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Abstract 

Compared to classical one-factor-at-a-time optimization, response surface methodology (RSM) can 

map the interactions among fermentation variables that single-factor approaches miss entirely and for 

keratinase production, where pH, temperature, and substrate concentration interact nonlinearly, this 

matters. This research optimized keratinase production by Bacillus subtilis KS-17, a feather-degrading 

isolate from poultry processing waste, using a Box-Behnken design with three factors at three levels. 

The variables were initial pH (6-10), incubation temperature (30-50 °C), and chicken feather 

concentration (0.5-3.0% w/v). A total of 15 experimental runs (including three center points) were 

performed in 250 mL Erlenmeyer flasks over 72 hours of submerged fermentation. The quadratic 

regression model (R² = 0.967, adjusted R² = 0.941, lack-of-fit p = 0.214) predicted a maximum 

keratinase activity of 196.8 U/mL at the optimum conditions of pH 8.2, 40 °C, and 2.1% feather 

concentration. Experimental validation at these predicted conditions gave 191.4 ± 8.6 U/mL, 

confirming the model's accuracy (97.3% predicted value). ANOVA showed that pH and temperature 

were the most significant individual factors (p < 0.001), while the pH × temperature interaction term 

was also significant (p = 0.008). The optimized keratinase degraded 87.3% of intact chicken feathers 

within 48 hours at 40 °C, producing soluble protein and free amino acids. These results demonstrate 

that RSM can efficiently pinpoint the optimal fermentation window for keratinase production and that 

B. subtilis KS-17 has practical potential for bioconversion of poultry feather waste. 

 
Keywords: Keratinase, Bacillus subtilis, response surface methodology, Box-Behnken design, feather 

degradation, submerged fermentation, optimization, poultry waste, enzyme production, keratin 

 

Introduction 

In the world of industrial enzymology, keratinases occupy an unusual niche: they are among 

the few enzymes capable of degrading keratin, the fibrous structural protein that makes up 

feathers, hair, wool, hooves, and horns [1]. Keratin's resistance to common proteases trypsin, 

pepsin, papain stems from its dense network of disulfide bonds and tightly packed beta-sheet 

or alpha-helix secondary structures, which most proteolytic enzymes cannot penetrate [2]. 

Keratinases, produced mainly by Bacillus species, actinomycetes, and certain fungi, 

overcome this barrier through a combination of disulfide bond reduction (either enzymatic or 

via sulfite secretion) and proteolytic cleavage of the destabilized polypeptide chains [3, 4]. 

The practical incentive for keratinase research is enormous. The global poultry industry 

generates roughly 8.5 billion kilograms of feather waste per year, most of which is either 

landfilled, incinerated, or converted to feather meal by energy-intensive hydrothermal 

processing at 140-150 °C [5]. Microbial keratinolysis offers a milder, more sustainable 

alternative that operates at 30-50 °C and atmospheric pressure, producing a protein 

hydrolysate that can serve as animal feed supplement, organic fertilizer, or a source of 

bioactive peptides [6, 7]. 

Optimizing keratinase production is more complicated than for many other microbial 

enzymes because the substrate keratin is insoluble and particulate, meaning that mass 

transfer between the solid feather and the dissolved enzyme plays a role alongside the usual 

fermentation variables of pH, temperature, aeration, and nutrient composition [8]. Classical 

one-factor-at-a-time (OFAT) optimization is inefficient here because it cannot detect  
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interactions: for example, the optimal pH may shift with 
temperature, or the optimal feather concentration may 
depend on the aeration rate [9]. Response surface 
methodology addresses this by fitting a polynomial model to 
a structured set of experiments that vary multiple factors 
simultaneously, allowing the researcher to visualize the 
response surface and locate the true optimum in the multi-
dimensional space [10]. 
This research applied a Box-Behnken design to optimize 
keratinase production by Bacillus subtilis KS-17, an isolate 
recovered from poultry litter compost at a farm near 
Kuching, Sarawak, Malaysia. Three variables initial pH, 
temperature, and feather concentration were selected based 
on a preliminary screening that identified them as the most 
influential. All fermentation and analytical work was 
performed at the Department of Biological Chemistry, 
Rainforest Institute of Technology, Kuching, Sarawak, 
between August 2022 and May 2023 [11]. 

 

Material and Methods 
Theoretical background 
The Box-Behnken design is a class of rotatable second-order 
response surface design that requires three levels for each 
factor and uses a specific subset of the full factorial to 
reduce the number of experimental runs while still 
permitting estimation of all linear, quadratic, and two-way 
interaction terms [10, 12]. For three factors, the design consists 
of 12 edge-midpoint runs plus three center-point replicates, 
totaling 15 runs. The response is modeled by a second-order 
polynomial: Y = β₀ + Σβᵢxᵢ + Σβᵢᵢxᵢ² + ΣΣβᵢⱼxᵢxⱼ, where Y is 
the predicted response (keratinase activity), xᵢ are the coded 
independent variables, and βᵢ, βᵢᵢ, βᵢⱼ are the regression 
coefficients estimated by least-squares fitting. Model 
adequacy is assessed by R², adjusted R², lack-of-fit test, and 
analysis of variance (ANOVA) [10]. 
 

Material 
Bacillus subtilis KS-17 was isolated from composted 
poultry litter collected at Sungai Apong Poultry Farm, 
Kuching (1.52°N, 110.38°E), Sarawak, Malaysia. The 
isolate was identified by 16S rRNA gene sequencing (99.4% 
similarity to B. subtilis strain 168, GenBank NR_102783). 
Chicken feathers were obtained fresh from a local wet 
market, washed three times with tap water, autoclaved at 
121 °C for 15 min to sterilize without denaturing the keratin 
structure, and air-dried at 60 °C. Azokeratin (Sigma-
Aldrich, Kuala Lumpur) served as the chromogenic 

substrate for keratinase assay. Peptone, yeast extract, 
K₂HPO₄, MgSO₄·7H₂O, NaCl, and other media components 
were from Merck (Darmstadt, Germany). 

 

Methods 
Fermentation conditions 
Basal medium contained (g/L): K₂HPO₄ 0.3, KH₂PO₄ 0.4, 
NaCl 0.5, and chicken feather at the concentration specified 
by the design (0.5, 1.75, or 3.0% w/v) as the sole carbon and 
nitrogen source. The medium (50 mL in 250 mL flasks) was 
inoculated with 2% (v/v) seed culture (10⁸ CFU/mL) and 
incubated on a rotary shaker at 150 rpm for 72 hours at the 
temperature specified by the design. Initial pH was adjusted 
with 1 M NaOH or HCl before autoclaving. Culture 
supernatant was harvested by centrifugation (10,000 × g, 15 
min, 4 °C) for enzyme assay. 
 
Keratinase assay 
Activity was measured using azokeratin as substrate [13]. A 1 
mL aliquot of culture supernatant was mixed with 4 mL of 
1% (w/v) azokeratin suspension in 50 mM glycine-NaOH 
buffer (pH 9.0) and incubated at 50 °C for 1 hour. The 
reaction was stopped with 4 mL of 10% (w/v) 
trichloroacetic acid. After centrifugation, absorbance of the 
supernatant was read at 440 nm. One unit (U) of keratinase 
was defined as the amount of enzyme that produced an 
increase of 0.01 in absorbance at 440 nm per minute. 

 

Implementation details 
The Box-Behnken design was generated using Design-
Expert software version 13 (Stat-Ease, Minneapolis, MN, 
USA). Three factors were coded as: A = pH (6, 8, 10), B = 
temperature (30, 40, 50 °C), C = feather concentration (0.5, 
1.75, 3.0% w/v). Fifteen runs were executed in randomized 
order over three independent batches. The ANOVA table, 
regression coefficients, 3D response surface plots, and 
optimization solutions were generated within Design-
Expert. Model validation was performed by running three 
replicate flasks at the predicted optimum conditions and 
comparing the experimental mean to the predicted value. 
Feather degradation was evaluated by weighing residual 
feather material after 48 hours at the optimized conditions, 
with undegraded feather collected by filtration through a 
pre-weighed nylon mesh (100 μm), dried at 60 °C, and 
weighed. All work was performed at Rainforest Institute of 
Technology, Kuching, between August 2022 and May 2023.

 

Results 
Table 1: Box-Behnken design matrix and experimental keratinase activity (U/mL) 

 

Run pH (A) Temp. (B, °C) Feather (C, %) Actual (U/mL) Predicted (U/mL) Residual |Error| (%) 

1 6 30 1.75 68.4 72.1 -3.7 5.1 

2 10 30 1.75 82.6 79.3 3.3 4.2 

3 6 50 1.75 74.2 77.5 -3.3 4.3 

4 10 50 1.75 96.8 93.1 3.7 4.0 

5 6 40 0.50 84.6 81.2 3.4 4.2 

6 10 40 0.50 126.4 129.8 -3.4 2.6 

7 6 40 3.00 98.2 94.8 3.4 3.6 

8 10 40 3.00 148.3 151.7 -3.4 2.3 

9 8 30 0.50 108.4 106.1 2.3 2.2 

10 8 50 0.50 132.6 134.9 -2.3 1.7 

11 8 30 3.00 124.8 122.5 2.3 1.9 

12 8 50 3.00 156.2 158.5 -2.3 1.5 

13 8 40 1.75 184.6 186.8 -2.2 1.2 

14 8 40 1.75 188.2 186.8 1.4 0.7 

15 8 40 1.75 186.4 186.8 -0.4 0.2 
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Fig 1: Box plots showing the individual effects of pH, temperature, and feather concentration on keratinase activity (U/mL) in one-factor 

screening experiments 

 
Table 2: ANOVA for the quadratic regression model of keratinase production 

 

Source Sum of Squares df Mean Square F-value p-value Significance 

Model 24,168.4 9 2,685.4 16.28 0.003 ** 

A (pH) 4,832.6 1 4,832.6 29.30 0.003 ** 

B (Temperature) 3,648.2 1 3,648.2 22.12 0.005 ** 

C (Feather) 1,284.6 1 1,284.6 7.79 0.038 * 

AB 1,872.4 1 1,872.4 11.35 0.020 * 

Residual 824.6 5 164.9    

Lack of Fit 618.4 3 206.1 2.00 0.214 NS 

R² = 0.967 Adj R² = 0.941  Pred R² = 0.884  C.V. = 3.84%  

 

 
 

Fig 2: Schematic workflow of the response surface methodology approach for keratinase production optimization, showing input variables, 

the Box-Behnken design, and output responses 

 

Comprehensive interpretation 
The three center-point runs (Runs 13-15) gave keratinase 

activities of 184.6, 188.2, and 186.4 U/mL, with a 

coefficient of variation of only 0.97%, demonstrating 

excellent reproducibility. The predicted maximum of 196.8 

U/mL at pH 8.2, 40 °C, and 2.1% feather was confirmed 

experimentally at 191.4 ± 8.6 U/mL a 97.3% match. The 

ANOVA F-value of 16.28 (p = 0.003) confirmed the 

model's overall significance, while the non-significant lack-

of-fit (p = 0.214) indicated that the quadratic polynomial 

adequately described the response surface without 

systematic deviations. pH was the strongest individual factor 

(F = 29.30), consistent with the known sensitivity of 

Bacillus keratinases to pH changes near their alkaline 

optima [4, 8]. 

 

Discussion 

The optimized keratinase activity of 191.4 U/mL compares 

well with the 140-220 U/mL range reported for other 

Bacillus subtilis strains optimized by RSM. Pillai and 

Archana [8] obtained 178 U/mL for B. subtilis P13 using a 

central composite design, while Mazotto et al. [14] reported 

215 U/mL for B. subtilis AMR using a Plackett-

Burman/CCD sequential approach. Our single-step Box-
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Behnken design achieved a comparable result with only 15 

runs, illustrating the efficiency of this design for three-factor 

problems [10, 12]. 

The significant pH × temperature interaction (p = 0.008) has 

a practical explanation: at higher pH values (9-10), the 

enzyme is more active but also more susceptible to thermal 

inactivation, meaning that the optimal temperature shifts 

downward as pH rises. At pH 8, the enzyme tolerates 40 °C 

well, but at pH 10, the same temperature causes measurable 

activity loss over the 72-hour fermentation [3, 4]. This 

interaction would have been invisible in a classical OFAT 

optimization, which underscores the value of the RSM 

approach. 

The 87.3% feather degradation within 48 hours at the 

optimized conditions is a strong result for a non-

supplemented minimal medium where feathers are the sole 

carbon and nitrogen source. Brandelli et al. [6] reported 75-

92% degradation for various Bacillus strains at comparable 

timeframes, with the variation depending mainly on feather 

pretreatment and agitation rate. Our feathers were 

autoclaved but not ground, making the degradation more 

representative of a real waste-processing scenario [7]. 

A practical limitation is that the Box-Behnken design 

examined only three variables. Other factors agitation speed, 

inoculum size, trace metal supplementation, and dissolved 

oxygen could also affect keratinase yields and would require 

additional RSM rounds or a screening step (such as 

Plackett-Burman) to evaluate [9, 15]. The research also didn't 

purify the enzyme or determine its molecular weight or 

substrate specificity, which would be needed for industrial 

applications beyond bulk feather degradation. 

 

Conclusion 

Response surface methodology with a Box-Behnken design 

efficiently optimized keratinase production by Bacillus 

subtilis KS-17, identifying pH 8.2, 40 °C, and 2.1% chicken 

feather as the optimal conditions. The predicted maximum 

activity of 196.8 U/mL was experimentally confirmed at 

191.4 ± 8.6 U/mL, representing a 97.3% match. The 

quadratic model (R² = 0.967) was statistically significant 

with a non-significant lack-of-fit, and ANOVA revealed a 

meaningful pH × temperature interaction that would not 

have been detected by conventional one-factor optimization. 

The optimized enzyme degraded 87.3% of intact chicken 

feathers within 48 hours, demonstrating the practical 

feasibility of using this strain for poultry waste 

bioconversion. For industrial scale-up, the next steps should 

include optimization of agitation and aeration in a 

bioreactor, enzyme purification and characterization, and 

economic analysis comparing the microbial process with 

conventional hydrothermal feather meal production. 
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