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Abstract This study reported for the first time the simul-
taneous production of hydrolytic enzymes by Aspergillus
niger under solid state fermentation using chicken feather
meal as substrate. The effect of some culture parameters
for production of protease, lipase, phytase and keratinase
enzymes was evaluated using a central composite rotat-
able design. The results obtained demonstrated that the
independent variables initial moisture of the culture med-
ium and incubation temperature presented as highly sig-
nificant on the enzymes production. The production of
protease and lipase followed a similar profile, in which the
highest values of enzymatic activities were detected after
48 h of fermentation. The conduction of the fermentative
process using an initial moisture of 50%, 30 °C as incu-
bation temperature and supplementation of the feather meal
with 15% wheat bran resulted in higher yields of protease
(>300U g~ ") and lipase (>90 U g~ ') after 48 h and
satisfactory values of phytase activity (> 70 U g™') after
72 h. No significant effects of the independent variables on
keratinase production were observed. However, under the
selected conditions for the other enzymes, keratinase pro-
duction reached values higher than 13 U g~' after 72 h
fermentation. Thus, our work contributed to the proposal of
an alternative process for the simultaneous production of
proteases, lipases, phytases and keratinases in a single and
simplified process using chicken feather meal.
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Introduction

Brazil is the world’s second largest producer of chicken
meat with a production of 12.9 million tons in 2016 [1].
The poultry industry also produces a large amount of
waste. In the period 2010-2014, an annual average of 528
thousand tons of feather meal was produced [2].

The wastes from poultry industry are usually directed to
the production of inputs for animal feed, fertilizers or
simply discarded into the environment. Feather meal, for
example, if discarded improperly can result in environ-
mental pollution. Thus, the development of efficient
methods for the use and transformation of these wastes in
higher value-added products, such as hydrolytic enzymes,
becomes a viable alternative [3-5].

Hydrolytic enzymes are of great importance in the food
industry and in animal nutrition. Proteases can be used in
several processes, such as beer production, cheese pro-
duction, meat brewing, reduction of protein allergenicity
and production of protein hydrolysates with higher
digestibility and biological activity [6]. Lipases present
great relevance in reactions of hydrolysis and synthesis,
with highlight being the obtaining of lipids with better
nutritional characteristics [7]. Phytases have been widely
used as adjuvants in animal feed, as it acts on phytate,
reducing this antinutritional factor and releasing phospho-
rus [8]. Keratinases are proteolytic enzymes that attack
peptide bonds in the keratin structure, present in chicken
feathers, to convert it to simplified forms, which makes
these enzymes potentially applicable in several sectors and
industrial processes, such as agroindustry, food, animal
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feed, chemical, pharmaceutical, leather and textile indus-
tries [4, 9, 10].

Thus, this work aimed to study the simultaneous pro-
duction of hydrolytic enzymes (protease, lipase, phytase
and keratinase) by solid state fermentation using Asper-
gillus niger as a bioconversion agent and chicken feather
meal as substrate.

Materials and Methods

Microorganism and Substrate for Solid State
Fermentation (SSF)

The microorganism used in this study was A. niger LBA 02
from the culture collection of the Laboratory of Food
Biochemistry, School of Food Engineering, University of
Campinas, Brazil. Chicken feather meal was kindly pro-
vided by Adoro Alimenticia e Comercial Ltda (Varzea
Paulista, Sao Paulo, Brazil).

Evaluation of the Effects of Some Factors
on Enzymes Production Using Response Surface
Methodology

Chicken feather meal was used as substrate for protease,
lipase, phytase and keratinase production by A. niger LBA
02 under SSF using 250 mL Erlenmeyer flasks. The sub-
strate was prepared to a final amount of 20 g medium
according to the initial moisture and composition as shown
in Table 1. The culture media were sterilized and inocu-
lated with a suspension of A. niger LBA 02 spores at 10’
spores g~ '. Enzymes production was tested at 48, 72 and
96 h fermentation. The crude extract contained the
hydrolytic enzymes was obtained by the addition of
100 mL distilled water, homogenized and kept at rest for
1 h. Then, the solution was filtered through a filter mem-
brane (Whatman® qualitative filter paper no. 1) to obtain a
crude enzyme solution free of any solid material.

A central composite rotatable design (CCRD) with 17
runs was applied to verify the effects of some factors (in-
dependent variables) on enzymes production as well as to
establish the mathematic models. The three variables used
in this study were initial moisture of the solid substrate (%)
(x1), incubation temperature (°C) (x,) and supplementation
of the chicken feather meal with wheat bran (%) (x3) while
the dependent variables were protease, lipase, phytase and
keratinase activities (Table 1).

For the determination of the most suitable process
conditions for simultaneous production of the hydrolytic
enzymes, the results generated from CCRD were adjusted
to second order polynomial equations, as shown in Eq. 1:
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Table 1 The CCRD matrix used to study the effects of independent
variables (initial moisture content of the culture medium, temperature
of incubation and supplementation with wheat bran) on the produc-
tion of protease, lipase, phytase and keratinase by A. niger LBAO2
using chicken feather meal as solid substrate

Runs Independent variables (coded/real values)
xi/Moisture (%) xo/Temperature (°C) x3/Wheat bran (%)

1 — 1.00 (41) — 1.00 (24) — 1.00 9)
2 — 1.00 (41) — 1.00 (24) + 1.00 (21)
3 — 1.00 (41) + 1.00 (36) — 1.00 9)
4 — 1.00 (41) + 1.00 (36) + 1.00 (21)
5 + 1.00 (59) — 1.00 (24) — 1.00 (9)
6 + 1.00 (59) — 1.00 (24) + 1.00 (21)
7 + 1.00 (59) + 1.00 (36) — 1.00 (9)
8 + 1.00 (59) + 1.00 (36) + 1.00 (21)
9 — 1.68 (35) 0.00 (30) 0.00 (15)
10 + 1.68 (65) 0.00 (30) 0.00 (15)
11 0.00 (50) — 1.68 (20) 0.00 (15)
12 0.00 (50) + 1.68 (40) 0.00 (15)
13 0.00 (50) 0.00 (30) — 1.68 (5)
14 0.00 (50) 0.00 (30) + 1.68 (25)
15 0.00 (50) 0.00 (30) 0.00 (15)
16 0.00 (50) 0.00 (30) 0.00 (15)
17 0.00 (50) 0.00 (30) 0.00 (15)

n n—1 n
Y =0+ Pixi+» D Pijxixj (1)
i=1

i=1 j=it1

where Y is the estimated response for enzymes activities, i
and j take value from 1 to the number of variables (n = 3 in
our study), By is the constant coefficient, B; and B;; values
are the linear and quadratic coefficients, respectively, while
x; and x; are the coded factors. The quality of fit of the
second-order model equations was verified using the
coefficient of determination (R®) and F test (analysis of
variance-ANOVA). The software Statistica 13.3 from
TIBCO Software Inc. (Palo Alto, California, USA) was
employed for the design of experiments, effects analysis
and model building.

Determination of Protease Activity

The protease activities were determined according to the
methodology described by De Castro et al. [11]. The
amount of enzyme that promoted a difference of 0.01 in
absorbance at 428 nm, result of azo dye release, per minute
of reaction between the blank reaction and the sample was
defined as one unit of protease activity (U). The final
values of protease activity were expressed as U per gram of
dried substrate (U gfl).
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Determination of Lipase Activity

Lipase activity was measured according to the method
described by Silva et al. [12]. The amount of lipase
required to liberate 1 pmol of fatty acid per minute per mL
of the enzyme solution under the assay conditions was
defined as one unit of lipase activity (U). The final result of
lipase activity was expressed as U per gram of dried sub-
strate (U g_l).

Determination of Phytase Activity

Phytase activity was determined according to the method
described by Bhavsar et al. [8]. The amount of enzyme
required to release 1 umol of inorganic phosphorus per
minute per mL of enzyme extract under the reaction con-
ditions was defined as one unit of phytase activity (U). The
final result of phytase activity was expressed as U per gram
of dried substrate (U gfl).

Determination of Keratinase Activity

Keratinase activity was determined according to the
method described by Sahoo et al. [13] using keratin azure
as an insoluble substrate. The amount of enzyme required
to produce a difference of 0.01 in absorbance at 280 nm
per minute of reaction between the blank reaction and the
sample was defined as one unit of keratinase activity (U).
The final values of keratinase activity were expressed as
Ugh

Results and Discussion

Effects of the Independent Variables on Enzymes
Production Using a CCRD

The CCRD matrix for protease, lipase, phytase and ker-
atinase production after 48, 72 and 96 h fermentation using
chicken feather meal as solid substrate with the results
from the experimental runs was shown in Table 2. The
kinetics of fermentation showed a profile change over time,
but in general, the best results for protease and lipase
production were observed at 48 h, while for phytase and
keratinase enhancement, the highest values were detected
at 72 h. The protease production at 48 h reached a mini-
mum value of 5.98 U g7l (run 8) and a maximum value of
387.85 U g~' (run 13). The lipase production at 48 h on
the other hand was found ranging from 13.70 (run 6) to
111.85 U g' (run 13). For phytase production at 72 h,
41.93 (run 1) and 117.16 U g_1 (run 7) were the lowest and
the highest values detected, respectively. Results ranging
from 0.50 (run 3) to 31.60 U g_1 (run 5) were observed for

keratinase production at 72 h. The high variation of the
results between the runs performed in CCRD is a strong
indication of the relevance of the studied factors on the
enzymes production.

The multiple regression analysis technique included in
the CCRD was applied to estimate the model’s coefficients.
Final reduced models in terms of coded values to predict
the maximal enzymes activities, namely: protease and
lipase production at 48 h fermentation and phytase pro-
duction at 72 h fermentation, were showed in Table 3.

From Table 3, the independent variables moisture (x),
temperature (°C) (x,) and their interactions have the most
significant effects on the resulting responses (p < 0.10).
The insignificant term coefficients were excluded from the
model equations. For protease production at 48 h, the lin-
ear and quadratic term of moisture (x;) had negative
effects, while the linear and quadratic terms of temperature
(°C) (x2) had positive and negative effects, respectively.
The estimated coefficients for lipase production at 48 h
fermentation showed positive and significant effects for the
linear terms of moisture (x;) and temperature (°C) (x,) and
negative and significant effects for the quadratic terms of
the same variables. On the other hand, phytase production
at 72 h fermentation was the only response that was sig-
nificantly affected by the incorporation of wheat bran into
the culture medium (x3), in which the interaction of this
variable with the moisture (x;x3) and temperature (X,X3)
exerted negative effects on the production of the enzyme.
The results of regression analysis for keratinase production
showed that the independent variables had no significant
effects on enzyme production, so the model was not con-
sidered statistically adequate to predict values for this
response.

The effects of different factors on enzymes production
using chicken feather as substrate were reported by several
studies. Bhari et al. [4] investigated the capacity of 73
bacterial strains isolated from poultry dump sites and
selected an isolate that showed high keratinase activity,
namely as Bacillus aerius NSMk2. Sequentially, the
authors evaluated the effect of different sources of carbon
and nitrogen and of three process variables (feather con-
centration, pH and temperature) on keratinase production
using a CCRD under submerged fermentation. In the first
step of optimization study, the supplementation of the
culture medium with beef extract (2.5%) and fructose
(2.0%) were defined as the optimal conditions for kerati-
nase production by Bacillus aerius NSMk2. The maximum
keratinase production (127.63 U ranl) was achieved after
48 h fermentation using feather concentration of 1.375%,
pH 7.5 and incubation temperature of 35 °C. Similar to the
observed in our study for protease and lipase production, it
was verified that the linear term of the temperature showed
a positive and significant (p < 0.05) effect on keratinase
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Table 2 Results for protease, lipase, phytase and keratinase production after 48, 72 and 96 h fermentation in function of the different culture

conditions of A. niger LBAO2 in chicken feather meal using CCRD

Runs Protease (U gf') Lipase (U gfl) Phytase (U gfl) Keratinase (U gf')
48 h 72 h 96 h 48 h 72 h 96 h 48 h 72 h 96 h 48 h 72 h 96 h

1 122.12 246.48 175.91 18.99 74.42 105.21 37.74 41.93 94.62 14.38 21.25 1.58
2 85.25 229.15 273.09 19.94 59.26 97.16 48.24 94.58 71.87 4.94 12.71 7.87
3 250.97 131.86 96.53 64.94 50.26 58.79 40.75 59.31 65.63 5.27 0.50 0.82
4 162.27 78.33 83.24 66.37 44.57 48.84 88.91 52.05 56.31 2.86 11.67 3.61
5 92.16 222.32 84.30 29.38 89.37 123.45 66.52 77.58 77.80 1.37 31.60 2.24
6 56.25 251.01 52.04 13.70 77.10 91.41 64.99 87.76 58.85 4.88 7.62 7.28
7 70.40 32.84 40.67 88.00 46.42 54.60 52.23 117.16 70.08 13.55 4.20 1.88
8 5.98 31.01 57.26 87.32 53.92 53.24 60.61 96.08 78.07 4.92 6.34 2.26
9 223.40 216.37 167.00 65.83 46.05 58.09 94.86 55.36 80.95 20.68 7.18 8.15
10 153.00 74.14 86.75 78.33 45.59 77.54 36.94 95.17 80.62 6.30 3.48 5.79
11 70.38 55.53 192.75 14.59 22.41 94.52 53.11 71.69 58.45 12.69 4.60 17.36
12 32.40 14.35 8.25 49.80 48.13 58.75 87.36 83.05 62.90 6.74 4.32 2.11
13 387.85 191.65 50.35 111.85 86.14 106.82 79.69 68.82 20.25 1.63 1.76 8.40
14 314.25 49.63 28.43 84.46 57.07 71.60 24.96 58.72 79.51 11.18 3.38 6.38
15 323.70 32.80 34.98 94.52 71.60 85.58 57.24 72.23 87.81 12.70 13.67 11.06
16 305.30 28.60 35.58 87.25 72.16 87.25 60.74 84.85 87.68 9.20 15.34 12.90
17 317.48 30.90 39.43 97.88 75.52 88.93 58.18 86.11 96.43 14.53 14.67 11.76
'(1213183 A?&zicll}/j é?n;fr;EEZIHS c,:eRz Source of variation Sum of squares Degrees of freedom Mean of squares F-ratio® R? p value
z%nd probability values for the Response: protease production at 48 h fermentation
final reduced models for .
protease and lipase production Regression 187,365.44 4 46,841.36 4.71 0.80 0.0004
at 48 h fermentation and Residual 48,086.47 12 4007.21
phytase production at 72 h Total 235,451.91 16
gzz&z‘r‘tf;‘ezrl‘ z:‘;iizh;fl];‘;‘t‘raw Equation: Y = 32091 — 37.65x; — 63.653 + 5.12x, — 112.03:3

Response: lipase production at 48 h fermentation

Regression 14,179.54 4 3544.89 6.10 0.84 0.0001

Residual 2810.10 12 234.17

Total 16,989.64 16

Equation: Y = 9433 + 5.07x; — 11.32x7 + 20.72x, — 25.42x3

Response: phytase production at 72 h fermentation

Regression 4963.76 4 1240.94 5.81 0.83  0.0002

Residual 1033.47 12 86.12

Total 5997.23 16

Equation: Y = 80.63 + 14.47x; + 9.13x;x, — 7.04x1x3 — 11.40x,X3

#F-ratio = Fcalculated/Ftabulated

production, while the quadratic term of this factor was
significantly negative [4]. This result corroborates that the
increase in incubation temperature favors the production of
these enzymes up to a certain point, from which this effect
is negative and results in a decrease in the enzymes pro-
duction. Although the models for keratinase production
were not statistically significant in our study, it was
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possible to observe that the highest enzyme activities were
detected at temperatures ranging from 24 to 30 °C.
Another fact worth mentioning in other studies that
evaluated the production of enzymes using chicken feath-
ers as substrate is the need to supplement the culture media
with carbon and nitrogen sources. In our study, wheat bran,
a low-value by-product, was used for this purpose.
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Fig. 1 Contour plots for protease production (U g*') by A. niger LBAO2 at 48 h fermentation as function of the independent variables used in
the CCRD and fitted line plot between the observed and predicted values by the equation model

Although no significant or positive effects of wheat bran
supplementation on the feather meal medium were
observed, preliminary studies performed in our research
group (data not shown) demonstrated that the presence of
wheat bran anticipates the peak production of the enzymes
by A. niger LBAO2, reducing the fermentation time
required to achieve high levels of production. Several
studies have reported the use of wheat bran as a suit-
able substrate for the production of enzymes by solid-state
fermentation [11, 14-16].

The enzymes production under SSF can be affected by
several cultivation factors and specific chemical compo-
nents present in the substrates. The presence of protein
sources can induce the protease secretion by the microor-
ganism, for example. It was expected that chicken feathers
would be excellent substrates for induction of the produc-
tion of proteolytic enzymes by the high content of protein
(approximately 80%) [3]. However, the extensive cross-
linking by cysteine disulfide bonds, hydrogen binding and
hydrophobic interactions of keratin, present in large
quantities in chicken feather, make its degradation very
slowly in nature and hinders the growth of microorganisms
[17]. The supplementation of chicken feather meal with

nutrient sources more assimilable by the microorganisms
allows for a faster initial development accompanied by a
considerable increase of biomass, facilitating the colo-
nization of the substrate and consequently the synthesis of
the enzymatic support necessary for the degradation of the
feathers. This strategy was used by several studies on
keratinase production using chicken feather as substrate
[4, 17-19].

Mazotto et al. [20] studied the keratinase production by
Aspergillus niger mutants under submerged and solid-state
fermentation (SSF). Their results showed that the kerati-
nase production by A. niger 3TSBS strain cultivated under
SSF was seven times greater. Keratinase production by
strains of the genus Aspergillus under solid-state fermen-
tation was rarely described in scientific studies. In this
sense, the development of bioprocesses to assess the ability
of Aspergillus niger strains to produce keratinases, could
contribute to the development of a biotechnological pro-
cess for the degradation of feather waste [20]. Additionally,
papers reporting the production of other hydrolytic
enzymes using chicken feathers as substrate are also scarce.
Thus, our work also contributes to the proposal of an
alternative process for the simultaneous production of
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Fig. 2 Contour plots for lipase production (U g~ ') by A. niger LBAO2 at 48 h fermentation as function of the independent variables used in the
CCRD and fitted line plot between the observed and predicted values by the equation model

proteases, lipases, phytases and keratinases in a single and
simplified process.

Analysis of Variance (ANOVA)

The statistical adequacy and significance of the quadratic
models was further verified by analysis of variance
(ANOVA). Test F (F-ratio), coefficient of determination
(R?) and p values of the final reduced models for protease
and lipase production at 48 h and phytase at 72 h by A.
niger LBAO2 and chicken feather meal as solid substrate
were evaluated for validity and accuracy of the proposed
models (Table 3). The high R? values, which were above
0.80, Feaculated = Frabulatea (F-ratio > 1) and the obtained
p values < 0.05 showed that the equations were well fitted
to the experimental data and can be used successfully to
predict the variance occurrence in protease, lipase and
phytase production by A. niger LBAO2 using chicken
feather meal supplemented with wheat bran as substrate
(Table 3).
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Interpretation of Contour Plots and Validation Tests

Figures 1, 2 and 3 show the contour plots for protease,
lipase and phytase production, respectively, as function of
the independent variables used in the CCRD and the fitted
line plots between the observed and predicted values by the
equation model. These figures are the best way to clearly
present the relationships between the independent variables
besides showing how the quadratic equations of the
responses fit to the experimental data [21].

In general, protease (Fig. 1) and lipase (Fig. 2) yields
were favored under the culture conditions at the CCRD
center points, where the initial moisture of the medium was
50%, the incubation temperature was 30 °C and the culture
medium containing feather meal was supplemented with
15% wheat bran. However, phytase production was affec-
ted differently from the other enzymes. In this case, higher
values of initial moisture, incubation temperature and
supplementation of the feather meal with wheat bran
resulted in higher yields of phytase production (Fig. 3).

Although the culture conditions of the microorganism
were not the same for the simultaneous production of the
enzymes, the use of the independent variables in the values
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Table 4 Validation tests performed to determine the adequacy of the polynomial models obtained for the protease, lipase and phytase pro-
duction by Aspergillus niger LBAO2 using in chicken feather meal substrate

Response Independent variables' Predicted response  Experimental response”> RSD? (%)
X1 (%) %2 (°C) X3 (%)

Protease production at 48 h fermentation (U g=') 50 30 15 32091 331.87 £ 1.58 3.30

Lipase production at 48 h fermentation (U g~ ") 50 30 15 94.33 106.82 + 0.97 11.69

Phytase production at 72 h fermentation (U g~') 50 30 15 80.63 81.14 £ 7.01 0.63

'X,—moisture; x,—temperature; x;—wheat bran represents the coded values for independent variables

2Results are presented as the mean (n = 3) & SD
SRSD (%) = relative standard deviation

set at the central point of the experimental design allowed
the synthesis of high values of protease and lipase and
intermediate values of phytase. Also, in this context, it is
important to remember that although the results for ker-
atinase production did not generate statistically significant
models, in the aforementioned conditions, high production

values were also detected for this enzyme.

quadratic models (Table 4).

Validation assays were performed to verify the accuracy
of the mathematic models obtained for the protease, lipase
and phytase production with three assays. The values of
relative standard deviation between the experimental and
predicted responses by the equations ranged from 0.63 to
11.69%, thereby confirming the statistical adequacy of the
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An alternative way to use chicken feather meal as sub-

strate for simultaneous production of protease, lipase,
phytase and keratinase by A. niger LBAO2 under SSF was
provided in this study. More specifically, these results can
contribute to the availability of data on the production of
fungal keratinases, which are still known in the literature.
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