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Abstract
Discarded feathers represent an important residue from the poultry industry and are a rich source of keratin. Bacillus subtilis 
LFB-FIOCRUZ 1266, previously isolated from industrial poultry wastes, was used in this work and, through random mutation 
using ethyl methanesulfonate, ten strains were selected based on the size of their degradation halos. The feather degrada-
tion was increased to 115% and all selected mutants showed 1.4- to 2.4-fold increase in keratinolytic activity compared to 
their wild-type counterparts. The protein concentrations in the culture supernatants increased approximately 2.5 times, as 
a result of feather degradation. The mutants produced more sulfide than the wild-type bacteria that produced 0.45 µg/ml, 
while mutant D8 produced 1.45 µg/ml. The best pH for enzyme production and feather degradation was pH 8. Zymography 
showed differences in the intensity and molecular mass of some bands. The peptidase activity of the enzyme blend was 
predominantly inhibited by PMSF and EDTA, suggesting the presence of serine peptidases. HPTLC analysis evidenced few 
differences in band intensities of the amino acid profiles produced by the mutant peptidase activities. The mutants showed 
an increase in keratinolytic and peptidase activities, demonstrating their biotechnological potential to recycle feather and 
help to reduce the environmental impact.
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Introduction

Keratin is an insoluble and hard-to-degrade protein with 
a stable structure that is a major constituent of skin, hair, 
feathers, wool and nails of various animals, and represents 
an important form of protection for those animals (Lange 
et al. 2016). Keratin contains considerable amounts of amino 
acids containing sulfur-forming disulfide bridges which con-
fer the mechanical stability and resistance to common pro-
teolytic enzymes such as pepsin, trypsin and papain. In addi-
tion to the high degree of cross-linkages formed by disulfide 

and hydrogen bonds, the resistance of keratins is associated 
with its tight packaging as chains in α-helix (α-keratin) or 
β-sheet (β-keratin) structures (Mazotto et al. 2017). Thus, 
keratinous materials can remain inert in the environment for 
a long time, as keratinase producing microorganisms are not 
widespread (Lange et al. 2016). However, despite their rigid 
structure, keratins are recycled in nature and can be effi-
ciently degraded by a few microorganisms such as bacteria 
from the genus Bacillus (Fellahi et al. 2016), Streptomyces 
(Ramakrishnan et al. 2011) from several species of fungi 
(El-Gendy 2010; Duarte et al. 2011; Bohacz 2017) and from 
Archaea (Kublanov et al. 2009; Brandelli et al. 2010) that 
are capable of producing keratinolytic peptidases known as 
keratinases.

Keratinases [EC 3.4.21/24/99.11] are mostly serine or 
metalloproteases able to catalyze the hydrolysis of highly 
stable keratin proteins. When compared with other pepti-
dases, keratinases have high nucleotide homologies and 
protein similarities with peptidases belonging to the subtili-
sin group (Gupta and Ramnani 2006). The mechanism of 
keratinolysis is complex and poorly understood. Currently it 
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is accepted that the keratinolytic process involves two steps, 
sulfitolysis and proteolysis (Prakash et al. 2010; Lange et al. 
2016). The first step is the breakdown of disulfide bonds that 
partially denature the keratin and expose sites for keratinase 
action. This sulfitolysis occurs through the activity of sulfide 
reductases or by secretion of reducing agents like sulfide 
(Navone and Speight 2018). Even in presence of reducing 
agents, common proteases like pepsin and papain are not 
capable of degrading keratin. On the other hand, some puri-
fied keratinases maintain their keratinolytic activity in the 
absence of a reducing agent (Kim et al. 2004; Sanghvi et al. 
2016).

Keratinases from microorganisms have attracted attention 
due to their extensive uses in a variety of industrial appli-
cations such as in the feed, fertilizer, detergent and leather 
industries, as well as for pharmaceutical and biomedical 
applications (Brandelli et al. 2010; Gupta et al. 2013). Prion 
degradation by bacterial keratinases has also been reported 
(Yoshioka et al. 2007; Okoroma et al. 2013). However, the 
initial proposition for microbial keratinases was in the bio-
processing of the increasing keratinous wastes generated by 
the poultry industry (Daroit et al. 2009; Syed et al. 2009).

These keratin-rich wastes contain a high amount of pro-
tein and approximately 90% of the total weight of feathers 
is keratin, and this could be a relatively inexpensive dietary 
supplement for animal feedstuffs after being processed into 
a protein hydrolysate (Onifade et al. 1998; Mokrejs et al. 
2011). Today feathers are turned into feather meal through 
steam pressure cooking, which requires a high-energy 
input, resulting in the destruction of certain essential amino 
acids such as methionine, lysine, histidine and tryptophan, 
and in the formation of non-nutritive amino acids, such as 
lysinoalanine and lanthionine, yielding a product with poor 
digestibility and variable nutrient quality (Wang and Parsons 
1997). On the other hand, keratin-degrading microorganisms 
could be used as an important and ecofriendly biotechnique 
to recycle feathers into a rich hydrolysate (Mabrouk 2008; 
Vasileva-Tonkova et al. 2009).

There are some reports in the literature about using 
chemical (N-methyl-N′-nitro-N-nitrosoguanidine ethyl meth-
ane sulfonate) and physical (UV) mutagenesis to improve 
enzymatic activity (Ribeiro et al. 2013). The activities of 
endoglucanase I (EGI), β-glucosidase and carboxymethyl-
cellulase (CMCase) have been improved two- to threefold by 
mutagenesis using ethyl methanesulfonate (EMS) (Ribeiro 
et al. 2013).

Keratinolytic activity has already been described in Bacil-
lus licheniformis PWD1 (Manczinger et al. 2003) and Bacil-
lus subtilis (Mazotto et al. 2011). Applying these enzymes to 
process industrial feather wastes offers advantages tothisin-
dustry and to the environment. Improving the production of 
these enzymes with bacteria could improve the efficiency 
and reduce costs for the use of feather waste residues in the 

production of animal feed or cosmetics (Manczinger et al. 
2003; Mazotto et al. 2011). Additionally, B. subtilis has been 
reported as a probiotic alone or in association with other 
bacteria, improving the immunologic response of rabbits and 
Artemia franciscana (Guo et al. 2017; Giarma et al. 2017).

The aim of the present work was to increase keratinase 
production by chemical mutagenesis. This study suggests 
that improved B. subtilis LFB-FIOCRUZ 1266 has poten-
tial to produce a bioaccessible protein from feathers with 
probiotic activity that can be used as a valuable ingredient 
in animal feed.

Materials and methods

Chemicals

Media constituents were obtained from Oxoid Ltd. (Hamp-
shire, England). Reagents used in electrophoresis were 
purchased from Amersham Life Science (Little Chalfont, 
England). Gelatin and casein were purchased from Merck 
(Darmstadt, Germany) and bovine serum albumin from 
Sigma Chemical Co. (St. Louis, MO, USA). All other rea-
gents were of analytical grade.

Feather keratin substrate

Chicken feathers obtained from poultry waste were exten-
sively washed with water and detergent and dried at 60 °C 
overnight. Afterwards, the feathers were delipidated with 
chloroform:methanol (1:1 v/v) and dried again at 60 °C. The 
keratin substrate was obtained according to Wawrzkiewicz 
et al. (1987). Briefly, 10 g of feathers was heated in a reflux 
condenser at 100 °C for 80–120 min with 500 ml of DMSO. 
Keratin was then precipitated by the addition of two volumes 
of cold acetone and maintained at 4 °C for 24–48 h. The ker-
atin precipitates were collected by centrifugation at 2000g 
for 15 min, washed twice with distilled water and dried at 
4 °C. The powder obtained was ground to homogeneity in 
a mortar. This keratin was used in agar keratin medium and 
for keratinase analysis.

Microorganism and culture media

Bacillus subtilis LFB-FIOCRUZ 1266 was isolated from 
the feather residues that came from the poultry industry 
as described by Mazotto et al. (2010). The microorganism 
selected for this study was deposited at the Culture Col-
lection of Bacillus at the Fundação Oswaldo Cruz (Rio 
de Janeiro, RJ, Brazil) and registered under number LFB-
FIOCRUZ1266. B. subtilis strains were grown in yeast 
extract medium (0.5% yeast extract, 0.5% peptone, 2% KCl, 
2% sucrose, pH 7.0), Luria-Bertani medium (1% peptone, 
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0.5% yeast extract, 1% NaCl pH 7.2) and whole feather 
medium (1% whole feathers, 0.1% yeast extract in 0.1 M 
phosphate buffer, pH 8.0). For the solid medium 1.5% agar 
was added.

Mutagenesis and screening

The B. subtilis strain LFB-FIOCRUZ 1266 was grown in 
5 ml of yeast extract medium at 37 °C for 24 h; after that, 1% 
of ethyl methanesulfonate (EMS) was added and incubated 
at 37 °C for 2 h (Lindegren et al. 1965). Cells were then 
centrifuged at 2800g for 15 min, washed twice with sterile 
saline solution and the pellet was resuspended in 5 ml of 
yeast extract medium and incubated at 37 °C for 1 h. Succes-
sive serial dilutions were prepared up to 10−5, and 0.1 ml of 
the bacterial dilutions was spread on the Luria-Bertani agar 
medium. After 24 h incubation at 37 °C, mutant colonies of 
the B. subtilis strain LFB-FIOCRUZ 1266 were first streaked 
on gelatin agar (2% gelatin, 0.1% yeast extract, 2% agar) 
and replica plates of the colonies on yeast extract medium 
of the screened colonies were kept refrigerated at 4 °C. The 
gelatinolytic positive mutants were streaked in keratin agar 
media (2% keratin, 0.01% yeast extract, 2% agar) for 5 days 
at 37 °C to verify the keratinolytic activities. Plates were 
stained with Coomassie brilliant blue R-250 [0.2% Coomas-
sie brilliant blue R-250 (for protein substrates)] in methanol: 
acetic acid: water (5:1:4). Clear halos indicated enzyme pro-
duction and were selected for quantitative and qualitative 
keratinolytic assays.

Enzymatic extract

The B. subtilis strain LFB-FIOCRUZ 1266 and its mutants 
were grown on yeast extract medium for 48 h at 37 °C under 
300 rpm agitation to obtain biomass. The cells were har-
vested by centrifugation at 2000g for 20 min at 4 °C, washed 
twice with saline solution (0.85% NaCl) and inoculated in 
whole feather medium. This medium was inoculated with 
108  UFC/ml and incubated under the same conditions. 
After incubation, the media were centrifuged at 2000g for 
20 min at 4 °C and the supernatant solutions were used as 
enzymatic extracts for keratinase and gelatinase assays. For 
zymographic analysis, the enzymatic extracts were concen-
trated 20-fold by dialysis (cut off 9 kDa) using PEG 4.000 
overnight at 4 °C.

Protein determination

Protein concentration was determined as previously 
described by Lowry et  al. (1951), using bovine serum 
albumin (BSA) as standard. Absorbance was measured at 
660 nm.

Feather degradation

The percentage of feather degradation was calculated from 
the differences in residual feather dry weight between a con-
trol (feather without bacterial inoculation) and after micro-
organism growth at 37 °C for 24 h. Whole feather medium 
was composed of 1% whole feathers and 0.1% yeast extract 
in 0.1 M phosphate buffer, pH 8.0.

Keratinase and gelatinase activity

Keratinase activity was determined with feather keratin sub-
strate (see “Feather keratin substrate” section above) by the 
method according to Grzywnowicz et al. (1989). The enzy-
matic reaction was composed of 0.5 mg of keratin, 750 µl of 
phosphate buffer, pH 7.4 and 500 µl enzymatic extract. The 
reaction mixture was incubated at 37 °C for 1 h, after which 
the reaction was stopped by adding 250 µl of 10% trichloro-
acetic acid (TCA). Samples were kept refrigerated at 4 °C 
for 30 min. Then, the solution was centrifuged at 2.500g for 
15 min. The supernatant was collected, and the absorbance 
was measured at 280 nm. The control was obtained by add-
ing TCA to the reaction mixture before incubation. One unit 
of keratinolytic activity was considered to be an increase of 
0.01 in the absorbance unit at 280 nm, under standard assay 
conditions (1 h at 37 °C).

Gelatinase activity was measured according to the method 
of Jones et al. (1998) with modifications. Briefly, 100 µl of 
the enzyme extract and 900 µl of phosphate buffer, pH 7.4, 
were added to 1.5 ml of the substrate solution (1% gelatin 
in distilled water) and incubated at 37 °C for 30 min. After 
incubation, an aliquot of 375 µl of the reaction mixture was 
added to 500 µl of isopropanol. For the control, an aliquot 
of 375 µl of reaction mixture was transferred to 500 µl of 
isopropanol before the incubation.

All samples were centrifuged at 2.500g for 15 min. The 
supernatant was collected, and the soluble protein present in 
the supernatant was measured as described by Lowry et al. 
(1951). One unit of gelatinolytic activity was defined as the 
amount of enzyme required to produce an increase of 0.01 
absorbance unit at 660 nm, under standard assay conditions 
(30 min at 37 °C).

In order to evaluate the enzymatic activity at different pH 
values, the following buffers were used: citric acid buffer 
(0.05 M citric acid and 0.2M Na2HPO4, pH 5.2–6.0), phos-
phate buffer (0.06 M Na2HPO4.7H2O and 0.04 M KH2PO4, 
pH 8.0) or glycine buffer (0.2 M glycine, 0.2 M NaOH, pH 
10.0–10.8).

Sulfide concentration

The sulfide produced by B. subtilis strain LFB-FIOCRUZ 
1266 was evaluated as previously described (Arikawa 
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et al. 1971). Briefly, 50 µl of ρ-rosaniline solution (0.04% 
ρ-rosaniline in 6% HCl), 50 µl of 0.2% formaldehyde solu-
tion and 350 µl of distilled water were added to 50 µl of 
the culture supernatant. The solution was incubated at room 
temperature for 10 min and the absorbance was measured at 
562 nm. Sodium sulfide (0.1 mg/ml) was used as standard.

High‑performance thin‑layer chromatography 
(HPTLC)

An aliquot of culture supernatants (15  µl) was applied 
on high-performance thin-layer chromatography plates 
(MERCK) for amino acid detection. The solvent for the 
HPTLC plates was n-butanol:acetone:acetic acid:distilled 
water (5:5:3:1 v/v/v/v) and the amino acid-specific ninhy-
drin reagent (7.5% in n-butanol:acetone 1:1 v/v) was used 
(Brenner and Niederwieser 1965; Kanaki and Rajani 2005). 
Commercial amino acids were used as standard.

Zymography

The concentrated culture supernatants were mixed with 
the sample buffer for zymography (125 mM Tris, pH 6.8, 
4% SDS, 20% glycerol and 0.002% bromophenol blue) in a 
sample:buffer ratio of 6:4 (Nogueira De Melo et al. 2007). 
Keratinases and gelatinases were assayed and characterized 
by 10% SDS–PAGE with co-polymerized keratin feather 
powder or gelatin (0.1%). Additionally, other substrates such 
as casein, BSA or hemoglobin (0.1%) were incorporated in 
the gel for substrate specificity studies. Gels were loaded 
with 30 µg of protein from the concentrated supernatants 
per slot. After electrophoresis at 120 V for 2 h at 4 °C, the 
gels were washed twice for 15 min at room temperature with 
2.5% Triton X-100 and then were incubated for 48 h at 37 °C 
in citric acid proteolysis buffer at pH 5.0. Then the gels were 
stained for 1 h with 0.2% Coomassie brilliant blue R-250 in 
methanol:acetic acid:water (5:1:4 v/v/v) and destained in 
the same solvent. For enzymatic classification, 3 mM phe-
nylmethylsulphonyl fluoride (PMSF), 0.26 mM ethylenedi-
amine tetra acetic acid (EDTA), 10 mM 1.10 phenanthroline 
(Phenan), 10 µM pepstatin A (Peps) and 5 µM trans-epox-
ysuccinyl l-leucylamido-(4-guanidino) butane (E-64) were 
used in the proteolysis buffer.

Results

Selected mutants

A culture of B. subitilis LFB-FIOCRUZ 1266 was muta-
genized with 1% EMS. The mutants were selected based 
on the increased secretion of extracellular gelatinolytic and 
keratinolytic enzymes. This selection was carried out in 

agar plates with gelatin and keratin incorporated. After the 
tests, 150 mutants with gelatinolytic activity were found, 
but only ten mutants (degradation halo ≥ 6 mm of diameter) 
were selected for this study.

Enzymatic activity and feather degradation 
of selected mutants

Ten strains with high gelatinolytic and keratinolytic activity 
were selected to analyze feather degradation and enzyme 
production in feather medium. The feather degradation 
increased 115%, reaching 99.9% of feather degradation using 
strain D7 when compared with the wild type that presented 
87% (Fig. 1a). Corroborating this result, all mutants showed 
keratinolytic activity higher than the wild type (Fig. 1b). 
While B. subtilis LFB-FIOCRUZ 1266 presented a keratino-
lytic activity of 127 U/ml, all the related mutants presented 
a superior activity, ranging from 152 to 298 U/ml for mutant 
E2 and D2, respectively. As expected, the protein concentra-
tion in the culture supernatants of all mutants presented the 
same profiles as the feather degradation profiles, with an 
approximate 2.5 times increase (Fig. 1c), when compared 
with the wild type.

Gelatin substrate was used to verify the total peptidase 
action. While the wild type presented gelatinolytic activity 
of 106 U/ml, all selected mutants presented superior activ-
ity, from 180.76 U/ml for the mutant E4 to 738.33 U/ml for 
the mutant E2.

Sulfide concentration

The mutagenesis also altered the sulfide secretion in the 
culture medium. The sulfide concentration detected in the 
enzymatic extract of the wild type was 0.45 µg/ml, while 
the mutant D8 presented a higher concentration of 1.45 µg/
ml. All mutants, except mutants E13 and G4, showed sig-
nificantly higher concentrations of sulfide when compared 
to the wild type (Fig. 2).

Effect of temperature and pH for enzyme 
expression/activity

The effect of temperature and pH on feather degradation, 
gelatinolytic activity and sulfide production was evaluated. 
The results were analyzed by ANOVA, using the signifi-
cance limit of 95%. The results and analysis showed that 
the best feather degradation results were obtained at pH 
8.0 independent of the temperature (Table 1). The pH is 
the variable that has the greatest effect on feather degra-
dation. However, variations of temperature affected the 
gelatinolytic activity among the mutants and wild-type 
bacterium. A temperature of 28 °C was the best for the 
production of gelatinolytic peptidases. The mutant E12 
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presented similar dosages for temperatures of 28 and 35 °C 
at pH 8.0 and was the strain that best with stood tempera-
ture changes (Table 2). The highest sulfide concentrations 
were detected at 28 °C with pH 8.0, except for the mutant 
D8 (Table 3). As observed for the degradation of feath-
ers, the pH was the variable that most affected the sulfide 
production, suggesting a correlation between sulfide con-
centration in the medium and keratin degradation.

Zymography

When the incorporated substrate was keratin, the electro-
phoresis profile of all mutants showed differences compared 
to the wild type. The mutant D2 only presented an 80-kDa 
band with a reduction of intensity. The mutants D7, D8, D11 
and E2 only showed bands of 80 and 63 kDa. The mutants 
E4 and E5 did not present the 63-kDa band; however, they 
showed a higher intensity of the 100-kDa band. The E12 
mutant also increased intensity of the 100-kDa and also of 
the 63- and 54-kDa bands (Fig. 3a). The electrophoresis pro-
files of the gelatin substrates were similar; however, there 
were differences in the intensity of some bands (Fig. 3b). 
When the BSA was used as the co-polymerized protein 
substrate, all the mutants presented similar electrophoresis 
profiles. Also, there was an increase in the 66-kDa band in 
the mutants E4, E5 and E12, and also a new band of about 
20 kDa was observed in all mutants tested (Fig. 3c). The pro-
files of the peptidases analyzed with co-polymerized casein 
showed some differences: such as a weak 55 kDa band in 
mutants D2, D7, D8 and E12. Also, the 34-kDa band in the 
mutants D8 and E5 disappeared; however, a new band of 
about 20 kDa was seen in all mutants (Fig. 3d).

In relation to the last substrate, the hemoglobin, the 
wild type presented two bands: one of 45 and the other of 
32 kDa. The mutant D2 presented an increased intensity in 
the 45-kDa band, while the 32-kDa band disappeared. The 

Fig. 1   Comparative studies of feather degradation in percentage (a), 
keratinolytic activity (b), protein concentration (c) and gelatino lytic 
activity (d) of the selected mutant strains from Bacillus subtilis LFB-

FIOCRUZ 1266 and the wild type (WT) cultured in feather medium 
at pH 8.0 and 28 °C

Fig. 2   Sulfide concentrations in the culture supernatants of B. subtilis 
LFB-FIOCRUZ 1266 mutants and wild-type strains grown in feather 
medium
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mutants D7, D8 and E2 presented a lower intensity in the 
45-kDa band, and a new band of about 36 kDa. The mutant 
D11 presented a lower intensity 45 kDa band and the 30-kDa 
band disappeared. The mutants E5 and E12 maintained the 
45-kDa band; however, they presented a 36–37 kDa band 
that probably was a derivative of the 30-kDa band. The 
mutant E4 presented two bands with molecular weights less 
than 45 kDa. Again all mutants presented a 20-kDa band 
(Fig. 3e).

Effects of specific inhibitors on peptidase activity

The peptidases were classified using different inhibitors 
by zymography in polyacrylamide gel with gelatin as the 

substrate. The peptidases of all the mutants, except mutant 
E2, were inhibited by PMSF, a serine peptidase inhibitor. 
The E2 mutant had two bands inhibited by phenanthroline, a 
metallopeptidase inhibitor. The divalent ion chelator EDTA 
inhibited several peptidases of mutant or wild-type strains, 
but not for the D2 and E5 strains. Wild-type and mutant 
peptidases were not affected by the treatment with E-64 
(Fig. 4).

Profile of feather hydrolysates

The profile of feather hydrolysates was analyzed by HPTLC. 
The chromatogram showed an increase of amino acid con-
centrations presenting similarity to the serine mobility 

Table 1   Effect of different 
temperatures and pH on feather 
degradation by B. subtilis LFB-
FIOCRUZ 1266 mutants and 
wild type strains

T (°C) pH WT D2 D7 D8 D11 E2 E4 E5 E12 E13 G4

28 8.0 96.3 91.4 94.1 98.0 99.5 98.4 100 100 98.2 73.4 72.6
30 6.0 7.6 7.0 8.2 9.1 9.4 6.9 8.1 8.0 6.8 7.0 4.4
30 10.0 20.6 23.7 20.4 20.3 19.3 19.9 21.2 20.5 16.5 18.3 18.8
35 5.2 1.8 0.2 2.0 1.8 2.0 0.7 3.3 4.4 0.9 6.1 3.5
35 8.0 85.7 96.1 95.1 99.2 98.9 98.0 98.1 98.2 97.1 93.9 95.5
35 10.8 51.4 51.1 50.3 51.0 35.8 48.1 42.9 48.0 38.7 44.4 69.2
40 6.0 6.6 9.1 8.8 7.5 3.1 7.0 9.4 11.4 8.4 6.7 9.6
40 10.0 24.5 25.7 23.6 24.4 28.1 24.1 24.5 30.0 54.5 27.0 23.6
42 8.0 89.5 89.9 94.8 38.0 93.4 97.3 98.8 98.2 96.9 70.5 88.0

Table 2   Effect of different 
temperatures and pH on 
gelatinolytic activity of B. 
subtilis LFB-FIOCRUZ 1266 
mutants and wild-type strains

T (°C) pH WT D2 D7 D8 D11 E2 E4 E5 E12 E13 G4

28 8.0 880.7 948.9 659.1 630.7 926.1 875.0 1210.3 1068.2 755.7 522.7 358.0
30 6.0 39.8 233.0 125.0 181.8 34.1 62.5 261.4 227.3 278.4 178.0 200.8
30 10.0 284.1 153.4 403.4 409.1 272.7 352.3 329.6 210.2 153.4 102.3 306.8
35 5.2 352.3 340.9 242.4 284.1 272.7 619.3 45.5 89.0 187.5 147.7 193.2
35 8.0 123.1 535.4 372.5 352.3 520.8 433.7 524.6 275.3 780.3 153.4 356.1
35 10.8 352.3 227.3 312.5 85.2 335.2 335.2 380.7 431.8 181.8 354.2 272.7
40 6.0 176.1 340.9 193.2 431.8 409.1 375.0 403.4 380.7 250.0 113.6 121.2
40 10.0 176.1 142.1 136.4 128.8 204.6 244.3 204.6 66.3 56.8 108.0 157.2
42 8.0 386.4 409.1 136.4 301.1 448.9 448.9 511.4 352.3 267.1 253.8 210.2

Table 3   Effect of different 
temperatures and pH on sulfide 
(µg/ml) excreted by the strains 
in the culture

T (°C) pH WT D2 D7 D8 D11 E2 E4 E5 E12 E13 G4

28 8.0 10.9 19.8 19.3 2.5 20.4 18.4 19.1 20.5 21.4 5.8 9.0
30 6.0 10.8 9.1 10.8 10.5 10.1 9.6 10.9 9.4 9.3 9.0 8.7
30 10.0 5.0 4.8 5.5 4.7 6.2 4.4 4.1 4.2 3.6 3.5 3.6
35 5.2 7.1 8.7 9.0 6.0 6.4 8.8 10.5 8.3 10.1 6.1 11.4
35 8.0 7.9 16.7 9.0 12.6 19.4 12.8 13.4 23.0 14.5 10.7 8.2
35 10.8 10.5 8.8 7.4 9.3 7.1 7.2 7.8 6.5 8.0 7.6 9.8
40 6.0 2.2 2.0 2.3 11.4 2.5 2.5 2.7 0.7 3.2 1.2
40 10.0 4.5 4.3 4.5 4.1 4.8 5.0 5.5 4.5 5.9 4.8 4.0
42 8.0 9.0 19.2 17.2 23.9 18.2 13.1 19.8 14.2 15.4 5.2 4.7
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Fig. 3   Zymographic analyses of 
the enzymatic extracts of strains 
of B. subtilisLFB-FIOCRUZ 
1266 wild type and mutants 
using keratin (a), gelatin (b), 
BSA (c), casein (d) and hemo-
globin (e) as substrates. The val-
ues on the left are the molecular 
weight pattern
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Fig. 4   Determination of the keratinase classes of the wild-type strain LFB-FIOCRUZ 1266 and its mutants. The gels were incubated with the 
following inhibitors: PMSF, phenanthroline, E-64 and EDTA
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patterns in all mutants. There was an increase in the amino 
acids with a retention time similar to glycine, in mutants D7, 
E2, E4 E5, E12 and E13. However, there was a reduction of 
amino acid concentrations with mobilities similar to glycine 
and leucine in mutants D2, D8, D11, E5 and E12 (Fig. 5).

Discussion

The Bacillus subtilis LFB-FIOCRUZ 1266 strain, a kerati-
nolytic bacterium isolated from the agroindustrial waste of 
the poultry industry, was able to increase the keratinolytic 
activity and improved the production of extracellular pepti-
dases by mutagenesis with EMS. The efficacy of chemical 
and physical mutagenesis to improve enzyme expression has 
already been reported (Wang et al. 2007; Villa et al. 2013; 
Isaac and Abu-Tahon 2015; Abt et al. 2016). In this work, 
eight mutants were able to degrade 97–99% of the feather 
in the culture media while the wild type was only able to 
degrade 87% (Fig. 1). The improvement in the keratinolytic 
activity of the mutants varied from 1.4- to 2.4-fold of the 
wild type. There are only two reports in the literature con-
cerning the use of chemical mutagenesis to improve kerati-
nolytic activity. The first was the use of 1-methyl-3-nitro-
1-nitrosoguanidine for the treatment of Bacillus subtilis 
KD1, that produced a mutant with a keratinolytic activity 
double that of the wild type (Cai et al. 2008). The second 
one was the use of EMS to mutate Candida parapsilosis, 
which produced three mutants presenting 1.4-, 1.5- and 1.7-
fold activity of the wild type (Duarte et al. 2011). Looking at 
the proportion of increase of protein expression, the results 
of this work are similar to those obtained in the two works 
mentioned above.

The hydrolysis mechanism of keratin is not fully under-
stood, but there is a consensus that an important step of 
this process is to break the disulfide bridges. The role of 
sulfitolysis in feather degradation by Bacillus licheniformis 
RG1 was shown by Ramnani et al. (2005) who analyzed 
mutants that presented an improvement in the excretion of 
sulfide. Gupta and Ramnani (2006) showed that all tested 

peptidases were able to degrade feathers in the presence of 
an appropriate reducing agent. The mutant WB600, which 
is a peptidase mutant, was unable to degrade feathers, even 
after long periods of incubation. But it gained the ability to 
degrade feathers when the culture was supplemented with 
different peptidases. This study suggests that those cells 
probably offer the reduction power required for the reac-
tion. To confirm the hypothesis that keratinolytic activity is 
a cooperative activity of reduction and proteolysis, reduc-
ers, such as β-mercaptoethanol, thioglycollate, glutathione 
and sodium sulfide, were inoculated together with the pepti-
dases into feather medium. Similarly to what happened with 
WB600, their peptidases were able to degrade the feathers 
in the medium and the highest efficiency was detected when 
sodium sulfide was used as the reducing agent (Gupta and 
Ramnani 2006). Once the degradation process has started 
and the cells secrete sulfide, other extracellular peptidases 
can also hydrolyze the feathers. In this study, we observed 
that all strains that secreted large amounts of sulfide into 
the medium also presented significant degradation of the 
feathers.

The present work demonstrated the presence of sulfide 
secretion by most of the bacillus mutants studied. Sulfide 
detected in the extracellular broth during feather degrada-
tion indicated that sulfitolysis may also play a role in feather 
degradation by the bacterium.

In previous studies by our group we detected the presence 
of sulfide on extracellular medium that was probably par-
ticipating in the breakdown of sulfide bridges of the feather 
keratin. Keratinase activity in this B. subtilis SLC strain is a 
coordinated action of two factors: the sulfide and peptidases, 
both of which were liberated from Bacillus sp. in the culture 
medium. (Cedrola et al. 2012) With the mutants obtained 
from Bacillus subtilis LFB-FIOCRUZ 1266 probably the 
same keratin hydrolysis mechanism was present considering 
that sulfide and peptidases were detected in all mutants. Sev-
eral peptidases have been detected in Bacillus sp. with vari-
able molecular masses. Six peptidases of B. subtilis, which 
have been well studied, are neutral protease A, subtilisin 
(also known as alkaline protease), extracellular protease, 

Fig. 5   HPTLC of feather hydro-
lysates obtained by microbial 
degradation of feathers by the 
wild-type (LFB-FIOCRUZ 
1266) and mutant B. subtilis 
strains
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metalloprotease, bacillopeptidase F and neutral protease B 
(Rabbani et al. 2014). The most explored peptidase is sub-
tilisin, coded by aprE gene and presenting a molecular mass 
range of 20–45 kDa, depending on the producer strain (He 
et al. 1991; Rabbani et al. 2014). The major peptidase with 
keratinolytic activity produced by B. subtilis KD-N2 has 
a molecular mass of 30.5 kDa and is inhibited by PMSF 
(Cai et al. 2008). Bacillus subtilis MTCC (9102) produces a 
peptidase with keratinolytic activity with a molecular mass 
range between 64 and 69 kDa and is inhibited by PMSF 
and EDTA. One of keratinolytic peptidases with the highest 
molecular mass has been described as the keratinase from 
B. subtilis DP1 with 97.4 kDa and is inhibited by PMSF 
(Sanghvi et al. 2016).

According to the literature, the molecular weight of bac-
terial keratinases ranges from 18 to 200 kDa. The smallest 
keratinase described is from Streptomyces albidoflavus SK 
1–02 (Bressollier et al. 1999) and the largest ones are from 
Kokuriarosea and FervidobacteriumislandicumAW-1 (Nam 
et al. 2002; Bernal et al. 2003). In fungi, however, there 
are keratinases of about 440 kDa that can be found in the 
pathogenic fungi group (Kim et al. 2004). Keratinases have 
a broad specificity to different substrates, such as casein, 
gelatin, BSA and hemoglobin, as well as feather, collagen, 
elastin, hair and nails (Gupta and Ramnani 2006). The B. 
subtilis LFB-FIOCRUZ 1266 and its mutants investigated 
in this study were able to produce peptidases that degrade 
different protein-soluble substrates and powder keratin that 
is partially insoluble. The zymograms presented in this study 
showed that the EMS mutagenic agent generated mutants 
with superior activity, as can be seen by the more intense 
degradation bands. In general, the mutants presented a small 
variation in the intensity of the bands; however, some dif-
ferences in the molecular weight of some peptidases or even 
the disappearance of some bands were detected. An interest-
ing novelty was the detection of a new 20 kDa band in all 
selected mutants that was not present in the wild type. Some 
differences were observed between the analytica methods 
of keratinolytic activity: quantitative method (dosage) and 
qualitative method (zymogram). These discrepancies could 
be due to the differences between the methodologies. The 
methods used different amounts of keratin, buffers and incu-
bation conditions. However, it was observed that the dosage 
method was more sensitive.

The peptidases of our samples were inhibited by PMSF 
and EDTA, suggesting that metallic ions are important for 
activity. The majority of peptidases are from classes of ser-
ine peptidases, cysteine peptidases or metallopeptidases 
(Rawlings et al. 2010). The mutant E2 peptidases were not 
inhibited by PMSF, but by EDTA and phenanthroline, sug-
gesting a modification in the proteolytic profile. The major-
ity of the peptidases of the mutants D2 and E5 were inhib-
ited by PMSF, but not by EDTA.

In the recent past, waste feathers were cooked at high 
temperatures and pressure to be used as a feed supplement 
known as feather meal. This hydrothermal process destroys 
some amino acids such as methionine, lysine, histidine and 
tryptophan and produces some amino acids with no feed 
value: lysine alanine and lanthionine (Wang and Parsons 
1997; Bertsch and Coello 2005). The bioconversion of kera-
tin materials into amino acids, peptides and soluble proteins 
by keratinases produced by microorganisms can improve the 
nutritional value of animal feed produced from keratin resi-
dues, like feathers (Cai et al. 2008; Prakash et al. 2010). The 
amino acid profile of feather hydrolysates of mutants and 
wild type were analyzed by HPTLC. The profiles presented 
some differences, such as the increase of amino acids that, 
however, presented a retention pattern similar to the serine 
pattern; the appearance of amino acids with a glycine pattern 
and some changes in the concentration of amino acids but 
with the same retention pattern as leucine and glycine. These 
data suggest that there may have been changes in the hydrol-
ysis of keratin by the mutants of B. subtilis LFB-FIOCRUZ 
1266; however, it is not possible to verify whether all the 
amino acids were present in the feather hydrolysates and 
their concentrates.

This work demonstrated that it was possible to improve 
the keratinolytic activity of B. subtilis LFB-FIOCRUZ 1266 
by chemical mutagenesis using EMS. The eight mutants 
isolated were able to hydrolyze 97% of the feather in the 
culture media. Some of them achieved 99–100% of feather 
hydrolysis. The soluble protein concentration varied from 
2.37 to 4.42 mg/ml in the mutants while in the wild type it 
was 1.60 mg/ ml. The peptidases produced by the mutants 
were able to hydrolase different kinds of protein substrates.

Several works have been published, describing the pro-
duction and analysis of enzyme-producing strains and select-
ing recombinants in order to improve the production of bac-
terial enzymes for industrial applications (Li et al. 2017; 
Deng et al. 2018; Jahromi et al. 2018; Zhu et al. 2018).Our 
results show that the mutants of B. subtilis with increased 
keratinolytic activity were able to fulfill food and feed 
approval standards, especially with regard to safety have a 
potential use (as whole cell catalysts or enzyme blends) to 
improve the nutritional value of food and feed, as well as 
uses in the cosmetic, textile and leather industries.
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