of feather waste produced worldwide each week is thought 
to be over 3000 tonnes [5]. The dumping of poultry feathers 
might involve issues with handling, storage, emissions 
management, and ash disposal. They can also be burned, 

buried, or utilised as fill for land [6]. These wastes may pose 
a potential hazard to human health or the environment (soil, 
air, water) [7]. Additionally, discarded feathers can lead 
to a number of human illnesses, such as mycoplasmosis, 
chlorosis, and fowl cholera [6]. Thus, the disposal of keratin 
waste is quite challenging.

Keratin wastes are biodegraded by keratinophilic 
bacteria or their enzymes (keratinases), which overcomes 
the limitations of chemical and thermal treatments [8]. 
These keratinases with the ability to break down keratins 
from numerous sources, will play a key role in agricultural 
and environmental chemistry to tackle the disposal issue 
[9]. Biological degradation of keratinous waste through 
microbial keratinases is an effective and feasible mitigation 
technique that comprises handling of waste, human and 
ecological protection, and extraction of resources  such 
as  amino acids, peptides, and non-protein nitrogenous 
compounds [10]. They are  distinctive enzymes with 
proteolytic activity that can hydrolyze some insoluble 
and extremely stable proteins, such as feathers, hairs, and 
wool, by destroying disulfide bonds that are part of keratin-
rich substrates [11, 12]. In addition to increasing the 
commercial value of keratin wastes, this biotechnological 
and environmentally beneficial alternative for hydrolysis 
and recycling also provides comfortable conditions for the 
production of products that are useful. In terms of cost and 
environmental considerations, hydrothermal and chemical 
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keratin waste degradation are less efficient than the more 
recent biological method. This process yields a toxin-free 
substance called keratin hydrolysate, which has commercial 
potential. Consequently, keratin wastes can be degraded and 
used as a useful biomaterial through the innovative process 
of bioconversion, or biological degradation of keratin 
wastes, which is both economical and ecologically benign 
[8].

In the keratin waste degradation process, peptide bond 
cleavage in compact structures, like keratins, is problematic 
because the target peptide bonds are insoluble and difficult 
to approach. The following mechanisms are necessary for 
the multiple-step procedure that involves keratin enzymatic 
degradation: (i) The keratinases bind to the macromolecule's 
surface through hydrophobic and electrostatic contacts, and 
then (ii) catalysis takes place. Sulfitolysis, or the elimination 
of disulfide bonds, and proteolysis are the two main steps 
in the multistage keratin degradation process. Only in the 
presence of reducing agents, such as disulfide reductases, 
glutathione, sodium sulphide, dithiothreitol (DTT), 
mercaptoethanol, cysteine, thioglycolic acid, or cysteine, 
does sulfitolysis occur. These agents work in tandem with 
keratinases to break down keratin molecules [13–15].

Many microorganisms can degrade such wastes by 
secreting keratinolytic and proteolytic enzymes [16, 17]. The 
microbes have been isolated from different environments 
that are rich in keratin and have been applied to degrade 
keratin-containing wastes from different resources [18]. 
The microorganisms include bacteria, actinomycetes, and 
fungi [19]. Keratinases come from bacteria such as Bacillus 
licheniformis, B. subtilis and Stenotrophomonas maltophilia. 
Moreover, the actinobacteria Streptomyces albidoflavus 
and Streptomyces fradiae also secrete keratinases. Fungal 
keratinases are mainly from Trichophyton rubrum and 
Microsporum canis [15].

Bacillus licheniformis is the most effective keratin-
degrading bacterium in the genus [20]. Other bacteria 
including Bacillus, Pseudomonas, Brevibacillus, 
Stenotrophomonas, Fusarium, Chryseobacterium, 
Xanthomonas, Geobacillus, Serratia and Nesterenkonia, 
can produce keratin-degrading enzymes. Among these, 
only ample numbers of organisms have been exploited for 
commercial use. The most prevalent and easy-to-handle 
microorganism among them is Bacillus sp. Similarly, 
Bacillus pumilus, Bacillus amyloliquefaciens, Bacillus 
velezensis, and Bacillus cereus are also capable of producing 
keratinase enzyme that has many potential industrial and 
medical applications [12]. Shih and his colleagues in North 
Carolina have developed a source of keratinase enzyme 
named ‘Versazyme’ from Bacillus licheniformis to be the 
first keratinase enzyme [21]. Hence, Bacillus sp. is always a 
highly preferred microbial strain for keratin degradation by 
many researchers.

Feathers have become one source of pollutants because 
of their recalcitrant nature [22]. Untreated feather waste can 
sustain many pathogenic microorganisms and emit various 
pollutants such as nitrous oxide, ammonia, and hydrogen 
sulfide, which are a threat to the environment and people’s 
health. Therefore, converting feathers into value-added 
products using economic methods is of great interest to many 
researchers [23]. Accumulated studies have shown that feathers 
can be efficiently degraded by various microorganisms. 
Microbial conversion of feathers into value-added products 
such as biofertilizers and animal feeds should be used in 
poultry industries [16].

The present research work explores the potential use 
of feather meal to be turned into a useful substrate for 
keratinase enzyme production using the potent bacterial strain 
Bacillus velezensis isolated from poultry feather waste. The 
investigation further extends the possibility of manipulating 
the degradative efficacy of keratin-rich wastes such as whole 
feathers, chicken nails, and bovine hair in the optimized 
keratinase production medium. As a result, the current 
research would be a persuasive approach for overcoming 
the environmental effect of poultry and leather sector 
pollutants through microbial keratinase production during the 
fermentation process for efficient keratin waste degradation.

Materials and Methods

Sampling and Isolation of Bacteria

A total of three different samples-Poultry feather soil 
(fresh), Poultry feather soil (old), and Raw Chicken feather 
were collected from feather waste dumping area in and 
around Palakkarai, Erode District, Tamil Nadu, India 
(11.322879,77.544983). The soil samples were collected 
at 10–15 cm depth from the surface of the soil containing 
feather waste in sterile plastic bags and brought to the 
laboratory for further processing. Bacteria were isolated 
by serial dilution and plating methods on a nutrient agar 
medium. 10 g of homogenized soil sample was taken with 
90 mL of sterilized distilled water and mixed well correctly 
and serially diluted to  10–7. The spread plate method was 
performed and the plates were kept at 37 °C for 48 h. From 
raw chicken feathers, the bacteria were isolated by the direct 
plating method in nutrient agar plates, and the plates were 
kept at 37 °C for 48 h. Pure cultures of the bacterial isolates 
were maintained on nutrient agar slants at 4 °C.

Preliminary Screening of Keratinolytic Bacteria

Screening on Skim Milk Agar

For screening of keratinase-producing bacteria, the bacterial 
isolates were inoculated on skim milk agar plates (Himedia 
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M 763) [24]. The media plates were then incubated at 37 
°C for a period of 24 h. After 24 h, plates were observed 
for the zone of hydrolysis. The diameter of each zone was 
measured. The bacterial colony which shows the zone of 
hydrolysis was selected for secondary screening and was 
maintained on nutrient agar slants at 4 °C for further study.

Screening on Casein Agar

The proteolytic activity of the isolates was confirmed by 
the casein hydrolysis method. The keratinolytic bacteria 
were streaked on casein agar (Himedia, India) plates and 
maintained at 37 °C for 48 h. The selection of isolates was 
done by the zone of clearance in this medium [25].

Preparation of Feather Meal Substrate

The feather meal was prepared from native chicken feathers 
as described earlier [26]. Briefly, the finely fragmented 
feather was defatted in chloroform to methanol (1:1 v/v) for 
48 h, followed by chloroform to acetone to methanol (4:1:3 
v/v/v) for another 48 h, and then rinsed in sterile water, dried 
for 24 h at 37 °C, and ground in a mortar-pestle to obtain a 
powdered feather.

Screening for the Highest Keratinase Producer

Nutrient broth of 50  mL was inoculated with a single 
colony of the selected isolate, under sterile conditions. The 
culture was then incubated overnight (16 h), at 37 °C using 
150 rpm. After 16 to 18 h 1 ml of the bacterial inoculum 
was added in modified basal salt medium, enriched with 
feather meal under aseptic conditions (Feather Meal Broth 
Composition: NaCl-0.05%,  MgCl2.  6H2O- 0.01%  KH2PO4- 
0.03%,  K2HPO4- 0.04%, Glucose- 0.5%, Yeast Extract- 
0.2%, Feather meal- 1% Distilled water- 100 mL, pH-7.5). 
The medium was incubated for a period of 72 h at 37 °C in 
a rotary shaking incubator, at 150 rpm. Following 72 h of 
incubation, centrifugation was done at 6000 rpm for 10 min 
and the supernatant was collected to be used as a crude 
enzyme and subjected to keratinase activity [27].

Determination of Proteolytic Activity

Keratinase enzyme activity was determined using the 
procedure described by MacDonald & Chen [28], using 
casein as substrate [29]. A reaction mixture was prepared by 
adding 1 mL of 1% casein and 1 mL of enzyme extract in the 
test tube and was then incubated at 40 °C temperature, for 
30 min. The reaction between an enzyme and its substrate 
was stopped by adding 5 mL of 5% TCA (Trichloroacetic 
acid). The untreated casein was separated by centrifuging at 
6000 rpm for 10 min. 5 ml of alkaline reagent, 1 mL of 1N 

NaOH was then added in 1 mL of supernatant, and 1 mL 
of Folin & Ciocalteau (FC) reagent was added to produce a 
dark blue colour. A control tube was also prepared in which 
5 mL of 5% TCA was added, before incubation. The optical 
density of the mixture was measured at 660 nm by using a 
UV-spectrophotometer.

Protein Estimation

The amount of protein was determined in the culture 
supernatants according to Lowry’s method using bovine 
serum albumin as the standard. Readings were carried out 
in a spectrophotometer at 660 nm [30].

Identification of Potent Keratinolytic Bacterial 
Isolate

Phenotypic and Biochemical Characterization

The bacterial strain showing maximum keratinolytic activity 
was selected for further studies. The keratinolytic bacterial 
strain was identified based on the methods described in 
Bergey's Manual of Determinative Bacteriology and its 
morphological, cultural, and biochemical characteristics 
[31]. Biochemical characterization was done by performing 
specific tests such as Indole, Methyl red, Voges Proskauer 
and Citrate tests, Catalase, Oxidase, Triple Sugar Iron agar 
test, Carbohydrate fermentation tests, Urease test, Starch 
hydrolysis test. Further, molecular characterization was done 
to identify the potent strain at the species level.

Molecular Characterization of the Potent Strain

Bacterial DNA was isolated using phenol–chloroform 
isoamyl alcohol (25:24:1) from an overnight culture. Until 
it was needed again, extracted DNA was kept at -20 °C [32]. 
Using universal primers 27F (5′-AGA GTT TGA TCC TGG 
CTG AG-3) and 1492R (5′-GGC TAC CTT GTT ACG ACT 
T-3′), bacterial 16S rRNA was amplified by PCR. To 25 µl 
of PCR reaction solution (1.5 µl of Forward and Reverse 
primers, 5 µl of deionized water, and 12 µl of Taq Master 
Mix), 5 µl of extracted DNA was added. The steps involved 
in PCR amplification were as follows: two minutes of initial 
denaturation at 95˚C, 20 min of annealing at 50 ˚C, and 
two minutes of extension at 72 ˚C. For 10 min, the final 
extension is carried out at 72 ˚C. With the use of a Montage 
PCR Clean-up kit (Millipore), the PCR product was refined. 
The primers were used to sequence the PCR result. ABI 
PRISM® BigDyeTM Terminator Cycle Sequencing 
Kits with AmpliTaq® DNA polymerase (FS enzyme) 
(Applied Biosystems) was used to carry out the sequencing 
operations. The samples underwent electrophoresis on an 
ABI 3730xl sequencer (Applied Biosystems) after being 
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resuspended in distilled water. The closest phylogenetic 
neighbour with > 99% sequence similarity was determined 
to be the species level after the sequences were compared 
to known sequences in the Gene Bank nucleotide database. 
16S rRNA Sequence analysis was carried out using the 
BLAST algorithms (National Centre for Biotechnology 
Information [http:// www. ncbi. nlm. nih. gov]) to ensure 
accuracy in identification. The alignment software Clustal X 
(version 1.81), which is freely available, was used to perform 
multiple sequence alignment approaches [33, 34].

Optimization of Culture Conditions for Maximum 
Keratinase Production

The optimization of media and the fermentation condition 
for keratinase production was done by the one-variable at a 
time (OVAT) method [35]. The effect of pH on the keratinase 
enzyme production was studied by varying the pH of the 
fermentation medium from 6 to 10. The pH was adjusted 
using 0.1N HCl and 0.1N NaOH in the production medium. 
The effect of temperature on keratinase enzyme production 
was studied by varying the temperature (25 °C, 37 °C, 40 
°C, and 45 °C) to find out the optimum temperature for 
maximum keratinase production. The effects of different 
volumes of inoculum were investigated using 1%, 2%, 3%, 
4%, 5%, and 6% in fermentation medium for maximum 
production of keratinase. The effect of carbon sources on 
the keratinase enzyme production was analysed by using 
5 different media prepared by replacing the carbon source 
(0.5% Glucose) in the fermentation medium to find out the 
favourable carbon on the supplement. The different carbon 
sources such as Fructose, Lactose, Maltose, Galactose, and 
Sucrose. The effect of nitrogen sources on keratinase enzyme 
production was analysed by using 5 different media prepared 
by replacing the nitrogen source in the fermentation medium 
to find out the favourable nitrogen source on the supplement. 
Yeast extract (0.2%) in the basal media was replaced with 
Gelatin, Casein, Urea, Ammonium nitrate, and Beef extract 
at the same concentration, individually.

Degradation of Keratin Waste Samples in Optimized 
Liquid Medium

Preparation of Inoculum for Keratin Degradation

An inoculum had been prepared  in order to present 
findings on keratin waste  deterioration [36]. The 
physiochemically optimized keratinase production broth 
(100 mL) was sterilized for 20 min at 121 °C. A loopful of 
the sterile broth was added. A sterilised bacterial culture 
that produced keratinase was inoculated. The broth culture 
was incubated at 37 °C for 14 h using a rotary shaker set 

at 150 rpm. This acted as an inoculum for the upcoming 
degradation studies.

Degradation of Keratin Wastes in Shake Flask Fermentation 
Method

The efficacy of degradation of keratin-rich wastes (whole 
feather, bovine hair, bovine hide and chicken nail) was 
tested on an optimized medium as per the method [36]. 
Degradation of keratin substrates was visually inspected and 
aliquots were removed for keratinase activity and degree of 
degradation percentages were determined.

Microscopic Examination of Degraded 
Keratin Wastes

Light Microscopy

The disintegrated keratin wastes (whole feather, chicken 
nail) were collected and carefully cleansed to remove 
debris after 35 days of incubation. They were then examined 
under a light microscope. Microscopic examinations were 
performed on disintegrated whole feathers and chicken nail 
remnants at a magnification of 100 x [37, 38].

FESEM Analysis

To check for keratinase activity, the structural changes of 
biodegraded keratin waste (bovine hair) were examined by 
Field emission scanning electron microscopy (FESEM) 
as described by [21, 39]. FESEM analysis was done at the 
Department of Nanoscience and Technology, Bharathiar 
University, Coimbatore.

Statistical Analysis

All experiments were carried out in triplicates. IBM SPSS 
Statistics 25 software was used for the statistical analysis 
(ANOVA) and the means were compared by Duncan’s test. 
When P < 0.05, differences were deemed significant. Values 
are expressed as means ± standard deviation (SD). In graphs, 
the standard error values are represented as Y error bars. 
Means with the different letters are significantly different.

Results

Isolation and Screening of Potent Keratinase 
Producing Bacterial Strain

The bacteria were isolated from three different samples- 
Poultry feather soil (fresh), Poultry feather soil (old), 

http://www.ncbi.nlm.nih.gov
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and Raw chicken feathers in and around areas of poultry 
feather dumping sites. Nutrient agar plates upon serial 
dilution showed morphologically different colonies at  10–5 
dilution. A total of 19 bacterial colonies were isolated from 
Poultry feather soil (fresh)-9, Poultry feather soil (old)-
7. Through the direct plating method from raw chicken 
feathers 3 different colonies were isolated. The isolates 
were maintained in nutrient agar slants for further studies 
(Figure S1).

The bacterial isolates were screened for their proteolytic 
activity on skim milk and casein agar plates. Amongst the 
19 bacterial strains plated on skim milk agar plates, a total 
of 9 strains showed proteolytic activity (Figure S2.A). The 
strain isolated from raw feather (F2) and poultry feather soil 
(HFSO7) actively exhibited clear larger zones of inhibition 
of about 4.5 mm and 3 mm. Next to them, HFSO6, HFSO1, 
HFSO4, HFSF1, and HFSF4 showed comparatively limited 
hydrolytic activity with a moderate zone of clearance. A 
very mild zone of clearance was observed in F3 and HFSF9. 
The noteworthy nature of F2 and HFSO7 would be due to the 
secretion of casein (proteolytic enzyme), thereby resulting in 
a clear zone of hydrolysis (Figure S2 B). The less proteolytic 
activity in F3 and HFSF9 points to their insufficiency to 
secrete enough proteolytic enzymes. Hence, F3 and HFSF9 
were neglected for further screening studies. The isolates 
F2, HFSO7, HFSO1, and HFSO6 showed a significant zone 
of clearance on casein agar plates. Among them, F2 and 
HFSO7 showed maximum zones of hydrolysis of 4.8 mm 
and 3.3 mm respectively. From, the obtained results it is 
evident that the isolate can hydrolyse keratin. The 4 positive 
isolates were taken for further secondary screening to select 
the highest keratinase producer. The comparative growth 
activity of the keratinolytic strains in screening on different 
media is tabulated below (Table 1).

Secondary screening of the isolates was carried out in 
submerged conditions for which chicken feather meal was 
used as a sole source of carbon and nitrogen. The iso-
lates HFSO1, HFSO6, HFSO7, and F2 were subjected to 

keratinase production. The results revealed that the bacte-
rial strain HFSO6 and HFSO1 exhibited the lowest kerati-
nase production of 7.39 ± 0.14 U/mL and 9.02 ± 0.17 U/
mL with protein concentrations of 0.65 ± 0.07  mg/mL 
and 1.06 ± 0.08 mg/mL. However, a marked increase of 
32.65 ± 0.16 U/mL and 24.59 ± 0.09 U/mL with protein con-
centrations of 4.54 ± 0.14 mg/mL and 3.34 ± 0.09 mg/mL 
was observed with F2 and HFSO7 (Fig. 1). The isolate F2 
which exhibited the highest enzyme production was selected 
as the potent keratinolytic bacterial strain for further studies.

Identification of Potent Keratinolytic Bacterial 
Strain

The primary identification of the selected bacteria is pro-
vided by the Gram staining technique. When observed under 
the microscope the bacteria appear as endospores forming 
gram-positive rods (Figure S3 A &B). The morphological 

Table 1  Comparative growth 
activity of the keratinolytic 
bacterial isolates in screening 
on different media

Sample source No. of 
Isolates

Growth on 
SM Agar

Zone of 
clearance 
(mm)

Growth on 
Casein Agar

Zone of 
clearance 
(mm)

Growth rate

Poultry feather soil (fresh) 9 HFSF1 1.4 - - Low
HFSF4 2.5 - - Moderate
HFSF9 1 - - Low

Poultry feather soil (old) 7 HFSO1 1.5 - - Low
HFSO4 1.3 - - Low
HFSO6 1.2 - - Low
HFSO7 3 HFSO7 3.4 Moderate

Raw feather 3 F2 4.5 F2 4.8 High
F3 1 - - Low

Fig. 1  Keratinase production (U/mL) of the bacterial isolates. Values 
are expressed as means ± standard deviation (SD). The standard error 
values are represented as Y error bars
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and biochemical characteristics of the selected strain were 
tabulated (Table 2). From the results of the biochemical test 
the selected bacterial strain comes under the genus Bacil-
lus. For species level identification, molecular characteriza-
tion is done further. After morphological and biochemical 
characterization, the selected keratinase-producing bacte-
rial strain was identified by 16S rRNA sequencing using the 
27F and 1492R universal primers. Bacterial identifications 
were based on 16S rRNA gene sequence similarity. Neigh-
bours joining the phylogenetic tree were generated using 
sequence data from the gene bank for strains that showed 
a high percentage of similarities with our strain. The NCBI 
database disclosed that the alignment findings of the 16S 
rRNA sequences from the strain  HFS_F2T were homologous 
with numerous references for the Bacillus genus. The results 
revealed that the 16S rRNA partial gene sequence of the 
isolate  HFS_F2T showed the highest similarity (> 99%) with 

Bacillus velezensis SM-10 MT377875.1 T. The sequences 
were submitted in gene bank with accession number: 
ON556508 (Fig. 2). The results of morphological, biochemi-
cal, and molecular characterization confirmed that the potent 
keratinase producing bacterial strain was Bacillus velezensis.

Optimization of Bioprocess Parameters 
for Maximum Keratinase Production

Effect of pH

Keratinase activity at various pH was determined. Maxi-
mum activity of about 32.56 ± 0.10 U/mL was recorded 
at pH-7, followed by pH-6 (26.53 ± 0.13 U/mL) and pH-8 
(23.61 ± 0.05 U/mL). Considerably lower enzyme activ-
ity was observed at pH-9 (24.29 ± 0.04 U/mL) and pH-10 
(19.73 ± 0.05 U/mL). As the pH increased beyond 7, kerati-
nase activity decreased Fig. 3a. This reflected the neutral 
nature of the produced enzyme.

Effect of Temperature

Keratinase production by Bacillus velezensis at different 
temperatures such as 25 °C, 37 °C, 40 °C, and 45 °C was 
determined to study the effect of temperature on keratinase 
activity. After incubation, the highest keratinase activity 
of 100.25 ± 0.27 U/mL was achieved at 37 °C followed by 
67.76 ± 1.13 U/mL at 40 °C. Rise in temperature resulted in 
a decline of enzyme activity to 32.40 ± 1.26 U/mL at 45 °C. 

Table 2  Phenotypic characterization of the potent keratinolytic strain

(+) Positive (−) Negative

Bacterial strain (F2) Observation

Colony characteristics
 Shape Irregular
 Size Larger
 Colour Off white
 Elevation Flat
 Margin Lobate
 Texture Matte
 Motility Motile

Morphological characteristics
 Shape Short rods
 Gram +
 Endospore formation +

Biochemical test
 Indole -
 Methyl red -
 Vogues proskaeur +
 Citrate utilization -
 Catalase +
 Oxidase +
 Urease -
 Starch +
 Gelatin +
 Casein +

Carbohydrate fermentation
 Glucose +
 Sucrose +
 Lactose +
 Maltose +
 Fructose +
 Mannitol +

Fig. 2  Neighbour joining phylogenetic tree of  HFS_F2T based on 16S 
rRNA sequencing
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Thus, the optimal temperature required by Bacillus velezen-
sis for keratinase production was 37 °C Fig. 3b.

Effect of Inoculum Size

The effect of inoculum size on the production of keratinase 
by Bacillus velezensis was studied for inoculum sizes of 1 
to 6% (v/v) as presented in Fig. 3c. From the results, it was 
observed that the maximum production (44.28 ± 0.07 U/mL) 
was obtained at 5% of inoculum size. Bacillus velezensis 
showed higher production of keratinase as the inoculum 
size was increased above 2%. Minimum enzyme activity of 
(18.86 ± 0.22 U/mL) was observed at 1% of inoculum size.

Effect of Carbon Source

The keratinase production medium (feather meal broth) 
compromised of 0.5% glucose was replaced with various 
commercial carbon sources such as lactose, galactose, fruc-
tose, maltose, and sucrose were evaluated for the keratinase 
enzyme activity. Maximum extracellular enzyme activity 
of about 38.72 ± 0.09 U/mL was recorded with sucrose as 
a carbon source Fig. 3d, which was relatively higher than 
that of other sugars employed – maltose (33.5 ± 0.14 U/

mL) > fructose (29.75 ± 0.10 U/mL) > lactose (26.96 ± 0.15 
U/mL) > galactose (24.47 ± 0.24 U/mL). From the results, 
0.5% glucose was replaced with 0.5% sucrose for further 
studies.

Effect of Nitrogen Source

About 0.2% of distinct nitrogen sources of commercial grade 
(beef extract, casein, gelatin, urea, and ammonium nitrate) 
were exploited for the production medium for evaluating 
the keratinase activity. The highest keratinase production 
of about 32.33 ± 0.11 U/mL was achieved with beef extract 
as a nitrogen source, followed by casein (26.23 ± 0.32 U/
mL), ammonium nitrate (24.26 ± 0.10 U/mL) and gelatin 
(23.76 ± 0.30 U/mL) Fig. 3e. Lower keratinase activity was 
observed with urea (19.77 ± 0.35 U/mL). Hence, 0.2% of 
yeast extract was replaced with beef extract for further use.

Degradation of keratin waste samples

The efficacy of Bacillus velezensis in degrading keratin 
wastes (whole feather, chicken nails, bovine hair, and bovine 
hide) by the shake flask method has been evaluated. Bacil-
lus velezensis strain inoculated into the modified keratinase 

Fig. 3  Optimization of bioprocess variables for maximizing kerati-
nase production. a Effect of pH on keratinase production. b Effect of 
temperature on keratinase production. c Effect of inoculum size on 
keratinase production. d Effect of carbon source on keratinase pro-

duction. e Effect of nitrogen source on keratinase production. The 
standard deviation and mean of the values are displayed. Significant 
differences are indicated by values above the bar that do not have the 
same superscript letters according to Duncan’s at P < 0.05
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production medium (devoid of feather meal) served as an 
inoculum for degradation studies. The incubation period was 
35 days and aliquots were visualized for degradation every 
week. After 35 days of incubation, about 77.32 ± 0.32% of 
degradation with bovine hair was achieved. Next to bovine 
hair, the whole feathers with 71.40 ± 0.21% degradation 
were notable. The chicken nails and bovine hide with 
63.56 ± 0.12% and 58.94 ± 0.09% degradation respectively 
was comparatively the least degraded keratin waste. Maxi-
mum degradation of bovine hair and chicken feathers would 
be attributed to the keratinolytic nature of Bacillus velezen-
sis. The enzyme secreted by the microbe would have exhib-
ited proteolytic and sulfitolytic properties disintegrating the 
keratin structure into finer peptide units. Bovine hair and 
chicken feather would have served as a favourable substrate 
of microbial growth and produced keratinolytic enzymes 
adequately to degrade the keratin samples. The keratinase 
enzyme activity was checked after the degradation of keratin 
waste with maximum activity in bovine hair (142.55 ± 0.26 
U/mL) followed by whole feather (112.39 ± 0.15 U/mL). 
The comparative minimum keratinase activity was seen in 
chicken nails (104.12 ± 0.21 U/mL) followed by bovine hide 
(96.74 ± 0.10 U/mL) (Fig. 4).

Visual and Microscopic Examination of Degraded 
Keratin Wastes

Observation of Whole Feather, Chicken Nail, and Bovine 
Hide Degradation

The efficiency of feather degradation and chicken nails 
was observed under the light microscope. The maximum 
degeneration of feather barbules was observed from the 
rachis region of the feather. The residual feather barbules 
were observed within the media. The bacteria adhered to 
the surface penetrated the feather and finally broke it into a 
powdered mass. The bacteria penetrated the quill region of 
the feather first and with the separation of the barb which 
hydrolyse into a gelatinous mass. Complete degradation 
was achieved in 21 days of incubation. Hollow structures 
were observed in chicken nails under 100 × after 28 days 
of incubation which confirms the microbial keratinase 
activity. The chicken nail keratin was hydrolysed and the 
disintegration of the structure was confirmed visually. The 
dehairing activity was observed with bovine hide. After 
14 days of incubation partially dehaired bovine hide with 
damaged skin was visually inspected (Figure S4, S5).

FESEM Analysis of Degraded Bovine Hair

Since, the degradation of bovine hair cannot be visually 
inspected; FESEM analysis was performed with the micro-
scopic examination of the control bovine hair (Fig. 5 A- i, 

ii, iii, iv) and degraded bovine hair (Fig. 5 B- i, ii, iii, iv) 
for comparison. The normal bovine hair shaft is made up 
of overlapping scales of dead cells containing the protein 
keratin (control). The structural changes of the hair after 
35 days of degradation were analysed. Complete degradation 
of the cuticle was observed with exposure of the cortex and 
damaged medulla.

Discussion

The upsurge accumulation of keratin feather residues 
produced by poultry and leather industries and lacking 
of ecologically sound remedies have resulted to the 
screening of prospective keratin-degrading microbes. 
Bacillus sp NDS-10 from soil [40]; Pseudomonas 
aeruginosa from slaughterhouses [41]; Bacillus cereus 
from poultry dump soil [42]; Bacillus thuringiensis strain 
MT1 from cattle-yard [42]; Bacillus pumilus AR57 from 
the slaughterhouse soil [43], Bacillus velezensis strain 
ZBE1 from deep forest soil [44] etc. In most of the 
studies, potential keratinolytic bacteria have been isolated 
from chicken feather dumping sites since most Bacillus 
sp. are feather keratin degraders [45]. According previous 
literature study, the first keratinolytic species of Bacillus 
velezensis was identified which degrades keratin chicken 
feathers [45]. Nutritional and environmental variables 
possess a substantial effect on the biosynthesis of 
keratinase enzyme [46]. Numerous bioprocess variables, 
including temperature, pH, and the types of carbon 
and nitrogen sources in the medium, might influence 
the keratinases that microorganisms produce. The 

Fig. 4  Relative keratinase activity with DD (%) of keratin wastes. The 
standard deviation and mean of the values are displayed. Significant 
differences are indicated by values above the bar that do not have the 
same superscript letters according to Duncan’s at P < 0.05
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present study is correlated with [47], where maximum 
keratinase production was achieved at pH-7 by most of 
the Bacillus strains. In a recent study, S. netropsis and 
B. subtilis produced the highest concentrations of 
keratinase (47.9 ± 1.3 and 57.8 ± 1.4 U/mL) at pH 7 and 
7.5, respectively. Generally, the most favourable pH for 
keratinase production from bacteria, actinomycetes, and 
fungi, was found to be in the neutral to alkaline range 
[48]. On day 3 (72 h), there was a significant increase 
in keratinase activity at pH 7 compared to previous days 
which was similar to the results of recent study with 
Bacillus cereus FD2 keratinolytic strain. The shake flask 
feather media had a milky appearance with digested 
feather debris, with neutral pH being the most favourable 
pH range. Acidic and basic pH showed significant results 
when compared to neutral pH [49]. This study revealed 
that the enzyme produced by the bacterial species was 
considerably thermo-stable up to 40 °C, but was able 
to exhibit maximum activity at 37 °C which was most 
commonly maintained temperature for most of the 
fermentation processes. The results were correlated with 
previous reports by [50]. According to Kainoor and Naik 
(2010), Bacillus berevis produces a considerable amount 
of keratinase at pH 7.5 and 37 °C. The results coincided 
with their findings [51]. The results of the present study 
were found similar to the previous studies as many 
workers have described that higher keratinase production 
is obtained at a higher percentage of inoculum sizes, for 
instance [52] observed maximum keratinase production 

at a 5% concentration of inoculum size with B. cereus 
LAU08 strain. Similarly, in a previous study, 5% of the 
initial inoculum was optimal for keratinase production by 
Bacillus sp. FK 46 [53]. The further increase in inoculum 
size decreased the keratinase enzyme activity, so 5% of 
inoculum is fixed for further studies. Cai et al., 2009 
similarly reported that sucrose stimulated keratinase 
production the most and was selected as an extra carbon 
source in media optimization [54]. Thus, sucrose serves 
as a vital carbon source next to glucose supporting the 
metabolism of distinct keratinolytic microorganisms. 
Numerous findings on beef extract as a potent nitrogen 
source for Bacillus strains have been reported earlier. 
Similarly, Singh et al., 2017 reported beef extract as the 
best additional nitrogen source for keratinase production 
by Bacillus subtilis [55]. Following optimization, it is 
evident that the production of keratinase is stimulated 
by extra supplies of carbon and nitrogen. The optimized 
factors were subsequently incorporated into the keratinase 
production broth, altering the current medium for 
maximum keratinase production. Further degradation 
studies of keratin wastes were performed with the 
optimized keratinase production medium consisting of—
sucrose (carbon source), beef extract (nitrogen source) 
with pH-7, inoculum size (5%), and incubation at 37 
°C). Keratinase activity was detected during growth, 
but  the complete degradation of these substrates was 
not always achieved. From the results, it is evident that 
keratinase activity influenced the degradation rate of 

Fig. 5  Comparative FESEM images of bovine hair at different magnifications (10–50 µm)
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different keratin substrates. Because of the long-term 
stationary phase, which is characterised by continuous 
nutrient starvation in the media and constant bacterial 
cell viability, the degradation process is only evaluated 
after 35 days. During the course of this period, keratinase 
enzyme activity gradually decreased until it eventually 
dissipated and then the  degraded samples were 
undergone for further microscopic analysis. Similarly, B. 
licheniformis S23, one of the strains investigated by Lal 
et al.,1999 had a remarkable capacity for decomposing 
human hair, particularly in long-term cultures. After a 
month of cultivation, the strain's maximum keratinase 
activity was reached, and its concentration of minimised 
thiols surpassed 0.3 mM, revealing its keratinolytic action 
on hair as compared to bovine hoove or horn and human 
nail matter [56]. The results correlate with previous 
reports where 58% of chicken feather degradation 
with Bacillus mycoides was achieved [57]. The results 
were correlated with reports of [58]. B. licheniformis 
K18102, comparative cultures on chicken feathers and 
other materials like bovine hair, wool, human hair, and 
nails were investigated. The activity on bovine hair was 
69.2% which was lower than the present study with 
77.32 ± 0.32% degradation using Bacillus velezensis. 
From the result, it was observed that keratin protease 
can hydrolyse bovine collagen (skin) since most of the 
Bacillus species are soluble protein degraders [59]. 
The results indicated that the structural integrity of the 
bovine hair is lost after degradation by 77% which is 
comparatively lower with previous investigation with 
the Brevibacterium luteolum strain degraded sheep's wool 
and goat hair by almost 85%. The results were correlated 
with [60]. Our bacterial strain’s degradation efficacy is 
compared to S. albidoflavus, which could only break 
down 10% of the keratin in hair [61]. In a prior study, 
the thermophilic Bacillus sp. PA-001A hydrolysed 90%, 
60%, and 50% of the sheep skin, feather, and horn that 
were used in the medium. Whereas, the hair was not well 
supported by the medium, compared to our keratinolytic 
strain's ability to hydrolyse all of the keratin wastes 
including bovine hair  in a single optimized fermented 
medium [62].From the FESEM micrograph results, it was 
evident that Bacillus velezensis  HFS_F2T can hydrolyse 
bovine hair keratin leading to the complete disintegration 
of hair structure could be used as the potent keratinolytic 
bacterial strain in the degradation of bovine hair waste 
from leather industries at large scale. The outcomes 
unambiguously demonstrate the overall effectiveness of 
the isolated potent keratinolytic strain Bacillus velezensis 
 HFS_F2T in the biodegradation of all environmentally 
hazardous keratin wastes in one optimized keratinase 
production medium, and it exhibited an acceptable degree 
of degradation efficacy for potential utilization of these 

microbial keratinases in direct environmental applications 
further.

Conclusion

In the present study, Bacillus velezensis strain (HFS_F2T) 
was identified as a potent keratinolytic bacterial strain which 
exhibited the highest keratinase activity with 32.65 ± 0.16 U/
mL than the other stains. Enhanced keratinase production 
and keratin waste degradation were achieved through 
optimization of basal media at pH (7), temperature (37 °C), 
inoculum level (5%), carbon source (sucrose), and nitrogen 
source (beef extract). After 35  days of incubation of 
keratinous wastes in optimized keratinase production broth, 
an elevated degradation of bovine hair with 77.32 ± 0.32% 
followed by whole feather with 71.40 ± 0.21%, chicken 
nail with 63.56 ± 0.12%, and bovine hide 58.94 ± 0.09% 
were observed with partially degraded keratin debris in 
the medium. In light of the present results, it could be 
concluded that Bacillus velezensis HFS_F2T was found to 
be a potential candidate for keratinase production and in 
addition, they were able to grow and display keratinolytic 
activity in diverse keratin wastes resulting in effective 
degradation which was confirmed through weight loss 
and morphological changes. Consequently, this research 
raises hope for the successful implementation of a robust 
keratinolytic bacterial strain for the commercialization 
of microbial keratinases and the biological degradation 
of industrial leather and poultry pollutants. Recycling 
keratinous wastes with limited resources would address the 
problem of disposing of trash and detrimental impacts on 
ecology which perhaps yield economic and biotechnological 
benefits. Conversely, research prospects for the future hinge 
on the ability to convert by-products from the biodegradation 
process into value-added products, such as animal feed, 
biofertilizers, cosmetic products, composites, detergents, etc.
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