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Abstract

Keratinase is a robust enzyme that is produced in the presence of keratin substrates. This enzyme has been recognized
for its applications in waste management, leather and detergent industries. Our group has isolated a potential keratinase
producing strain of Bacillus aerius NSMk2 from poultry dump soil, and its hide dehairing and stain removal applications
have been studied. Considering commercial applicability of keratinase, the present study reports the keratinase pro-
duction in a stirred tank reactor (5 I). Central composite rotatable design of response surface methodology (RSM) was
employed to study the effect of most influencing process variables, i.e., aeration (0.5-1.5 vvm), agitation (150-350 rpm)
and incubation period (24-48 h) on keratinase production. The quadratic model predicted 15 experimental runs, and
the influence of independent variables and their interaction on keratinase production were interpreted using analysis
of variance (ANOVA) and t-test statistics. Coefficient of determination (R?) value close to 1 and Fisher F-value of 3743.77
showed good fit of experimental data to second-order polynomial equation. A reasonable agreement between experi-
mental and predicted values showed the accuracy of deduced model. Applying the desirability function, aeration rate
of 1.0 vvm, agitation rate of 276.88 rpm and incubation period of 33.68 h supported maximum keratinase production
(318.38 U/ml). Confirmatory experiments were performed to evaluate the accuracy of desirability function. Maximum
keratinase activity of 318.11 U/ml close to predicted value (318.38 U/ml) validates the model. The present study provides
useful guidelines for large-scale production of keratinase that can be used for various commercial applications.

Article highlights

e Keratinase production was optimized in a stirred tank e A significant increase in keratinase production was
reactor by RSM. observed at 1.0 vvm aeration and 276.88 rpm agita-
e The influence of aeration, agitation and incubation tion after 33.68 h.
period on keratinase production was studied.
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1 Introduction tons of feathers are generated annually from poultry indus-
tries globally [1]. As per the reports of National Center for
Manure and Animal Waste Management, USDA, poultry
waste if allowed to accumulate in the absence of proper
management results in emission of odorous gases such as

Chicken feathers are an important by-product of poultry
processing industries and account for about 5-7% of the
body weight of chicken. It is estimated that several million

B4 Ranjeeta Bhari, ranjeetabhari01@gmail.com; ranjeeta@pbi.ac.in | 'Carbohydrate and Protein Biotechnology Laboratory, Department
of Biotechnology, Punjabi University, Patiala, Punjab 147002, India.

®

Check for
updates

SN Applied Sciences (2021) 3:641 | https://doi.org/10.1007/542452-021-04629-x

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04629-x&domain=pdf
http://orcid.org/0000-0002-0877-2385

Research Article SN Applied Sciences

(2021) 3:641

| https://doi.org/10.1007/542452-021-04629-x

ammonia, hydrogen sulfide and nitrous oxide and causes
Newcastle diseases, air sacculitis and keratoconjunctivi-
tis in humans [2, 3]. Feathers cannot be easily degraded
under natural conditions due to the presence of recalci-
trant keratin in its structure [4]. Keratin is a bioactive pol-
ymer that has a rigid structure consisting of a-helix and
B-sheets linked through hydrogen and disulfide bonds.
It is the main component of epidermis found in feathers,
nail, hair, wool, horn, scales, hooves and external stratum
of human skin [5]. A number of methods including physical
or chemical treatment of feathers are currently being used.
However, widespread use of these methods is limited due
to harsh conditions, poor yield and loss of some essential
amino acids [6]. Conversion of feathers into value-added
products using keratinolytic microbes is of great interest
to the researchers. Numerous bacteria, fungi and actino-
mycetes have been reported to produce keratinases that
break down keratin structure to small peptides and amino
acids [5]. Bacterial sources, particularly Bacillus sp., have
gained much attention for keratinase production because
of easy handling, scale-up feasibility and high commercial
applicability [4]. Commercially available keratinase prepa-
rations, namely Versazyme (Bioresource International, Inc.,
USA), Valkerase (Bioresource International, Inc., USA) and
Prionzyme M (Genecor International California, USA) are all
based on KerA from Bacillus licheniformis. \lersazyme is the
first keratinase product marketed for use in poultry feed
by BioResource International, Inc., USA, while Prionzyme M
has been used for prion decontamination from medical and
dental instruments [1]. Considering the promising appli-
cations of keratinases in various biotechnological sectors,
these enzymes are expected to take over protease market
especially in agroindustry and feed, biomedical, detergent,
leather and textile industries in years to come [1, 5].

The utilization of chicken feather waste as fermentation
substrate by keratinolytic microbes supports keratinase
production and simultaneously offers a feasible microbial
technology for efficient waste management [4]. In view of
growing trends of keratinases, optimization of processing
conditions such as incubation time, aeration and agita-
tion is pivotal for improved and cost-effective keratinase
production, because these parameters play a key role in
promoting the growth of microorganisms for the secre-
tion of enzymes [7]. Agitation and aeration increase oxy-
gen solubility in medium for better growth of microbes
during aerobic fermentation and subsequently influence
enzyme production [8]. Fermentation time is another
crucial parameter that affects production of industrially
important enzymes and is governed by characteristics of
culture medium and growth rate. One-variable-at-a-time
approach is generally used to screen variables for enzyme
production and allows studying the effect of a single vari-
able on microbial processes. However, this approach is
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unable to detect mutual interactions in multivariable sys-
tems. Due to these shortcomings, statistical experimental
designs have been recognized as ideal ways for bioprocess
optimization studies.

Statistical optimization by response surface method-
ology is a compendium of statistical and mathematical
techniques that have been widely used to study the
interaction of multiple variables and their combined
influence on enzyme production [9]. The main objective
of RSM is to determine optimized operational conditions
of the process or to determine a region that satisfies the
operating specifications [10]. RSM uses quantitative data
from appropriate experiments to determine and simul-
taneously solve multivariate equations and also reduces
the number of experiments eventually. Furthermore, it
offers a rapid and unfailing prediction of response, mak-
ing it a beneficial option for experimental design [10].

Process optimization is generally performed in bench-
scale bioreactors and then scaled up for commercial pro-
duction. The objective of scale-up is to design and build
a larger-scale system on the basis of results obtained at
smaller scale. In our previous studies, keratinase produc-
tion has been performed in shake-flask fermentations
using minimal salt medium supplemented with chicken
feathers as sole source of carbon [11]. Chicken feathers
act as inducers for keratinase production and also con-
tain a number of macronutrients and micronutrients that
are released in culture medium during their decomposi-
tion by keratinolytic microbes [11]. The enzyme has been
purified and characterized for physico-chemical proper-
ties. The enzyme was found to efficiently remove stains
from cotton clothes and showed effective dehairing of
goat skin under laboratory conditions [12]. In order to
assess the commercial applicability of keratinase from
Bacillus aerius NSMk2 in detergent industry and hide
dehairing, large-scale production of enzyme is required.
So the present study was conducted to develop an eco-
nomical method using chicken feathers as substrate
for keratinase production by Bacillus aerius NSMk2 in a
stirred tank reactor. The effect of most influencing pro-
cess variables (aeration, agitation and incubation time)
on keratinase production was studied using central
composite rotatable design (CCRD) of response surface
methodology (RSM).

2 Materials and methods
2.1 Preparation of substrate

Chicken feathers were procured from local chicken shop
in Patiala, Punjab. Feathers were washed extensively and
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dried to a constant weight. White chicken feathers were
milled and used for production of keratinase [11].

2.2 Growth and maintenance of bacterial culture

Bacillus aerius NSMk2 was grown in nutrient broth contain-
ing (g/l): peptone 5.0, beef extract 1.5, yeast extract 1.5,
sodium chloride 5.0 and pH 7.0. Culture was maintained
on nutrient agar slants and stored at 4+1°C, until further
use. The subculturing was performed at fortnight intervals.

2.3 Statistical optimization of keratinase
production by Bacillus aerius NSMk2

Bacterial culture was grown in minimal salt medium (MSM)
containing (g/l): sodium chloride 0.5, dipotassium hydro-
gen phosphate 0.4, potassium dihydrogen phosphate
0.3, magnesium sulfate 0.1, ammonium chloride 0.5 and
crushed feather powder 10.0 as sole carbon source [11].
Culture was grown at 37 °Cin a laboratory scale bioreac-
tor (51, Bio-Spin-03A, Bio-age, India) fitted with automatic
aeration, agitation and temperature control. Exhaust valve
was fitted with a condenser to prevent losses by evapora-
tion. Bioreactor agitation rate with a six blade Ruston type
impeller was studied in terms of revolutions per min (rpm).
Air was sterilized by passing through a hydrophobic mem-
brane filter (0.45 pm, 25 mm, Millipore, USA). Aeration rate
was measured by a rotameter in terms of volume of air per
volume of medium per min (vvm).

The results of initial screening of process variables iden-
tified aeration, agitation and incubation time as significant
parameters for keratinase production by Bacillus aerius
NSMk2. Therefore, the effect of three independent varia-
bles, i.e., agitation (150-350 rpm), aeration (0.50-1.50 vvm)
and incubation period (24-48 h) on keratinase production,
was studied using CCRD of RSM using Design expert ver-
sion 12.0.1.0. (Stat-Ease Inc., Minneapolis, USA). Keratinase
activity (U/ml) was monitored as a dependent response.
Maximum and minimum levels of three process variables
are presented in Table 1. Each independent variable was
studied at five coded levels, i.e, —1.414, —1.000, 0.000,
+1.000, +1.414. CCRD consisting of four factorial points, six
axial points and five replicates at the center point resulted
in 15 different combinations of experiments. Analysis of

variance (ANOVA) was used to determine the statistical sig-
nificance of regression coefficients, and Fisher’s (F) test was
used to determine the second-order polynomial equation:

n n n-1 n
Y=ﬁ0+2ﬂixi+2ﬁiixi2+zZﬂijxi)(j+5 (M
i=1 i=1

i=1 j=it1

where X, X7 ... are independent variables which affect pre-
dicted response Y. B; B; and B; are regression coefficients
of the model, 3, is constant coefficient and e is standard
error.

Lack of fit was applied to estimate the model terms.
Significance of polynomial model equation was deter-
mined statistically by coefficient of determination (R?)
and adjusted R% The fitted polynomial equation was
then expressed in terms of 3D response surface plots
to illustrate relationship between responses and experi-
mental levels of each independent variable. Parity plots
were prepared to compare the experimental values with
those predicted by the model.

2.4 Validation of model

Validation was performed by conducting experiments
predicted by quadratic model under optimal conditions
in terms of desirability function. A set of solutions was
predicted by model on the basis of desirability range
0 < d; < 1, where d; is individual desirability function.
Value of d;= 1, if response is at its goal or target and d; =
0, if response is outside an acceptable region [13]. Pre-
dicted experiments with high desirability of responses
were performed under optimized conditions in a stirred
tank reactor. Experimental and predicted values were
compared to evaluate the suitability and validation of
the model. All experiments were performed thrice to
eliminate manual and methodical error.

2.5 Keratinase assay

Broth was decanted, contents were centrifuged (5000
rpm, 4 °C, 10 min) and keratinase activity was assayed in
supernatant using crushed feathers as substrate [11]. To
0.2 ml of enzyme, 0.2 g crushed feathers in 1.8 ml Tris HCI

Table 1 Real values and coded

. . Independent variables Code Actual levels of coded variables

levels of independent variables

in central composite rotatable -1.414 -1 0 +1 +1.414

design
Aeration (vvm) A 0.29 0.5 1.0 1.5 1.70
Agitation (rpm) B 108.57 150 250 350 391.42
Incubation time (h) C 19.0 24 36 48 52.97
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buffer (10 mM, pH 8.0) were added and incubated at 45
°C in water bath for 1 h. Reaction was stopped by add-
ing 2 ml of 10% trichloroacetic acid. The contents were
centrifuged at 5000 rpm for 15 min to remove precipi-
tated proteins and absorbance of supernatant at 280 nm
(A,g0) was measured using a UV-VIS spectrophotometer
(UV1800, Shimadzu, Japan). Concentration of enzyme
that increase A,g, by a factor of 0.01 as compared to
control is considered as one unit of keratinase.

2.6 Statistical analysis

All experiments were conducted in triplicates and the
results are expressed as mean = standard deviation (SD).

3 Results

3.1 Statistical optimization of keratinase
production by Bacillus aerius NSMK2 in a stirred
tank reactor

In our previous reports, keratinase production has been
carried out in shake-flask fermentations [11]. The enzyme
was found to show stain removing and hide dehairing
potential [12]. So to evaluate its commercial application in
leather and detergent industries, large-scale production of
enzyme is required. The present study was aimed to inves-
tigate the influence of aeration, agitation and incubation

period on keratinase production by Bacillus aerius NSMk2
in a stirred tank reactor. Agitation (150-350 rpm), aera-
tion (0.50-1.50 vvm) and incubation period (24-48 h) were
selected as independent variables and their influence on
keratinase production was studied in 15 experimental runs
using CCRD of RSM. The results are shown in Table 2. Under
optimized level of variables (aeration 1.0 vvm, agitation
250 rpm and incubation time 36 h), keratinase production
was found to be 316.22 U/ml.

Variance analysis (ANOVA) was studied to investigate
the significant levels of process parameters and their
interactions for optimal keratinase production. ANOVA
is a statistical tool to analyze multiple datasets and iden-
tify the parameter having most significant effect on the
response [14]. Fisher'F'value, Prob > F, degree of freedom
(df) and lack of fit assist in the determination of signifi-
cant interactions between independent variables and their
influence on the desired response. F-value is the ratio of
mean squares due to regression and mean squares due
to error. Larger F-value and low p-value indicate greater
significance of model terms [14]. High F-value (3743.77)
for keratinase production validates the significance of
the designed quadratic model (Table 3). Prob > Fis the
p-value for the designed model. If the value of prob > Fis
smaller than 0.05, the model terms are said to be relevant
[15]. The resulting F-values for all individual, interaction
and square terms of variables are high and their p-values
are less than 0.05, which implies the significance of each

Table 2 Central composite

. . Factors Keratinase production (U/ml)
rotatable design matrix for
keratinase production by Run A: Aeration B: Agitation (rpm) C: Incubation Experimental  Predicted results
Bacillus aerius NSMk2 (vwm) time (h) results
1 1 108.57 36 225.51 225.67
2 1 250 36 316.22 316.54
3 1.5 350 24 250.93 250.77
4 1.5 150 48 245.99 245.83
5 1 391.42 36 221.02 221.18
6 0.5 350 48 160.8 160.64
7 0.5 150 24 173.11 173.92
8 1 250 36 316.22 316.54
9 1 250 36 316.22 316.54
10 1 250 19.02 266.18 266.34
11 1 250 36 316.22 316.54
12 1 250 36 316.22 316.54
13 1 250 52.97 275.21 275.37
14 0.29 250 36 172.21 171.40
15 1.70 250 36 301.23 301.39
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Table 3 Analysis of variance and regression analysis for keratinase
production in stirred tank bioreactor

Source Sum of squares df  F-value p-value

Model 47,990.69 9  3743.77 <0.0001

A-Aeration 8323.08 1 5843.58 <0.0001

B-Agitation 10.08 1 7.08 0.0449

C-Incubation time  40.77 1 28.62 0.0031

AB 207.06 1 145.38 <0.0001

AC 17.11 1 12.01 0.0179

BC 9.62 1 6.75 0.0483

A? 12,540.15 1 8804.35 <0.0001

B? 17,074.18 1 11,987.66 <0.0001

c 4199.13 1 2948.18 <0.0001

Residual 7.12 5

Lack of fit 7.12 1 7.1 0.1321

Pure error 0.0000 4

Cor total 47,997.81 14

Table 4 Fitness of the model

Source Keratinase
production (U/
ml)

Standard deviation 1.19

Mean 257.51

CV% 0.46

R? 0.9999

Adjusted R? 0.9996

Predicted R? 0.9840

Adequate precision 169.956

variable (Table 3). On the basis of significance of all terms,
following polynomial equation was generated in coded
level:
Keratinase production (U/ml)
= +316.54 + 4562« A — 159 %« B +3.19
%+ C +10.18 « AB + 2.93 « AC + 2.19 « BC
— 40.32 % A% — 4705 % B — 2333 % C?

)

In the above equation, A stands for aeration, B stands
for agitation and C stands for incubation time. The positive
sign of coefficients in Eq. (2) indicates synergistic effect
and negative sign indicates their antagonistic effect.

Fitness of model was also analyzed using degree of free-
dom (df) that appears due to replicates, and the model with
computed value of df between 3 and 4 is said to be significant.
In the present model, df 4 for pure error indicates greater reli-
ability of experiments with respect to predicted values. Lack of
fit measures inability of the model to represent data at points

that are excluded in regression [14]. A lack of fit value (p =
0.1321) observed in this study was insignificant which implies
that the model equation could predict keratinase production
at any interaction values of the variables. Goodness of fit can
be ensured by determination coefficient (R?), predicted R
and adjusted R% The multiple correlation coefficients (R?) for
keratinase production were found to be 0.99 that implies the
model equation could explain 99% of the total variation and
therefore suggests greater reliability of the model (Table 4).
Predicted R? value (0.9840) was in reasonable agreement with
the adjusted R? value (0.9996), suggesting a good adjustment
between the observed and predicted values.

Adequate precision is signal-to-noise ratio and is used
to test the adequacy of designed model. Its value should
be greater than four and in the present study, adequate
precision of 169.956 shows that the model has strong sig-
nal to be used for optimization [15]. Coefficient of variation
(CV%) is standardized and dimensionless ratio of standard
deviation to mean and is used to measure dispersion of
probability or frequency distribution. Smaller CV% indicate
greater reliability of model [15]. A relatively lower CV value
(0.46%) recorded from this study indicates consistency of
generated model for keratinase production. To study the
distribution of experimental values with respect to pre-
dicted values, parity plot was prepared (Fig. 1). The figure
clearly illustrates that the data points on the plot were
reasonably distributed near the straight line, indicating
an optimal fit between experimental and actual values,
and that the underlying assumptions of above analysis are
appropriate. The results also suggested that the selected
quadratic model could adequately predict response vari-
ables for the experimental data.

3.2 Interactions between independent variables
for keratinase production

The three-dimensional (3D) response surface plots were
drawn to illustrate individual influence of process variables
and their interaction on keratinase production by Bacillus
aerius NSMK2 (Fig. 2a—c). Each 3D plot presented the effect
of two variables, while the third one was held at middle
level. Elliptical 3D response surface graphs confirmed sig-
nificant interaction among process variables. Figure 2a
represents a significant interaction between aeration and
agitation. Varying aeration and agitation rates, a significant
influence on keratinase production was observed. Increase
in agitation up to 250 rpm and aeration rate up to 1.0 vvm
enhanced keratinase production. Further increase in agi-
tation and aeration rate repressed enzyme production. A
similar interaction between incubation time and aeration
was observed (Fig. 2b). However, keratinase production
was almost constant, when incubation time and agita-
tion rate were increased at a fixed aeration rate (Fig. 2c).
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Fig. 1 Parity plots showing dis- Predicted vs. Actual
tribution of experimental and
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Circular contour implied that mutual interaction between
incubation time and agitation rate was insignificant.

3.3 Validation of model

The optimal conditions to maximize keratinase production
were validated through numerical optimization of Design
Expert Software using the desirability function. Numeri-
cal optimization was performed with the same range of
aeration, agitation and incubation time which was used
in CCRD experiments for optimal keratinase production.
This approach involves the scale of desirability function
ranging between d=0, which suggests that the response
is completely unacceptable, and d=1, which suggests
that the response is exactly the target value. The value
of d increases between 0 and 1 as the desirability of cor-
responding response increases [13]. The most appropri-
ate alternative optimization results offered by the system
for each parameter according to selected parameters
and desirability value 1.0 are shown in Table 5. Among
all the three solutions suggested by the model, optimal
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Actual

conditions were found to be aeration 1.0 vvm, agitation
276.88 rpm and incubation time 33.68 h (Fig. 3). Maximum
keratinase production predicted by the model was 318.38
U/ml. The predicted optimal conditions were checked
experimentally by running three experiments under the
same conditions, and keratinase production of 318.11 U/
ml was observed. Good agreement between replicated
results and predicted values strongly supported high reli-
ability and validation of model for keratinase production.

3.4 Discussion

Keratinases are extracellular inducible proteases that
hydrolyze crystalline and cross-linked keratin structures
to produce a keratin hydrolysate which consists mainly of
soluble proteins, peptides and amino acids [16]. Keratinase
production can be significantly enhanced by modifying
production medium and process parameters. Bacillus
aerius NSMk2 has previously been identified as potential
keratinase producer and medium constituents support-
ing maximum keratinase yield have been optimized [11].
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Fig.2 3D response surface
plots depicting the effect of a
Agitation and aeration, b aera-
tion and incubation time, and ¢
incubation time and agitation

Keratinase actwity (U/mi)
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Table 5 Validation of the response surface model within the design
space

Factors Keratinase activity (U/
ml)
Aeration Agitation Incuba- Predicted Experi-
(vvm) (rpm) tiontime value mental
(h) value
1.00 245.11 32.08 317.731 317.68
1.00 243.19 32.02 317.42 317.05
1.00 276.88 33.68 318.38 318.11

Our previous studies reported potential of Bacillus aerius
NSMk2 keratinase in detergent and dehairing applications
[12]. In order to develop suitable technology for possible
commercialization, large-scale production of keratinase
is desired. Present investigation focused primarily on
improvement of keratinase production by Bacillus aerius
NSMk2 in a stirred tank reactor using response surface
methodology (RSM). RSM has been widely accepted as a
statistical tool to quantify the influence of factors on one
or more responses [9]. Of the experimental design tech-
niques used for process analysis and modeling, greater
efficiency can be gained using central composite rotat-
able design (CCRD), where design points are arranged to
maximize the data range, while reducing the number of
experimental runs required. Commonly, this multifactor
design is used to obtain an optimal response model in
microbiology such as enzyme production in cell cultures
by varying medium or culture conditions [10]. Therefore,
CCRD was used to design the experiments in the present
study.

Aeration and agitation are one of the critical biotic
factors affecting microbial growth and fermentation pro-
cess. Aeration (1.0 vvm) and agitation (250 rpm) showed a
strong influence on keratinase production (Fig. 2a). Similar

Fig. 3 Desirability ramp for
numerical optimization of
three independent variables

Aeration = 1.00

160.8 316.22

Keratinase activity = 318.387
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results have been reported for keratinase secretion from
Meiothermus sp. [17], Arthrobacter sp. [18], Bacillus licheni-
formis [19] and Bacillus cereus [20]. In aerobic fermentation,
oxygen is a limiting factor because of its low solubility and
low volumetric mass transfer in bioreactors. Thus, rate of
oxygen transfer is very essential for efficient microbial met-
abolic activities. In the present study, an increase in kerati-
nase production was observed with increase in aeration
rate from 0.3 to 1.0 vvm, beyond which keratinase yield
was found to decrease. At high aeration rate in bioreactor,
air flow along the shaft increases and impeller tends to
get flooded. An impeller when surrounded by air column
is no longer in contact with liquid resulting in poor mix-
ing, reduced air dispersion and negligible oxygen transfer
[21]. High aeration may also change physiological condi-
tions such as foam formation that further affect viability of
microbes. Excessive oxygen levels may also have detrimen-
tal effect on cells due to oxygen toxicity [8]. Lakshmi et al.
[22] reported maximum keratinase production by Bacillus
sp. under high aeration of 3 vvm, while maximum kerati-
nase production from Bacillus subtilis has been reported
at1vvm [23].

Efficient mass transfer is always associated with proper
agitation in submerged fermentations. Agitation facilitates
uniform distribution of nutrients to the cells, facilitates
heat transfer, promotes oxygen transfer uniformly in fer-
mentation broth and maintains cells in suspension that is
prerequisite for high biomass production, which in turn
enhances enzyme production [8]. A high agitation rate
not only increases power consumption, but also creates
shear stress and forms vortex which influences viability
of shear sensitive microbes, enzyme stability and results
in poor mass transfer [21]. The size of bubbles in bioreac-
tor is largely dependent on turbulence generated by an
impeller. Low agitation speed fails to generate sufficient
turbulence and hold up air bubbles and consequently
influences volumetric mass transfer due to high medium

L

150.00

350.00 24.00 48.00

Agitation = 276.88 Incubation time = 33.68

Desirability = 1.000
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viscosity [8, 15]. Low oxygen solution rate subsequently
results in stunted bacterial growth and low metabolite
production [24]. Similarly, lower keratinase production due
to poor mixing as well as lower dissolved oxygen has been
reported from Bacillus sp. [25]. Laba et al. [26] and Maman-
gey et al. [27] reported keratinase production by Kocuria
rhizophila and Azotobacter chroococcum at 180 rpm. Opti-
mal keratinase production by Actinomadura keratinilytica
[28], Bacillus amyloliquefaciens [29] and Chryseobacterium
sediminis [30] has been reported at 200 rpm, while optimal
keratinase production from Bacillus licheniformis has been
reported at 250 rpm [31].

Incubation time is another important parameter for
metabolite production. Keratinase is an inducible enzyme
and it accumulates in the medium in the presence of a suit-
able inducer. The influence of incubation time can be seen
from experimental run number 10 and 13 (Table 2). These
runs have similar aeration and agitation rate but different
incubation time. Enzyme levels keep on accumulating in
the medium as cells divide and maximum keratinase pro-
duction was observed (318.38 U/ml) after 33.68 h of incu-
bation. This shows that enzyme is a primary metabolite,
being produced by growing cells using chicken feathers as
substrate. Thereafter, continuous reduction in keratinase
production was observed which may be attributed to the
exhaustion of nutrients, attainment of stationary phase
by bacterial culture, and accumulation of by-products in
medium such as toxins, inhibitors and proteases or catabo-
lite repression of enzymes [18]. During the fermentation
period, rheological properties of broth may change signifi-
cantly due to increase in biomass and changes in morpho-
logical structure of keratin substrate [32]. Keratinase has
been reported to degrade keratinous biomass faster with
the simultaneous release of proteins, peptides and amino
acids [16]. These secondary metabolites increase viscos-
ity of liquid medium that subsequently influences mass
transfer and reduces enzyme production [8]. The majority
of studies reported optimal keratinase production within
36-48 h [19, 201.

3.5 Conclusion

Keratinases have multifarious biotechnological appli-
cations. To drive the myroids of applications, the use of
techniques to optimize enzyme yield and lowering of
production cost would be a continuous trend. The influ-
ence of process parameters on enzyme production which
could not be studied in shake-flask fermentations could
be easily investigated in a bioreactor. Central composite
rotatable design of RSM comprising of aeration 1.0 vvm,
agitation 276.88 rpm and incubation period 33.68 h sup-
ported maximum keratinase production (318.38 U/ml) by

Bacillus aerius NSMk2. Coefficient of determination (R%) of
0.9999 and very low probability value (p-value <0.0001)
imply the significance of the model. Predicted keratinase
production agreed with the observed keratinase yield,
suggesting the precision and reliability of the model for
keratinase optimization studies and further demonstrates
the employability of the predicted optimum fermentation
conditions for cost-effective keratinase production for vari-
ous industrial applications.
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