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Abstract Keratin-rich wastes in the form of feathers, hair,
nails, and horn are highly available as byproducts of agro-
industrial processing. The increased needs for energy con-
serving and recycling, summed with the huge increase in
poultry industry, have strongly stimulated the search for
alternatives for the management of recalcitrant keratinous
wastes. Keratinases, which are produced by several bacteria
that have been often isolated from soils and poultry wastes,
show potential use in biotechnological processes involving
keratin hydrolysis. Although these isolates are mostly re-
stricted to the genera Streptomyces and Bacillus, the diversity
of keratinolytic bacteria is significantly greater. Bacterial
keratinases are mostly serine proteases, although increased
information about keratinolytic metalloproteases, particularly
from Gram-negative bacteria, became available. These en-
zymes are useful in processes related with the bioconversion
of keratin waste into feed and fertilizers. Other promising
applications have been associated with keratinolytic enzymes,
including enzymatic dehairing for leather and cosmetic
industry, detergent uses, and development of biopolymers
from keratin fibers. The use of keratinases to enhance drug
delivery in some tissues and hydrolysis of prion proteins arise
as novel outstanding applications for these enzymes.
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Introduction

Proteolytic enzymes constitute one of the most important
groups of commercial enzymes. These enzymes have ample
utilization in industrial processes, such as the detergent
industry, a major consumer of proteases, as well as food
and leather industries (Kumar and Takagi 1999; Gupta et al.
2002). Keratinases are a particular class of proteolytic
enzymes that display the capability of degrading insoluble
keratin substrates. These enzymes are gaining importance
in the last years, as several potential applications have been
associated with the hydrolysis of keratinous substrates
among other applications. A significant amount of fibrous
insoluble protein in the form of feathers, hair, nails, horn,
and other are available as byproducts of agroindustrial
processing (Onifade et al. 1998). These keratin-rich wastes
are difficult to degrade as the polypeptide is densely packed
and strongly stabilized by several hydrogen bonds and
hydrophobic interactions, in addition to several disulfide
bonds. Keratin is the insoluble structural protein of feathers
and wool and is known for its high stability (Bradbury
1973). The composition and molecular configurations of its
constituent amino acids warrant structural rigidity. At least
30 different keratin polypeptides are known, falling into 2
evolutionary families designated type I and type II (Fig. 1).
Within each polypeptide chain, the helical rod domain of
about 310 amino acids is flanked by a shorter nonhelical
head and tail domains, which are thought to have a flexible
conformation (Cohlberg 1993). The keratin chain is tightly
packed in the α-helix (α-keratin) or β-sheet (β-keratin) into
a supercoiled polypeptide chain (Parry and North 1998;
Kreplak et al. 2004), resulting in the mechanical stability
and resistance to common proteolytic enzymes such as
pepsin, trypsin, and papain. In addition, cross-linking of
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protein chains by cysteine bridges confers high mechanical
stability and resistance to proteolytic degradation of keratins.

Despite their elevated resistance, keratins do not accu-
mulate in nature and can be hydrolyzed by some micro-
organisms. Keratinolytic enzymes are produced by fungi,
actinomycetes, and bacteria and have been frequently
isolated from soils where keratinous materials are deposited
(Kaul and Sumbali 1997; Riffel and Brandelli 2006).
Among fungi, keratinases are particularly described among
dermathophytes isolated from human and animal injuries.
Keratinases produced by Microsporum, Trychophyton, and
Doratomyces microsporum are described (Kushwaha 1983;
Grzywnowicz et al. 1989; Gradisar et al. 2000) and some of
these enzymes are well characterized as they present great
medical relevance (Deschamps et al. 2003). Strains of
Aspergillus fumigatus and Aspergillus flavus producing
keratinases were described (Santos et al. 1996). Among
bacteria, keratinolytic activity has been widely documented

for strains from the genera Bacillus and Streptomyces (Lin
et al. 1999; Kim et al. 2001; Bressolier et al. 1999).
Keratinolytic enzymes from bacteria may have important
uses in biotechnological processes involving keratin-con-
taining wastes from poultry and leather industries through
the development of nonpolluting processes. Insoluble
feather keratins can be converted after enzymatic hydrolysis
to feedstuffs, fertilizers, glues, and films or used for the
production of the rare amino acids serine, cysteine, and
proline (Papadopoulos et al. 1986; Onifade et al. 1998;
Gupta and Ramnani 2006).

The huge increase of the poultry industry has generated
large amounts of feathers as byproduct. The utilization of
agroindustrial residues may represent an added value to the
industry and meets the increase in conscientious energy con-
serving and recycling. These facts have stimulated the in-
vestigation for alternatives to convert recalcitrant keratinous
waste into valuable products. In this regard, although keratin
hydrolysis by microbial enzymes has been described earlier
(Noval and Nickerson 1959), research on keratinases has
significantly increased from the 1990s. Thus, an important
amount of information on keratin hydrolysis became avail-
able. However, the mechanism of keratin biodegradation by
microorganisms is not yet completely elucidated. Although
the reduction of cysteine bridges may have a significant
influence on keratin degradation (Kunert and Stransky 1988;
Kunert 1992; Böckle and Müller 1997), the current inves-
tigation has been intensified on proteolytic microorganisms.
Comprehensive reviews about keratinases and their applica-
tions have been published (Onifade et al. 1998; Gupta and
Ramnani 2006; Shih and Wang 2006). This article presents
recent advances on keratinolytic proteases from bacterial
origin with emphasis on their biochemical properties and
discusses on their current and potential applications.

Keratinolytic Bacteria

Several feather-degrading bacteria have been isolated from
soils and poultry wastes (Table 1). Although these isolates are
mostly confined to the genera Streptomyces and Bacillus,
some studies indicate that the diversity of feather-degrading
bacteria is significantly greater (Lucas et al. 2003). Among
Gram-positive bacteria, novel feather-degrading isolates have
been identified as Arthrobacter sp. (Lucas et al. 2003),
Microbacterium sp. (Thys et al. 2004), and Kocuria rosea
(Bernal et al. 2006a). Most keratinolytic strains can
extensively degrade feather keratin within 48 h, as illustrated
for Microbacterium sp. kr10 (Fig. 2).

Keratinolytic activity has been already described for
several Streptomyces spp., which are associated with the
initial reports on keratin hydrolysis by microbial proteases
(Noval and Nickerson 1959; Elmayergi and Smith 1971).

Fig. 1 a Subdomain structure of epidermal keratin chains showing the
basic short end regions E1 and E2, the variable glycine/serine-rich
regions V1 and V2, and the homologous regions H1 and H2 (Steinert
1993). b Subdomain structure of hard α-keratin chains showing the
basic (NB) and acidic (NA) regions of the N-terminal domain. The C-
terminal domain of the type I chains is characterized by a repeated
proline–cysteine–X motif. The C-terminal domain of type II chains
contains a periodic distribution of hydrophobic residues (Parry and
North 1998). c Model structure of keratin coiled-coil dimer, 45 nm in
length. The hydrophobic amino acids of the two α-helices are meshed
together in a regular interlocking pattern (Cohlberg 1993). d
Organization of keratin microfibrils, showing the globular head and
tail domains (in black). The terminal domains can interact with
segments in the rod domain and with other C domain in an antiparallel
neighboring molecule (Parry and North 1998)
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Several keratinolytic Streptomyces are thermophilic soil-
isolated strains that can grow and degrade keratin at tem-
peratures higher than 50 °C (Chitte et al. 1999; Mohamedin
1999). However, mesophilic strains are also described as
keratin degraders, like S. pactum DSM 40530 (Böckle et al.
1995) and S. albidoflavus K1-02 (Bressolier et al. 1999). The
facility of several Streptomyces to hydrolyze keratin could
be associated with the fact that they synthesize broad range
proteases such as pronase, commercially produced by S.
griseus (Jurasek et al. 1974). In addition, S. pactum can
reduce disulfide bonds during growth on feathers (Böckle

and Müller 1997), suggesting that this microorganism may
produce disulfide reductases to facilitate keratin hydrolysis.

Keratinolytic activity is well established among Bacillus
spp. Several strains of B. licheniformis and B. subtilis are
described as keratinolytic (Lin et al. 1999; Suh and Lee
2001), and other species such as B. pumilus and B. cereus
also produce keratinases (Kim et al. 2001; Werlang and
Brandelli 2005). Keratinolytic B. licheniformis strains are
often capable of completely disintegrating feathers, and
their proteolytic enzymes present a broad range of activity
(Lin et al. 1992; Cheng et al. 1995). Three novel kera-
tinolytic Bacillus species isolated from the Amazon basin
have been recently characterized by our laboratory (Giongo
et al. 2007). These bacteria shared elevated homology with
B. subtilis, B. amyloliquefaciens, and B. velesensis, and
produced a mixture of proteolytic activities that showed
remarkable dehairing activity on bovine pelts. Some
thermophilic and alkaliphilic strains of Bacillus have been
also described to show keratin-degrading activity, such as
Bacillus sp. P-001A (Atalo and Gashe 1993), B. halodur-
ans AH-101 (Takami et al. 1992a, 1999), B. pseudofirmus
AL-89 (Gessesse et al. 2003), and B. pseudofirmus FA30-
01 (Kojima et al. 2006).

In addition to these few Bacillus strains, keratinolytic
activity has been associated with other extremophiles.
Keratinases are described for the thermophiles Fervidobacte-
rium pennavorans (Friedrich and Antranikian 1996), Ther-
moanaerobacter keratinophilus (Riessen and Antranikian

Fig. 2 Feather degradation by Microbacterium sp. kr10 after a 2, b
24, c 48, d 72, and e 96 h

Table 1 Origin of some
feather-degrading bacterial
isolates

Bacterial isolate(s) Origin Reference

Gram-positive
Bacillus licheniformis PWD-1 Poultry waste Williams et al. 1990
Bacillus subtilis S14 Soil Macedo et al. 2005
Bacillus pumilus, Bacillus licheniformis,
and Bacillus cereus

Poultry waste Kim et al. 2001

Bacillus pseudofirmus Alkaline soda lake Gessesse et al. 2003
Bacillus macroides and Bacillus cereus Dry meadow soil Lucas et al. 2003
Streptomyces pactum DSM 40530 Collection culture Böckle et al. 1995
Streptomyces albidoflavus K1-02 Hen house soil Bressolier et al. 1999
Streptomyces thermoviolaceus Soil Chitte et al. 1999
Fervidobacterium pennavorans Hot springs Friedrich and Antranikian 1996
Microbacterium sp. kr10 Decomposing feathers Thys et al. 2004
Microbispora aerate and
Streptomyces flavus

Antarctic soil Gushterova et al. 2005

Terrabacter terrae Soil Montero-Barrientos et al. 2005
Kocuria rosea Soil Bernal et al. 2006a
Gram-negative
Vibrio sp. kr2 Poultry abattoir soil Sangali and Brandelli 2000b
Lysobacter sp. NCIMB 9497 Collection culture Allpress et al. 2002
Stenotrophomonas sp. Deer fur Yamamura et al. 2002
Chryseobacterium sp. kr6 Decomposing feathers Riffel et al. 2003a
Alcaligenes faecalis,
Janthinobacterium lividum,
and Stenotrophomonas maltophilia

Dry meadow soil Lucas et al. 2003
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2001), Fervidobacterium islandicum (Nam et al. 2002), and
the alkaliphilic strains Nesternkonia sp. AL-20 (Gessesse
et al. 2003) and Nocardiopsis sp. TOA-1 (Mitsuiki et al.
2004). Thermophilic bacteria are promising for the hydro-
lysis of hard insoluble proteins like keratin, as such proteins
tend to gain plasticity at elevated temperatures, resulting in
more susceptibility to protease attack (Suzuki et al. 2006).
Two actinomycete strains, Streptomyces flavis 2BG and
Microbispora aerata IMBAS-11A, isolated from Antarctic
soils were shown to produce keratinolytic enzymes during
growth on wool waste (Gushterova et al. 2005).

Keratinolytic activity has been more recently associated
with Gram-negative bacteria (Table 1). Feather-degrading
strains of Vibrio sp. (Sangali and Brandelli 2000a), Xantho-
monas maltophilia (De Toni et al. 2002), Stenotrophomonas
sp. (Yamamura et al. 2002), and Chryseobacterium sp.
(Riffel and Brandelli 2002) have been isolated from chicken
feathers in decomposition. The investigation on the diversity
of keratinolytic bacteria among isolates from the soil
environment under temperature climate revealed that strains
of Proteobacteria and Cytophaga–Flavobacterium group are
predominant (Lucas et al. 2003). This agrees with another
study where keratinolytic bacteria from decomposing feath-
ers were mostly Gram-negative (Riffel and Brandelli 2006).

Biochemical Properties of Keratinases

Most of the keratinases reported to date have been found to be
serine proteases (Lin et al. 1992; Böckle et al. 1995; Friedrich
and Antranikian 1996; Bressolier et al. 1999; Suh and Lee
2001; Nam et al. 2002), and a few metalloproteases have
shown keratinolytic activity (Brouta et al. 2001; Allpress et
al. 2002; Farag and Hassan 2004). Reports on keratinolytic
metalloproteases, mostly associated with Gram-negative
bacteria, have been increased. The characteristics of some
keratinases are summarized in Table 2.

The keratinase produced by B. licheniformis PWD-1 is
well characterized. This enzyme is a serine-type protease
(Lin et al. 1992), and its coding gene kerA presents elevated
homology with the subtilisin Carlsberg (Lin et al. 1995).
The N-terminal sequence of this enzyme is identical to
Carlsberg subtilisin (Table 3). The gene kerA, which en-
codes a B. licheniformis keratinase, is expressed specifical-
ly for feather hydrolysis (Lin et al. 1995), therefore, the
presence of feather keratin as the sole carbon and nitrogen
source in the culture medium may result in the preferential
expression of the keratinolytic protease. This gene has been
cloned and expressed in heterologous microorganisms such
as E. coli and B. subtilis, but the keratinase yields are lower
than the parental strain (Wang and Shih 1999; Wang et al.
2003a). However, increased keratinase yield could be
achieved by chromosomal integration of multiple copies
of the gene kerA in B. licheniformis and B. subtilis (Wang
et al. 2004). The gene kerA was also cloned for extracel-
lular expression in Pichia pastoris, resulting in a recombi-
nant enzyme that was glycosylated and active on azokeratin
(Porres et al. 2002). Besides the well-characterized kerati-
nase from strain PWD-1, other keratinolytic proteases of
B. licheniformis are described. Rozs et al. (2001) identified
a novel B. licheniformis strain that produces a keratinase
showing unusual catalytic properties. B. licheniformis strain
HK-1 produces a keratinolytic protease that was partial-
ly inhibited by EDTA, 1,10-phenanthroline (Zn2+-specific
chelator) and PMSF, but notably inhibited by Zn2+ (Korkmaz
et al. 2004).

Similarly to B. licheniformis, the main proteolytic activity
of keratinases from B. subtilis is often associated with
serine–protease activity. Zaghloul (1998) cloned the gene
aprA from a feather-degrading strain of B. subtilis. The gene
aprA showed significant homology with subtilisins, which
are typical members of the serine–protease family. However,
few studies have described purified keratinases from B.
subtilis. A keratinolytic protease was purified from B. subtilis

Table 2 Biochemical properties
of some bacterial keratinases Producer bacteria Catalytic

type
Molecular mass
(kDa)

Optimum
pH

Reference

B. licheniformis PWD-1 Serine 33 7.5 Lin et al. 1992
B. subtilis KS-1 Serine 25.4 7.5 Suh and Lee 2001
B. pseudofirmus FA30-10 Serine 27.5 9–10 Kojima et al. 2006
S. pactum DSM40530 Serine 30 7–10 Böckle et al. 1995
S. albidoflavus K1-02 Serine 18 6–9.5 Bressolier et al. 1999
F. pennavorans Serine 130 10 Friedrich and Antranikian 1996
X. maltophilia POA-1 Serine 36 8.0 De Toni et al. 2002
Vibrio sp. kr2 Serine 30 8.0 Sangali and Brandelli 2000a
Chryseobacterium sp. kr6 Metallo 64 7.5 Riffel et al. 2007
Microbacterium sp. kr10 Metallo 42 7.5 Thys and Brandelli 2006
Kocuria rosea LPB-3 Serine 240 10 Bernal et al. 2006a
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KS-1. This enzyme showed a molecular mass of 25.4 kDa
and its N-terminal sequence was similar to that of other
serine proteases of B. subtilis (Suh and Lee 2001). Macedo et
al. (2005) also described a new keratinase from B. subtilis
that presents an identical N-terminal sequence to subtilisin E
(Table 3), showing no activity on collagen and an excellent
dehairing activity. This property is in contrast to keratinase
from B. licheniformis PWD-1 that presents a broad spectrum
of activity, including other fibrous proteins such as collagen
and elastin (Lin et al. 1992). Keratinolytic enzymes from
three novel Bacillus species have been recently characterized
by our laboratory. These enzymes were strongly inhibited
by phenylmethylsulfonyl fluoride (PMSF) and benzamidine,
indicating that they belong to the serine–protease family
(Giongo et al. 2007).

Most keratinases are classified as serine-type proteases as
determined by specific substrates and inhibitors. S. albido-
flavus produces a chymotrypsin-like keratinase that exhibited
specificity for aromatic and hydrophobic amino acid resi-
dues, as demonstrated by using synthetic peptides (Bressolier
et al. 1999). The P1 specificity of the keratinase NAPase of
Nocardiopsis sp. was tested with 11 synthetic p-nitroanilide
(pNA) substrates. The enzyme had preference for aromatic
and hydrophobic residues at the P1 position (Mitsuiki et al.
2004). The feather-degrading Nesterenkonia sp. AL20 pro-
duces an alkaline protease that also exhibited higher activity
with tetrapeptides with hydrophobic residues located at the
P1 site in the order Tyr > Phe > Leu (Bakhtiar et al. 2005).
The keratinolytic B. licheniformis K-508 secreted an unusual
trypsin-like thiol protease that is strongly active toward
benzoyl-Phe-Val-Arg-pNA and is not inhibited by PMSF
(Rozs et al. 2001). The keratinolytic serine protease of S.
pactum DSM 40530 showed substrate specificity and stereo-
specificity to pNA derivatives of basic amino acids lysine
and arginine (L-enantiomers), but hydrolysis of benzoyl-D-
Arg-pNAwas not detected (Böckle et al. 1995). The purified
keratinase of Kocuria rosea was strongly inhibited by 4-(2-
aminoethyl) benzenesulfonyl fluoride, soybean trypsin in-

hibitor, and chymostatin, indicating that it belongs to the
serine protease family (Bernal et al. 2006a).

The primary sequence of fervidolysin, produced by the
thermophilic Fervidobacterium pennavorans, was deduced
from the coding gene fls (Kluskens et al. 2002). The active-
site region of a subtilisin-like serine protease was identified.
The deduced primary sequence showed high homology with
the subtilisin-like proteases. The unique crystal structure
reported to date for a keratin-degrading enzyme is associated
with fervidolysin (Kim et al. 2004). The 1.7-A resolution
crystal structure showed that fervidolysin is composed of
four domains: a catalytic domain, two β-sandwich domains,
and the propeptide domain. The architecture of the catalytic
domain closely resembles that of a subtilisin, indicated also
by the high amino acid sequence conservation. A calcium-
binding site was observed within the catalytic domain, which
exactly matches that of the subtilisin E-propeptide domain
complex (Kim et al. 2004).

More recently, increased information about keratinolytic
metalloproteases became available. Allpress et al. (2002)
reported a keratinolytic metalloprotease from Lysobacter
that was strongly active toward carboxybenzoyl-Phe-pNA.
Microbacterium sp. kr10 produces a Zn2+ metalloprotease
that effectively hydrolyses feather keratin (Thys and
Brandelli 2006). The keratinase produced by the Gram-
negative bacterium Chryseobacterium sp. kr6 appears to
belong to the metalloprotease type as it was inhibited by
EDTA and 1,10-phenanthroline and lacks hydrolysis of the
substrate benzoyl-L-Arg-pNA (Riffel et al. 2003a). These
properties are in agreement with the described properties
for Flavobacterium/Chryseobacterium proteases. The two
major proteases secreted by Flavobacterium meningosepti-
cum are zinc metalloendopeptidases, one of them present-
ing unusual O-glycosylation (Tarentino et al. 1995). A
protease was purified from Chryseobacterium indologenes
and was inhibited by EDTA and 1,10-phenanthroline, and
atomic absorption analysis showed that the enzyme
contained Ca2+ and Zn2+ (Venter et al. 1999). Activation

Table 3 N-terminal sequence
of some keratinases and similar
proteases

a Italicized amino acid residues
are different from
corresponding residues in
Carlsberg subtilisin.
b N-terminal sequence of the
73-kDa peptide.

Enzyme N-terminal sequencea Reference

Carlsberg subtilisin AQTVPYGIPLIKADK Jacobs et al. 1985
Keratinase PWD-1 AQTVPYGIPLIKADK Lin et al. 1995
Subtilisin E AQSVPYGISQIKAPA Stahl and Ferrari 1984
Keratinase of B. subtilis AQSVPYGISQIKAPA Macedo et al. 2005
Depilatory protease AQTVPYGIPQIKAPA Huang et al. 2003
Keratinase of B. pseudofirmus XQTVPXGIPYIYSDD Kojima et al. 2006
Keratinase of B. halodurans SQTVPWGISFISTQQ Takami et al. 1992a
Keratinase of Nocardiopsis sp. ADIIGGLAXYTMGGX Mitsuiki et al. 2004
Fervidolysinb SKAKDLASLPEIKSQ Kluskens et al. 2002
Keratinase of P. marquandii ALTQQPGAPWGLG Gradisar et al. 2005
Keratinase of D. microsporus ATVTQNNAPWGLG Gradisar et al. 2005
Keratinase A. fumigatus ALTTQKGAPWGLGSI Noronha et al. 2002
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by Ca2+ and inhibition by Zn2+ of Gram-negative kerati-
nases (Sangali and Brandelli 2000b; Riffel et al. 2003a)
resembles some calpains (Sorimachi et al. 1997) and typical
bacterial metalloproteases like thermolysin and extracellular
proteases from Pseudomonas species (Auld 1995). Results
obtained from protease inhibitors also suggest that Gram-
negative bacteria may possess different keratinases from
those previously isolated from Gram-positive bacteria
(Riffel et al. 2003a).

A keratinolytic metalloprotease was recently purified from
culture supernatant of Chryseobacterium sp. kr6. This en-
zyme belongs to the M14 family of peptidases, also known
as the carboxypeptidase A family, being the first enzyme of
this family associated with keratinolytic activity and the
genus Chryseobacterium (Riffel et al. 2007). This enzyme
also display an O-glycosylation site DS* in the peptide 5
(KGSSADS*PNSEEK), that is usually found in proteins
secreted by the related specie Chryseobacterium meningo-
septicum (Plummer et al. 1995). Flavastacin, an extracellular
metalloprotease from C. meningosepticum, presents a hepta-
glycoside linked to the DS* site (Tarentino et al. 1995), which
may be associated with protection against autoproteolysis.

Keratinolytic metalloproteases may have great biotechno-
logical promise; acting as secondary keratinases, they may
overcome the limited proteolysis on the surface of insoluble
keratin particles because of restricted enzyme–substrate
interaction (Allpress et al. 2002). In addition, the metal-
loenzyme nature presents a potential method of enzyme
immobilization. Increased stability of immobilized keratinase
has been associated with a reduced autolysis (Wang et al.
2003b), which could be also achieved for a metalloenzyme
by temporary inactivation by chelating agents during storage.

The diversity of catalytic mechanisms, including both
serine and metalloproteases, may have an important effect on
the natural environment, where a consortium of microorgan-
isms may hydrolyze native keratin easier than a pure culture
(Ichida et al. 2001). In addition, rupture of disulfide bonds
must occur to allow an adequate hydrolysis of keratin (Kunert
1992; Böckle and Müller 1997). Keratinases are primarily
endo-proteases showing a broad spectrum of activity (Lin
et al. 1992; Gradisar et al. 2000; Brandelli 2005), and their
ability to degrade native keratin has been associated with the
cooperative action of multiple enzymes (Yamamura et al.
2002; Giongo et al. 2007). The initial attack by keratinases
and disulfide reductases must allow other less specific
proteases to act, resulting in an extensive keratin hydrolysis.

Bioprocessing Keratin-rich Wastes

The use of keratinolytic microorganisms arose as an important
alternative for recycling keratinous byproducts, particularly
from the poultry and leather industries. The developments of

bioprocesses that can convert the huge amounts of such
byproducts into added-value products have been investigated
(Zaghloul et al. 2004; Bertsch and Coello 2005; Grazziotin
et al. 2007). The ability of most keratinases to hydrolyze
diverse substrates (Lin et al. 1992; Böckle et al. 1995;
Brandelli 2005) indicates the potential of such enzymes for
bioconversion of keratin wastes to feed use or other added-
value products.

Keratin represents nearly 90% of feather weight, which
constitute up to 10% of the total chicken weight. The
increased amount of feathers generated by commercial poultry
processing may represent a pollutant problem and needs
adequate management (Shih 1993). Currently, feathers are
converted to feather meal by steam pressure cooking, which
require high-energy input. Feather meal has been used on a
limited basis as an ingredient in animal feed, as it is deficient
in methionine, histidine, and tryptophan (Papadopoulos et al.
1986; Wang and Parsons 1997). The use of keratinase to
upgrade the nutritional value of feathers or feather meal has
been described (Onifade et al. 1998; Grazziotin et al. 2006).
Comparable growth rate was observed between chickens fed
with isolated soybean and those fed with feather meal
fermented with Streptomyces fradiae plus methionine sup-
plementation (Elmayergi and Smith 1971). The utilization of
a B. licheniformis feather-lysate with amino acid supplemen-
tation in test diets to fed growing broilers produced an
identical weight gain to that of soybean meal (Williams et al.
1991). The use of crude keratinase significantly increased the
amino acid digestibility of raw feathers and commercial
feather meal (Lee et al. 1991; Odetallah et al. 2003).

The optimization of experimental conditions for keratin
hydrolysis by Doratomyces microsporum keratinase was
studied using two-order experimental design. An increased
quantity of soluble protein was achieved when thioglycolated
nails or hooves were treated with keratinase (Vignardet et al.
2001). Protein hydrolysates obtained from submerged
cultivation of keratinolytic bacteria on poultry feathers show
upgraded nutritional value of feather keratin (Bertsch and
Coello 2005; Grazziotin et al. 2006). The use of keratinolytic
bacteria for the production of feather hydrolysates has been
the subject of some patented processes (Shih and Williams
1990; Burtt and Ichida 1999), and the keratinase from B.
licheniformis PWD-1 is commercially produced under the
trade name Versazyme.

Production of keratinases using feather meal or raw
feathers as the basis for culture media has been described,
and several factors such as pH, feather concentration,
inoculum, and temperature can influence the resulting
enzyme yield (Wang and Shih 1999; Brandelli and Riffel
2005). More recently, the use of statistical optimization by
response surface methodology have been described for the
production of bacterial keratinases during growth on raw
feathers (Ramnani and Gupta 2004; Thys et al. 2006;
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Bernal et al. 2006b). Factors like temperature and media
composition significantly influence the production of ke-
ratinases, which could be improved nearly 40-fold after
optimization.

Leather production yields significant quantities of organic
wastes, a significant portion of which comes from degraded
keratin. Biotechnological options are available for handling
effluents and proteinaceous solid waste (Thanikaivelan et al.
2004). Biodegradation of waste from the leather industry has
been reported, as the ability of Streptomyces and Bacillus to
hydrolyze hair and wool keratins has been already described
(Mukhopadhyay and Chandra 1990; Takami et al. 1992b;
Lal et al. 1996). The bacterium S. fradiae substantially
degrade the complex morphological structure of wool, hair,
and feather substrates by a combination of mechanical and
enzymatic activity, resulting in the release of soluble protein
during fermentation (Hood and Healy 1994). Shama and
Berwick (1991) described the construction of a rotating
frame bioreactor in which wool substrate was almost totally
solubilized by S. fradiae.

Currently, the animal feed industry is the main consumer
for keratin hydrolysates from agroindustrial byproducts.
Recycling of feathers is a subject of great interest for
animal nutrition because of its potential as an inexpensive
and alternative protein source. Despite the limited nutri-
tional value of keratin, both the digestibility and amino acid
balance of feather protein might be improved by microbial
fermentation (Williams et al. 1991; Grazziotin et al. 2006).

Keratin-rich wastes have been also considered as soil
fertilizers. Several organic materials for animal origin, such
as blood meal, hooves, horn, feathers, bones and manure
have been evaluated as slow-release nitrogen fertilizers.
However, about 70% of nitrogen is released during the first
30 days in field condition, and except for chicken feathers,
the total nitrogen release occurs between 6 and 7 weeks
(Williams and Nelson 1992). In the case of feather meal,
which suffers an extensive thermal treatment, the total nitro-
gen release also occurs at 6–7 weeks (Hadas and Kautsky
1994). Feathers have about 15% of nitrogen, possessing
great potential to be used as slow-release nitrogen fertilizer.
The slow release of nitrogen from raw feathers indicates that
the soil microorganisms could not easily digest the keratin
structure. However, if keratin structure is modified by the
rupture of chemical bonds, the rate of mineralization in-
creases. The modification of keratin structure can be
achieved by thermal treatments and enzymatic hydrolysis
with cleavage of disulfide bridges and peptide bonds
(Williams et al. 1990; Kim et al. 2005). An additional
alternative is the formation of a Schiff base between the
amino groups of keratin with aldehydes (Means and Feeney
1998), resulting in new chemical bonds that contribute to a
slower release of nitrogen (Choi and Nelson 1996). In this
regard, the use of keratinolytic microorganisms may repre-

sent an alternative for the development of nitrogen sources
for fertilizer utilization. The enzymatic capability of the
feather-degrading bacteria to accelerate the composting of
dead chickens or feather waste could be an economical and
environmentally safe method of recycling these organic
materials into high-nitrogen fertilizers (Ichida et al. 2001).

Emerging Applications for Keratinases

Although biotechnological processes related with the hydro-
lysis of waste keratin was an early proposition for microbial
keratinases, other promising applications have been associat-
ed with keratinolytic enzymes. With the advance in the
knowledge about keratinases and their action on keratinolysis,
a myriad of novel applications have been suggested for these
enzymes (Fig. 3).

Enzymatic dehairing is increasingly seen as a reliable
alternative to avoid the problem created by sulfide in tanneries
(Cantera 2001; Thanikaivelan et al. 2004). The advantages of
enzymatic dehairing are a reduction of sulfide content in the
effluent, recovery of hair which is of good quality, and
elimination of the bate in the deliming. However, this po-
tential benefit remains unfulfilled as enzymes are more
expensive than the conventional process chemicals and
require careful control (Schraeder et al. 1998). The potential
for the commercial use of enzymes in leather production is
considerable because of their properties as highly efficient
and selective catalysts. The resulting savings in process time
may increase the efficiency in leather production, which
represents added value to the tanner. A significant feature of
the enzymatic dehairing process is the complete hair removal
and minimal usage of sulfide and the decomposition
products formed from the tannery wastewater with great
improvement in wastewater quality as a result. Thus, the
substitution of chemical depilatory agents in the leather
industry by proteolytic enzymes produced by microorgan-
isms has an important economical and environmental impact.
Some microorganisms producing extracellular keratinases
showing dehairing activity has been described, and among
bacteria, strains of Bacillus are the most studied. Proteolytic
strains of Bacillus subtilis and Bacillus amyloliquefaciens
have been characterized, presenting desirable properties for
leather processing (George et al. 1995; Varela et al. 1997;
Macedo et al. 2005; Giongo et al. 2007). The fact that these
keratinases can degrade keratin avoiding damage of other
structural proteins like collagen, make them exceptional
candidates for use in leather industry. Microscopic examina-
tion of pelts indicates that they usually hydrolyze the outer
sheath rod structure resulting in loose hair (Riffel et al.
2003b), which is easily detached from the skins (Fig. 4).

Some keratinases do not hydrolyze gelatin and synthetic
substrate for collagenase, and their use for dehairing bovine
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pelts cause no collagen damage (Gradisar et al. 2000; Riffel et
al. 2003b). These enzymes have attractive characteristics for
cosmetic and pharmaceutical purposes where collagen should
not be attacked. The use of keratinase for cosmetic ap-
plication is described as an ingredient in depilatory compo-
sitions for shaving (Neena 1993; Slavtcheff et al. 2004).
Keratinases may be also useful in topical formulations for the
elimination of keratin in acne or psoriasis and removal of
human callus (Holland 1993; Vignardet et al. 2001).

Recently, the use of keratinolytic enzymes to enhance
drug delivery was investigated. The effectiveness of topical
therapy of nail diseases is usually limited by the very low
permeability of drugs through the nail plate. The presence
of keratinase from Paecilomyces marquandii significantly
increases drug permeation through human nail clippings
(Mohorcic et al. 2007).

Prion proteins are causative agents of fatal and transmis-
sible neurodegenerative diseases including scrapie, bovine
spongiform encephalopathy (mad cow disease), chronic
wasting disease, Kuru disease, and Creutzfeldt–Jakob disease
(Caughey 2001). The keratinase PWD-1 shows a broad
spectrum of activity and also hydrolyses the prion PrPSc

protein, the agent responsible for bovine spongiform ence-
phalopathy (Langeveld et al. 2003). Bacillus sp. MSK103
produces a keratinase that exhibited the greatest sequence
homology with subtilisin DY and had activity for degrading
PrPSc (Yoshioka et al. 2007). Keratinolytic enzymes of
selected anaerobic thermophiles were also found to hydro-
lyze the heat-denatured amyloid prion (Suzuki et al. 2006).
The enzymatic hydrolysis of prion proteins constitutes a
promising application for bacterial keratinases.

Immobilized proteases often showminimized autolysis and
therefore increased stability. However, few attempts to
immobilize keratinases are described. The keratinase from
B. licheniformis PWD-1 was immobilized on controlled-pore
glass beads (Lin et al. 1996). The immobilized keratinase
showed improved heat stability and exhibited activity against
feather keratin and casein. In another study, a keratinase–
streptavidin fusion protein was immobilized onto a biotiny-
lated matrix (Wang et al. 2003b). Heat stability and pH
tolerance were greatly improved by immobilization, although
the catalytic efficiency was reduced by eightfold. Immobi-
lized keratinases may be useful for developing limited
proteolysis processes to modify functional properties of

Fig. 4 Dehairing activity of keratinase kr6 on bovine pelts. a Control
with heat-denatured keratinase, b keratinase treatment, c and d
keratinase treatment followed by gently scrape

KERATINASES 

Feed hydrolysates 

Fertilizers 

Enhance of 
drug delivery 

Leather 
industry 

Textile 
industry 

Hydrolysis 
of prions 

Production of 
biohydrogen 

Detergents

Fig. 3 Applications of bacterial
keratinases. Keratinases may be
useful to convert keratinous
materials into feed and fertil-
izers. Isolated enzymes may be
used for leather, textile, and
detergent industries, and for
biomedical applications
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proteins, such as solubility, emulsification, and gelation (Chen
et al. 1994).

There is an increased interest in the conversion of keratins
into biodegradable films and coatings for both agricultural and
biomedical applications. Keratin is chemically or enzymati-
cally treated and the resulting modified keratin is converted
into products for compostable packaging, agricultural films,
or edible film applications (Yamauchi et al. 1996; Schrooyen
et al. 2001; Zaghloul et al. 2004). Polyethylene-based
composites were prepared using keratin fibers obtained from
chicken feathers (Barone and Schmidt 2005). The keratin
fibers can be directly incorporated into the polymer using
standard thermomechanical mixing techniques, and keratin
feather fiber acts to reinforce the polyethylene polymer
matrix. Polymers incorporating feather keratin were shown
to have similar properties to many synthetic thermoplastics
(Barone and Arikan 2007). One important characteristic of
these bio-based polymers is that they biodegrade under
natural conditions, reducing significantly the environmental
impact of packaging plastics.

Bálint et al. (2005) described a two-stage fermentation
system to convert keratin waste into biohydrogen. A Bacillus
strain is used to biodegrade keratin-containing materials,
converting into fermentation product rich in peptides and
amino acids. This mixture could be subsequently used as a
nutrient source for the thermophilic anaerobe Thermococcus
litoralis, which produces important yields of H2 as a phys-
iological byproduct.

Detergent applications for keratinases have been also
suggested (Gupta and Ramnani 2006). These include removal
of keratinous dirt that are often encountered in the laundry,
such as collars of shirts, and used as additives for cleaning
up drains clogged with keratinous waste. Keratinolytic
enzymes may have potential application in the woolen tex-
tiles industry as a method of shrink proofing wool and to
improve wool dyeing (Sousa et al. 2007).

Conclusions

Keratinases are valuable enzymes for bioprocessing kerati-
nous waste. Their ability to degrade the recalcitrant protein
keratin constitutes a remarkable property. Increased infor-
mation on keratinolytic microorganisms and the biochem-
ical properties of their keratinases became available,
allowing a better understanding of the biological degrada-
tion of keratin. Such amount of information goes toward the
development of products and processes linked to proper
waste management through recycling keratin-rich agro-
industrial byproducts.
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