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Abstract Thirteen different Streptomyces isolates were evaluated

for their ability to produce keratinase using chicken feather as a

sole carbon and nitrogen sources under solid state fermentation

(SSF). Streptomyces sp. NRC 13S produced the highest keratinase

activity [1,792 U/g fermented substrate (fs)]. The phenotypic

characterization and analysis of 16S rDNA sequencing of the

isolate were studied. Optimization of SSF medium for keratinase

production by the local isolate, Streptomyces sp. NRC13S, was

carried out using the one-variable-at-a-time and the statistical

approaches. In the first optimization step, the effect of incubation

period, initial moisture content, initial pH value of the fermentation

medium, and supplementation of some agro-industrial by-products

on keratinase production were evaluated. The strain produced

about 2,310 U/gfs when it grew on chicken feather with moisture

content of 75% (w/w), feather: fodder yeast ratio of 70:30 (w/w),

and initial pH 7 using phosphate buffer after 8 days. Based on

these results, the Box-Behnken design and response surface

methodology were applied to find out the optimal conditions for

the enzyme production. The corresponding maximal production of

keratinase was about 2,569.38 U/gfs.

Keywords Box-Behnken design · keratinase production · medium

optimization · solid state fermentation · Streptomyces sp. NRC13S

· 16S rDNA sequencing

Introduction

Keratinases are specific proteases that degrade keratin specifically.

A number of keratinolytic microorganisms have been reported,

including some species of fungi such as Microsporum (Essien et

al., 2009), Trichophyton (Anbu et al., 2008) and from the bacteria

Bacillus (Macedo et al., 2005; Cai et al., 2008; Pillai and Archana,

2008) and Streptomyces (Szabo et al., 2000; Tatineni et al., 2008;

Syed et al., 2009). Hydrolysis of keratin-containing wastes by

microorganisms possessing keratinolytic activity represents an

attractive alternative method for efficient bioconversion and

improving the nutritional value of keratin wastes, compared to

currently used methods, through the development of economically

and environmentally friendly technology (Onifade et al., 1998;

Bertsch and Coello, 2005). Almost all keratinases are inducible

and different keratin-containing materials such as feathers, hair

and wool can be used as substrates for keratinase production

(Gupta and Ramnani, 2006). Keratinases have several important

uses in biotechnological processes. The use of these enzymes as

an alternative to dehairing, catalyst in leather industry, in slow

release nitrogen fertilizers, cosmetics and biodegradable films

(Riffel et al., 2003; Gupta and Ramnani, 2006).

In search for cheaper fermentation processes with a high

enzyme yield, solid state fermentation (SSF) was found to be

more attractive with lower manufacturing costs and energy

requirement (Lazim et al., 2009). Moreover, SSF has gained

importance in the production of microbial enzymes like proteases

(De Azeredo et al., 2006), xylanase (Yang et al., 2006), lipase

(Diaz et al., 2006) and amylase (Ertan et al., 2006, Farid and

Shata, 2011) due to several economic advantages over conventional

submerged fermentation (SmF) (Krishna, 2005). Because feathers

and their meal are available in large amounts, they could be an

interesting low-cost substrate in the fermentation industry for the

production of commercial enzymes as well as for biotechnological

application (Gupta and Ramnani, 2006).

The composition of fermentation media plays an important role

in the production of primary and secondary metabolites. Designing

an appropriate fermentation medium is of critical importance

because medium composition influences product concentration,

yield, and volumetric productivity (Kennedy and Krouse, 1999).

The conventional method of media optimization involves
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changing one variable at a time, keeping the others at fixed levels.

Being single dimensional, this laborious and time-consuming

method often does not guarantee determination of optimal conditions

(Pereira et al., 2010). In addition, carrying out experiments with

every possible factorial combination of the test variables is

impractical because of the large number of experiments required.

Unlike conventional optimization, statistical optimization methods

can take into account the interactions of variables in generating

process responses (Rathi et al., 2002). Response surface methodology

(RSM), an experimental strategy for seeking the optimum

conditions for a multivariable system, is a much more efficient

technique for process optimization. These methods have been

successfully applied for media optimization in different fermentation

processes (Senthilkumar et al., 2005, Himabindu et al., 2006;

Farid et al., 2012) as well as for establishing the conditions of

enzymatic hydrolysis (Adinarayana and Suren, 2005).

This report specifies the details of screening, identification of

the most potent isolate for keratinase activity by phenotypic and

16S rDNA, and investigating some factors affecting enzyme

production using the one-variable at-a time. Subsequently, the

factors that had significant effects were optimized using Box-

Behnken design.

Materials and Methods

Microorganisms. Thirteen strains of Streptomyces spp. were

originally isolated from Egyptian soil and kindly provided by

Prof. Dr. M.A. Farid (Natural and Microbial Products Department,

National Research Center, Dokki, Cairo, Egypt). All isolates were

maintained in yeast extract-malt extract agar (ISP2) slants

(Shirling and Gottlieb, 1966). The following test strains, Bacillus

subtilis NRRL B-543, Aspergillus niger NRRL 599, Candida

albicans NRRL Y-477, and Escherichia coli NRRL B-210, were

kindly obtained from Northern Regional Research Laboratory

(NRRL), Peoria, Illinios, USA.

Inoculum preparation. The spores from a fully sporulated

Streptomyces sp. slant grown on ISP2 agar slants at 28oC for 7

days were dispersed in three milliliters of sterile tap water, by

dislodging them with a sterile loop under aseptic conditions. The

spore suspension was used as inoculum for each Petri dish (9 mm

diameter).

Screening for keratinase activity. The Streptomyces isolates

were used for the primary screening of their ability to grow and

produce keratinase activity in a solid medium containing milled

chicken feather as a source of carbon and nitrogen sources (1 g

feather/ Petri dish). Petri dishes were autoclaved and inoculated by

3 mL of spore suspension previously prepared as mentioned

above. The cultures were incubated for 7 days at 28–30oC.

Secondary screening of Streptomyces spp. NRC12 and NRC

13S. The two isolates were subjected to perform the secondary

screening in order to select the most potent stain for high level

production of keratinase activity. One gram feather meal was

seeded as described previously and moistened with the following

medium solutions (Cortezi et al., 2008) as indicated in Table 1.

Morphological and physiological characterizations (Shirling

and Gottlieb 1966).The selected Streptomyces sp. was examined

for aerial mass color, reverse color and spore chain morphology

using 14-day culture growth at 30oC on yeast extract-malt extract

agar (ISP2), oatmeal agar (ISP3), inorganic salt-starch agar (ISP4)

and glycerol-asparagine agar (ISP5). Carbon source utilization

was tested using carbon utilization medium (ISP9) supplemented

with final concentration of 1% of the sterile carbon sources (D-

glucose, L-arabinose, sucrose, D-xylose, I-inositol, D-mannitol, D-

fructose, rhamnose and raffinose). The washed inoculum (0.05

mL) was placed on to the edge of the medium surface, streaked

the drop straight across the dish and repeated with a second drop.

The plates were observed at 10–16 days and compared the growth

of each carbon source with two controls; growth of basal medium

alone and growth on basal medium plus D-glucose. Melanoid

pigment production was examined on slants of peptone-yeast

extract iron agar (ISP6) and tyrosine agar (ISP7). The heavy

inoculum of spores and aerial mycelium were streaked up the

surface of agar slant and observed melanoid pigments after 2 and

4 days.

Electron microscopy. The morphology of the isolate for scanning

electron microscopy (SEM) was examined with an electron

microscope (Quanta 250 FEG 250, FEI Company, NanoPort 5350

NE Dawson Creek Drive Hillsboro, Oregon 97124 USA) at an

accelerating voltage of 30 kV at the Central Laboratories Sector,

Egyptian Mineral Resources Authority.

DNA extraction and PCR amplification. DNA extraction and

PCR amplification was carried out by Macrogen Company, Seoul,

Korea as follows: DNA was isolated from the selected isolate

according to the technique of Macrogen as follows: Colonies are

picked up with a sterilized toothpick, suspended in 0.5 mL of

sterilizes saline in a 1.5 mL centrifuge tube and centrifuged at

10,000 rpm for 10 min. After removal of supernatant, the pellet is

suspended in 0.5 mL of Insta Gene Matrix (Bio-Rad, Berkeley,

California, USA). Incubated at 56oC for 30 min and then heated at

100oC for 10 min. After heating, the supernatant was used for

PCR as follows: The polymerase chain reaction (PCR) was

Table 1 Composition of the screening media

Medium No. Composition (g/L)

1 NaCl 0.5, K2HPO4 0.3, KH2PO4 0.4, MgCl2 0.1, casein 10

2 NaCl 0.5, K2HPO4 0.3, KH2PO4 0.4, MgCl2 0.1, NH4Cl 2.7

3 NaCl 0.5, K2HPO4 0.3, KH2PO4 0.4, MgCl2 0.1, yeast extract 10

4 NaCl 0.5, K2HPO4 0.3, KH2PO4 0.4, MgCl2 0.1, glucose 9

5 MgSO4 · 7HO 0.2, NaCl 0.2, CaCl2 0.2, ZnSO4 0.002, K2HPO4 1.5, KH2PO4 1
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performed using primers designed to amplify ~1400 bp fragment

of the DNA region of Streptomycetes. The forward primer was

518F CCA gCAgCCgCggTA ATA Cg and the reverse primer was

800R TAC CAgggT ATC TAA TCC. Sequencing was performed

using Big Dye terminator cycle sequencing kit (Applied

BioSystems, Foster City, California,USA). Sequencing products

were resolved on an Applied Biosystems model 3730XL

automated DNA sequencing system (Applied BioSystems, Foster

City, California,USA). Blast program was used to assess the DNA

similarities and multiple sequence alignment and molecular

phylogeny were performed using BioEdit software (Hall, 1999).

Solid-state fermentation. Feathers obtained at a local poultry

processing were washed with warm tap water, distilled water and

then dried at 45oC for 48 h in a drying oven. After drying, feathers

were cut into small pieces, milled using electric mixer and

autoclaved for prior to microbial treatment. SSF was carried out

by taking one gram of feather substrate in Petri dish of 9 cm

diameter, moistened with 3 mL salt solution in tap water. The Petri

dishes were autoclaved at 121oC for 20 min, inoculated with spore

suspension after cooling and incubated at 30oC for the desired

period.

Optimization of solid state fermentation conditions. Various

process parameters influencing enzyme production during SSF

were optimized. Different incubation periods (1–15 days) were

studied for their effect on enzyme production. Initial moisture

contents (50.0, 66.7, 75.0, 80.0, 83.3, 85.7, 87.9, and 90.0%) of

solid substrates were adjusted with distilled water. Initial pH

optimization was adjusted with 1 M phosphate buffer at pHs

ranging from 6.0 to 8.0 and glycine-NaOH buffer at pHs ranging

from 8.0 to 11.4, respectively. Supplementation the feather

medium with different agro-industrial by-products, wheat bran

(WB), corn cobs (CC) rice husk (RH), rice straw (RS), fodder

yeast (FY), earn cotton seed (ECS) and earn flaxseed (EFS), were

tested and the best substrate for production of keratinase was

supplemented in different concentrations. For each experimental

variable, all other parameters were kept at their optimal level.

Data were expressed as the average of three replicates.

Box-Behnken design. Based on the results of the one-variable-at-

a-time experiment response surface methodology (RSM) was

used to optimize keratinase production using Box-Behnken design

(Box and Behnken, 1960). The behavior of the system was

explained by the following quadratic equation,

Y=β0+βiXi+βijXiXj+βiiXi
2 (1)

Where Y is the predicted response variable; β0, βi, βii, βij are

constant regression coefficients of the model, and Xi, Xj (i=1, 3;

j=1, 3, i j) represent the independent variables in the form of

coded values. Statistical software package Design-Expert (Version

8.0.2, State-Ease, Minneapolis, MN, USA) was used to design and

analyze the experiment. A 23 factorial design, with five replicates

at the centre point with total number of 17 trials, was employed.

The accuracy and general ability of the above polynomial model

could be evaluated by the coefficient of determination R2.

Enzyme extraction. Keratinase extraction was conducted in

distilled water at a solid/liquid ratio of 1:5 (w/v) by shaking on a

rotary shaker (180 rpm) at room temperature for one hour. The

whole contents were centrifuged at 4,000 rpm at 4oC for 10 min,

and the clear supernatant was used as a crude enzyme source. All

experiments were done in triplicate and data expressed as average

values.

Keratinase assay. Keratinase activity was determined using

method of Friedrich et al., (1999), 0.25 mL of crude enzyme with

keratin powder (1% w/v) in 0.1 M glycine buffer pH 7.8 for half

an hour at 40oC in a shaking water bath. The reaction was stopped

by adding 0.5 mL of 15% trichloroacetic acid (TCA). After half

an hour, centrifugation at 4,000 rpm was done and the clear

supernatant was estimated according to Lowry et al. (1951). One

unit of the enzyme activity (U) was defined as the amount of the

enzyme that liberates 1 µg of amino acids equivalent to tyrosine

per min under the experimental conditions. Keratinase activity

was reported in terms of U/gfs in SSF. All experiments were

conducted in three sets and data were presented as mean values

with ± SD.

Protein assay. The protein content of the enzyme preparation was

estimated by Lowry method (Lowry et al., 1951).

Results and Discussion

Screening of keratinase producing Streptomyces strains.

Thirteen Streptomyces isolates from Egyptian soils were screened

for their ability to grow on solid medium consisting mainly from

chicken feather for keratinase production (Fig. 1). All isolates

showed good growth and produced keratinase activities ranged

from 12.59 to 1,791.97 U/gfs. The local isolates Streptomyces sp.

NRC12 and Streptomyces sp. NRC 13S exhibited the most potent

keratinase activity (1,782.20±3.15 and 1,791.97±2.39 U/gfs,

respectively). Data in Table 2 show that the highest level of

keratinase activities was obtained with Streptomyces sp. NRC 13S

when it grew on solid medium consisting mainly from feather and

tap water and therefore, it was selected for further studies. It is

well known that microbial keratinase are predominantly extra

cellular when grown on keratinous substrates, however, a few cell-

bound (Rissen and Antranikian, 2001; Nam et al., 2002) and

intracellular keratinases have also been reported (Onifade et al.,

1998). Most of the organisms are capable of using keratin as a sole

source of carbon and nitrogen (Gousterova et al., 2005). The type

of exogenous keratin inducer may range from whole chicken

feather, wool, horns, and nails. In most cases, keratin serves as the

inducer, however, soy meal is also known to induce enzymes

production (Gradisar et al., 2000). Most of the reports available on

keratinases group considered them as inducible enzymes;

however, few constitutive keratinases have also been reported

(Gassesse et al., 2003; Manczinger et al., 2003). The results in

Table 2 also show that the presence of some organic or inorganic

nitrogen source in the fermentation medium (casein, yeast extract,

and ammonium chloride) decreased the production of keratinase

activity with different ratios. Ammonium chloride has the lowest
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effect on keratinase production. Also, the presence of glucose in

medium No. 4 clearly decreased keratinase activity to some extent

for Streptomyces sp. NRC 13S. While Streptomyces sp. NRC12

failed to produce keratinase in medium No. 4 and medium No. 5.

Simple sugars such as glucose have been reported to suppress the

synthesis of keratinase due to catabolite repression (Gassesse et

al., 2003; Thys et al., 2004) which is a well known phenomenon

for microbial proteases (Gupta et al., 2002). Mehta et al. (2006)

reported that glucose at high concentration inhibited the enzyme

production and 0.5% (w/v) concentration was optimum for

enzyme production by Streptomyces sp., while growth was

optimum at 1% (w/v) concentration. However, at 2% (w/v)

glucose, the activity decreased from 35 to 10 U/mL indicating the

repression of the protease production. However, Gioppo et al.

(2009) mentioned that addition of glucose caused only slight

improvements in keratinase production by Myrothecium verrucaria

in submerged and solid state cultures.

Identification and characterization of the selected Streptomyces

sp. NRC 13S. The results of the taxonomic studies (cultural,

morphological and physiological characteristics) of Streptomyces

sp. NRC13S are summarized in Table 3. Cells grew at 28–30oC,

pH range 5–9 and NaCl concentration from 4 to 8% (w/v). The

isolate developed non-fragmented white substrate mycelium.

After prolonged incubation, aerial mycelia were developed and a

whitish gray mass of spores was formed. Scanning electron

microscopic observation revealed that the spore chains were

flexsus with loop end and the spores had oval to elliptical (1.193

µm long, 47.3 nm width) shape (Fig. 2A and B). Phenotypic

Fig. 1 Keratinase activity of some Streptomyces strains after 7 days of
incubation under SSF on feather meal at 30oC.

Table 2 Effect of medium composition on keratinolytic activity of Streptomyces sp. NRC13S and Streptomyces sp. NRC12

Media

Streptomyces sp. NRC13S Streptomyces sp. NRC12

Final pH value
Keratinase  activity

(U/gfs)
Final pH value

Keratinase activity
(U/gfs)

Feather + tap water 8.20 1,793.75±0.52 8.05 1,768.8±0.9

Feather + Med. No.1 8.25 1,253.80±2.69 8.42 1,382.2 ±3.4

Feather + Med. No.2 7.73 553.15±3.17 6.67 197.67±4.7

Feather + Med. No.3 8.20 1,281.52±3.37 8.31 152.42±5.2

Feather + Med. No.4 8.12 1,394.25±4.15 7.27 0.00

Feather + Med. No.5 8.16 1,4997.67±4.64 6.17 0.00

Table 3 Morphological, physiological and biochemical characteristics of
Streptomyces sp. NRC13S

Morphological, physiological and biochemical characteristics

Color of aerial mycelium Whitish gray

Color of substrate mycelium Yellow to Ochre

Spore shape
Oblong-Ellipsoidal
(1.193 µm long, 47.3 nm width)

Sporophores Section Rectus-flexibilis (FLEXUOUS) 

Spore surface Smooth

Spore chain One turn loop

Diffusible pigment formation +

Melanin pigment formation +

Utilization of carbon sources

D-Glucose +

D-Fructose +

L-Arabinose +

Sucrose +

D-Xylose +

I-Inoositol +

D-Mannitol +

Rhamnose +

Raffinose +

Glycerol +

Degradation of

Starch +

Cellulose -

Gelatin +

Casein +

Growth on

Glucose yeast malt agar +

Glycerol asparagine agar +

Starch nitrate agar +

Inorganic salts agar +

NaCl resistance 8%

Antimicrobial activity

Bacillus subtilis NRRL 543 + Aspergillus niger NRRL 599 +

Candida albicans NRRL Y-477+ Escherichia coli NRRL 210 + 
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characteristics confirmed that strain belongs to the genus

Streptomyces from the criteria in Bergey’s Manual of Systematic

Bacteriology.

Phylognetic analysis of 16S rDNA. Phylognetic analysis based

on 16S rDNA sequence of Streptomyces sp. NRC13S showed that

the sequence exhibited a high level of homology (92%) and most

close to Streptomyces sp. SHXFF-2 (Fig. 3). Based on the previous

data, it is suggested that the experimental isolate represents a

novel isolate of Streptomyces and was therefore designated as

Streptomyces sp. NRC13S.

Effect of incubation period. Keratinase production in SSF was

studied over 15 day period. Data in Fig. 4A show keratinase

production versus incubation time using chicken feather as

substrate. Keratinase activity (3,26.5 U/ gfs) was detected after the

third day of incubation and reached its maximum value (1,755 U/

gfs) on day 8 then slightly decline till day 16 reaching 1,222.65 U/

gfs. It was previously reported that maximum keratinase activity

by Streptomyces rimosus was obtained on the ninth day (Yang and

Wang, 1999). In a latter case, maximum protease activity were

obtained after 4 days of cultivation of Streptomyces sp. 594 in

both submerged fermentation (SmF) and SSF, respectively, using

feather meal and corn steep liquor as sole sources of carbon and

nitrogen (De Azeredo et al., 2006). The reduction in keratinase

yield after the optimum period was probably due to depletion of

nutrients available to microorganism for synthesis of enzymes

(Stanbury et al., 1997). Similar findings have been reported also

by other workers (Gupta et al., 2002; Sandhya et al., 2005).

Effect of initial moisture content. Figure 4B shows the effect of

initial moisture content on keratinase production. The highest

enzyme activity (1,901 U/gfs) was obtained at 75% (w/w) initial

moisture content. Other reports indicated the requirements of 60%

(w/w) initial moisture content for maximum protease production

by Streptomyces sp. 594 (De Azeredo et al., 2005) and Streptomyces

sp. CN902 (Lazim et al., 2009). Generally, moisture level of the

medium is considered as a fundamental parameter for microbial

growth and metabolites production (Hesseltine, 1979). The critical

importance of moisture level in SSF media and its influence on

the biosynthesis of enzymes has been attributed to the interference

of moisture in the physical properties of solid particles. Increase in

moisture content of SSF is believed to reduce the porosity of solid

particles, thus limiting oxygen transfer. On the other hand, lower

moisture content reduces the solubility of nutrients presents in

solid substrate, decreases the degree of swelling, and increases

water tension (Pandy, 1992; Krishna, 2005).

Effect of initial pH. The pH of the medium strongly affects many

enzymatic processes and transport of various components across

the cell membrane (Moon and Parulekar, 1991).The effect of

varying initial pH value of the fermentation on keratinase

production using phosphate buffer (pH from 6–8) and glycine

buffer (pH from 8–11) was studied. As shown in Fig. 4C

maximum activity (2,097 U/gfs) was recorded when the solid

medium was initially adjusted at pH 8. Thereafter, enzyme

production decreased at higher pH values (9, 10, and 11). On the

other hand, using tap water or distilled water (pH =6.5–7) were

found to be suitable for keratinase production. Previous studies

dealing with the effect of initial pH on protease production by

other Streptomyces such as Streptomyces rimosus and Streptomyces

sp. 594 in SSF conditions indicated lower pH values, i.e., between

6 and 7 for optimal protease activity (De Azeredo et al., 2005).

Moreover, pH value of 9 and 10 were found to be suitable for

optimal alkaline protease by Streptomyces sp. CN902 (Lazimet al.,

2009). It has been reported that alkaline pH from 7 to 9 supports

keratinase production and feather degradation in most microorganisms

(Gupta and Ramnani, 2006). Alkaline pH possibly favors keratin

degradation as higher pH modifies cystine residues to lathionine

(Fridrich and Antranikian, 1996). 

Effect of supplementation of some agro-industrial by-products

on keratinase production in SSF. Feather meal supplemented

with some agro-industrial by-products obtained from a local

market has been tested for keratinase production. As shown in

Fig. 5A, supplementation of feather medium with FY was the

most effective additional substrate. Maximum activity (2,079 U/

Fig. 2 Scanning electron micrograph of (A) spore surface feature
(40000×) and (B) spore chain structure (10000×) of Streptomyces sp.
NRC13S grown on inorganic salts-starch agar for 14 days.
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gfs) was obtained after 8 days of cultivation in SSF. The other

substrates (WB, CC, RH, and RS) had no effect on increasing

keratinase activity. These results are in accordance with that

reported by Cai et al. (2008). De Azeredo et al. (2006) showed

that protease synthesis by Streptomyces sp. 594 was markedly

enhanced by corn steep liquor by approximately 86 and 39% for

submerged and SSF, respectively, compared with yeast extract.

However, Hmidet et al. (2010) observed stimulation of both

amylase and protease by Bacillus licheniformis NH1 with the

addition of yeast extract. Gousterova et al. (2005) showed that a

9 fold increase in keratinase activity of Streptomyces flaveus in the

presence of 5 g starch/L. Moreover, Mukherjee et al. (2008)

documented that protease production by Bacillus subtilis on a

mixture of Imperata cylindrica and potato peels (1:1 ratio) was

much better than protease production on wheat bran or on other

tested substrates. In another study, a mixture of rice bran, rice husk

and gram hull in the ratio 5:3:2 was found to be suitable for

protease production by Aspergillus sp. (Nehraet al., 2002).

The effect of increasing FY concentration on production of

keratinase activity by Streptomyces sp. NRC13S was studied at

the following different ratios: 95:5, 90:10, 80:20, 70:30, 60:40,

50:50 and 30:70 (w/w). Results in Fig 5B showed that maximum

keratinase activity (2,310.66±1.67 U/gfs) was produced at

concentration of feather: FY ratio of 70:30 w/w. It is also noticed

that, a higher concentration of FY resulted in a moderate reduction

in keratinase activity. Yang et al. (2000) also found that protease

Fig. 3 Phylogenetic relationship of the 16S rDNA sequence of Streptomyces sp. NRC 13S with 16S rDNA of different Streptomyces species.
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production by Bacillus subtilis Y-108 was repressed by most of

the nitrogen sources used with exception of sodium nitrate which

enhanced protease production.

Optimization of keratinase production. Three-level factorial

experiments, central composite designs, and Box-Behenken

designs are commonly employed to fit a full quadratic response-

surface model and approximate the factor levels that provide the

optimal response. The Box-Behenken design was applied to

determine the optimal condition of moisture percent, initial pH

value and feather: FY ratio for keratinase production by the new

isolate Streptomyces sp. NRC 13S. The three factors and the

coded values of the three levels of each factor are shown in Table

4. Five repeats are included at the center of the design. The total

number of test runs needed for this design is 17. Experimental

results for the three-factor-three-level response surface analysis

are shown in Table 5. Considerable variations in keratinase

production under different medium composition were observed.

The keratinase activity ranged from 1,072.70 to 2,569.38 U/gds,

and the run number 11 and run number 8 had the minimum and

maximum keratinase activity, respectively. The lowest keratinase

activity was observed for the lowest feather: FY ratio 80:20 w/w

(coded value −1), while the highest activities of 2,569.38 and

2,463.57 were obtained with feather: FY ratios 60:40 and 70:30

Fig. 4 Effect of incubation time (A), moisture content (B) and different
initial pH values (C) on keratinase production by Streptomyces sp.
NRC13S in feather meal under SSF.

Fig. 5 Effect of supplementation the feather meal medium with different
agro-industrial by-products (A) and different concentrations of fodder
yeast (B) on keratinase production by Streptomyces sp. NRC13S.
Note: X1: Moisture%; X2: initial pH value; X3: feather: FY ratio (w/w)
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w/w, respectively (coded value +1 and 0). These results suggest

that the concentration of FY strongly affects the keratinase

production by Streptomyces sp. NRC 13S.

By applying multiple regression analysis on the experimental

data, the following second order polynomial equation was found

to explain the keratinase production regardless of the significance

of coefficients:

Y= +2,432.60+321.18X1−128.56X2+347.07X3+117.05X1X2

−231.74X1X3−76.66X2X3−140.62X1
2−398.34X2

2−289.87X3
2

(2)

Where Y is the predicted response (keratinase production); X1, X2

and X3 are coded values of moisture content, initial pH value, and

feather: FY ratio, respectively. The model Eq. 2 indicates that FY

(X3) has a significant effect (p <0.05) on keratinase production as

it has the largest coefficient followed by moisture content (X1).

The positive coefficients of X1 and X3 indicate a linear effect to

increase keratinase production, while negative coefficient for X2

shows a linear effect to decrease enzyme production. However,

quadratic terms (X1
2, X2

2, and X3
2) have negative effects along

with interaction terms (X1X3, X2X3) that decrease keratinase

production.

The statistical significance of Eq. 2 was checked by F-test, and

analysis of variance (ANOVA) for the response surface quadratic

model is shown in Table 6. It is evident that the model is

significant, as suggested by the model F value and a low

probability value ((P > F) =0.0054). The Model F-value of 8.31

implies the model is significant. Values of “Prob > F” less than

0.05 indicate model terms are significant. In this case X3, X1
2 and

X3
2 are significant model terms. Table 5 showed the analysis of

variance (F-test) for this experiment and the coefficient of

Table 4 Coded values of variables used in Box-Behnken design

Independent variables
Level

-1 0 1

X1: Moisture content (%) 70 75 80

X2: Initial pH 6.5 7 7.5

X3: Feather: Fodder yeast ratio (w/w) 80:20 70:30 60:40

Table 5 Box-Behnken design matrix with experimental and predicted
values of keratinase production by Streptomyces sp. NRC13S under SSF

Run

X1

Moisture
content

(%)

X2

Initial
pH value

X3

Feather:
Fodder

yeast ratio
(w/w)

Keratinase activity
(U/gfs)

Experimented Predicted

1 1 1 0 2,328.58 2,373.23

2 0 1 1 1,839.85 1,886.24

3 -1 0 1 2,112.30 2,259.73

4 0 0 0 2,432.63 2,432.60

5 -1 -1 0 1,692.80 1,818.07

6 -1 0 -1 1,181.00 1,102.12

7 0 -1 -1 1,495.60 1,449.21

8 0 -1 1 2,569.38 2,296.67

9 0 0 0 2,373.23 2,432.60

10 1 0 -1 2,355.40 2,207.95

11 0 1 -1 1,072.70 1,345.41

12 0 0 0 2,433.23 2,432.60

13 0 0 0 2,463.57 2,432.60

14 -1 1 0 1,520.68 1,326.85

15 0 0 0 2,460.32 2,432.60

16 1 -1 0 2,032.50 2,226.32

17 1 0 1 2,359.75 2,438.62

Table 6 Regression analysis for keratinase production for quadratic response surface model fitting (ANOVA)

Source
Sum of
 Squares

Degrees
of freedom

Mean F p-value

 Squares Value Prop > F

Model 3.426E+006 9 3.806E+005 8.31 0.0054*

 X1 8.253E+005 1 8.253E+005 18.01 0.0038*

 X2 1.322E+005 1 1.322E+005 2.89 0.1332

 X3 6.970E+060 1 9.637E+005 21.03 0.0025*

 X1 X2 54,805.150 1 54,805.150 1.20 0.3103

 X1 X3 2.148E+005 1 2.148E+005 4.69 0.0671

 X2 X3 23,505.490 1 23,505.490 0.51 0.4970

 X1
2 83,256.510 1 83,256.510 1.82 0.2197

 X2
2 6.681E+005 1 6.681E+005 14.58 0.0066*

 X3
2 3.538E+005 1 3.538E+005 7.72 0.0273*

Residual 3.207E+005 7 45,820.650

Lack of Fit 3.155E+005 3 1.052E+005 80.08 0.0005

Pure Error 5,252.730 4 1,313.180

Cor. Total 3.747E+006 16

R-Squared 0.9144

Adj. R-squared 0.8043

Note: X1: Moisture content (%); X2: Initial pH; X3: Feather: Fodder yeast ratio (w/w)
Cor.: Correlation, * Values of “probability >F” less than 0.05 indicate model terms are significant
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determination (R2) was shown as 91.44%. The higher value of the

correlation coefficient justifies a good correlation between the

independent variables and indicating good agreement between

expremental and predicted values of keratinase production. This

indicated that, the accuracy and general ability of the polynomial

model was good (Francis et al., 2003). Fig 6A depicts the contour

plot of the combined effect of moisture content and feather: FY

ratio on the production by Streptomyces sp. NRC 13S, while pH

was fixed at its middle level (pH 7). Fig 6A indicates the yield of

the keratinase production increased gradually as the moisture

content in the medium increased at a high concentration of FY.

The analysis of Fig. 6A reveals that the optimal range of moisture

content and FY concentration were 71–5% and 70:30–75:25 w/w,

respectively.

Figure 6B presents the contour plot showing the effects of

moisture % and initial pH value on keratinase production while

the feather: FY ratio was fixed at its middle level (70:30 w/w). It

is evident that the yield of keratinase production increased at a

high moisture% with increasing the initial pH value. The analysis

of Fig 6B reveals that the optimal ranges of moisture and initial

pH value for keratinase production were 72–75% and pH 6.7–7.3,

respectively.
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