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Abstract
Since the dawn of century, tons of keratin bio-waste is generated by the poultry industry annually, and they end up causing 
environmental havoc. Keratins are highly flexible fibrous proteins which exist in α- and β- forms and provide mechanical 
strength and stability to structural appendages. The finding of broad-spectrum protease, keratinase, from thermophilic bacteria 
and fungi, has provided an eco-friendly solution to hydrolyze the peptide bonds in highly recalcitrant keratinous substances 
such as nails, feathers, claws, and horns into valuable amino acids. Microorganisms produce these proteolytic enzymes by 
techniques of solid-state and submerged fermentation. However, solid-state fermentation is considered as a yielding approach 
for the production of thermostable keratinases. This review prioritized the molecular and biochemical properties of microbial 
keratinases, and the role of keratinases in bringing prodigious impact for the sustainable progress of the economy. It also 
emphasizes on the current development in keratinase production with the focus to improve the biochemical properties related 
to enzyme’s catalytic activity and stability, and production of mutant and cloned microbial strains to improve the yield of 
keratinases. Recently, multitude molecular approaches have been employed to enhance enzyme’s productivity, activity, 
and thermostability which makes them suitable for pharmaceutical industry and for the production of animal feed, organic 
fertilizers, biogas, clearing of animal hides, and detergent formulation. Hence, it can be surmised that microbial keratinolytic 
enzymes are the conceivable candidates for numerous commercial and industrial applications.

Keywords  Biodegradation · Keratin · Keratinases · Fermentation · Protein engineering

Introduction

Keratin waste comprises 85% crude protein and is the third 
most abundant biopolymer waste after cellulose and chitin. 
Protein processing industries, including slaughterhouses, 
meat packing, and leather processing plants, produce a 
substantial amount of keratin-containing wastes. Of these 
industries, about seven billion tons of keratinous waste is 
added to the world’s solid waste biomass annually due to 
the poultry slaughter industry (da Silva 2018). Therefore, 

management strategies to mitigate the environmental impact 
of keratin waste are urgently required. Keratins are fibrous 
proteins with a high degree of cross-linking hydrophobic 
interactions, disulfide, and hydrogen bonds. The supercoiling 
and condensed aggregation of proteins, i.e., α-keratins and 
β-keratins, are responsible for the stability and toughness of 
keratins. The α-keratins in wool and hair consist of complex 
supercoiling due to the presence of cysteine and tyrosine 
in α-helical chains (Daroit and Brandelli 2014), while 
β-keratins have β-sheets, and 38% of these keratins present 
in feathers (Rouse and Van Dyke 2010). In addition, keratins 
are resistant to proteolytic degradation by typical proteases 
because of the great mechanical stability and disulfide bonds 
cross-linking of protein chains.

General proteases like papain, trypsin, and pepsin 
cannot degrade keratin into its constituents due to the 
polymer’s rigid and complex structure (Gopinath et  al. 
2015). Therefore, the application of microorganisms that 
produce keratinases (EC 3.4.21; 3.4.24; 3.4.99.11) would 
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provide a sustainable alternative for the removal of keratin. 
Usually, keratinases contain serine in their active site and 
are called serine proteases or serine metalloproteases 
(Gurunathan et al. 2021). Due to their unique property of 
degrading keratinous waste, keratinases are an encouraging 
substitute for other proteases. Furthermore, keratinases 
degrade keratinous waste into industrially valuable products 
like livestock feed, bio-hydrogen, bio-composite films, and 
nitrogenous fertilizers; thus; waste material can be converted 
into valuable by-products (Tamreihao et al. 2019). Therefore, 
keratinase are commonly known as “green chemicals” due to 
their eco-friendly nature (Akram et al. 2021).

Currently, more than 30 classes of microorganisms, 
including bacteria (e.g., actinomyces) and fungi, have been 
described to have effective keratinolytic properties (He et al. 
2018). However, keratinases produced by mesophilic bac-
teria are mostly pathogenic and are not suitable for pilot-
scale applications (Gupta and Ramnani 2006). In contrast, 
those microbial keratinases which withstand high tempera-
ture, pH, and harsh environmental conditions can degrade 
complex structure of proteins like nails, azokeratin, stratum 
corneum of eyes, and elastin. Most of these noteworthy 
keratinase-producing microbes reside on feathers and can 
be isolated from the surface of feathers (Javůrková et al. 
2019). Therefore, thermostable keratinases are suitable for 
degrading complex keratinous waste because of ameliorated 
stability and elevated reactivity under extreme conditions. 
However, low enzyme yield and prolonged fermentations are 
the critical factors in determining the effectiveness of these 
keratinases. Recently, it has been observed that the genome 
sequencing might play a significant role in determining the 
potential of thermophilic microorganisms, but the detailed 
mechanism is still unclear (Kang et al. 2021).

Moreover, thermostable microbial keratinases are 
industrially significant enzymes have been extensively used 
in various industrial processes (leather, detergent, organic 

fertilizer, animal feed, textile, cosmetics, and pharmacy, 
etc.) due to their unique property to withstand harsh 
processing conditions (Akram et al. 2020, 2021; Hassan 
et al. 2020a). However, it is believed that the production 
of microbial keratinases in wild microbes can be enhanced 
by employing various protein engineering techniques (Fang 
et al. 2019). Similarly, the hydrolytic efficiency of microbial 
keratinases can be increased by the metabolic engineering 
of living microbes (Peng et al. 2020). This review presents 
an overview on microbial keratinase and their biochemical 
characteristics. Here, various metabolic and genetic 
engineering approaches including promoter and propeptide 
engineering, chromosomal integration, signal peptide, 
codon optimization, and glycoengineering are discussed to 
improve the stability and catalytic efficiency of keratinase. 
It also emphasizes on keratinases feasible industrial and 
biotechnological applications in diverse disciplines.

Keratinases from different domains of life

Keratinases are omnipresent and produced by numerous 
actinomycetes, bacteria, and fungi. MEROPS database 
provides the amino acid sequence and conserved domains 
among keratinases from different microbes and increase 
diversity among keratinases for their classification. Kerati-
nolytic proteases are largely classified as serine or metal-
loproteases including S1, S8, S9, S10, S16, M3, M4, M14, 
M16, M28, M32, M36, M38, and M55 (Qiu et al. 2020). 
Figure 1 shows the keratinolytic activity of enzymes from 
above mentioned families. S8 family of proteases contain 
more than half of currently characterized keratinases but all 
of them cannot degrade keratin, while a keratinolytic strain, 
i.e., Streptomyces pactum DSM 40,530 produces a combi-
nation of serine proteases and effectively degrade insoluble 
substrates like keratins (Böckle et al. 1995). Serine proteases 

Fig. 1   Keratin biodegrada-
tion by various keratinolytic 
enzymes (modified from Qiu 
et al. 2020)
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are produced by numerous microbial strains such as Bacil-
lus pseudofirmus (Raval et al. 2014), Blakeslea trispora, 
Arthrobacter sp., Streptomyces sp., Flavobacterium sp., 
Bacillus licheniformis, Saccharomyces cerevisiae, Conidi-
obolus sp., Neurospora sp., and Aspergillus sp. (Arya et al. 
2021), and Coprothermobacter proteolyticus (Toplak et al. 
2013). Based on sequence and structural homology, most 
keratinases are reported as subtilisin-like protease. Intermit-
tently, keratinases from Nocardiopsis sp. TOA-1B and S. 
albidoflavus are structurally categorized as chymotrypsin-
like protease (Su et al. 2020).

However, with ease in production and specific properties 
to degrade keratin effectively, keratinases from microbial 
sources are getting immense attention for large-scale produc-
tion (Hamiche et al. 2019). Thermophilic strains (Table 1) 
with keratinase production, i.e., Thermoanaerobacter sp. 
and Clostridium sporogenes, have been isolated from vol-
canic areas, geothermal vents, hot springs, and solfataric 
muds. Furthermore, some alkaliphilic strains, i.e., Nocardi-
opsis sp. TOA-1 and Nesternkonia sp., have been reported 
for keratinase production in alkaline pH (Brandelli et al. 
2010). Keratinase thus produced from these types of bacteria 
can exhibit a wide pH (5.8–11) and temperature (28–90 °C) 
stability, making the use of this enzyme in harsh industrial 
conditions possible (Tamreihao et al. 2019). Fervidobacte-
rium pennivorans also produced keratinases which are stable 
at high temperature and alkaline pH but it is not clear which 
structural unit of enzyme is responsible for their stability in 
harsh conditions (Kim et al. 2004).

Besides, keratinase from an archaea Desulfurococcales 
is stable at pH 6 and 70 °C and Vibrio is gram-negative 
thermophilic actinobacteria which can also degrade keratin 
by producing thermostable keratinases (Nnolim and Nwodo 
2020). Moreover, thermostable keratinolytic enzymes 
have also been reported from several Bacillus sp. like B. 
licheniformis, B. cereus, and B. subtilis (Huang et al. 2020). 
Keratinases from Bacillus spp. are either serine proteases or 
metalloproteases (Brandelli et al. 2010). B. subtilis KD-N2 
is efficient in feather degradation after B. licheniformis 
RG1 which degrades feathers efficiently in 24 h (Ramnani 
and Gupta 2004). Furthermore, some salt-tolerant and 
thermophilic keratinases have also been reported from 
several bacterial groups that mainly include actinomyces.

Numerous actinomycetes have been also reported for 
the production of keratinolytic enzymes (Wang et al. 2015) 
and Thermoactinomyces sp. strain YT06 from poultry com-
post produced keratinase that completely degrade chicken 
feathers at 60 °C with the formation of 3.24 mg/mL amino 
acids from the culture medium (50 mL) containing chicken 
feather (10 g/L) (Wang et al. 2017). Under natural settings, 
keratinolytic fungi recycle the carbon, nitrogen, and sulphur 
of the keratins. Their prevalence and distribution appear to 
be influenced by the availability of keratin, particularly in 

areas where humans and animals exert substantial selec-
tive pressure on the environment (Brandelli et al. 2010). 
Majorly, keratinolytic fungi include species of Acremonium, 
Aphanoascus, Aspergillus, Chrysosporium, Cladosporium, 
Doratomyces, Fusarium, Lichtheimia, Microsporum, Pae-
cilomyces, Scopulariopsis, Trichoderma, and Trichophyton 
(Alwakeel et al. 2021). A rich diversity of keratinolytic 
enzymes were produced by dermatophytic species of fungus 
and saprotrophic species growing on hooves and feathers, 
i.e., Onygena corvina (Mercer and Stewart 2019).

Molecular and biochemical properties 
of keratinases

Keratinase commercialization has opened new opportunities 
to identify keratinolytic microbes and produce keratinase 
on a pilot scale. Multiple proteases are required to degrade 
complex keratin material as different enzymes work on 
different sites of material and degrade into respective amino 
acids. Keratinase in general consist of catalytic domains, 
signal peptide, N-terminal pro-peptide, and C-terminal 
extension (Wu et al. 2017). Keratinase from Deinococcus 
gobiensis I-0 (DgoKerA) consist of N-propeptide, a mature 
region having a catalytic site, and signal peptide (Meng 
et al. 2022). The N-propeptide of keratinase functions as 
an intramolecular chaperone to facilitate the folding of 
keratinase and is then cleaved by mature keratinases for the 
effective function of this enzyme.

Nevertheless, thermostable keratinases from the Bacillus 
genus have been reported to effectively degrade keratin 
(Kshetri et  al. 2020). Keratinase produced by Bacillus 
subtilis consists of two domains, i.e., the first domain has 
59 amino acids (from 19 to 77 amino acids sequence) 
and encodes for inhibitor-I9; the second domain has 243 
amino acids (from 103 to 345 amino acids sequence) and 
encodes peptidase S8. The enzyme also has a calcium 
ion metal-binding site and indicate calcium ions as their 
cofactors for keratinase from this bacterium (Haq and 
Akram 2018). S8 family of proteases consist of both α and 
β structures, as confirmed by crystal structures of rMtaKer 
from Meiothermus taiwanensis WR-220 and Fervidolysin 
from Fervidobacterium pennivorans (Li 2021). In spite of 
different folding structures, these enzymes have a catalytic 
triad for effective degradation of peptide bonds and have 
Ser, Asp, and His residues in them. Moreover, the molecular 
basis of protease and substrate interactions can also be 
studied by rMtaKer structure (Wu et al. 2017).

Distinct protease families have different structures of pro-
teases as the M32 family of proteases have altered second-
ary structures, i.e., the crystal structure of protease FisCP 
from  Fervidobacterium islandicum  AW-1 have a short 
β-sheet near the active site with main helical structures. 
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The active site has a Co2+ metal-binding site with His253, 
Glu254, His257, and Glu283 amino acids for effective sub-
strate binding (Lee et al. 2015). A significant number of 
microbial strains generate monomeric enzymes but multim-
eric keratinases have also been reported. Usually, metallo-
proteases and the enzymes produced from thermophiles have 
high molecular mass (Bernal et al. 2006). High molecular 
weight keratinases have been identified in Bacillus cereus 
1268 (∼200 kDa), Fervidobacterium islandicum (200 kDa), 
and Kocuria rosea (240 kDa) (Mazotto et al. 2011). Fur-
thermore, microbial keratinases possess exclusive cleave 
preferences as Thermoanaerobacter sp. produces kerati-
nase which have four cleavage sites located between Phe24-
Phe25, Leu15-Tyr-16, Leu11-Val12, and Cys7-Gly8 (Kub-
lanov et al. 2009). Therefore, keratinase prefer hydrophobic 
amino acids, i.e., leucine, valine, and phenylalanine at the 
catalytic site for keratinase degradation.

Most of the keratinolytic enzymes show active catalysis 
within a range of neutral to basic pH, i.e., 7 and 9. Some 
keratinases are highly alkaline in nature that work optimum 
at a pH of 10 and 13 (Nnolim and Nwodo 2020). Bacillus 
megaterium produce keratinase that show its catalytic activity 
at a broad range of pH 7 to 11 (Park and Son 2009). Alkali-
tolerant keratinases produced by Bacillus pumilis and Micro-
cuccus luteus exhibit the maximum catalytic efficiency at pH 
9 to 11.5 (Laba et al. 2015). Mostly, microbial keratinases 
show their maximum catalytic activity at an optimum tem-
perature between 37 to 65 °C, but some isolated from ther-
mophilic microorganisms work best at 70 to 100 °C (Haq 
and Akram 2018). The thermotolerant strains such as Strep-
tomyces gulbargensis produce keratinase that exhibits the 
maximum enzyme activity at 45 to 90 °C (Syed et al. 2009). 
Keratinases produced from mesophilic microorganisms such 
as Stenotrophomonas maltophila shows the optimum catalytic 
efficiency at 40 °C (Cao et al. 2009). Keratinases belonging to 
the group of metalloproteases require metal ions for their cata-
lytic activity. They may require either one or two metallic ions 
such as zinc (Zn2+), cobalt (Co2+), and magnesium (Mg2+) for 
optimum activity (Supuran et al. 2002). Some metallic ions 
like calcium (Ca2+), cadmium (Cd2+), manganese (Mn2+), and 
sodium (Na+) enhance the catalytic efficiency of thermostable 
keratinases (Akram et al. 2020, 2021), but some cations such 
as cupper (Cu2+), silver (Ag2+), and mercury (Hg2+) act as 
inhibitors for keratinase activity (Pawar et al. 2018).

Factors affecting thermostability and catalytic 
activity of keratinases

Thermostability in keratinase can contribute to its utilization 
for myriad of industrial sectors and several facets like random 
genetic drift, extensive ionic network, and additional surface 
charge might be responsible for inducing thermostability in 
proteases. It was also observed that extra stability to protein 

structure at high temperature was provided by a decrease of 
salt bridge desolation at high temperature and resist conforma-
tional changes in protein structure (Tiberti and Papaleo 2011). 
Divalent cations act as a cofactor for microbial keratinase and 
are responsible for the thermostability of these enzymes. These 
metal ions might act as ion or salt bridges to stabilize the con-
formational folding of keratinase or act as an ion to stabilize 
the enzyme–substrate interaction for effective catalysis (Tork 
et al. 2013). Thermostable metalloprotease from Bacillus sub-
tilis KT004404 demonstrate increased catalytic efficiency and 
stability in the presence of Zn2+ cation, making this enzyme a 
member of the zinc-dependent metalloprotease family (Rehman 
et al. 2017). Metal ions also enhance the substrate hydrolysis by 
stimulating water molecules to increase the nucleophilic attack 
during catalysis (Wu and Chen 2011). In addition, experimental 
analysis has revealed that subtilases (subtilisin superfamily of 
proteases) contain Ca2+ ion binding sites that play a significant 
role in stabilizing enzyme against auto-degradation. A large 
number of serine proteases carry calcium binding site in their 
autolysis loop that majorly stabilize these enzymes by providing 
a more compact structure to the enzyme (Fakhfakh et al. 2009). 
Apart from metal ion binding sites, aliphatic residues also play 
an important role in defining the thermostability of keratinases 
as the number of these residues increase the aliphatic index of 
the protein. Keratinase from Bacillus sp. Nnolim-K1 have a 
high aliphatic index and this enzyme is highly thermostable 
(Nnolim et al. 2020).

Keratinases can degrade complex substances in the 
presence of reducing agents as keratin can easily be 
hydrolyzed in the presence of reducing reagents during in vitro 
conditions (Pandey et al. 2019). Keratinase produced from 
Thermoactinomyces sp. RM4 appeared to be organic solvent 
tolerant, thermostable, and these bacteria produce keratinase 
in culture medium in the presence of organic solvents (Verma 
et al. 2016). Bacillus licheniformis produces thermotolerant 
and stable keratinase, and its activity was increased by 6.25-
folds in the presence of mercaptoethanol in the reaction 
mixture (Tiwary and Gupta 2010). Usually, low concentrations 
of reducing agents can increase keratinolytic activity, mainly 
because they contribute to the sulfitolysis of the keratin 
substrate. Cleavage of disulfide bonds facilitates keratinase 
access to degrade keratin. In nutshell, keratinase belonging to 
the metallo or serine protease family have a wide range of pH, 
temperature, and substrate stability with efficient activation in 
the presence of thiol reagents.

Fermentative biosynthesis of thermostable 
keratinases

Due to the extreme shortage of protein resources, scientists are 
working hard to find economical and sustainable alternatives to 
produce new functional materials in an environmental friendly 

86919Environmental Science and Pollution Research (2022) 29:86913–86932



1 3

conduit. As a by-product of various meat and poultry processing 
operations, keratin is a valuable but difficult-to-recycle fibrous 
protein (Wang et al. 2016). Currently, the identification of 
feed additives for the replacement of expensive fishmeal 
requires acidic or alkaline hydrolysis of keratin to release 
amino acids (Kornillowicz-Kowalska and Bohacz 2010) These 
methods do not address the problems of process complexity, 
energy expenditure and poor product absorption, as well as the 
utilization of organic reagents. Except for a few thermophilic 
bacteria and fungi, keratinase has been produced under 
submerged shaking conditions (da Gioppo et al. 2009). With 
chicken feathers as sole carbon and nitrogen source, Bacillus 
sp. MD24 has also been reported to produce keratinase via 
submerged fermentation (SmF). However, this method appeared 
to be an ineffective due to its requirement for substantial quantity 
of water and involves the inadequate degradation of chicken 
feather (Andriyani et al. 2021).

Recently, solid state fermentation (SSF) has emerged as a 
critical method for the synthesis of thermostable keratinases 
(Table 2), owing to its high productivity, particularly when 
microorganisms are grown on insoluble substrates, and high 
concentration of end product (Nurkhasanah and Suharti 2019). 
The critical element affecting microbial growth and product 
output in SSF systems is the initial moisture content of the 
substrate (Chitturi and Lakshmi 2016). Mazotto et al (2013) 
indicated that SSF might be used to investigate the production 
of keratinases by A. niger, particularly with the 3T5B8 strain, 
which demonstrated a sevenfold increase in keratinolytic activity 
in SSF compared to SmF. In keeping with these findings, De 
Azeredo et al (2006) revealed that Streptomyces sp. 594 produced 
twice as much keratinase in SSF than it did in SmF. As a result, 
the fermentation environment has a significant impact on the 
production of extracellular enzymes. However, the benefits of 
SSF over SmF are not entirely known, and so this process should 
be given further consideration (Belmessikh et al. 2013). Myriad 
of molecular strategies have been formulated to improve the 
thermostability and productivity of keratinases in this domain.

Metabolic engineering of living cells 
to enhance the hydrolytic ability 
of keratinase

Research has revealed that keratin can be broken down into 
peptides and amino acids by keratinases released by microbes 
(Reddy et al. 2017). Nevertheless, the efficacy of separated 
and purified keratinase to hydrolyze keratin is relatively low, 
halting keratinase applications in industrial sector. The study 
of keratinase appeared to be entangled until it was discovered 
that sulphite can significantly improve hydrolytic ability of 
keratinases (Peng et al. 2020). This indicates that keratinase 
may require substantial factors from the environment or 
living cells in order to accomplish the hydrolysis.

For the biogenesis of Fe–S clusters, the sulfur formation 
(Suf) mechanism of most extremophilic anaerobes is 
essential. Additionally, the Suf system may play a crucial 
part in the degrading of keratin by Fervidobacterium 
islandicum AW-1, as well as its vital involvement in the 
redox chemistry and stress responses of Fe–S cluster 
proteins. There is a full Suf-like machinery (SufCBDSU) 
that is significantly expressed in cells growing on native 
feathers in the absence of elemental sulphur (S0) in the 
order Thermotogales, according to comparative genomics 
of the order Thermotogales (Jin et al. 2021). Sulfite is 
essential to activate the catalytic procedure of keratinase, 
and cysteine acts as a connection for live cells to govern 
this process, as recently disclosed by Peng et al (2021). 
Cysteine catabolism results in the production of sulfite 
as a by-product, which is released to help keratinase 
in hydrolysis of keratin. Cysteine produced during 
keratin hydrolysis enters the live cell and continues 
to be catabolized into sulfite as it enters the living cell 
(Fig. 2). The two processes must be linked in a chain 
reaction to ensure that keratin hydrolysis is enough. This 
self-circulation synergistic catalysis mechanism has also 
been shown to dramatically boost the keratin hydrolysis 
capability of cells that secrete keratinase. It may be 
summarized as follows: this work found a critical link in 
the keratin hydrolysis chain and produced modified strains 
that had a higher hydrolysis capability. Transcriptomic 
study of a feather degrading bacterium was recently 
published. Sulfite metabolism pathway genes have been 
upregulated in Streptomyces SCUT-3 (Li et al. 2020).

Codon optimization strategy to increase production 
of keratinases

Codon optimization is a genetic strategy for optimizing 
the expression of a foreign gene in a host cell system. It 
is accomplished by substituting a specie’s current codons 
with a set of more appropriate host codons. Numerous 
studies indicate that codon biases lower metabolic burden 
by reducing the variability of isoacceptor tRNAs, hence 
improving heterologous gene expression in the host 
(Yahaya et al. 2021). A two-codon optimization technique 
is used to increase output of keratinase (kerA) from 
Bacillus licheniformis S90 and its expression in Pichia 
pastoris in order to enhance enzyme output compared to 
preparations using the native kerA gene. The recombinant 
keratinase was capable of degrading both α-keratin (azure 
keratin) and β-keratin (chicken feather meal) effectively 
and remained optimally active at pH 7.5 and 50 °C. These 
characteristics make P. pastoris pPICZA-kerAopti1 an 
attractive choice for commercial keratinase production 
(Hu et al 2013).

86920 Environmental Science and Pollution Research (2022) 29:86913–86932



1 3

Table 2   Economical production of thermostable keratinases through solid state-fermentation

Microorganism Fermentation medium compo-
sition (g/L)

Culture conditions Enzyme 
production 
(U/mL)

References

pH Temp. (°C) Incubation

Bacteria
  Bacillus paralicheni-

formis MKU3
MgSO4 (0.2), KH2PO4 (1.4), 

K2HPO4 (0.7), and NaCl 
(0.5) with feather (10)

N.A 37 96 h 702.64 (Kalaikumari et al. 2019)

  Pseudomonas aeruginosa 
SU-1

K2HPO4 (0.04), feather (0.1), 
MgSO4 (0.2), K2PO4 (0.5)

7.0 37 24- 96 h 23.7 (Dhiva et al. 2020)

  Bacillus sp. Wheat bran (10), K2HPO4 
(0.1), MgSO4.7H2O (0.02), 
CaCl2 (0.01), and casein 
(1.0)

7–8 37 48 h 26.7 (Dagnaw and Andualem 2019)

  Bacillus subtilis Yeast extract (5), peptone (5), 
sucrose (20), and KCl (20) 
and human hair (20)

8.0 28 15 days 163.1 (Mazotto et al. 2017)

  Pseudomonas putida strain 
AT

Cow dung (10), peptone (0.5), 
yeast extract (0.5), KH2PO4 
(1), MgSO4 (0.02), skimmed 
milk (1)

8.0 37 72 h 1351 ± 217 (Vijayaraghavan et al. 2014)

  Bacillus sp. Rice bran, feather (1–4) N.A 37 7 days 318,000 (Chitturi and Lakshmi 2016)
  Actinobacterium  sp. Peptone (5), yeast extract (5), 

KH2PO4 (0.2), MgSO4 (0.2), 
skimmed milk (10), apple 
pomace (5)

7.0 37 72 h 8400 (Vijayaraghavan et al. 2012)

  Bacillus subtilis PF1 K2HPO4 (0.3), KH2PO4 (0.4), 
NaCl (0.5), feather (10), 
potato peel (10), and rape 
seed cake (5)

7.2 37 5 days 48.85 (Bhange et al. 2016)

  Paenibacillus woosongensis 
TKB2

K2HPO4 (0.05), NaCl (5), 
MgSO4.7H2O (0.05), CaCO3 
(0.02), dry feather (2), rice 
straw (2–3)

8.5 30 72 h 460.8 (Paul et al. 2013)

  Bacillus thuringiensis NaCl (0.5), K2HPO4 (0.3), 
KH2PO4 (0.2), and donkey 
hair (5)

7.0 30 18 h 422 (Hassan et al. 2020b)

Fungi
  Aspergillus flavus Wheat bran (4), rice bran (4), 

defatted groundnut oil cake 
(5), food-grade soybean (3), 
and sugarcane bagasse (3)

5.0 30 48 h 200–2500 (Damare et al. 2020)

  Neurospora crassa Okara (10), water (21 mL) 5.0 30 72 h 195.21 (Zheng et al. 2020)
  Aspergillus terreus Wheat bran, wheat straw, rice 

bran, ground nut shell, soya 
bean meal, corn cobs and 
sugar cane bagasse (5), and 
feather (5)

9.0 45 5 days 7.15 (Abu-Tahon et al. 2020)

  Aspergillus flavipes Dried feather (5), glucose 
(0.5), KH2PO4 (0.05), KCl 
(0.05), and MgSO4.7H2O 
(0.05)

7.0 28 10 days 13.5 (El-Ayouty et al. 2012)

  Streptomyces minutiscle-
roticus

Soluble starch (10), K2HPO4 
(2), KNO3 (2), NaCl (2.0), 
chicken feather meal (5), 
MgSO4 (0.05), CaCO3 
(0.02), FeSO4.H2O (0.01)

8.5 40 120 h 122.1 (Nandini et al. (2015)

86921Environmental Science and Pollution Research (2022) 29:86913–86932



1 3

 NA; not available

Table 2   (continued)

Microorganism Fermentation medium compo-
sition (g/L)

Culture conditions Enzyme 
production 
(U/mL)

References

pH Temp. (°C) Incubation

  Penicillium spp. Agriculture or poultry waste 
(10 g) separately, barley 
straw, wheat straw, rice 
straw, or corn cob (agricul-
ture wastes), raw feathers, 
bovine hair, horn, or nails 
(poultry wastes), or wool 
(dry basis) (0.3), (NH4)2SO4 
(0.5), NaCl (0.5), KH2PO4 
(0.4), CaCl2 (0.5)

NA 30 7 days 1600 (El-Gendy 2010)

  Aspergillus flavus S125 KH2PO4 (1.8), K2HPO4 (6.3), 
MgSO4 (1.0), MnSO4 (0.1), 
FeSO4 (0.1), and feather 
keratin (10)

9.0 37 5 days 784 (Mini et al. 2015)

  Aspergillus brasiliensis 
BCW2

Wheat bran (10), NH4NO3 (5), 
KH2PO4 (0.2), NaCl, and 
MgSO4 (0.1)

9.0 28 7 days 2304 (Chimbekujwo et al. 2020)

Fig. 2   Degradation of keratin by cysteine mediated self-circulation 
cascade. Cysteine is a by-product of keratin. After being taken up by 
the cell, it is converted into sulfite by the enzymatic action of cysteine 

dioxygenase (Cdo1) and aspartate amino transferase (Ast1). The 
transportation of cysteine and sulfite is usually controlled by trans-
porter (ydeD and SSU1) genes (modified from Peng et al. 2021)
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Promoter engineering to enhance the expression 
of keratinases

Because induction of keratinase using the native promoter 
is still inadequate for large-scale demands, the choice of 
promoter is also critical in providing increased expression 
of recombinant keratinase in Bacillus sp. (Nnolim et al. 
2020). Promoters such as aprE, sigX, and srfA conferred 
substantial expressions of recombinant keratinase in 
Bacillus sp. by 10-–16-folds compared to the native 
control (Gong et al. 2020). A second approach would 
be to modify the Pgrac promoter to be auto-inducible 
so that recombinant keratinase may be initiated in the 
presence of a particular signal from the bacterial host 
(Thi et  al. 2020). The quorum-sensing competence 
signal was activated by codon optimization of the PsrfA 
during the late log phase of Bacillus sp. growth. Having 
PsrfA eliminate the redundant sequence enabled the 
corresponding signal molecule to bind more firmly to 
the promoter, which resulted in a stronger activation of 
the promoter.

Chromosomal integration to enhance keratinase 
production

This technique involves the insertion of desired keratinase 
genes into bacterial plasmid or chromosome to enhance 
the expression, production and catalytic efficiency of 
keratinase protein. The kerA gene encodes for feather 
degrading keratinase isolated from B. licheniformis 
PWD-1 and integrated in an expression vector P43-pUB18 
followed by propagation in B. subtilis DB104 to enhance 
the production of keratinase, but it decreased the stability 
of enzyme (Lin et al. 1997). A pLAT vector of Bacillus 
was also used to integrate the promoter and kerA gene 
the in chromosome of B. licheniformis T399D. In order 
to produce a keratinase variant with better degradation 
ability, kerA gene isolated from B. licheniformis ATCC 
53,757 was combined with SPlip gene of pHIS1525 
plasmid (B. megaterium) to create a SPK gene cassette. 
Finally, this was cloned in pMUTIN-GFP + vector and 
used to transform B. megaterium ATCC 14,945 (Jalendran 
and Baygi 2011).

Glycoengineering to maximize keratinase 
production

Glycoengineering means the enhancement of polypeptides 
(enzymes or/proteins) properties by glycosylation. 
This technique involving improved post translational 
modification processes is used to increase the keratinase 
production in P. pastoris (Karbalaei 2020). This strategy 

is mainly for eukaryotes due to high efficiency of 
glycosylation process and presence of glycosyltransferases 
which is not a feature of prokaryotes. Keratinase isolated 
from B. licheniformis MKU3 containing 5 N-glycosylation 
sites was glycosylated during expression in P. Pastoris X33 
which showed noteworthy temperature and pH stability 
(Radha and Gunasekaran 2009). Same keratinase was non-
glycosylated during expression in B. megaterium MS941 
showing decreased structural stability and thermostability 
(Radha and Gunasekaran 2009). On the other hand, 
de-glycosylation can also be used to enhance keratinase 
production. Keratinase (having 4  N-glycosylation 
sites) isolated from Pseudomonas aeruginosa was not 
glycosylated during expression in P. pastoris, and even 
showed better production and thermostability. This means 
glycosylation sites present in recombinant keratinase of P. 
pastoris should either be glycosylated or de-glycosylated to 
maximize the keratinase production (Juturu and Wu 2018).

Molecular approaches to enhance keratinase 
efficiency

Keratinase, in particular, has shown considerable promise 
in catalysing keratin hydrolysis and is therefore regarded 
as a suitable biocatalyst for the conversion of keratin waste 
(Verma et al. 2017). However, the present usage of kerati-
nase to hydrolyse feathers is hampered by low enzyme activ-
ity and limited processing capacity; consequently, the real 
practical applicability of keratinase remains unknown. As a 
result, protein engineering is required to enhance the enzy-
matic capabilities of certain enzymes.

Rational protein engineering approach

Rational protein engineering strategies have emerged as 
a promising option for obtaining exceptional keratinase 
variants with better thermostability and activity for the 
breakdown of feather waste. Fang et al (2017) revealed that 
by employing site-directed mutagenesis on a keratinase 
variant of FDD from Stenotrophomonas maltophilia, 
two variants (Y94F and Y215F) demonstrated greater 
extracellular keratinolytic activity in Escherichia coli 
expression system. The C-terminal fusion of keratinase 
DDF led to the production of a new variant DDFD 
with the highest substrate selectivity and keratinolytic 
activity. Based on model structure analysis, site-directed 
mutagenesis and C-terminus fusion are exceptionally 
effective methods for acquiring novel keratinases, and they 
allow the commercialization of new keratinases.

ΔGu is the most significant of the protein thermodynamic 
properties, in addition to providing a general index of pro-
tein thermostability. To forecast the impact of mutations 
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on ΔGu, several computer algorithms have been proposed, 
and ΔGu may be simulated using a bioinformatics approach 
such as the PoPMuSiC algorithm. PoPMuSiC algorithm is 
a fast web server to determine the thermodynamic stability 
changes induced by point mutations in proteins in less than 
a minute. It has an excellent prediction performance when 
compared to other metaheuristics techniques, with a cor-
relation coefficient of 0.8 between predicted and measured 
stability changes in cross-validation, following the dele-
tion of 10% outliers (Dehouck et al. 2011). Liu et al (2013) 
used the PoPMuSiC algorithm to estimate the folding free 
energy change (G) of amino acid substitutions to improve 
the thermostability of B. licheniformis BBE11-1 keratinase. 
Using the algorithm in conjunction with the molecular modi-
fication of homologous subtilisin, four amino acid changes 
(N122Y, N217S, A193P, and N160C) were introduced 
into the enzyme by site-directed mutagenesis, and mutant 
genes were produced in B. subtilis WB600. With an 8.6-
fold increase in the t1/2 value at 60 °C, the quadruple mutant 
demonstrated synergistic or additive effects. The N122Y 
substitution also resulted in a 5.6-fold increase in catalytic 
efficiency relative to wild-type keratinase. These findings 
add to our understanding of keratinase’s thermostability and 
point to further potential industrial uses.

PPC‑Domain exchange and truncation

It has been appeared that some enzymes such as amylases 
and dextranases have unnecessary amino acids or domains 
at C-terminus, whose truncation reveal improved catalytic 
efficiency and other enzymatic properties (Yang et al. 2013; 
Kim et al. 2011). Recently, few proteases including kerati-
nases have appeared to carry pre-peptidase C-terminal (PPC) 
domains that are associated with keratinase maturation and 
their cleavage activate enzyme, since the PPC domain may 
participate in activation before being cleaved off after pepti-
dase secretion. To form beta-strands, the PPC domain always 
contains a single alpha-helix packed against an antiparallel 
beta-sheet (Yan et al. 2009; Fang et al. 2016a). Ribitsch et al. 
(2010) reported that serine protease (HP70) from Xanthomo-
nadales having C-terminal domain truncation appeared to 
be considered as a good contender for detergent industry. 
The keratinase from S. maltophilia (KerSMD) is renowned 
for its high activity and pH stability in keratin degradation 
(Fang et al. 2016b). However, in order to use these enzymes 
in industrial applications, catalytic efficiency and detergent 
tolerance must be enhanced. As a result, it was revealed that 
truncation of PPC domain in keratinase had no influence 
on alkaline stability but significantly reduced collagenase 
activity, indicating that it may be used in leather treatment. 
When compared to the wild type, the variants of KerSMD 
(V380, V370, and V355) appeared to be thermophilic, with 
1.7-fold increase in keratinolytic efficiency at 60 °C. The 

variant V355 was obtained by truncating the whole PPC 
domain, which enhanced resistance to alkalinity, salt, chao-
tropic chemicals, and detergents.

Because the pre-peptidase C-terminal (PPC) domain is 
thought to be associated with thermostability and substrate 
specificity (Fang et al. 2016a), it has been predicted that 
modifying the PPC domain would affect the keratinase’s sta-
bility and catalytic efficacy. In order to break down feather 
debris, Fang et al (2016b) improved the catalytic effective-
ness and thermostability of the keratinase KerSMD by sub-
stituting its N/C-terminal domains with those of a related 
protease, KerSMF. Replacement of both N- and C-terminal 
domains produced a more stable mutant protein with a Tm 
of 64.60 ± 0.65 °C and a half-life of 244.6 ± 2 min at 60 °C, 
while deletion of the C-terminal domain from KerSMD or 
KerSMF produced mutant proteins with significant activity 
under mesophilic conditions. These results suggest that the 
C-terminal domain and N-propeptide of the pre-peptidase 
are critical not only for substrate selectivity, proper folding, 
and thermostability but also for the enzyme’s potential to 
convert feather waste into feed additives.

Non‑canonical amino acid‑based approach

Protein engineering approaches such as rational design 
and directed evolution, for example, rely greatly on mutual 
mutagenesis of the 20 canonical amino acids (cAAs). The 
use of just 20 cAAs as building blocks limits the ability 
to enhance protein properties via protein engineering. As 
a result, ncAA-based protein engineering might lead to 
increased activity and stability, as well as novel activities 
(Pagar et al. 2021). Although cAA-based engineering has 
enhanced the enzymatic properties of keratinases, engi-
neering keratinases with distinct ncAAs may considerably 
increase the capacity ability to handle enzymatic structure 
and function. Genetic code expansion is superior to other 
approaches for incorporating ncAAs into proteins because 
it can include diverse ncAAs site-specific and at multiple 
sites into target proteins in all living species (Chin 2014).

Pan et al (2021) used genetic code expansion to engineer 
KerPA (M4 family) from Pseudomonas aeruginosa with 
non-canonical amino acids (ncAAs). The triple Y21pBpF/
Y70pBpF/Y114pBpF variant exhibited a 1.3-fold increase 
in activity, and this suggests that when alteration of ncAAs 
at several sites may have cumulative impact on the enzyme’s 
properties and combining these mutations in one version 
may enhance the enzyme’s properties drastically. The find-
ings revealed that pBpF mutations at particular enzyme 
sites might fill gaps, generate new interactions, and mod-
ify the local structure of the enzyme’s active region. Yi 
et al (2020) studied the keratinase from B. licheniformis 
WHU (KerBL) and used ncAA-based proximity-triggered 
chemical crosslinking to increase its autolytic resistance 
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and thermostability under decreasing circumstances. Two 
variants, N159C/Y260BprY and N159C/Y260BbtY, with 
improved keratinolytic activity, were found after screening 
a series of non-canonical amino acid (ncAA)-based vari-
ants generated by rational design. The findings showed that 
covalent bonds between BprY-Cys and BbtY-Cys in the 
N159C/Y260TAG variant could greatly reduce the long 
loop’s flexibility and fluctuations, proving that stabilizing 
loop regions may effectively increase protein stability. How-
ever, the biggest barrier to the widespread use of ncAAs 
in enzyme engineering and directed evolution is that the 
medium must be supplemented with exogenous, often costly 
ncAAs during protein expression, which could raise pro-
duction costs (Pan et al. 2021). The biosynthesis of ncAA 
through metabolic pathway engineering and in situ genetic 
code expansion in host cells might eliminate the require-
ment for exogenous ncAA replenishment and save money.

Biotechnological applications 
of thermostable keratinase

Keratinases have significant uses in a variety of industries, 
including leather (tanneries) production, detergent 
formulation, pharmaceuticals, and biomedicine (Fig. 3), 

not only owing to their catalytic effectiveness, but also due 
to their cost-effective synthesis on a renewable resource 
(Srivastava et al. 2020).

Biofuel production from keratinases

Bioconversion of keratinous wastes can also lead to the 
production of biogas by anaerobic digestion of keratinase 
producing microorganisms. The anaerobic degradation of 
feathers result in the production of amino acids which are 
further converted into ammonia, carbon dioxide, hydro-
gen, and organic acids (de Menezes et al. 2021). Mostly, 
methane gas is produced from the degradation of kerati-
nous substances. Keratinases from B. megaterium can be 
used to degrade chicken feathers for the production of meth-
ane gas (Forgács et al. 2011). Production of methane can 
be increased using a mixture of feather hydrolysates and 
manure by anaerobic digestion of keratinolytic microorgan-
isms. The cloning of keratinase gene from B. licheniformis 
in B. megaterium is known to increase biodegradation of 
poultry feathers. This recombinant strain results in about 
80% production of methane gas. The process of bio-gas for-
mulation usually involves B. licheniformis KK1 that con-
vert feather waste into hydrolysate rich in amino acids and 
peptides. This hydrolysate is then utilized by Thermococcus 

Fig. 3   Various industrial appli-
cations of keratinase enzyme

Biofuel Pharmaceuticals

Detergents Animal feed

Cosmetics products Industrial Applications 
of lipases Textile

Keratinases enzyme

Bio-organic 

fertilizers Leather & 

tanneries

86925Environmental Science and Pollution Research (2022) 29:86913–86932



1 3

litoralis for bio-hydrogen production (Vidmar and Vodovnik 
2018). Keratinases produced from strains of Clostridium can 
also be used to produce butanol from chicken feathers and 
wheat straw hydrolysates (Branska et al. 2020).

Other eminent applications of keratinases

Some agro-industry companies have developed an 
endergonic–mechanical process for converting feathers 
into feedstuffs (feather meal) to add economic value to the 
protein-rich chicken feathers (Khumalo et al. 2020). Feather 
hydrolysates produced from keratinolytic B. subtilis AMR 
have been used with maize meal to provide a high-amino-
acid-content cattle feed (Mazotto et al. 2017). The animal feed 
produced from keratinolytic waste also accelerates animal 
growth and boosts the digestibility of animals. In this regard, 
production of commercial keratinase (Versazyme) from B. 
licheniformis PWD-1 has been employed to produce feed 
additive to enhance the digestibility of animals (de Menezes 
et al. 2021). Recently, keratinase has been used for removal 
of dag from livestock animals. Dag is composed of organic 
matter such as feces, hair, straw, and soil (Navone and Speight 
2020). Keratinase breaks the interaction of dag with hair of 
livestock animals which is then completely removed after 
washing. This process will reduce the chances of animal meat 
from getting contaminated.

Nowadays, bio-additive-based laundry detergents are 
more preferred over synthetic detergents because of their 
cleaning properties like low-temperature washing, removal 
of recalcitrant dirt, and maintenance of cloth fibers. Alkaline 
proteases are also used in detergent formulations to remove 
proteinaceous stains. For example, one of the alkaline kerati-
nases, isolated from Paenibacillus woosongensis TKB2, is 
used in the laundry industry to remove the stains from the 
clothes without affecting the texture of fabric (Paul et al. 
2013). Microbial keratinases are added in both liquid and 
solid detergent formulations because they remain stable even 
in presence of surface-active agents. Thermostable kerati-
nases isolated from B. subtilis (Paul et al. 2016), Bacillus 
sp. NKSP-7 (Akram et al. 2020), and Bacillus sp. NDS-10 
(Akram et al. 2021) have perceptible potential to remove the 
stains of blood from cotton blood-stained fabrics.

Keratinases are also used as biological pesticides. In 
this regard, keratinases produced from Bacillus sp. have 
appeared to kill Meloidogyne incognita which is a root-knot 
nematode (Yue et al. 2011). Apart from industrial applica-
tions, keratinases carry an utmost importance in pharma-
ceutical industry. Alzheimer’s disease (AD) is a common 
age-related neurological disease disorder characterized by 
the progressive degradation of cognitive abilities, result-
ing in poor performance in routine activities. β-sheet-rich, 
soluble amyloid-beta (Aβ1-42) oligomers have been estab-
lished as the primary pathological hallmark of Alzheimer’s 

disease (Mroczko et al. 2018). The propensity of these oli-
gomeric aggregates to produce insoluble amyloid deposits 
in the brain, especially in the cerebrum and hippocampus, 
is profoundly damaging. Rajput et al (2019) used amyloid-
degrading keratinase (kerA) enzyme as a framework for 
identifying five keratinase-guided peptides (KgPs) capable 
of interacting with and changing Aβ1-42 amyloidogenic 
conversion. The KgPs exhibited a micromolar affinity for 
Aβ1-42 and inhibited its sigmoidal amyloidogenic transi-
tion, hence preventing fibrillogenesis. Overall, these lat-
est findings provide a novel method for designing possible 
anti-amyloid molecules, which might open the way for the 
development of effective therapies for Alzheimer’s disease 
and other amyloid illnesses. They have been recognized for 
various other medical applications such as drug delivery sys-
tem, skin ailments (psoriasis and acne) treatment, earwax 
removal, prion degradation, transfer accelerators, human 
callus removal, against dermatophytosis, and fungal infec-
tions (onychomycosis) (Vidmar and Vodovnik 2018; Haq 
and Akram 2018).

Thermostable microbial keratinases have been prominently 
used in leather and tannery industry for dehairing the hides 
of animals which are the best alternatives to the conventional 
injurious chemicals method. Recently, two thermostable 
keratinases from Bacillus sp. NKSP-7 (Akram et al. 2020), 
and Bacillus sp. NDS-10 (Akram et al. 2021) effectively 
dehaired goat’s hides deprived of any damage after 8 h and 
6 h, respectively. It has proved them notable environmental 
friendly candidates for hide-depilation in leather industries. 
Keratinolytic enzyme are also employed for the bioprocessing 
of agro-industrial wastes, and wastewater treatment (Verma 
et al. 2017). Moreover, keratinase are extensively used in the 
manufacturing of bio-organic fertilizers, cosmetic products 
(hair-removing lotions and creams, etc.); protein supplements; 
biodegradable films, foils, glue, and pearl bleaching; and 
processing of edible bird’s nests (Tamreihao et al. 2019; 
Akram et al. 2020; Hassan et al. 2020a).

Future perspectives

Keratin is the amplest recalcitrant protein on earth surface 
which can be efficiently degraded by keratinolytic micro-
organisms. Various microorganisms produce keratinase 
that has vast applications in industrial and pharmaceutical 
processes. Nevertheless, a combination of limiting features, 
such as a long fermentation duration and limited enzyme 
output, may jeopardize the commercial prospects of these 
keratinases. Despite the fact, many researchers have inves-
tigated various yield enhancement tactics at the laboratory 
scale to improve extracellular keratinase production by wild 
microorganisms. For instance, cloning and overexpression in 
relation to molecular optimization of keratinase expression 
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in industrially appropriate hosts presage the potential to 
improve the productivity of wild microbial producers. 
Still, a number of challenges in proteomics, transcriptomic, 
metagenomic, and genetic engineering of keratinases exist. 
In addition to engineering C-terminal and pro-peptide 
domains of keratinases, the amalgamation of numerous 
mutation approaches may have a superposition effect on 
enzyme through cooperative action.

Furthermore, employing many advanced in silico fore-
casting and analytic methods, computer-aided rational or 
semi-rational alterations of keratinases will become an 
important topic of research. A large number of microbial 
enzymes have been discovered from decomposition sites of 
keratinous biomass. But little is known about the action of 
non-keratinase metabolites (e.g., lipases and cellulases) in 
mechanistic keratin degradation. In this regard, investigating 
the role of these biocatalyst may act as a viable approach in 
valorization of keratin-rich agro-industrial wastes by micro-
bial enzyme cocktail strategy. Therefore, the need of an hour 
is to employ metabolic and protein engineering techniques 
to increase the yield and thermostability of keratinases. The 
keratinolytic activity of various microorganisms is consid-
ered as a green process throughout the world to deal with 
recalcitrant keratinous wastes. It is necessary to develop 
novel probe-based techniques to detect keratinase production 
from these keratinolytic microorganisms. Biosensors should 
also be developed for detecting novel keratinases. Most of 
the keratinases are produced from mesophilic microorgan-
isms but the industrial demand is more for thermostable 
keratinases. So, novel thermophilic and halophilic micro-
organisms should be studied and focused to discover novel 
keratinolytic enzymes.

In addition to pharmaceutical and industrial applications, 
recently a novel keratinolytic specie of B. cereus has been 
discovered that can effectively carry out keratin hydrolysis 
and develop keratin-based bio-plastic films (Alshehri et al. 
2021). The research revealed that keratin-based bio-plastics 
possess superior crystalline morphology over synthetic 
plastic but requires further investigations to substitute fossil 
oil-based materials. For effective industrial applications, 
optimization strategies should also be employed to increase 
the simultaneous yield of keratinases and bio-plastic 
films. Recently, keratinases have been used in waste-water 
treatment as they can be immobilized on bagasse cellulose 
to decolorize the molasses wastewater. Due to abundance 
of sulphur amino acids in keratin hydrolysate, they are 
efficiently involved to promote the growth of plants. Such 
green fertilizers are in high demand to produce chemical free 
fruits and vegetable crops.

Nowadays, research is being driven by the notion of 
poultry bio refinery — a method of managing and process-
ing chicken manure by keratinases for energy and nutrient 

recovery as well as for the formulation of added value goods. 
However, more research is needed to validate and upscale 
this paradigm under a variety of economic conditions, farm 
typologies, and regulatory and environmental requirements. 
Recent studies have shown use of keratinase for prion decon-
tamination which has greatly advanced in medical field 
regarding sterilization of surgical instruments. No green 
product other than keratinase is present in leather industry for 
safe dehairing of animal hides. However, there is no recog-
nized product in the market for the green processing of hides 
and skins at the pilot scale. In this light, the development of 
effective keratinase-based dehairing products for industrial 
processing of hides will greatly minimize the environmental 
pollution and help to achieve the sustainable development 
goals. They are truly considered as green biocatalysts due to 
their promising applications so more research is required to 
find out novel varieties of keratinases having high catalytic 
efficiency and broad substrate specificity. Hence, thermo-
efficient microbial keratinases have great potential for the 
development of greener, clean, and hygiene technology.

Conclusion

Keratinases are proteolytic enzymes which are mainly 
extracted from microbial sources. Due to their conceivable 
applications, they are widely produced at commercial level. 
The key function of keratinase is to degrade “keratin” protein 
into valuable bio-products. Keratin containing substrates are 
easily available as a waste material in our environment, which 
are utilized for the production of keratinases. Keratinolytic 
enzymes originated from microbial sources (both from bac-
teria and fungi), are considered as worthwhile green bio-
catalysts, which are able to do biotransformation of keratin 
rich raw materials into valuable and beneficial products, 
although the enzyme can be produced by fermentation tech-
niques (both SmF and SSF). Various protein and metabolic 
engineering techniques have recently been applied to increase 
the thermostability, productivity and activity of microbial 
keratinases. Due to the vast industrial, biotechnological, and 
pharmacological applications, the enzyme has been used in 
almost every industry at commercial level. In addition, use 
of keratinases for skin (acne) and nails treatment, prion deg-
radation, wastewater treatment, and pearl bleaching are novel 
applications. This enzyme is available in limited quantity 
whereas their demand is globally high. In view of this, more 
emphasis should be made on research regarding screening of 
novel keratinases and their easy and manageable production 
strategies to meet the high demand of industrial sector.
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