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Abstract
Distillers’ dried grains with solubles (DDGS) is a by-product of dry-mill corn ethanol production comprising a high nutri-
tional value due to residual fiber, protein, and lipid contents. The fiber content of DDGS is high enough to be considered a 
valuable source for the production of hydrolytic enzymes, such as cellulase and xylanases, which can be used for hydrolysis 
of lignocellulosic feedstock during ethanol production. The DDGS-based medium prepared after acid hydrolysis provides 
adequate sugars for enzyme production, while additional macronutrients, such as salts and nitrogen sources, can enhance the 
enzyme production. Therefore, this study was undertaken to evaluate the effect of salts (KH2PO4, CaCl2·2H2O, MgSO4·7H2O, 
FeSO4·7H2O, CoCl2·6H2O, and MnSO4·H2O), peptone, and yeast extract on enzyme secretion by four different Aspergillus 
niger strains and to optimize the nitrogen source for maximum enzyme production. Yeast extract improved the cellulase 
production (0.38 IU/ml) for A. niger (NRRL 1956) as compared to peptone (0.29 IU/ml). However, maximum cellulase 
productions of 0.42 IU/ml and 0.45 IU/ml were obtained by A. niger (NRRL 330) and A. niger (NRRL 567), respectively, 
in presence of ammonium sulfate. The optimized nitrogen amounts resulted in a significant increase in the cellulase produc-
tion from 0.174 to 0.63 IU/ml on day 9 of the fermentation with A. niger (NRRL 330). The composite model improved both 
cellulase and xylanase production. In conclusion, the optimization of all three nitrogen sources improved both cellulase and 
xylanase production in the DDGS-based media.
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Introduction

Among various renewable energy solutions for a clean 
environment and energy security, biofuel is the most popu-
lar and efficient option [1]. The production of bioethanol 
among biofuels grows annually by 6% due to high demand 
and policy [2]. The bioethanol has increased from 17 billion 
liters to 108 billion liters in the last two decades [2, 3]. It is 
considered feasible in the transportation industry and has 
been blended at different proportions such as 10–15% in 

the USA. The main feedstock for bioethanol production is 
starch-based grains or crops, such as corn, wheat, and barley. 
Currently, the USA and Brazil are the two major producers 
of bioethanol from corn and sugarcane [1].

Bioethanol produced from corn, wheat, or sugarcane 
is known as the first-generation bioethanol (1G). A more 
common process of producing bioethanol from grains is the 
dry-mill process, in which grains are ground and mixed with 
the saccharifying enzymes and water to turn into a mesh 
in a consecutive step called liquefaction. After conversion 
of simple sugars into ethanol through fermentation, almost 
one-third of the grain is left as residue, which is known as 
distillers’ dried grains with solubles (DDGS). The final steps 
in this process are centrifugation of distiller grain, con-
centration of thin stillage, blending of syrup with distiller 
grain, and drying. A large portion of DDGS is composed of 
undigested fibers [28.2–40.3% neutral detergent (NDF) and 
10.3 to 18.1% acid detergent fibers (ADF)]. The difference 
between NDF and ADF is an estimation of hemicellulose 
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while ADF represents the sum of cellulose and lignin in the 
material [4]. DDGS is also high in protein (23.4–28.7%) and 
lipid (2.9–12.8%) contents [5]. The authors estimated these 
ranges by performing standard AOAC procedures [6]. This 
high nutritional profile makes DDGS an excellent source for 
microbial fermentation [7–9].

Production of biofuels from food crops is viewed con-
troversial and therefore the demand for bioethanol from 
lignocellulosic biomass (known as second-generation fuel, 
2G), such as crops, grasses, and agricultural waste materi-
als, is high [10–13]. While the interest in 2G bioethanol is 
increasing, the industrial production of 2G ethanol is not 
realized yet at a large scale due to the need for hydrolytic 
enzymes, such as cellulases and xylanases, which are pro-
duced by expensive cellulosic materials. Since DDGS has 
a high nutritional profile [14], the high fiber content can be 
used for the production of cellulase and xylanases [15, 16]. 
This can combine and improve the profitability of both G1 
and G2 bioethanol in near future.

The main producers of cellulases and xylanases are fila-
mentous fungi, such as Aspergillus niger and Trichoderma 
reesei [17]. There are many strains of these fungi that are 
reported for hydrolytic enzyme productions, such as A. niger 
(NRRL 2001) [16], A. niger (NRRL 567) [18], T. reesei 
(ATCC 56765) [19], and T. reesei (NRRL 6156) [15]. On 
the other hand, some bacterial strains, like Clostridium 
thermocellum and Bacillus subtilis, are also known as cel-
lulase and xylanase producers [20]. In our previous study, 
a comparison between selected fungal and bacterial strains 
was made and it was found that the evaluated fungal strains 
produced higher levels of cellulases and xylanases than the 
bacterial strains [21]. The DDGS was also proven as efficient 
carbon source for hydrolytic enzyme production in our previ-
ous work, but still improvements can be achieved with the 
help of different strategies, such as optimization of culture 
parameters and nutrient amendments [13, 19, 20]. The nutri-
ent fraction that can affect the enzyme production are salts, 
such as KH2PO4, CaCl2·2H2O, MgSO4·7H2O, FeSO4·7H2O, 
CoCl2·6H2O, and MnSO4·H2O and nitrogen sources [23, 24]. 
The nitrogen source can be either organic, such as peptone or 
yeast extract or inorganic like ammonium sulfate [25]. Both 
types of nitrogen sources are of high efficacy in different 
metabolic processes. However, it is still important to know 
whether organic or inorganic sources are better for cellulase 
and xylanase production.

There are different strategies to determine the effect of 
specific medium components or culture parameters, such 
as carbon source, pH, temperature, and agitation, on micro-
bial product formation. Statistical designs such as response 
surface design (RSM) are commonly used for optimization 
studies [26, 27].

Among medium ingredients, salts and nitrogen have 
an essential role in metabolic activity of cells, and thus in 

hydrolytic enzyme production [22, 28]. Therefore, enzyme 
production can be improved by supplementing or adjusting 
salts and nitrogenous substances. However, neither the main 
effect nor the concentrations of such ingredients have never 
been evaluated for the DDGS-based medium in the literature 
so far. Therefore, the objective of this study is to evaluate the 
effect of salts and nitrogen sources on cellulase and xylanase 
production in the DDGS-based media. In particular, opti-
mization of peptone, yeast extract, and ammonium sulfate 
concentrations was studied by the response surface design 
method after examining their effect with or without salts. 
The goal of this study was to enhance the cellulase and xyla-
nase productions by salt and nitrogen amendments of the 
DDGS-based fermentation media (peptone, yeast extract, 
and ammonium sulfate) for three A. niger strains and one 
T. reesei strain.

Materials and methods

Microbial strains

The following fungal strains were selected for this study 
based on our previous study [21]: Aspergillus niger (NRRL 
330), A. niger (NRRL 567), A. niger (NRRL 1956), and 
Trichoderma reesei RUT-C30 (ATCC 56765). The NRRL 
strains were obtained from Agricultural Research Service 
(ARS) Culture Collection (Peoria, IL), while the ATCC 
strains were obtained from American Type Culture Collec-
tion (ATCC, Manassas, VA). After obtaining the strains, 
they were kept frozen at -80 °C in 20% glycerol solution and 
were revived using potato dextrose agar (PDA, BD Diagnos-
tic Systems, Cockeysville, MD) as needed. The activated 
strains were sub-cultured biweekly using PDA slants by 
incubating at 30 °C for 5 days.

Acid hydrolysis of DDGS

The corn DDGS was obtained from Pennsylvania Grain 
Processing, LLC® (Clearfield, PA). The chemical composi-
tion of DDGS including NDF (28.40%) and ADF (11.20%) 
is available in our earlier work [29]. The pre-treatment of 
DDGS was carried out according to a study conducted in our 
lab [29]. Briefly, acid hydrolysis was undertaken by auto-
claving the DDGS slurry [20% (w/v) solid load] prepared 
with 5% (w/w) sulfuric acid (density: 1.0317 g/ml) in DI 
water at 121 °C and 15 psi for 30 min in a laboratory auto-
clave (Model Beta Star, RV Industries, Honey Brook, PA) 
[29]. The DDGS slurries were then cooled to room tempera-
ture and filtered by cheesecloth (VWR, Radnor, PA) using a 
vacuum filter apparatus (Nalgene, Rochester, NY). The pH 
of the filtrate was adjusted to pH 5 by adding approximately 
10 ml of 10 M NaOH solution.
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Media preparation and nutrient supplementation

The DDGS filtrate was centrifuged at 1510×g for 10 min to 
separate the solid residues from the liquid phase and 100 ml of 
this filtrate was then transferred to 250-ml Erlenmeyer flasks. 
Finally, the salts shown in Table 1 and nitrogen sources were 
added to each flask according to the experimental design as 
explained below.

Experimental design

Evaluation of medium elements

The salts and nitrogenous substances shown in Table 1 were 
used to test their potential to improve enzyme production. The 
quantities and limits of mineral and nitrogen sources were 
inspired from literature [30]. Peptone (Bacto™ Life Tech-
nologies, Carlsbad, CA), yeast extract (VWR Life Sciences, 
Bacteriological Grade, Radnor, PA), and ammonium sulfate 
(VWR, Radnor, PA) concentrations were examined separately 
for their effect on enzyme production. The salts were added in 
the first phase of the study and their effect on enzyme produc-
tion was evaluated prior to the optimization stage.

Optimization of nitrogen sources

The Box–Behnken response surface design for optimization 
of nitrogen source was constructed for peptone (0.5–5 g/l), 
yeast extract (2–20 g/l), and ammonium sulfate (0.5–2 g/l) 
using Minitab Statistic Software Package (Version 19, Minitab 
Inc., State College, PA) for the selected strains. After adding 
nitrogen sources according to the experimental design, the 
flasks were autoclaved for 20 min to sterilize the media. The 
optimized results obtained from the RSM were then repeated 
with three replicates for validation. The following polynomial 
equation was fitted to data when all factors and interactions 
are to be significant:

Y = b0 − b1X1 + b2X2 + b3X3 + b4X
2

1
+ b5X

2

2

+ b6X
2

3
+ b7X1X2 + b8X2X3 + b9X1X3,

where Y is the xylanase or cellulase activity (IU/ml), b’s are 
the coefficients, and X1, X2, X3, are peptone, yeast extract, 
and ammonium sulfate in g/l, respectively.

Inoculum preparation and fermentation

The fungal strains from the PDA slants were rinsed with 
a pre-sterilized 1 ml 0.1% (w/w) Tween 80 (VWR) solu-
tion and 0.1 ml of the resulting spore suspension was trans-
ferred to each of PDA plates, which were then incubated 
for 5 days at 30 °C for sporulation [23]. The grown spores 
were harvested with glass Hockey stick using about 10 ml 
pre-sterilized 0.1% (w/w) Tween 80 solution for each plate 
to give spore suspension with OD600 of 0.9 for inoculation 
[30, 31]. The inoculated flasks were incubated at 30 °C and 
180 rpm in a shaker incubator (MaxQ 5000, Thermo Scien-
tific, Laguna Hills, CA) for enzyme production. Aliquots of 
samples were taken on day 9 aseptically.

Enzyme activity analysis

Samples (ca. 3 ml) were taken on day 9 and kept at 4 °C until 
analysis. Before analysis, the culture slurries were filtered 
using 0.45 µm PTFE syringe filters (VWR, Radnor, PA) to 
remove DDGS residues and fungal biomass from the liquid 
enzyme extract. The samples were analyzed for both cellu-
lase and xylanases using the following methods.

Cellulase analysis

Cellulase activity of the culture extracts was assayed accord-
ing to the dinitrosalicyclic acid (DNS) method (Miller 1959). 
Approximately 50 mg or 1 × 6 cm of Whatman No. 1 filter 
paper strips (GE Healthcare, Chicago, IL) was used as the 
substrate in citrate buffer (pH 4.8). The 1 ml of appropriately 
diluted enzyme samples, the filter paper strips, and citrate 
buffer were mixed and incubated at 50 °C for 1 h, along with 
the reagent, substrate, and enzyme blanks, and the glucose 
standards (0.1–0.6 mg/ml). After incubation, 3 mL of dini-
trosalicyclic acid (DNS; VWR) was added and all the tubes 
were boiled for 15 min to stop the reaction. After cooling the 
tubes to room temperature, the absorbance of the samples 
was measured at 575 nm with a spectrophotometer (Evolu-
tion 21, Thermo Scientific, Oakwood, OH). One-unit activ-
ity or international unit (IU) of cellulase was defined as the 
amount of enzyme that liberates one micromole of glucose 
per minute under assay conditions.

Table 1   Salts used to supplement the DDGS media

No. Media component Amount (g/l)

1 KH2(PO4)2 2
2 CaCl2·2H2O 0.4
3 MgSO4·7H2O 0.3
4 FeSO4·7H2O 0.005
5 CoCl2·6H2O 0.0037
6 MnSO4·H2O 0.0016
7 ZnSO4·7H2O 0.0014
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Xylanase analysis

The substrate for xylanase assay was Birchwood xylan dis-
solved in acetate buffer (pH 5.0) at 0.5% (w/w) (Crescent 
Chemicals, Islandia, NY). The diluted sample with substrate 
and buffer along with enzyme and substrate blank tubes were 
incubated at 50 °C for 30 min. Immediately after incubation, 
DNS (VWR) solution was added to tubes and boiled for 
15 min to stop the reaction. The absorbance of the samples 
was measured at 575 nm with a spectrophotometer and the 
recorded values were translated into enzyme activity using 
the standard curve prepared at 0.1–0.6 mg/ml of xylose 
(VWR). One unit of the enzyme or international unit (IU) 
is defined as the amount of enzyme needed to release one 
micromole of xylose per minute under assay conditions [32].

Statistical analysis

The treatments with varying salts and individual nitrogen 
sources were compared by pair-wise comparisons using 
Minitab Statistical Software (Version 19, Minitab Inc, State 
College, PA) at p < 0.05. The work of RSM optimization 
was also designed, analyzed, and validated using Minitab 
Statistical Software.

Results

Effect of salts and nitrogen sources

Figure 1 summarizes the effect of salt and nitrogen sup-
plements on cellulase production. The two-way analysis of 
variance showed that each strain responded differently to 
each medium component (p < 0.05). For A. niger (NRRL 
1956), the cellulase production increased from 0.14 to 
0.38 IU/mL within 9 days supplementing the medium with 
only yeast extract. The salt addition caused the cellulase 
activity to decrease from 0.38 to 0.31 ml, which was found 
statistically insignificant (p > 0.05). A similar effect was 
also observed when only ammonium sulfate as an inorganic 
nitrogen source was used in the hydrolyzed DDGS medium 
for A. niger (NRRL 1956), for which cellulase significantly 
increased from 0.14 to 0.31 on day 9 (p < 0.05). The addition 
of peptone also increased cellulase production from 0.14 IU/
ml to 0.29 (Fig. 1). While all three nitrogen sources had a 
positive effect on cellulase production by A. niger (NRRL 
1956), the addition of salt did not increase cellulase pro-
duction with any of the nitrogen sources for A. niger 1956. 
Collectively, all nitrogen sources resulted in the increase of 
cellulase production when added individually for this strain.

Similar trends were observed for A. niger (NRRL 
330). However, the increase was not evident as much as 
A. niger (NRRL 1956). Only the addition of ammonium 

sulfate showed a significant increase in cellulase produc-
tion (0.44 IU/ml) for A. niger (NRRL 330). The addition of 
yeast extract, ammonium salt, or peptone increased cellulase 
production but the change is insignificant. The addition of 
salt did not yield any further increase for all three nitrogen 
sources. All nitrogen sources were not effective on A. niger 
(NRRL 567), resulting in similar enzyme productions. The 
addition of salt had a significant negative effect on this strain 
as well. A. niger (NRRL 567) produced maximum cellu-
lase without the addition of any nitrogen sources or salts 
as compared to all other evaluated strains. Finally, T. reesei 
(ATCC 56765) showed no remarkable improvement after 
the addition of any nitrogen sources. An interesting trend 
was observed with T. reesei (ATCC 56,765) showing cel-
lulase increase from 0.19 to 0.35 IU/ml when peptone and 
salts were added.

Figure 2 shows the effect of different nitrogen sources 
along with salts on xylanase production by three A. niger 
strains and T. reesei. In comparison to cellulase, DDGS-
based media with no salts or nitrogen sources show better 
enzyme production for some of the strains. In addition, the 
trends in the change of enzyme production after the addi-
tion of nitrogen sources and salts were very different from 
cellulase production. For example, A. niger (NRRL 1956) 
showed no significant increase by the addition of any type 
of nitrogen source, and the same was correct for the sup-
plement of salts into the media. The effect of peptone on 
xylanase production by A. niger (NRRL 330) was evident 
resulting in an increase from 27.5 to 42 IU/ml (Fig. 2). The 
xylanase with ammonium sulfate was much better, causing 
an increase from 27.5 to 49 IU/ml. This increase shows the 
positive effect of peptone and ammonium sulfate on xyla-
nase production. However, yeast extract had significantly 
negative effect on xylanase production (Fig. 2).

Similar to A. niger (NRRL 1956), A. niger (NRRL 567) 
was not positively affected by the addition of nitrogen 
sources for xylanase production. The decrease was signifi-
cant for both yeast extract and peptone, which confirms no 
benefits of adding organic nitrogen sources to the media. 
Xylanase production by T. reesei (ATCC 56,765) was very 
low (1.4 IU/ml) compared to cellulase production. Thus, 
the addition of nitrogen sources and salts shows suppressing 
effects on xylanase production by this strain.

Optimization of nitrogen sources for cellulase 
production

After analyzing the effect of minerals and nitrogen sources, 
the three selected nitrogen sources (peptone, yeast extract, 
and ammonium sulfate) were optimized for cellulase pro-
duction by two selected A. niger strains. The results for A. 
niger (NRRL 330) are given in Table 2. Maximum cellulase 
activity was obtained for 5 g/l peptone, 11 g/l yeast extract, 
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Fig. 1   Effect of salts and 
nitrogen sources on enzyme 
production on day 9 (n = 3). 
YE: yeast extract, Pep: peptone, 
1956: A. niger (NRRL 1956), 
330: A. niger (NRRL 330), 
567: A. niger (NRRL 567), 
and 56765: T. reesei RUT-C30 
(ATCC 56765) 



532	 Bioprocess and Biosystems Engineering (2022) 45:527–540

1 3

Fig. 2   Xylanase production with 
salts and nitrogen supplements 
on day 9 (n = 3). YE: yeast 
extract, Pep: petone, 1956: A. 
niger (NRRL 1956), 330: A. 
niger (NRRL 330), 567: A. 
niger (NRRL 567), and 56765: 
T. reesei RUT-C30 (ATCC 
56765) 
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and 2 g/l ammonium sulfate. The maximum cellulase activ-
ity was, thus correlated with the maximum concentration 
of each of the nitrogen sources. The R2 for this model was 
0.957 and the lack of fit value was 0.357. The response sur-
face plots of this model are given in Fig. 3. As it can be seen 
in the surface plots, both ammonium sulfate and peptone 
have a linear positive effect on cellulase production, while 

yeast extract enhances cellulase at high amounts, justifying 
the significant square of yeast extract term in the model.

The model also predicts maximal cellulase at maximum 
concentrations for each of the nitrogen sources. To evaluate 
the effect of a further increase in their concentration, addi-
tional runs were carried out with 30% less and 30% higher 
than the recommended level and the results are presented in 

Table 2   Response surface 
design for cellulase and 
xylanase optimization on day 9 
by A. niger (NRRL 330)

No. Peptone (g/l) Yeast extract (g/l) Ammonium 
sulfate (g/l)

Cellulase 
(IU/ml)

Xylanase (IU/ml)

1 2.75 2.00 2.00 0.48 22.93
2 5.00 2.00 1.25 0.50 43.48
3 0.50 20.00 1.25 0.45 42.31
4 5.00 20.00 1.25 0.53 49.98
5 2.75 11.00 1.25 0.49 46.49
6 5.00 11.00 2.00 0.56 40.47
7 5.00 11.00 0.50 0.40 54.25
8 0.50 11.00 2.00 0.36 54.64
9 2.75 20.00 2.00 0.50 49.30
10 2.75 11.00 1.25 0.38 48.04
11 2.75 11.00 1.25 0.47 41.34
12 0.50 2.00 1.25 0.42 22.44
13 2.75 20.00 0.50 0.47 45.61
14 2.75 2.00 0.50 0.46 24.12
15 0.50 11.00 0.50 0.40 53.48

Fig. 3   Surface plots of nitrogen source optimization for cellulase production by A. niger (NRRL 330) on day 9
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Fig. 4. While the results of 30% lesser and higher than the 
optimized values were not statistically different from each 
other, the results of the optimized values were higher than 
both, which approve the validity of the obtained optimal 
values.

The results of response surface optimization for cel-
lulase production are given in Table 3 for A. niger (NRRL 

567). The maximal cellulase was produced at maximum 
peptone concentration (5 g/l) and minimum yeast extract 
(2 g/l) and moderate ammonium sulfate (1.25 g/l) concen-
trations. However, the R2 for this model was lower than 
that of A. niger (NRRL 330). The experimental values of 
optimal conditions were also lower (0.62 IU/ml) than the 
predicted values.

Fig. 4   Validation of optimized values of nitrogen source for cellulase production A. niger (NRRL 330) on day 9 (n = 3)

Table 3   Response surface 
design for cellulase and 
xylanase optimization on day 9 
by A. niger (NRRL 567)

No. Peptone (g/l) Yeast extract (g/l) Ammonium 
sulfate (g/l)

Cellulase 
(IU/ml)

Xylanase (IU/ml)

1 2.75 2.00 2.00 0.72 43.74
2 5.00 2.00 1.25 1.10 51.74
3 0.50 20.00 1.25 1.08 35.03
4 5.00 20.00 1.25 1.05 47.59
5 2.75 11.00 1.25 0.98 52.95
6 5.00 11.00 2.00 0.99 51.13
7 5.00 11.00 0.50 0.77 42.83
8 0.50 11.00 2.00 1.05 50.62
9 2.75 20.00 2.00 1.05 39.08
10 2.75 11.00 1.25 0.89 42.93
11 2.75 11.00 1.25 1.04 54.88
12 0.50 2.00 1.25 0.99 43.64
13 2.75 20.00 0.50 0.96 50.32
14 2.75 2.00 0.50 0.90 47.38
15 0.50 11.00 0.50 1.00 43.74
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Optimization of nitrogen sources for xylanase 
production

Compared to cellulase, xylanase results of A. niger strains 
were better in terms of overall enzyme production. The 
results of response surface optimization for xylanase pro-
duction by A. niger (NRRL 330) are given in Table 2. 
The maximum production of xylanase was observed to be 
54.64 IU/ml with 0.5 g/l peptone, 11 g/l yeast extract, and 
2 g/l ammonium sulfate. This RSM model had R2 value of 
0.804. The lack of fit value was 0.109. Ammonium sulfate 
and its square were the most significant terms in the model 
and the model predicted maximal xylanase of 55.8 IU/ml. 
The increase in the ammonium sulfate increased xylanase 
production as indicated in Fig. 5. While the optimum value 
of yeast extract was within the concentration range that 
was selected for this study, the minimum amount of pep-
tone was correlated to the highest enzyme production.

The results for xylanase optimization by A. niger 
(NRRL 567) are shown in Table 3. Maximum xylanase 
activity of 54.88 IU/ml was measured, which was not sig-
nificantly different from that of A. niger (NRRL 330). In 
addition, the maximum xylanase production was obtained 
with 2.75 g/l peptone, 11 g/l yeast extract, and 1.25 g/l 
ammonium sulfate, which are mid-values of the tested 
amounts.

Optimization of nitrogen sources for enzyme 
cocktails

A. niger strains (NRRL 330 and NRRL 567) showed prom-
ising results for both cellulase and xylanase production 
separately. However, both enzymes need to be simultane-
ously produced to reduce the cost of enzyme during indus-
trial hydrolysis of lignocellulosic biomass. Therefore, co-
production of cellulases and xylanases was searched using 
the obtained individual response surface models. For A. 
niger (NRRL 330), the optimized values of peptone, yeast 
extract, and ammonium sulfate for maximal co-production 
were 5, 16.5, and 1.9 g/l, respectively (Fig. 6). The com-
posite D-value for the combined model was 0.97. The 
model also suggested that the composite desirability for 
cellulase model is higher than that of xylanase production. 
The composite model predicts 0.56 and 48.8 IU/ml of cel-
lulase and xylanase, respectively. The experimental coun-
terparts were 0.54 ± 0.02 for cellulase and 48.71 ± 2.05 for 
xylanase (Table 4), which are quite close to the predicted 
values. Similarly, the composite optimized values for A. 
niger (NRRL 567) are shown in Fig. 7. For this strain, the 
optimized values were 5 g/l peptone, 12.4 g/l yeast extract, 
and 1.5 g/l ammonium sulfate. The experimental values of 
the predicted optimal conditions are also given in Table 4 
and also considered close to the predicted values with small 

Fig. 5   Surface plots of nitrogen source optimization for xylanase production by A. niger (NRRL 330) on day 9
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values of coefficient variation (0.345 and 0.055 for cellulase 
and xylanase, respectively).

Discussion

The salt and nitrogen amendment shows different results 
for different strains and leads to valuable results that were 
used for the optimization of medium components in the 
next phase of the study. Ammonium sulfate is an inorganic 
nitrogen source, which is inexpensive and preferable to 

organic sources. DDGS has 28–29.5% dry basis protein, 
which can serve as nitrogen source for enzyme production 
[14]. However, the amino acid profile of the protein can vary 
with grain type and batch operations [6, 33, 34]. Therefore, 
addition of nitrogenous substances is feasible for cellulase 
production.

Many other studies in the past have reported the effect 
of nitrogen sources on enzyme production. For example, 
Rodriguez-Gomez and Hobley [24] reported positive effects 
of peptone and ammonium sulfate on cellulase production 
by T. reesei (ATCC 56765). However, they used Avicel or 

Fig. 6   Combined optimization to produce cellulase and xylanase by A. niger (NRRL 330) on day 9

Table 4   Validation of cellulase and xylanase models for A. niger (NRRL 330 and NRRL 567)

Aspergillus niger strain Enzyme Peptone (g/l) Yeast extract 
(g/l)

Ammonium 
sulfate (g/l)

Expected value 
(IU/ml)

Experimental value

NRRL 330 Cellulase 5.0 16.5 1.9 0.56 0.54 ± 0.02
Xylanase 5.0 16.5 1.9 48.41 48.71 ± 2.05

NRRL 567 Cellulase 5.0 12.4 1.5 1.02 0.62 ± 0.07
Xylanase 5.0 12.4 1.5 50.55 54.67 ± 2.39
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microcrystalline cellulose, which is an ideal, but very expen-
sive feedstock for enzyme production [24]. Therefore, it can 
be inferred that T. reesei (ATCC 56765) need specific poly-
saccharides for the enzyme production that were not present 
in acid hydrolysate of DDGS. However, the high efficacy of 
A. niger strains to produce cellulase and hemicellulose in the 
acid hydrolysate of DDGS shows that such enzymes can be 
produced with A. niger strains instead of T. reesei RUT-C30 
using inexpensive carbon sources such as DDGS. It was also 
concluded that ammonium sulfate was a better source than 
peptone, which is similar to the results of our study. The 
effect of medium elements on the cellulase production has 
been studied with special focus on the fiber type, nitrogen 
source and mineral composition [30]. The nitrogen sources 
are needed for synthesis of essential amino acids during 
growth and enzyme production while the minerals provide 
co-factors and other micronutrients. The fiber on the other 
hand induces the particular enzyme production.

In comparison to cellulase, xylanase production with 
respect to different medium components is not studied 
widely in the literature. There are few studies that utilize the 

concept of hemicellulose present in the agricultural biomass 
such as sugar beet pulp [35, 36]. The DDGS has a high fiber 
content and therefore has been proven to be an excellent 
source for xylanase production. This study shows that while 
peptone and ammonium sulfate can be good amendment 
options for xylanase production, this is true only for A. niger 
(NRRL 330) while other fungal strains can act differently in 
the presence of these nitrogen sources.

In our earlier study, maximum cellulase of 0.4 IU/ml was 
obtained, which had been increased from 0.174 IU/ml in 
DDGS-based media without any supplement [21]. How-
ever, the enzyme production was not stable and decreased 
after three days. Therefore, it was concluded that enzymes 
produced on day 6 and day 9 were correlated with the com-
ponents present in the media and can be optimized further 
to increase enzyme production. The potential of A. niger 
(NRRL 330) for different hydrolytic enzyme production 
was reported in various research articles [37–39]. A. niger 
(NRRL 330) was reported as one of the best strains for glu-
coamylase production [39]. The medium supplementation 
improved the enzyme production by 126% for this strain. 

Fig. 7   Combined optimization to produce cellulase and xylanase by A. niger (NRRL 567) on day 9
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This shows the potential of this strain for metabolic engi-
neering and improvement of hydrolytic enzyme production. 
However, the medium optimization can vary based on the 
enzyme under consideration. For example, in the case of 
glucoamylase, malt extract, CaCl2·2H2O and FeSO4·7H2O 
were reported to have a significant effect on glucoamylase 
production [39]. For cellulase production, our study shows 
that salt supplements do not have a positive effect.

Enzyme production by A. niger (NRRL 330) through 
response surface optimization of nitrogen sources gave 
very promising results for cellulase and xylanase (Table 2). 
The individual cellulase model predicted maximum concen-
trations of each of the nitrogen sources as ideal for maxi-
mum enzyme activity. Similar results were also reported by 
Acharya et al. [40], who studied optimization of peptone 
and ammonium sulfate. In their study, maximum enzyme 
activity was obtained at 0.125% of peptone and 0.14% of 
ammonium sulfate. While these values are less than what 
was predicted by the RSM model in our study, the overall 
cellulase activities (0.12–0.15 IU/ml) were also lower than 
our study. In this study, cellulase production was increased 
from 0.174 to 0.63 IU/ml by optimizing the three nitrogen 
sources (Fig. 4). The lack of fit values also suggested that 
these models of nitrogen source optimization fit well and the 
lack of fit value is insignificant compared to the pure error. 
The validation experiments also show that further increase 
in the concentrations of these three nitrogen sources does 
not increase the enzyme production further. In fact, only 
0.56 IU/ml was obtained by increasing the nitrogen source 
concentration by 30%. This cellulase activity is less than 
the suggested by the RSM model. Therefore, it can be con-
cluded that RSM modeling is an effective way to optimize 
the concentrations of nitrogen sources in the medium, as 
RSM optimization resulted in the ideal concentrations of 
nitrogen sources for maximum cellulase production.

In case of xylanase production, the model predicted simi-
lar values for yeast extract (16.9 g/l) and ammonium sulfate 
(2 g/l). However, the concentration of peptone (0.5 g/l) was 
very different from that of cellulase as peptone negatively 
affected xylanase (Fig. 5). Therefore, it was disregarded 
while making a composite RSM model where both cellulase 
and xylanase were increased simultaneously. The composite 
model predicted concentrations of nitrogen sources that were 
not very different from the cellulase model (Fig. 6). The con-
centration of yeast extract was 16.5 g/l instead of 20 g/l and 
the concentration of ammonium sulfate was 1.9 g/l instead 
of 2 g/l, while the concentration of peptone was the same 
for both models.

In case of A. niger (NRRL 567), cellulase production was 
higher than A. niger (NRRL 330). However, the variation 
in the predicted and experimental values is slightly distinct 
(Table 4). In the case of xylanase, the experimental value 
obtained was 54.67 ± 2.39 IU/ml while the model predicted 

50.55 IU/ml. This strain has been studied widely in terms 
of different enzymes, specifically hydrolytic enzymes. For 
example, Ghori et al. [18] used corn stover as the substrate 
with A. niger (NRRL 567) to make a set of three differ-
ent cellulases mainly exoglucanase, endoglucanase, and 
β-glucosidase analyzing ammonium sulfate and urea as the 
nitrogen sources and obtained different values of enzymes 
according to their research design. Overall, urea was 
reported to be more efficient than ammonium sulfate [18]. 
Some other studies also showed the promise of this strain for 
other microbial products such as citric acid [41]. This strain 
was also tested with the validated optimized conditions of 
A. niger (NRRL 330) model, and it produced 0.59 ± 0.04 IU/
ml cellulase and 57.6 ± 0.72 IU/ml xylanase. Therefore, it 
can be concluded that the optimized nitrogen concentrations 
obtained for A. niger (NRRL 330) are also good for enzyme 
production by A. niger (NRRL 567).

While both organic and inorganic nitrogen sources are 
utilized in the synthesis of essential amino acids required for 
growth and enzyme production, inorganic nitrogen sources 
are considered better because they are inexpensive. Simi-
larly, cellulase production is favorable if the medium has 
cellulose fibers in it and the degradation of such fibers is 
required to produce simple sugars for energy needs [42]. 
Cellulase enzymes, however, are not needed once enough 
simple sugars are available in the medium. To induce cel-
lulase production after this stage, it is necessary to extract 
cellulase from the fermentation media.

The incubation time for all experiments in this study was 
kept at 9 days. The results of this study show that if the right 
nutrients are present, the fungi can produce cellulase in the 
early days of fermentation. Once simple sugars such as glu-
cose are released, the fungal strains tend to increase myce-
lial growth instead of hydrolytic enzyme productions [43]. 
The lowered tendency for enzyme can be correlated with 
many reasons but the most important could be the transition 
from enzyme production to mycelial growth after obtaining 
enough amounts of cellulase for biomass degradation in the 
media. The product inhibition in case of cellulase could be 
another reason for the decrease in the enzyme activity in 
the media [44].

As indicated earlier, A. niger (NRRL 330) is known as 
one of the best strains for hydrolytic enzyme production 
[37–39]. The xylanases are also hydrolytic enzymes that 
are necessary for industrial production of second-generation 
biofuels. This study confirms a promising increase in the 
xylanases production by optimizing the nitrogen sources 
in the DDGS-based media. The same is true for A. niger 
(NRRL 567). Both strains have the potential to be used in 
the industrial production of xylanases using DDGS-based 
media supplemented with additional nitrogen.

The production of xylanases in the early days of fer-
mentation by A. niger (NRRL 567) was also reported by 
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Dhillon et al. [45] However, the fermentation mode and 
substrate were different from our study. The solid-state 
fermentation was used while the main substrate was apple 
pomace [45]. Regardless of these two differences, the 
highest enzyme productions were reported within 48–72 h. 
Therefore, this strain has the potential to produce the xyla-
nase enzymes in the early days of the fermentation, which 
can be economically beneficial.

The analysis of the developed models shows that cel-
lulase production can be predicted more efficiently than 
xylanase production. The extent of improvements in cel-
lulase production is also higher than that of xylanases. 
The effect of nitrogen sources on xylanase production is 
not studied as widely as cellulases. However, the results 
show that xylanase production can be increased by add-
ing different types of nitrogen sources into the fiber-based 
medium. The hydrolysis of DDGS provides simple sugars 
to meet the energy needs of fungal strains; but the pres-
ence of fiber components in the medium correlates with 
the high production of xylanase enzymes [21].

Conclusion

The effect of salts and nitrogen sources on the production of 
cellulases and xylanases is evaluated in this study. Salts did 
not have a positive effect (p > 0.05) on cellulase and xylanase 
production for the evaluated A. niger strains. The optimiza-
tion of nitrogen sources without salts improved the cellulase 
production from 0.174 to 0.56 IU/ml for A. niger (NRRL 
330). Xylanase production was increased significantly by 
this strain. The results show the efficiency of using nitrogen 
sources to decrease the fermentation period and increase 
enzyme production in the early days of fermentation.
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