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Abstract
The huge amounts of keratin-rich waste generated daily by various industries, slaughterhouses, and processing plants need 
to be properly managed. Most keratin degradation-related research focuses on keratin from bird feathers, but a vast minor-
ity focuses on keratin from sheep wool, which also presents a serious environmental problem. In this article, we describe 
the isolation, identification, and characterization of new keratinolytic microorganisms capable of sheep wool degradation 
from sheep wool and soil enriched with wool keratin. We isolated four bacterial species from the genus Bacillus (B. subtilis, 
B. altitudinis, B. mycoides, and B. wiedmannii), one streptomycete species Streptomyces coelicoflavus identified by whole 
genome sequencing, and a fungal species Aphanoascus reticulisporus. In some of the isolated microorganisms, we detected 
keratinolytic activity for the first time, and for most of them, the ability to degrade sheep wool has not been previously dem-
onstrated. The keratinases of the new isolates are active in a wide range of temperatures (25–85 °C) and pH (6.0–10.0), so 
all isolates show great potential for further biotechnological use in industry and in various environmental and agricultural 
applications to reduce and recycle keratin-rich wastes such as sheep wool and waste woollen textiles.
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Introduction

Keratin-rich organic wastes are produced daily in the pro-
cessing of livestock for food production and also in the 
wool textile industry. Waste wool, feathers, horns, animal 
hair, bristles, etc. are largely composed of various struc-
tural proteins such as elastin, collagen, and especially ker-
atin [1]. Animals are more resistant to abiotic and biotic 
stresses because of keratin. Since microbial degradation of 
keratin is not widespread in nature, keratin can also serve 
as an effective protection against microbes. There are many 
known examples of preserved hair and skin on archeological 
material. There are also numerous examples of keratin-rich 
materials that have passed through the digestive tracts of ani-
mals undecomposted or only partially decomposted without 
providing nutritional value to the animal [2]. Keratin-rich 
materials are unique because of their high content of certain 
amino acids, particularly the sulphur-containing amino acid 
cysteine, but also other amino acids such as glycine, proline, 
arginine, and the essential amino acids valine, leucine and 
threonine [3]. The keratins found in wool fiber are divided 
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into three groups. The first group, representing 50–60% of 
wool fiber, are alpha-keratins, which are compactly packed 
and stabilized by a high degree of inter- and intramolecu-
lar disulphide bonds, non-covalent hydrogen bonds, and 
hydrophobic interactions, have a low sulphur content and a 
molecular weight of 60–80 kDa, and are found in the cortex 
of wool fiber. The second group are beta-keratins, which 
have primarily a protective function and are present in small 
amounts in the cuticle, and third group representing 20–30% 
of the wool fiber, are gamma-keratins with a molecular 
weight of 11–28 kDa and a high sulphur content due to the 
high content of cysteine which act as disulphide cross-linker 
and help hold the keratin superstructure together, making it 
water-insoluble, enzymatically resistant, and mechanically 
stable [4]. Regardless of its compact structure, keratin-rich 
waste material does not accumulate in nature, which proves 
the presence of keratinolytic microorganisms and their 
enzymes [1]. These enzymes are called keratinases and are 
predominantly extracellular enzymes. Keratinases are the 
only group of proteases that can degrade keratin and belong 
mainly to the serine or metallo-proteases with a wide pH and 
temperature range [5].

Sheep in the European Union (EU) are raised primar-
ily for meat and milk production. Because of the low qual-
ity of wool, most of the wool used in EU is Merino wool 
imported from Australia and New Zealand. Nevertheless, 
annual wool production in the EU amounts to more than 200 
thousand tons, which is mainly presented as by-product and 
mostly landfilled or incinerated [6, 7]. Since keratin waste is 
mainly converted into various hydrolysates by environmen-
tally harmful physicochemical treatments, there is a great 
need for biotechnological approaches such as microbial or 
enzymatic pretreatment, composting, or biogas production. 
Keratinolytic microorganisms or their enzymes can play an 
important role in the degradation of keratin-rich wastes by 
environmentally friendly processes [8].

Some experiments with the microbial or enzymatic treat-
ment of feather or ship wool waste have been described, but 
there is a lack of experiments with microbial starter cultures 
or crude enzyme mixtures for better and faster composting or 
biogas production. Gousterova et al. [9] described the degrada-
tion of wool by some thermoactinomycete strains, Queiroga 
et al. [10] tested five wool-degrading Bacillus strains for deg-
radation of chicken feathers, Fakhfakh et al. [11] described 
the production of wool protein hydrolysate by Bacillus pumi-
lus A1, Fang et al. [12] described the degradation of wool by 
three keratinolytic enzymes isolated from Stenotrophomonas 
maltophilia BBE11-1, and Zhang et al. [13] tested the enzy-
matic degradation of wool using esperase in combination 
with L-cysteine and urea. Keratinolytic microorganisms have 
been isolated from various environments, from soils of sheep 
pens [14], soils enriched with keratin-containing material or 
keratinous hydrolysate [9], from poultry farms or processing 

plants [12, 15], from raw wool [16, 17] or directly from 
healthy sheep [10, 18]. The vast majority of research articles 
related to keratin-rich waste are focused on waste bird feath-
ers, which represent an even greater environmental problem 
than waste sheep wool. Some detailed review articles have also 
been published describing the potential uses of keratinases in 
various biotechnological applications [19–21] but even here 
sheep wool is only included in a few cases. As we reported in 
a previous article [8], our review was the first really focused 
on the use of keratinolytic microorganisms or their enzymes 
exclusively on sheep wool. Due to the different composition 
of keratins in the structure of bird feathers, we cannot directly 
apply these results to sheep wool, so there is a lack of highly 
active keratinolytic microorganisms capable of degrading the 
hard structure of wool keratin. Therefore, in this article, we 
report the isolation of keratinolytic microorganisms from the 
sheep wool compost pile and the soil under the pile, the identi-
fication of the isolates by 16S rRNA genes and whole genome 
sequencing, and the characterization (determination of the pH 
and temperature optimum, the molecular weight of keratinases 
and the effect of various substances on keratinolytic activity) 
of several new highly keratinolytic bacterial and fungal isolates 
with high potential for biotechnological approaches of process-
ing waste sheep wool.

Materials and methods

Isolation of keratinolytic microorganisms

Microorganisms were isolated twice from the sheep wool 
compost pile and the soil under the pile, at room tempera-
ture (21 °C), 30 °C and 55 °C. Samples were first inocu-
lated onto skim milk agar (12.5 g/L skim milk; 3 g/L yeast 
extract; 5 g/L NaCl; 15 g/L agar technical) to detect pro-
teolytic activity. The proteolytic microorganisms were then 
inoculated onto keratinolytic activity agar with wool keratin 
as the sole carbon and nitrogen source (KAA-WK) (1.5 g/L 
K2HPO4 × 3H2O; 0.025  g/L MgSO4 × 7H2O; 0.025  g/L 
CaCl2; 0.015 g/L FeSO4 × 7H2O; 0.005 g/L ZnSO4 × 7H2O; 
2 g/L wool keratin; 15 g/L agar technical) [17]. The KAA-
WK plates were incubated under the same conditions as 
during isolation. The clearing zones produced by the kerati-
nolytic microorganisms were recorded daily for a period of 
7 days. The isolates that showed visible clearing zones for 
three consecutive inoculations at KAA-WK were selected 
for further studies.

Preliminary identification of bacterial isolates 
by FAMEs profiles

Selected isolates were cultured in tryptic soy broth or 
agar at 30 °C for 24 h. Colonies were harvested from agar 
plates, or pellets were collected from the broth. FAMEs 
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were prepared and analysed strictly according to the 
guidelines of MIDI Inc. (Newark, USA) for their Micro-
bial Identification System [22] using gas chromatography 
with flame ionisation detector (GC-FID). For identifica-
tion of bacteria RTSBA6 and for streptomycete ACTIN1 
database was used.

Identification of bacterial isolates by 16S rRNA 
genes sequencing

DNA was extracted using the DNeasy UltraClean Micro-
bial Kit (Qiagen, Hilden, Germany). The 16S rRNA 
genes of the bacterial isolates were amplified by PCR 
using primers fD1 [23] and 1492R [24]. PCR products 
were sequenced with the same primers by Microsynth AG 
(Balgach, Switzerland). Sequences were compared with 
the 16S rRNA database of type and reference bacterial 
strains in the NCBI database. All obtained 16S rRNA 
sequences of isolates were deposited in the GenBank data-
base: OQ875782 (S3021), OQ875783 (S3027), OQ875784 
(RS308), OQ875785 (RS3014).

Identification of fungal isolate by several taxonomic 
markers sequencing

Culture morphology was observed on MEA, OA and PDA 
after 7 and 14 days of incubation at 25 and 37 °C. Micro-
scopic characters of slides prepared with water and 60% 
lactic acid were observed with Nomarski interference con-
trast optics on an Olympus microscope BX-51, and images 
were taken with a DP72 camera (Olympus). DNA was 
extracted after mechanical lysis in CTAB buffer according 
to the protocol described by Gerrits van den Ende and de 
Hoog [25]. The following genes were amplified and Sanger 
sequenced for identification: internal transcribed spacer 
1 and 2 including the 5.8S rDNA (ITS; primer pair ITS1/
ITS4 [26]), partial large ribosomal subunit rDNA includ-
ing its D1/D2 domains (LSU; primer pair NL1/NL4 [26]), 
partial small ribosomal subunit (SSU; primer pair NS1/
NS24 [27]), partial sequences of genes encoding β-tubulin 
2 (TUB2; primer pair Btub2Fd/Btub2Rd [28]) and the largest 
subunit of RNA polymerase II (RPB1; primer pair RPB1-
Af/RPB1-Cr [29]). All obtained DNA sequences of isolate 
S3014 were deposited in the GenBank database: OP303311 
(ITS rDNA), OP303343 (D1/D2 domains of LSU rDNA), 
OP327550 (SSU rDNA), OP321170 (RPB1), OP321169 
(bTUB2). Isolate S3014 was deposited in the Ex Culture 
Collection of the Infrastructural Centre Mycosmo, MRIC 
UL, Slovenia, at the Department of Biology, Biotechnical 
Faculty, University of Ljubljana (http://​www.​ex-​geneb​ank.​
com) as EXF-15693.

Whole genome sequencing (WGS) of bacterial 
isolates

DNA was isolated using the DNeasy UltraClean Micro-
bial Kit (Qiagen, Hilden, Germany). Whole genomes were 
sequenced by Novogene (Beijing, China) using Illumina 
MiSeq paired end technology. The quality of raw reads 
was checked using the FASTQC tool, version 0.11.2 [30]. 
Assembly was done by SPAdes Assembler, version 3.1.1 
[31]. Final identification was performed by calculating 
average nucleotide identity (ANI) [32] for whole genome 
comparisons with selected type strains using pyani [33]. 
Genome annotations were performed using Prokka 1.7 
[34]. Core genome analysis was done with Roary tool [35]. 
Phylogenetic trees were prepared with Molecular Evolution-
ary Genetics Analysis (MEGA 11) software. The genome 
sequences were deposited in the GenBank database under 
BioProject: PRJNA970193 under accession numbers JAS-
DBW000000000 (S3018), JASDBX000000000 (S3021), 
JASDBY000000000 (S3027), JASDBO000000000 (RS308), 
and JASDBR000000000 (RS3014). Accession numbers for 
other sequenced isolates are listed in Online resource 1.

Keratinolytic activity determination

All isolates were tested for keratinolytic activity by vari-
ous qualitative methods, by growing on media containing 
wool keratin powder (KAA-WK), raw wool, or keratin 
azure. Selected isolates were further tested by a quantita-
tive method by detecting the increase in soluble proteins 
using the modified method of Bohacz and Korniłłowicz-
Kowalska [36]. Isolates were grown in keratinolytic activ-
ity broth with raw wool as the sole source of carbon and 
nitrogen (KAB-RW) (1.5 g/L K2HPO4 × 3H2O; 0.025 g/L 
MgSO4 × 7H2O; 0.025 g/L CaCl2; 0.015 g/L FeSO4 × 7H2O; 
0.005 g/L ZnSO4 × 7H2O; 1.5 g/L raw wool) for 5 days at 
30 °C and 150 rpm. Although different temperatures were 
used in the isolation, the most active isolates included in 
further studies were isolated at 30 °C, therefore, all the fol-
lowing studies were performed at 30 °C and 150 rpm. The 
culture samples were centrifuged (14,000 g, 5 min) and the 
supernatants were analysed for soluble protein concentra-
tion and used as an enzyme source for keratinolytic activ-
ity assays. Soluble protein concentration was determined 
by measuring absorbance at 280 nm [37]. Absorbance was 
measured with the Spark 10 M microplate reader (Tecan, 
Austria) using a reference blank of sterile medium. Soluble 
protein concentration was calculated using bovine serum 
albumin (BSA) standard curve. To test keratinolytic activ-
ity, 500 µL of the culture supernatant was mixed with 500 µL 
of 1% (w/v) wool keratin (TCI, Japan) in 50 mM TRIS–HCl 
buffer (pH 8.0). The mixtures were incubated at 55 °C and 
50 rpm for 1 h. After incubation, the reaction was terminated 
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with 1 mL of 10% (w/v) trichloroacetic acid (TCA), then the 
mixtures were incubated at 4 °C for 30 min. Controls were 
treated the same way, except that the TCA was added before 
incubation. Samples were centrifuged (14,000 g, 3 min) and 
the supernatants were used to detect the concentration of 
soluble proteins by measuring absorbance at 280 nm [37]. 
One unit of keratinolytic activity (KAU/mg) was defined 
as the amount of enzyme per mg of soluble protein in one 
mL of culture supernatant that increases the absorbance at 
280 nm for 0.01 in one hour under the assay conditions.

Detection of optimum temperature and pH range 
of keratinolytic activity

Optimal pH for keratinolytic activity of selected isolates was 
determined using the method described above, with culture 
supernatants as source of enzymes, at 55 °C, except that 
1% (w/v) wool keratin solutions were prepared with differ-
ent buffers in the pH range 3.0–10.0 (i) 0.1 M glycine–HCl 
buffer for pH 3.0, (ii) 0.1 M acetate buffer for pH 4.0, 5.0, 
(iii) 0.1 M phosphate buffer for pH 6.0, 7.0, (iv) 0.1 M 
Tris–HCl buffer for pH 8.0, 9.0 and (v) 0.1 M glycine–NaOH 
buffer for pH 10.0. The optimum temperature was also deter-
mined using the same method, in 50 mM TRIS–HCl buffer 
(pH 8.0), except that the culture supernatant and keratin 
mixtures were incubated at different temperatures ranging 
from 30–90 °C.

Effect of inhibitors, detergents, oxidizing agents 
and metal ions on keratinolytic activity

The effect of various inhibitors (EDTA, β-mercaptoethanol; 
1 mM and 10 mM), detergents (Tween 20, Triton X-100, 
SDS; 0.1% (w/v) and 1% (w/v)), organic solvents (DMSO; 
0.1% (w/v) and 1% (w/v)), monovalent cations (Na+, K+; 
1 mM and 10 mM) and divalent cations (Fe2+, Mg2+, Zn2+, 
Cu2+, Co2+, Mn2+; 1 mM and 10 mM) on keratinolytic activ-
ity was studied by pre-incubating the culture supernatant 
with these chemicals for 30 min at room temperature. After 
incubation, 500 µL of 1% (w/v) wool keratin (TCI, Japan) 
in 50 mM TRIS–HCl buffer (pH 8.0) was added to the reac-
tions and keratinolytic activity was detected by method 
described above. Keratinolytic activity obtained without 
additives was considered as 100%.

Purification of keratinases by ion exchange 
high‑performance liquid chromatography (HPLC)

After growing, microbial cultures were centrifuged and 
microfiltered (filter (Sartorius, Germany) with 0.22 µm 
pore size). The cell-free supernatants (CFS) were stored at 
− 25 °C until use. Prior to use the CFS were thawed and 
re-microfiltered as needed (0.22 µm CA syringe filters). 

Approximately 100 mL of each CFS (pH approximately 8.5) 
was loaded onto a 1 mL CIMmultus™ QA-1 anion exchange 
column (BIA Separations, Slovenia, now part of Sartorius) 
using the 10 mL mobile phase pump of a Knauer Smart-
line HPLC system (Knauer, Germany) with a 2550 UV/VIS 
detector with deuterium and halogen lamp. The column was 
equilibrated in 25 mM TRIS pH 8.5 (mobile phase A1). We 
collected the flow-through fraction and refrigerated or frozen 
it until further use. After loading, the column was washed 
with mobile phase A1 and the bound material was eluted 
with a gradient of 0–50% mobile phase B (25 mM TRIS, 
2 M NaCl, pH 8.5) in 6 min, followed by a steeper gradient 
from 50–100% of mobile phase B in 1 min. We manually 
collected the eluted fractions and then washed the column 
with 100% mobile phase B for 2 min before re-equilibrat-
ing the column in mobile phase A1 for the optional next 
run. We monitored absorbance at 226 nm and 280 nm and 
maintained the flow rate at 5 mL per minute throughout the 
experiment. The total collected flow-through from the anion 
exchange chromatography was further fractionated in a sec-
ond chromatography step, using the CIMmultus™ SO3-1 
cation-exchange column from the same manufacturer. The 
pH of the feed was adjusted to 6.5 with 1 M NaOH and 
loaded onto the column, equilibrated in 25 mM TRIS pH 
6.5 (mobile phase A2). We collected the flow-through and 
then eluted the bound material using mobile phase A2 and 
the same mobile phase B and gradient elution program as 
above. All collected fractions were tested for keratinolytic 
activity using the method described before.

HPLC fractions separation by SDS‑PAGE

SDS-PAGE was performed with 4% stacking gel and 12.5% 
separating gel according to the method described by Lae-
mmli [38]. All HPLC fractions were mixed with loading 
buffer (0.5 mM Tris–HCl, pH 6.8; 20% (v/v) glycerol; 2% 
(w/v) SDS; 5% (v/v) β-mercaptoethanol; 0.006% (w/v) 
bromophenol blue) and heated at 100 °C for 5 min before 
electrophoresis. The gel was stained with 0.1% (w/v) 
Coomassie Brilliant Blue R-250 in 60:30:10 ratio of water/
methanol/acetic acid and destained in the same solution 
without dye.

Results and discussion

Isolation and identification of bacterial isolates

A total of 116 keratinolytic microbial strains were obtained 
from both isolations. 60 isolates were isolated at 30 °C, 12 
isolates at 55 °C and 44 isolates at room temperature (21 °C). 
After preliminary testing for keratinolytic activity (detection 
of visible clearing zones (Fig. 1) on media containing wool 
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keratin), 38 isolates (all of them were isolated at 30 °C) with 
the largest clearing zones were selected for identification and 
further studies. Sequencing of 16S rRNA genes revealed 33 
isolates from the genus Bacillus, 3 isolates from the genus 
Stenotrophomonas, and 1 isolate each from the genera Pseu-
domonas and Streptomyces. Isolation of new bacterial and 
fungal strains from sheep wool or wool keratin-enriched 
soil has been reported before. Queiroga et al. [10] reported 
the isolation of 156 strains from raw Portuguese Merino 
wool, and further research of Queiroga et al. [39] yielded 
115 caseinolytic isolates, including 5 with high keratinolytic 
activity. Analysis of 16S rRNA genes revealed that they all 
belonged to the genus Bacillus and showed a high degree 
of homology with B. subtilis/licheniformis. Two additional 
Bacillus strains capable of growing on basal salt medium 
with wool as the sole carbon and nitrogen source were iso-
lated from raw wool by Infante et al. [16]. They were identi-
fied as B. megaterium and B. thuringiensis by sequencing the 
16S rRNA gene. Iglesias et al. [17] described the isolation 
of 66 proteolytic isolates out of 135 bacterial isolates from 
Patagonian Merino wool. They belonged to the genera Bacil-
lus, Exiguobacterium, Deinococcus and Micrococcus. The 
highest wool-keratinolytic activity was observed in Bacillus 
sp. G51.

Preliminary identification of keratinolytic isolates by 
FAMEs profiles at the genus level gave exactly the same 
results as sequencing of 16S rRNA genes. More precise 
identification was not possible, due to the high similarity 
of profiles within the same genus and the lack of data for 
different Bacillus species until then. Notwithstanding the 
results of Slabbinck et al. [40], who showed that machine 
learning proved to be very useful for bacterial species identi-
fication based on FAMEs profiles, Santos et al. [41] success-
fully identified Bacillus strains using gas chromatography 
only after replacing the originally used FID detector with 
a vacuum ultraviolet detector (GC-VUV). Our 16 bacterial 
isolates (15 Bacillus and 1 Streptomyces) that showed better 
keratinolytic activity than the positive control (Streptomyces 

fradiae, DSM 40758) were selected for WGS. According to 
the WGS results (Online resource 1), the sequenced isolates 
belonged to four different Bacillus species (B. altitudinis, B. 
mycoides, B. subtilis, B. wiedmannii) and one Streptomyces 
species (S. coelicoflavus). The most active strains of each 
microbial species (Table 1) were isolate RS3014 with an 
identity of 0.979 to B. altitudinis strain GR-8, isolate S3021 
with an identity of 0.972 to B. mycoides strain BPN36-3, 
isolate RS308 with an identity of 0.986 to B. subtilis subsp. 
subtilis strain 168, isolate S3027 with an identity of 0.986 to 
B. wiedmannii strain SR 52, and isolate S3018 with an iden-
tity of 0.966 to S. coelicoflavus strain NBRC 15399 (Online 
resource 2).

Core genome analysis revealed greater similarity between 
B. mycoides and B. wiedmannii (Online resource 3), which 
is to be expected given that both belong to the larger B. 
cereus group, while other isolates belong to the larger Bacil-
lus subtilis group. As mentioned earlier, many species of the 
genus Bacillus with keratinolytic activity have already been 
described, but most of them are related to the decomposi-
tion of bird feathers and only a few to the decomposition 
of sheep wool. B. altitudinis, isolated from a poultry farm 
[42], was the source of the thermostable keratinase KBALT, 
expressed in recombinant E. coli. The wool degrading B. 
subtilis MA21 was isolated from soil and well characterized 
by Hassan et al. [43]. Kim et al. [44] reported the isolation of 
three Bacillus species (B. pumilis, B. cereus and B. subtilis) 
with great potential for degrading feathers. B. subtilis has 
also been used as a recombinant strain for keratinase expres-
sion [45, 46]. The keratinolytic activity of B. mycoides and 
B. wiedmannii has never been reported before. Jadhav et al. 
[47] reported the isolation of a keratinolytic isolate identified 
as Streptomyces coelicoflavus.

Isolation and identification of the fungal isolate

A single fungal strain S3014 was isolated from sheep wool 
on Skim milk agar and KAA-WK medium incubated at 
30 °C. Its white to off-white colonies reached 26/25/25 
and 10/7/5 mm in diameter on PDA/MEA/OA in 7 days 
at 25 °C and 37 °C, respectively. The thin-walled hyphae 

Fig. 1   Growth on KAA-WK culture media after 5 days at 30 °C with 
visible clearing zones. a Streptomyces coelicoflavus – S3018, b Bacil-
lus subtilis – RS308

Table 1   The representatives of each species with the highest kerati-
nolytic activity, identified by whole genome sequencing

Isolate name Identified species

S3014 Aphanoascus reticulisporus
S3018 Streptomyces coelicoflavus
S3021 Bacillus mycoides
S3027 Bacillus wiedmannii
RS308 Bacillus subtilis
RS3014 Bacillus altitudinis
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disintegrated into arthroconidia on OA and PDA, whereas no 
sporulation was observed on MEA. The rhexolytically dehis-
cent arthroconidia were smooth, thin-walled, pear-shaped, 
oblong or cylindrical, 4 (3‒5) × 8 (5‒14) µm (Fig. 2). The 
sexual stage was not observed.

Isolate S3014 was identified as Aphanoascus reticu-
lisporus (Onygenaceae, Onygenales, Eurotiomycetidae, 

Eurotiomycetes, Pezizomycotina, Ascomycota), based on 
above described morphological characteristics and ITS 
rDNA sequence comparisons (Fig. 3, Table 1). The species 
is considered heterothallic, what explains the absence of 
ascomata in our isolate. However, Cano and Guarro [48] 
reported homothallic strains as well. Although the main 
morphological characters of the species, the size of the 
ascospores and their regularly reticulate surface, could not 
be studied, morphology of colonies and abundant produc-
tion of arthroconidia corresponds to the species description. 
Identification of Aphanoascus species is most often based 
on ribosomal gene sequences such as ITS or LSU [49–51], 
while partial protein-encoding genes are sporadically avail-
able only for certain isolates and not for the ex-type strain 
of Aphanoascus reticulisporus, CBS 392.67 [52, 53], thus 
not allowing systematic comparisons. Phylogenetic place-
ment of strain S3014 is therefore presented based on ITS 
sequences (Fig. 3).

The SSU sequence of the strain S3014 was identical 
to sequences of the strains of A. fulvescens (strain NBRC 
30411; JN941601) and A. reticulosporus (strain NRBC 
32373; JN941598), and differed in 1 of 1542 nt from the type 

Fig. 2   Culture characteristics and micromorphology of Aphanoas-
cus reticulisporus – S3014. a Growth of isolate S3014 on PDA cul-
ture media after 14 days at 25 °C, b Lateral, terminal and intercalary 
arthroconidia on OA after 7 days at 25 °C

Fig. 3   Molecular phylogenetic analysis of the ITS dataset using the Maximum Likelihood method showing the phylogenetic position of A. retic-
ulisporus – S3014 (EXF-15693) in the Aphanoascus clade
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strain of A. reticulisporus (strain NBRC 32372; JN941599) 
and A. verrucosus (strain NBRC 32382; JN941595). The 
LSU sequence was 100% identical to the strain A. reticu-
lisporus (strain NBRC 32372 T, CBS 392.67; JN941549, 
JN941549), 99.4% similar to A. keratinophilum (strain 
CBS 104.62 T, NG 064030), and 98.7% to A. verrucosus 
(strain NBRC 32381; JN941553). The ITS sequence was 
100% identical to A. reticulisporus (strain NBRC 32372 T; 
JN943434), 99.3–99.7% to the other strains idnentified as 
A. reticulisporum and Chrysosporium articulatum, but also 
had a high similarity to the sequences of type strains of A. 
keratinophilum (99.2% to CBS 104.62; MH838113), A. jin-
gzhouense (98.9% to GZAC EB1303M; NR 158334), and 
was also closely related to A. fulvescens, and A. verrucosus 
(Fig. 4). The RPB1 sequence of the strain was 99.4% identi-
cal to the type strain of A. reticulisporus (NBRC 32372 T, 
JN992357), and differed by 6.5% to A. keratinophilum 
type strain sequence (CBS 104.62 T), and by 2.8–7.9% nts 
to A. fulvescens (NBRC 31723, JN992358; NRBC 8390, 
JN992361). The closest bTUB2 sequence available from 
GenBank was of A. keratinophilus (strain CBS 219.62 T, 
KT155513) and had 9.4% differing substitutions in compari-
son to the strain S3014, while the bTUB2 sequences of A. 
reticulisporus were not available for comparison.

The species A. reticulisporus was described as Anixiopsis 
reticulispora from arable soil in New Zealand; it was com-
bined into Aphanoascus by Hubalek [54]. Cano and Guarro 
[48] examined numerous isolates from agricultural soils in 

Spain and accepted A. reticulisporus as a species. Vidal et al. 
[49] proposed the synonymy of this species with C. articula-
tum based on ITS sequences. Identity at the species level is 
also evident from Fig. 3. Although numerous isolates have 
been studied from soil [48], only a limited number of strains 
are available in culture collections. Nevertheless, the data 
suggest that it is a cosmopolitan species. Aphanoascus and 
other fungi previously assigned to the genus Chrysosporium 
[48, 49, 52] are otherwise known soil fungi that decom-
pose keratin. The prevalence of these genera on sheep wool 
is also evident from the study of Abdel-Gawad [18], who 
reported Aphanoascus keratinophilus (before C. keratino-
philum), Aphanoascus terreus (before C. indicum), and 
Chrysosporium (C. tropicum) as the most abundant fungi.

Keratinolytic activity

The qualitative methods used for preliminary detection of 
keratinolytic activity revealed clear evidence of keratin 
degradation in the form of clearing zones around colonies 
(Fig. 1) on agar plates with wool keratin as the sole C and 
N source, as well as visible damage on keratin azure fibers 
(Fig. 4) viewed under the microscope.

B. wiedmannii (S3027) was the most active among the 
isolates with a keratinolytic activity of 600.1 KAU/mg, fol-
lowed by B. mycoides, B. subtilis, and B. altitudinis with 
keratinolytic activities of 529.3, 489.4, and 415.5 KAU/mg, 
respectively. Fungal and streptomycete isolates with kerati-
nolytic activities of 237.5 and 259.4 KAU/mg were the least 
active isolates (Fig. 5).

Characterization of the keratinases

Since the method of Bohacz and Korniłłowicz-Kowalska 
[36] proved to be a successful quantitative method for deter-
mining keratinolytic activity, we also used it for enzymatic 
characterization (determination of optimal temperature and 
pH, and verification of the effect of various chemicals on 
keratinolytic activity). For B. mycoides and B. wiedman-
nii, a temperature 55 °C was optimal, whereas for the other 
isolates the optimal temperature was 65 °C (Fig. 6a). Tem-
perature did not have a strong effect on activity, as activity 
was detected at all tested temperatures. For most isolates, 
relative activity greater than 50% was detected over a range 
between 35 °C and 85 °C, while relative activity greater 
than 80% was detected between 55 °C and 75 °C. A greater 
effect of temperature was noted for fungal and streptomycete 
isolates, particularly at temperatures of 75 °C and above. 
A greater effect of pH on activity was noted. None of the 
isolates showed activity at pH below 5. The optimal pH was 
8.0 for most isolates and 10.0 for A. reticulisporus and B. 
altitudinis (Fig. 6b). Our results are similar to those of Igle-
sias et al. [17], who reported the best keratinolytic activity 

Fig. 4   Wool fibers (keratin azure) inoculated with S. coelicoflavus – 
S3018. a Natural wool fiber; b–c Wool fiber with attached microor-
ganisms; d Visible damages on the cuticle and in the cortex of the 
wool fiber
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of Bacillus sp.G51 at 60 °C and pH 9, and to those of Hassan 
et al. [43], who reported the isolation of a B. subtilis strain 
with the best activity at 60 °C and pH 9.0, and partially to 
those of Gegeckas et al. [55], who described the keratinase 
BtKER from B. thuringiensis with the best activity at 30 °C 
and pH 7.0. Kim et al. [44] described the optimal condi-
tions for enzyme production by B. subtilis at 40 °C and pH 
5–9, but they did not describe the optimal conditions for 
enzyme activity. Pawar et al. [42] reported the highest activ-
ity of B. altitudinis keratinase KBALT (tested at 55 °C) at 
pH 8.0, while it was still very high at pH 9.0. The keratinase 
was highly active at temperatures ranging from 65 to 95 °C, 
with an optimum at 85 °C (tested at pH 8.0), which is very 

similar to the keratinase from our B. altitudinis isolate with 
optimum at 65 °C and pH 8.0. S. coelicoflavus isolated by 
Jadhav et al. [47] was most active at 40 °C and pH from 6.0 
to 9.0 with an optimum at 8.0. The keratinolytic enzymes 
of A. reticulisporus have not yet been characterized, so no 
data are available on the optimal pH and temperature for 
keratinolytic activity.

Table 2 shows the results of the influence of different 
substances that keratinases can potentially come into con-
tact with in different applications and that can affect their 
activity both in a positive and a negative way. As expected, 
the addition of EDTA had an inhibitory effect on the kerati-
nolytic activity of all 6 isolates, whereas the addition of 
β-mercaptoethanol (β-ME) increased the activity in most 
isolates, even by almost 30% in S. coelicoflavus and B. sub-
tilis. The effect of detergents on keratinolytic activity was 
mostly very similar among the isolates. While Triton X-100 
and Tween 20 showed no significant effect on activity, the 
addition of SDS significantly decreased activity, especially 
at a concentration of 1% (w/v), where it was zero in some 
cases. The effect of DMSO increased the keratinolytic 
activity with increasing concentration. Monovalent cations 
increased the activity of most isolates, especially at a con-
centration of 1 mM. The addition of Zn2+ and Cu2+ cations 
decreased the keratinolytic activity in all cases. Co2+ and 
Mn2+ had no effect on the activity, or it was only minimally 
increased. No differences were observed for cations tested 
in combination with different anions (Cl− or SO4

2−), so it 
can be assumed that the differences in activity are due to 
the presence of cations. The influence of Fe2+ cations on 
activity was difficult to detect. We assume that the presence 
of Fe2+ cations interferes with the measurements of proteins 
in the UV spectrum at 280 nm, so the results are not reli-
able. S. coelicoflavus, described by Jadhav et al. [47] had 
very similar results when they tested the effect of DMSO on 

Fig. 5   Keratinolytic activity of the most active isolates of each spe-
cies, after 5 days of cultivation in media with wool as the sole source 
of carbon and nitrogen at 30  °C and 150  rpm. Activity was deter-
mined by measuring absorbance at 280 nm after 1 h of incubation at 
55 °C (S3014 – A. reticulisporus, S3018 – S. coelicoflavus, S3021 – 
B. mycoides, S3027 – B. wiedmannii, RS308 – B. subtilis, RS3014 
– B. altitudinis). Results are the average of 3 replicates with error bars 
to indicate the standard deviation (n = 3)

Fig. 6   Effect of temperature (a) and pH (b) on keratinase activity of 
isolated microorganisms (♦ A. reticulisporus – S3014, ◊ S. coelico-
flavus – S3018, ● B. mycoides – S3021, ○ B. wiedmannii – S3027, 
■ B. subtilis – RS308, □ B. altitudinis – RS3014). Optimal pH was 
determined at 55 °C in the pH range 3.0–10.0 and the optimal tem-

perature was determined at pH 8.0 at temperatures ranging from 
30–90  °C. The maximum KAU value for an individual strain was 
set as 100%. Results are the average of 3 replicates with error bars to 
indicate the standard deviation (n = 3)
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keratinolytic activity, showing a minimal increase in activity 
(11%) at a DMSO concentration of 5 mM, while we found an 
increase in activity of 13.6% at 10 mM. In their research, the 
addition of SDS and EDTA also caused a minimal increase 
in activity of 5% and 9%, respectively, while in our case, the 
addition of both substances significantly reduced the activity 

to 0–50% of initial activity. Similar differences also exist 
with the addition of different metal cations. In our case, the 
addition of all metal cations, except Mg2+ and Co2+, which 
were not tested, resulted in a significant decrease in kerati-
nolytic activity, while in their case, the addition of various 
metal cations had no significant effect on the activity or even 

Table 2   Effect of various 
inhibitors, detergents, organic 
solvents, and metal ions 
on keratinolytic activity 
(S3014 – A. reticulisporus, 
S3018 – S. coelicoflavus, 
S3021 – B. mycoides, S3027 
– B. wiedmannii, RS308 
– B. subtilis, RS3014 – B. 
altitudinis)

Results with higher activity than the control are marked in bold

Substance Concentration S3014 S3018 S3021 S3027 RS308 RS3014

Control KAU/mg
%

– 107.93 192.30 489.22 424.90 423.84 240.22
– 100.00 100.00 100.00 100.00 100.00 100.00

Inhibitors
EDTA 1 mM 85.30 51.67 6.28 14.91 42.32 60.70

10 mM 82.13 21.97 -0.35 0.34 32.74 54.85
β-ME 1 mM 110.93 124.45 101.92 102.29 102.56 88.62

10 mM 130.55 95.23 107.84 103.91 126.15 109.03
Detergents
Tween 20 0.1% (w/v) 89.25 93.95 95.09 88.41 90.24 85.24

1% (w/v) 103.69 102.10 112.33 112.81 101.93 115.32
Triton X-100 0.1% (w/v) 92.26 112,98 94.16 91.71 87.61 89.45

1% (w/v) 68.45 97,13 97.39 94.15 92.44 95.01
SDS 0.1% (w/v) 56.97 69.46 70.69 69.23 76.16 64.66

1% (w/v) 0.00 1.47 0.00 0.00 17.10 19.71
Organic solvents
DMSO 0.1% (w/v) 80.52 89.74 98.56 98.91 97.19 94.73

1% (w/v) 98.41 113.66 119.39 117.60 115.51 120.90
Monovalent cations
Na+ (NaCl) 1 mM 101.86 110.18 102.00 99.29 99.14 97.66

10 mM 116.71 110.54 118.91 114.98 117.36 127.21
K+ (KCl) 1 mM 83.22 97.73 97.50 94.92 94.13 88.60

10 mM 100.31 108.89 112.06 108.67 112.25 114.46
Divalent cations
Fe2+ (FeCl2) 1 mM 112.29 165.26 111.60 111.14 110.85 120.03

10 mM 308.84 216.53 116.32 93.31 107.27 181.30
Fe2+ (FeSO4) 1 mM 266.00 237.07 120.23 127.56 118.72 159.06

10 mM 1577.39 1106.35 322.36 359.93 332.58 476.84
Mg2+ (MgCl2) 1 mM 100.21 96.57 98.31 97.15 95.14 98.53

10 mM 97.52 100.60 99.04 96.70 101.77 119.87
Mg2+ (MgSO4) 1 mM 102.93 102.39 96.68 95.96 92.80 98.14

10 mM 102.88 114.24 101.90 95.95 102.02 120.66
Zn2+ (ZnCl2) 1 mM 53.52 63.58 61.94 57.31 76.16 68.65

10 mM 1.27 21.87 25.51 26.79 41.86 37.87
Zn2+ (ZnSO4) 1 mM 57.86 69.28 60.97 54.39 74.46 67.94

10 mM 1.68 26.93 24.89 23.97 43.86 35.87
Cu2+ (CuCl2) 1 mM 66.35 45.57 21.84 11.80 70.59 70.49

10 mM 19.28 -1.64 0.01 -1.28 25.75 32.51
Co2+ (CoCl2) 1 mM 130.07 121.78 85.93 81.26 91.85 101.43

10 mM 87.67 116.92 83.24 79.61 83.85 83.87
Mn2+ (MnCl2) 1 mM 28.79 74.26 102.33 99.31 97.45 99.01

10 mM 83.12 61.79 107.52 102.92 94.07 95.53
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increased it. Our results in B. altitudinis are broadly similar 
to those of Pawar et al. [42] describing KBALT keratinase. 
In both experiments, the addition of Mg2+ cations signifi-
cantly increased keratinolytic activity (up to 20%), while the 
effect of DMSO and β-ME on increasing keratinolytic activ-
ity was greater in our case (where the DMSO concentration 
was the same as in our case, but β-ME concentration was 
higher in our case). Mn2+ cations had no significant effect 
in any case. Greater differences occurred with the addition 
of Zn2+, which decreased activity in our case and increased 
it in theirs, and with EDTA and SDS, where the effect was 
reversed. Hassan et al. [43], in characterizing the keratino-
lytic protease of B. subtilis, found a negative effect at a con-
centration of 5 mM when EDTA was added, while 1 mM had 
no effect on the activity and even 1 mM greatly reduced the 
activity in our case. The addition of SDS and Cu2+ cations 
caused the same effect as in our case, both at a lower and 
at a higher concentration. Zn2+ cations in combination with 
Cl− had no effect on the activity, while in our case they had 
a negative effect on the activity. The opposite effect was 
caused by the addition of Mg2+, Mn2+, Tween 20 and Triton 
X-100, which showed no effect on the activity in our case, 
but Hassan et al. [43]reported a decreased activity. In their 
case, the addition of β-ME and DMSO had a negative effect 
on the activity, while in our case it was positive, especially 
at higher concentrations. Since the keratinolytic enzymes of 
A. reticulisporus have not been characterized so far, there 
are also no data on the influence of different substances on 
keratinolytic activity.

Preliminary molecular weights of detected 
keratinases

The molecular weight of potential keratinases was success-
fully determined by two-step ion exchange chromatography 
and separation of fractions on SDS-PAGE for all isolates 
except B. subtilis. The molecular weight of the single protein 
in the active fraction was determined to be approximately 
55 kDa for A. reticulisporus, and approximately 30 kDa for 
S. coelicoflavus. The molecular weights of keratinases from 
Bacillus isolates were 27, 32, and 35 kDa for B. wiedmannii, 
B. altitudinis, and B. mycoides, respectively. An example of 
the molecular weight determination for isolate S3021 (B. 
mycoides) is shown in Fig. 7, results for other isolates are 
presented in Online resource 4.

The molecular weights of the known keratinases vary 
widely. As reported by Brandelli et al. [56], they range from 
18 to 240 kDa. Among Bacillus species different sizes have 
been reported, Yoshioka et al. [57] described 26 kDa kerati-
nase from B. licheniformis, Radha and Gunasekaran [58] 
described 30 kDa keratinase in B. megaterium, Kumar et al. 
[59] described 65 kDa keratinase in B. pumilus, and Balaji 
et al. [60] described 69 kDa keratinase in B. subtilis. Mean-
while, Gegeckas et al. [55] reported the isolation and char-
acterization of the 39 kDa keratinolytic proteinase BtKER 
from B. thuringiensis AD-12, which, like our isolates B. 
mycoides and B. wiedmannii, belong to the B. cereus group. 
The molecular weights of the keratinases in S. coelicoflavus 
and A. reticulisporus have never been reported before.

Fig. 7   a Chromatogram of the culture supernatant of B. mycoides 
(S3021) from the second purification step on ion exchange HPLC 
(absorbance at 226 nm). The obtained fractions are separated by ver-
tical lines and the corresponding keratinolytic activities (KAU/mg) 
are shown for each fraction (●). Results are the average of 3 repli-
cates with error bars to indicate the standard deviation (n = 3), b SDS-

PAGE showing possible keratinase from the isolate B. mycoides after 
two-step ion exchange chromatography purification. Lane 1 Protein 
ladder with labelled molecular weights in kDa, lane 2 10 × concen-
trated load on the cation exchange column, lane 3 Fraction 8 (*) from 
cation exchange chromatography (−35 kDa)
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Conclusions

Soils and natural materials containing keratin, such as sheep 
wool, harbour a variety of interesting and previously undis-
covered keratin-degrading microorganisms and their benefi-
cial and previously undescribed keratinolytic enzymes. In 
accordance with this prediction, we succeeded in isolating 
and identifying 16 microbial isolates with high keratinolytic 
activity from the sheep wool compost pile and the soil under 
the pile, belonging to six known microbial species (Bacillus 
altitudinis, B. mycoides, B. subtilis, B. wiedmannii, Strepto-
myces coelicoflavus, and Aphanoascus reticulisporus). All 
of them showed great potential for further use in various 
biotechnological applications due to their properties. The 
keratinases of the new isolates showed high keratinolytic 
activity over a wide temperature range (25–85 °C for most 
isolates and 25–75 °C for S. coelicoflavus and A. reticulispo-
rus) and pH range (6.0–10.0 for most isolates and 6.0–9.0 
for B. mycoides and B. wiedmannii), which is beneficial for 
various industrial applications.

For the species B. mycoides and B. wiedmannii keratino-
lytic activity on any of the keratin substrates has never been 
described before. And for most of the isolated species, no 
degradation of sheep wool keratin has been reported. For B. 
mycoides and B. wiedmannii, this is also the first characteri-
zation of keratinases ever described, whereas for A. reticu-
lisporus and S. coelicoflavus, this is the first comprehensive 
characterization of keratinases using sheep wool keratin, 
since all previous studies were performed on bird feathers.

The new isolates or their purified enzymes could poten-
tially be used as an additive in the fertilisation of cultivated 
land with sheep wool to accelerate the release of nutrients 
(especially nitrogen), as a starter culture in the compost-
ing of waste sheep wool and waste woollen textiles, or for 
aerobic microbial or enzymatic pretreatment of waste sheep 
wool and animal hair for biogas production to accelerate the 
process and increase methane yield. The newly described 
enzymes could also find applications in the cosmetic and 
medical industries.
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