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The present study aim was to isolate keratinolytic bacteria from the soil contaminated with poultry waste. 
From amongst nine bacterial keratinase producing isolates were found. The BML5 isolate was identified 
as Bacillus subtilis based on biochemical characterization and 16S rRNA Ribotyping. B. subtilis BML5 
showed maximal keratinase activity at 37°C and at pH 8. An increase in keratinase activity of B. subtilis 
BML5 was determined in the presence of Ca2+, Mg2+, and Zn2+ while keratinase activity was inhibited by 
added copper ions. A 130-kDa protein was detected from feather-treated bacterial cells, suggesting its role 
in degrading feather. B. subtilis BML5 can be used to overcome the poultry wastes based environmental 
pollution and keratinase could be used to improve feather meal digestibility in animal feed as an additive.

INTRODUCTION

Keratins are classified as fibrous proteins known 
as scleroproteins that are present abundantly in 

epithelial cells. Keratin is difficult to degrade as the 
polypeptide (Pandian et al., 2012). Insoluble fibrous 
keratin protein, primary substance found in chicken 
feathers, which cannot be degraded by common proteases 
i.e. trypsin, pepsin, papain (Bernal et al., 2003). The 
firm linkage of polypeptide chains is responsible for the 
mechanical stability of the keratin and its resistance to 
biochemical degradation. Both α-Helix (α-keratin) and 
β-Sheet (β-keratin) structure are linked by disulfide bonds 
which fold into an initial 3-dimensional form (Vidhya and 
Palaniswamy, 2013).

Currently, physical and chemical treatments are used 
to increase the digestibility of feather keratin and the 
processed poultry feathers are used as animal feed stuff, 
fertilizers, glues, films and as the source of rare amino acids, 
such as serine, cysteine and proline (Raju and Divakar, 
2013). However, these processes require a large amount 
of energy and may also destroy certain amino acids, thus 
yielding products of poor digestibility and variable nutrient 
quality. Hydrolysis of feather keratin by microorganisms, 
possessing keratinolytic activity represents an attractive
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alternative to improve the nutritional value of feather 
wastes (Bo et al., 2009).

Keratinase is an extracellular, robust enzyme, having 
a wide temperature and pH range and is largely serine 
or metalloprotease, produced in the presence of keratin. 
Keratinase attacks the disulfide bonds of keratin to 
degrade it. Some microbes have been reported to produce 
keratinase enzyme in the presence of keratin substrate 
(Brandelli et al., 2010). A huge variety of microorganisms 
have been reported to produce keratinase including fungi, 
actinomycetes and bacteria. 

Among bacteria, Bacillus spp. appear to be promising 
for enzyme production on commercial scale (Thys et al., 
2004; Banerjee et al., 2016). It is difficult to compare 
keratinase titers of different microbes due to the variety of 
substrates and definitions of keratinase units employed. As 
far as physical parameters for production are concerned, 
they are species-specific and thus vary according to the 
organism (Han et al., 2012). But it is reported that the 
feather-lysate obtained by B. licheniformis PWD-1 has 
nutritional features for feed use similar to soybean protein 
(Kim et al., 2001). Microbial keratinases have potential to 
be used for biodegradation of feathers, enzyme activities 
enhancement and the increase in yields.

The present study was aimed at characterization of 
bacterium isolated from poultry waste and investigation of 
bacterial growth in feather containing medium. Keratinase 
characteristics including temperature, pH and metal ions 
were also determined. 

A B S T R A C T

Pakistan J. Zool., vol. 50(1), pp 143-148, 2018. DOI: http://dx.doi.org/10.17582/journal.pjz/2018.50.1.143.148

crossmark.crossref.org/dialog/?doi=10.17582/journal.pjz/2018.50.1.143.148&domain=pdf&date_stamp=2008-08-14
http://dx.doi.org/10.17582/journal.pjz/2018.50.1.143.148


144                                                                                        

MATERIALS AND METHODS

Sample collection 
The soil samples from vicinity of the poultry form, 

situated in market of University of the Punjab, Lahore, 
were collected to isolate bacteria having capability to 
degrade the feathers. The samples were collected in 
small polythene bags and brought to laboratory as soon 
as possible, dilutions up to 10-3 were made in normal 
saline and were used to plating for bacterial isolation. The 
samples were kept in refrigerator.

Medium used for bacterial isolation 
For bacterial isolation, Luria Bertani (LB) agar 

medium was prepared by dissolving yeast extract (0.5g/100 
ml), trypton (1.0g/100 ml), NaCl (0.5g/100 ml) and agar 
(1.5g/100 ml). Finally, the volume was made up to 100 
ml by adding distilled water. All the ingredients were 
properly mixed and autoclaved. The glasswares used were 
washed, autoclaved and oven dried at 70-100°C (properly 
sterilized) before use. For the isolation of distinct colonies 
spread plate method was used.

Screening for keratinase producing bacteria 
To screen keratinase producing bacteria, Feathers 

meal medium (FM medium) was prepared by dissolving 
NH4Cl (0.5g/l), NaCl (0.5g/l), KH2PO4 (0.4g/l), K2HPO4 
(0.3g/l), MgCl2.6H2O (0.1g/l), yeast extract (0.1g/l) and 
powdered feathers (10g/l). Final volume was made up 
to 1000 ml by adding distilled water. All the 9 isolated 
colonies were inoculated in FM medium and incubated at 
37°C for 72 h at shaker. The maximum growth was shown 
by bacterial isolate BML5 isolated from soil sample 3 (S-
3) and was selected for further research work.

Effect of feathers on the growth of bacterial isolate 
Growth curves of B. subtilis BML5 were determined 

in minimal salt medium and the medium was divided 
into two sets. In one set powdered feathers were added 
and in second set glucose was added as a substrate. Then 
medium was inoculated (both sets) with 1 ml of log 
phase bacterial culture prepared in L-broth and incubated 
at 37°C. The readings (Optical densities) were taken by 
spectrophotometer at 600 nm after every 4 h interval up to 
32 h of bacterial growth.

Physical, biochemical and molecular characterization 
For B. subtilis BML5 identification, morphological and 

various biochemical tests such as Gram staining, catalase 
test, oxidase test, citrate utilization, lactose fermentation, 
mannitol test, starch hydrolysis, methyl red test, indole test 

and Voges-Proskauer test were performed. Bacterial DNA 
was extracted as described by Klindworth et al. (2013) 
and 16S rRNA gene amplification was done by universal 
primers. The conditions followed for amplification were 
as follows: Initial denaturation at 95°C for 5 min followed 
by 35 cycles of denaturation at 95°C for 1 min, annealing 
at 57°C for 1 min, extension at 72°C for 1.5 min and final 
extension at 72°C for 10 min. The PCR products were 
analyzed in 1% agarose gel by electrophoresis in 1X TAE 
buffer with ethidium bromide and visualized under UV 
transilluminator. The PCR product (approximately 0.5kb) 
was purified through Fermentas Gene Jet Gel Extraction 
kit (# K0691) and sequenced from Macrogen, Korea. 

Intra- and extra-cellular enzyme activity 
The bacterium was cultured in 100 ml salt medium 

containing 1% feathers (powdered form) in 250 ml 
Erlenmeyer flasks for 72 h. The bacterial biomass was 
obtained by centrifugation at 6,000×g for 10 min. The 
bacterial pellet was washed with phosphate buffer (pH 7) 
twice and then sonication was done for 3 times for 15 sec 
with an interval of 60 sec. The pellet was centrifuged after 
sonication at 10,000×g for 10 min and supernatant was 
used to perform intracellular keratinase activity.

Bacterial culturing medium supernatant containing 
enzyme was precipitated by using amount of solid 
ammonium sulphate at different saturation level (40-
80%). After overnight precipitation, the extracellular 
keratinase was obtained by centrifugation in new falcon 
tubes at 6,000×g for 10 min. Precipitated proteins 
containing keratinase fraction were re-suspended in Tris 
HCl buffer (50 mM, pH 7.0) and used as crude enzyme for 
extracellular keratinase assay (Herr et al., 1978).

Effect of temperature, pH and metal ions on enzyme 
activity 

The effect of temperature on the keratinase activity 
was determined by incubating the reaction mixture at 
20°C, 30°C, 37°C, 42°C and 55°C while reaction mixture 
was incubated in buffers of different pH [sodium acetate 
buffer (pH 5-6), sodium phosphate buffer (pH7-8) and 
tris-HCl buffer (pH 9)] to determine the pH effect on the 
enzyme activity. The effect of metal ions was determined 
by incubating the enzyme in 50 mM sodium acetate buffer 
(pH: 6) containing different salts (CaCl2, MgCl2, ZnCl2 and 
CuSO4) as a source of metal ion in 10 mM concentration.

Protein sample preparation and SDS-PAGE 
The organism was grown in LB broth in the presence 

and absence of feathers. Bacterial pellet was obtained 
by centrifugation at 6,000×g (10 min). The pellet was 
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washed with deionized distilled water and re-suspended in 
150 μl of lysis buffer (1% sodium dodecyl sulfate, 0.1% 
mercaptoethanol and 0.1% dithiothreitol). The bacterial 
cells were sonicated (Heilscher Ultrasonic Processors UP 
400, S) 2-3 times at 4°C for 15 sec with 60 sec intervals, 
mixed with gel loading dye and incubated at 95°C in water 
bath for 10 min. Cell lysates were centrifuged at 10,000×g 
rpm (10 min) to remove cell debris. The supernatant was 
carefully collected and used for SDS-PAGE analysis. 
Then 12% acrylamide gel was used to resolve proteins 
and molecular weight standards were also run to measure 
the relative size of unknown protein bands. Coomassie 
Brilliant blue was used to stain the gels and gels were 
photographed after de-staining.

Degradation of whole feathers in the presence of bacterial 
isolate 

For whole feathers degradation, minimal salt medium 
was prepared and divided into two sets. In one set whole 
feathers were added as substrate and inoculated with 1% 
log phase bacterial growth. In second set, whole feathers 
were added but not inoculated with bacterial cells (control). 
Both sets were incubated at 37°C for 7 days.

Statistical analysis
For each experiment, three independent measurements 

were taken and data shown are average values of means ± 
standard deviation (SD).

RESULTS AND DISCUSSION

Characterization of feathers degrading bacterium 
The objective of the study was to isolate a 

bacterial strain, having ability to degrade the keratinous 
compounds. Out of 9 bacterial isolates obtained from 
the soil of poultry shops, BML5 showed the maximum 
production of keratinase and has shown the ability to grow 
in the medium containing powdered feather within 72 h at 
37°C. This ability indicates the high metabolic rate of the 
bacterium and its adaptation to utilize keratin as a carbon 
and nitrogen source. 

On the basis of morphological, biochemical tests 
and 16S rRNA sequencing BML5 was identified as 
Bacillus subtilis. They have irregular shaped yellowish 
white flat and dry colonies with undulate margins and no 
pigmentation. B. subtilis BML5 are Gram positive rods, 
with positive spore staining. These bacteria were positive 
for catalase, but negative for oxidase activity. They were 
positive for citrate, methyl red, Voges-Proskaner and 
starch hydrolysis tests, but were negative for Indole test 
and lactose fermentation. The 16S rRNA gene sequence 
showed 99% homology with 16S rRNA sequence of B. 

subtilis submitted to NCBI database. The 16S rRNA gene 
sequence was submitted to GenBank under accession 
number KF003018. Many Bacillus species including B. 
licheniformis, B. pumilus, B. subtilis, B. cereus, and B. 
megaterium have been reported for keratin degradation 
(Kim et al., 2004; Riffel and Brandelli, 2006).

Optimization of growth conditions 
B. subtilis BML5 showed fair growth in the presence 

of feathers slightly less as compared to the control medium 
containing glucose as a substrate (Fig. 1). So it indicated 
that the feathers presence in growth medium act as an 
inducer for the enzyme. It has been reported that bacteria 
producing keratinse had different characteristics i.e., broad 
temperature and pH range for growth (Lakshmi et al., 
2013). It has been reported that carbon and nitrogen amount 
exert a high influence on the growth of microorganisms. In 
this study, BML5 showed maximum growth at 37°C and, 
therefore, the bacterial isolate was classified as mesophilic. 
The bacterial isolate was able to grow on the pH ranging 
from 4 to 8 but has shown its best growth at pH 7 showing 
that the isolate is neutrophilic. Previous studies have even 
reported the bacterial isolates able to grow at alkaline pH 
i.e., 10 (Bernal et al., 2006).

Fig. 1. Growth curves of B. subtilis BML5 in medium 
containing glucose (control) and in mineral salt medium 
supplemented with 1% feathers as substrate (treated) 
incubated at 37°C. 

Intracellular versus extracellular enzyme activity 
Keratinase activity, both intra- as well as extra-

cellular, was performed to determine the most dominant 
form of enzyme. The results showed 70% extracellular 
activity increase as compared to the intracellular enzyme 
activity. The microorganisms can produce both intra- as 
well as extra-cellular enzymes.
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Fig. 2. Effect of temperature (A), pH (B) and metal ions 
(C) on keratinase activity isolated from B. subtilis BML5.

Temperature, pH and metal ions influence on keratinase 
activity 

Temperature is one of the most important variables. Its 
effect on the activity of keratinase produced by B. subtilis 
BML5 was determined by incubating the reaction mixture 
at 20°C, 30°C, 37°C, 42°C, 55°C, 70°C. Keratinase was 
shown to be more active at 37°C (Fig. 2A), which is a bit 
lower as compared to the optimum temperature reported 
in previous studies. According to Bernal et al. (2006) and 
El-Refai et al. (2005) keratinase produced by the bacteria 
isolated from the soil mixed with chicken feathers showed 
maximum activity at 40°C, which is in good agreement 
with our results. 

Enzyme activity is markedly affected by pH. This is 
because substrate binding and catalysis are often dependent 
on charge distribution on both, substrate and particular 
enzyme molecules (Shah and Madamwar, 2005). pH of the 
medium strongly affects many enzymatic processes and 
transport of various components across the cell membrane 
(Moon and Parulekar, 1991). The production of enzyme 
depends on the pH by particular bacterial isolates. In 
the present study, B. subtilis BML5 showed maximum 
activity at pH 8 (Fig. 2B). According to Rozs et al. (2001), 
B. licheniformis showed maximum activity at pH 7. On 
the other hand, Kim et al. (2001) reported that B. subtilis 
showed maximum keratinase activity at the pH ranging 
from 5-9. The alkaline pH is suitable for deamination 
reactions leading to the release of ammonium which 
increases pH and this increase in pH favors keratinolysis 
(Riffel et al., 2003).

In the present study, significant increase in keratinase 
activity was determined in the presence of Ca2+ (14.8%), 
Mg2+ (14.8%) and Zn2+ (16.3%) while 14.5% inhibitory 
effect on the enzyme activity was found in the presence 
of Cu ions (Fig. 2C). Similarly, metal ions like Ba2+, 
Ca2+, Mg2+, Mn2+, Zn2+, activated, while Cu2+, Fe2+, Hg2+, 
inhibited keatinase activity (Lin et al., 1995).

Fig. 3. Coomassie Brilliant blue-stained SDS-PAGE of 
partially purified keratinase from B. subtilis BML5. Lane 
C, bacterium growing without feather; Lane T, bacterium 
growing with feather; Lane M, molecular mass protein 
maker.

SDS-PAGE analysis 
Keratinases have been reported (Gupta and Ramnani, 

2006) with molecular masses ranging from 15 to 240 kDa. 
However, the majority of keratinases presented molecular 
masses varying from 20 to 50 kDa (Prakash et al., 2010). 
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In the present work, a protein band of 130 kDa was 
appeared in treated sample (feather containing medium) 
but was absent in control (Fig. 3). This protein band may 
be involved in the degradation of feathers (keratin). 

Whole feather degradation 
The insoluble keratinous compounds like feathers 

are resistant to degradation by many microbial enzymes. 
The major portion of protein component of feather is 
keratin that forms a fibrous structure, which is extensively 
cross-linked by disulphide, hydrogen and hydrophobic 
bonds. Thus the several million tons of feathers generated 
annually by the poultry industry leads to the troublesome 
environmental contamination and wastage of rich source 
of protein. In the present investigation, B. subtilis BML5 
has degraded the whole feather completely after 6 days 
of incubation (Fig. 4). Lakshmi et al. (2013) reported that 
feather shaft degradation was achieved after 5 days of 
incubation and complete feather degradation was obtained 
after 7 days of incubation by Bacillus sp. It has been 
found that keratinase has the capacity to convert insoluble 
keratin into soluble material. This material (amino acids) 
can be used as feed for animals. Keratinase producing 
microbes thrive under various environmental conditions 
contaminated with different wastes (Bernal et al., 2003; 
Kansoh et al., 2009).

Fig. 4. Degradation of feathers by B. subtilis BML5 culture 
in minimal salt medium after 6 days of incubation at its 
optimum temperature.

CONCLUSION 

From the results, we can conclude that the soil 
contaminated with the poultry wastes is a rich source of 
bacteria which are able to hydrolyze keratin. The problem 
of poultry wastes may be overcome by using such bacterial 
strains like B. subtilis BML5 and isolated enzyme could be 
used to improve digestibility of feather meal.

ACKNOWLEDGEMENT

This work was supported by the Research Cell, 16-
2014/2015, Quaid-e-Azam Campus, Punjab University, 
Lahore-54590, Pakistan which is gratefully acknowledged.

Statement of conflict of interest
Authors have declared no competing interests exist.

REFERENCES

Banerjee, G., Mukherjee, S., Bhattacharya, S. and Ray, 
A.K., 2016. Purification and characterization of 
extracellular protease and amylase produced by the 
bacterial strain, Corynebacterium alkanolyticum 
ATH3 isolated from fish gut. Arab. J. Sci. Eng., 41: 
9-16. https://doi.org/10.1007/s13369-015-1809-4

Bernal, C., Vidal, L., Valdivieso, E. and Coello, N., 
2003. Keratinolytic activity of Kocuria rosea. J. 
Microbiol. Biotechnol., 19: 255-261. https://doi.
org/10.1023/A:1023685621215

Bernal, C., Cair´o, J. and Coello, N., 2006. Purification 
and characterization of a novel exocellular 
keratinase from Kocuria rosea. Enzyme Microb. 
Technol., 38: 49-54. https://doi.org/10.1016/j.
enzmictec.2005.02.021

Bo, X., Qiaofang, Z., Xianghua, T., Yunjuan, Y. and 
Zunxi, H., 2009. Isolation and characterization of a 
new keratinolytic bacterium that exhibits significant 
feather-degrading capability. Afr. J. Biotechnol., 8: 
4590-4596.

Brandelli, A., Daroit, D.J. and Riffel, A., 2010. 
Biochemical features of microbial keratinases 
and their production and applications. Appl. 
Microbiol. Biotechnol., 85: 1735-1750. https://doi.
org/10.1007/s00253-009-2398-5

El-Refai, H.A., AbdelNaby, M.A., Gaballa, A., El-
Araby, M.H. and Abdel Fattah, A.F., 2005. 
Improvement of the newly isolated Bacillus 
pumilus FH9 keratinolytic activity. Process 
Biochem., 40: 2325-2332. https://doi.org/10.1016/j.
procbio.2004.09.006

Gupta, R. and Ramnani, P., 2006. Microbial keratinases 

https://doi.org/10.1007/s13369-015-1809-4
https://doi.org/10.1023/A:1023685621215
https://doi.org/10.1023/A:1023685621215
https://doi.org/10.1016/j.enzmictec.2005.02.021
https://doi.org/10.1016/j.enzmictec.2005.02.021
https://doi.org/10.1007/s00253-009-2398-5
https://doi.org/10.1007/s00253-009-2398-5
https://doi.org/10.1016/j.procbio.2004.09.006
https://doi.org/10.1016/j.procbio.2004.09.006


148                                                                                        A. Imtiaz and A. Rehman

and their prospective applications: An overview. 
Appl. Microbiol. Biotechnol., 70: 21-33. https://doi.
org/10.1007/s00253-005-0239-8

Han, M., Luo, W., Gu, Q. and Yu, X., 2012. Isolation 
and characterization of a keratinolytic protease 
from a feather-degrading bacterium Pseudomonas 
aeruginosa C11. Afr. J. Microbiol. Res., 6: 2211-
2221.

Herr, D., Baumer, F. and Dellweg, H., 1978. Purification 
and properties of an extracellular β-glucosidase 
from Lenzites trabea. Appl. Microbiol. Biotechnol., 
5: 29-36. https://doi.org/10.1007/BF00515684

Kansoh, A.L., Hossiny, E.N. and Abd El-Hameed, E.K., 
2009. Keratinase production from feathers wastes 
using some local Streptomyces isolates. Aust. J. 
Basic appl. Sci., 3: 561-571.

Kim, J.M., Lim, W.J. and Suh, H.J., 2001. Feather 
degrading Bacillus species from poultry waste. 
Process Biochem., 37: 287-291. https://doi.
org/10.1016/S0032-9592(01)00206-0

Kim, J.S., Kluskens, L.D., de Vos, W.M., Huber, R. 
and van der Oost, J., 2004. Crystal structure of 
fervidolysin from Fervidobacterium pennivorans, 
a keratinolytic enzyme related to subtilisin. J. 
mol. Biol., 335: 787-797. https://doi.org/10.1016/j.
jmb.2003.11.006

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., 
Quast, C., Horn, M. and Glöckner, F.O., 2013. 
Evaluation of general 16S ribosomal RNA gene 
PCR primers for classical and next-generation 
sequencing-based diversity studies. Nucl. Acids 
Res., 41: e1. https://doi.org/10.1093/nar/gks808

Lakshmi, P.V, Chitturi, C.M.K. and Lakshmi, V.V., 
2013. Efficient degradation of feather by keratinase 
producing Bacillus sp. Int. J. Microbiol., 2013: 1-7. 
https://doi.org/10.1155/2013/608321

Lin, X., Lee, C.G., Casale, E.S. and Shih, J.C.H., 1995. 
Purification and characterization of a keratinase 
from a feather-degrading Bacillus licheniformis 
strain. Appl. environ. Microbiol., 58: 3271-3275.

Moon, A.G. and Parulekar, A., 1991. Parametric study 
of protease production in batch and fed-batch 
cultures of Bacillus firmus. Biotechnol. Bioeng., 37: 

467-483. https://doi.org/10.1002/bit.260370509
Pandian, S., Sundaram, J. and Panchatcharam, P., 2012. 

Isolation, identification and characterization of 
feather degrading bacteria. Eur. J. exp. Biol., 2: 
274-282.

Prakash, P., Jayalakshmi, S.K. and Sreeramulu, 
K., 2010. Purification and characterization of 
extreme alkaline, thermostable keratinase, and 
keratin disulfide reductase produced by Bacillus 
halodurans PPKS-2. Appl. Microbiol. Biotechnol., 
87: 625-633. https://doi.org/10.1007/s00253-010-
2499-1

Raju, E.V.N. and Divakar, G., 2013. Screening and 
isolation of keratinase producing bacteria from 
poultry waste. Int. J. Pharm. Res. All. Sci., 2: 70-74.

Riffel, A. and Brandelli, A., 2006. Keratinolytic bacteria 
isolated from feather waste. Braz. J. Microbiol., 
37: 395-399. https://doi.org/10.1590/S1517-
83822006000300036

Riffel, A., Lucas, F., Heeb, P. and Brandelli, A., 2003. 
Characterization of a new keratinolytic bacterium 
that completely degrades native feather keratin. 
Arch. Microbiol., 179: 258-265. https://doi.
org/10.1007/s00203-003-0525-8

Rozs, M., Manczinger, L., Vágvölgyi, C. and Kevei, F., 
2001. Secretion of a trypsin- like thiol protease by 
a new keratinolytic strain of Bacillus licheniformis. 
FEMS Microbiol. Lett., 205: 221-224. https://doi.
org/10.1111/j.1574-6968.2001.tb10951.x

Shah, A.R. and Madamwar, D., 2005. Xylanase 
production by a newly isolated Aspergillus 
foetidus strain and its characterization. Process 
Biochem., 40: 1763-1771. https://doi.org/10.1016/j.
procbio.2004.06.041

Thys, R.C.S., Lucas, F.S., Riffel, A., Heeb, P. and 
Brandelli, A., 2004. Characterization of a protease 
of a feather-degrading Microbacterium species. 
Lett. appl. Microbiol., 39: 181-186. https://doi.
org/10.1111/j.1472-765X.2004.01558.x

Vidhya, D. and Palaniswamy, M., 2013. Isolation and 
optimization of a bacterial keratinase isolated from 
poultry feather wastes. Indo. Am. J. Pharmaceutical 
Res., 3: 7217-7224.

https://doi.org/10.1007/s00253-005-0239-8
https://doi.org/10.1007/s00253-005-0239-8
https://doi.org/10.1007/BF00515684
https://doi.org/10.1016/S0032-9592(01)00206-0
https://doi.org/10.1016/S0032-9592(01)00206-0
https://doi.org/10.1016/j.jmb.2003.11.006
https://doi.org/10.1016/j.jmb.2003.11.006
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1155/2013/608321
https://doi.org/10.1002/bit.260370509
https://doi.org/10.1007/s00253-010-2499-1
https://doi.org/10.1007/s00253-010-2499-1
https://doi.org/10.1590/S1517-83822006000300036
https://doi.org/10.1590/S1517-83822006000300036
https://doi.org/10.1007/s00203-003-0525-8
https://doi.org/10.1007/s00203-003-0525-8
https://doi.org/10.1111/j.1574-6968.2001.tb10951.x
https://doi.org/10.1111/j.1574-6968.2001.tb10951.x
https://doi.org/10.1016/j.procbio.2004.06.041
https://doi.org/10.1016/j.procbio.2004.06.041
https://doi.org/10.1111/j.1472-765X.2004.01558.x
https://doi.org/10.1111/j.1472-765X.2004.01558.x

