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Abstract
Filamentous fungi play an important role in the production of a range of useful extracellular hydrolytic enzymes for wide 
industrial applications. The Western Ghats region is known for its rich microbial biodiversity and could be a potential source 
of several useful fungi that could be exploited for the production of industrially important enzymes. From this soil, we 
aimed at the isolation of multienzyme producing fungi, optimization of the culture conditions using solid-state fermentation 
(SSF), partial purification of enzymes and characterization by zymography. Out of seven fungal strains, two isolates, namely 
Penicillium citrinum and Aspergillus clavatus, were found to produce amylase and cellulase enzymes maximally. The effect 
of different physicochemical parameters on the production of amylase and cellulase was investigated and the maximum 
production of multienzymes was achieved in wheat bran substrate. The newly formulated and optimized medium increased 
the multienzyme production in P. citrinum and A. clavatus as compared to medium with individually optimized parameters. 
Further, for the first time, different isoforms of amylase and cellulase have been identified from P. citrinum and A. clavatus 
by zymography. In summary, the present study showed that the filamentous fungi can utilize the industrial waste product 
such as wheat bran as the substrate for multienzymes production by SSF and could be a promising source of enzymes for 
biotechnological applications.

Introduction

Several fungi have been recognized for decades as a vital 
source of natural biologicals for biomedical and industrial 
developments [1]. Filamentous fungi are skilled in secret-
ing a huge amount of primary and secondary metabolites 
into the production medium which has been extensively 
exploited industrially for years. This practice of the utiliza-
tion of these fungi has led us to generally consider several 

species of filamentous fungi as a safe and attractive host for 
the synthesis of novel products for human usage [2]. Cel-
lulases are inducible enzymes hydrolyzing β-1,4-glycosidic 
bonds of intact cellulose and other related cellooligosaccha-
ride derivatives which are classified as endoglucanase (EC 
3.2.1.4), exoglucanase (EC 3.2.1.91) and β-glucosidase (EC 
3.2.1.21). Endoglucanases hydrolyze the amorphous frac-
tion of the cellulose chain reducing its degree of polym-
erization [3]. The β-glucosidases, which possesses wide 
industrial application, primarily hydrolyzes β-(1,4) chemi-
cal bonds between glucose units [4]. These enzymes syner-
gistically hydrolyze cellulose into glucose and other soluble 
sugars. Among the lignocellulolytic enzymes, cellulases 
are found to be a potent source for a variety of industries 
such as chemicals, cosmetics, detergents, foods, and paper 
[5]. Amylases, the starch degrading hydrolases, are widely 
distributed in animals, plants, eukaryotes, and prokaryotes 
which play a major role in carbohydrate metabolism. These 
specifically cleave α-glycosidic linkage in starch and are 
categorized into α-amylase (EC 3.2.1.1) which randomly 
cleave the α-1,4 bonds between adjacent glucose units to 
produce maltose and maltodextrins, β-amylase (EC 3.2.1.2), 
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and glucoamylase (EC 3.2.1.3). Fungal amylases are more 
reliable and preferred over other sources due to ease of pro-
duction and cost-effectiveness. All these enzymes have wide 
applications in food, fermentation, paper, and textile indus-
tries [6–8].

The Western Ghats are known for the rich microbial 
diversity and hence considered as one of the biodiversity 
hotspots. Thus, the soil from this region could be a potential 
source of several useful fungi for industrial applications [9]. 
The combined effect and functional integration of multien-
zymes with distinct counterparts have established a major 
role in the industrial production of diverse biomolecules 
[10]. Several fungi have been exploited in the past for the 
isolation of useful industrially important enzymes such as 
amylase [8], β-glucosidases [4], and endoglucanases [3]. 
Keeping in view of all these, the present study was aimed 
at the isolation of filamentous fungi from soil samples of 
Western Ghat that are capable of producing extracellular 
enzymes, amylase, and cellulase.

Solid-state fermentation (SSF) is a better alternative over 
submerged fermentation for large-scale production of fungal 
metabolites as it resembles the natural environment for fungi 
to grow in the absence of free-flowing water. The fungi in 
SSF gives elevated production of metabolites by utilizing 
a cost-effective substrate with simpler equipment having 
lower operating expenses [11, 12]. Hence in this study, the 
selective isolation of fungi from this unique region was opti-
mized for various physicochemical parameters to enhance 
the enzymatic activities of amylase and cellulase by using 
solid-state fermentation.

Materials and Methods

Soil Sample Collection

The soil samples were collected from seven different places 
of the Agumbe forest Western Ghats region (13.5027°N, 
75.0903°E) in the state of Karnataka, India. The collection 
was performed by scraping a freshly exposed face from a 
depth of 3 inches below the surface with a sterilized scoop 
and transferred to sterile polythene bags. The collected sam-
ples were brought aseptically to the laboratory for further 
studies.

Isolation and Screening of Fungi

The isolation of fungi from the soil sample was carried out 
by the serial dilution method. The diluted samples were 
primarily screened by inoculating on potato dextrose agar 
(PDA) medium with a spread plate technique and incubated 
at 28 ± 2 °C for 5–7 days [13]. Each fungal isolate was sec-
ondarily screened for the amylase and cellulase activity on 

starch agar medium and carboxymethyl cellulose (CMC) 
agar medium, respectively, by point inoculation method. 
The zone of clearance on a selective medium by isolate was 
considered as screening criteria [14, 15].

Identification of Selective Isolates

The fungal isolates were microscopically identified with 
lactophenol cotton blue stain based on the morphologi-
cal characteristics like surface appearance, colony color, 
and texture. Appropriate references were made utilizing 
taxonomic descriptions and mycological features [16]. The 
potent amylase and cellulase producing fungi were identi-
fied, authenticated, and certified by the Agharkar Research 
Institute, Pune. The isolates were preserved at 4 °C in PDA 
slants for further use.

Inoculum Preparation

For the preparation of inoculum, a loop full of 72 h old cul-
ture grown on PDA medium having 106 spores mL−1 was 
suspended in Tween 80 (0.1%) and used for inoculation.

Enzyme Production and Extraction

Production and extraction of amylase and cellulase from 
each organism were carried out by the SSF method. The 
medium containing 10 g of wheat bran substrate with 10 mL 
of salt solution containing (g/L) KNO3 (2.0), MgSO4‧7H2O 
(0.5), K2HPO4 (1.0), ZnSO4‧7H2O (0.437), FeSO4‧7H2O 
(1.116), and MnSO4‧7H2O (0.203) at pH 7.0 in 250 mL 
Erlenmeyer flask was autoclaved at 121 °C for 30 min. The 
flasks were inoculated with 1.0 mL of spore suspension 
and incubated at 28 °C for eight days. The cultures were 
extracted with 100 mL of chilled sterile water by shaking for 
2 h in a rotary shaker. The obtained filtrate was centrifuged 
at 12,000×g at 4 °C for 10 min. The supernatant was filtered 
using Whatman filter paper and the crude enzyme extract 
was stored at 4 °C until further use [17].

Amylase Assay

The amylase activity was determined by mixing 0.1 mL of 
the enzyme solution with 0.5 mL of substrate (1% soluble 
starch in 0.1 M phosphate buffer, pH 7.0) and incubated 
at 40 °C for 30 min. Further, 1 mL of 3,5-dinitrosalicylic 
acid (DNS) reagent was added to the mixture and heated 
for 5 min in a boiling water bath which was then diluted by 
adding distilled water (10 mL). The absorbance was read at 
540 nm using spectrophotometer against a blank containing 
buffer. A calibration curve was made with glucose to convert 
colorimeter readings to a unit of activity. One unit (U) of 
amylase activity defines as the amount of amylase enzyme 
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liberating 1 µM of glucose/minute under described assay 
conditions [18].

Endoglucanase Assay

The endoglucanase activity was performed by adding 
0.5 mL of 50 mM sodium citrate buffer (pH 4.8), 100 µL 
of enzyme extract and 500 µL of 2% CMC into an assay 
tube. The samples were incubated at 50 °C for 30 min and 
1.0 mL of DNS was added. The tubes were kept in a boiling 
water bath for 5 min and 10 mL of distilled water was added 
and subsequently, the absorbance was measured at 540 nm. 
One unit (U) of enzyme activity described as the amount 
of enzyme needed to liberate 1 µM of glucose from CMC/
minute under the described assay conditions [19].

Total Cellulase Activity: Filter Paper Assay

The total cellulase activity (FPase) was estimated using 
Whatman No. 1 filter paper (1 cm × 6 cm) strip as a sub-
strate. A rolled strip (50 mg) of the filter paper was dipped 
into 0.5 mL of sodium citrate buffer (50 mM, pH 6.0) and 
incubated with 0.1 mL of enzyme extract at 50 °C for 1 h. 
To terminate the reaction, 1.0 mL of DNS was added and 
boiled for 5 min. The developed color was read at 540 nm. 
One unit (U) of enzyme activity was defined as the amount 
of FPase required to liberate 1 µM of glucose from the sub-
strate/minute under described assay conditions [20].

β‑Glucosidase Assay

The β-glucosidase activity was carried out with 
p-nitrophenyl-β-d-glucopyranoside (pNPG) as the substrate 
in a microtiter plate as per the standard protocol [21]. The 
enzyme extract (25 µL) was mixed with 50 µL of sodium 
acetate buffer (50 mM, pH 5.0) and the reaction was initiated 
by adding 25 µL of pNPG (10 mM) followed by incubation 
at 50 °C for 30 min. The reaction was ceased by adding 
100 µL of glycine–NaOH buffer (0.4 M, pH 10.8) and the 
developed yellow color was read at 405 nm using ELISA 
reader (MULTISKAN EX; Thermo Scientific). One unit (U) 
of β-glucosidase activity was expressed as the amount of 
enzyme required to release 1 µM of p-nitrophenol per minute 
under assay conditions.

One‑Factor‑At‑a‑Time (OFAT) Optimization

The various parameters that influence the enzyme produc-
tion were optimized by using the OFAT method. Different 
parameters were standardized for maximal amylase and cel-
lulase production. The parameters investigated were different 
substrates (wheat bran, rice bran, groundnut cake, coconut 
cake, soybean powder, bagasse, paddy husk), with a variable 

incubation period (3 to 8 days), initial pH (4 to 9), tempera-
ture (25, 30, 40 and 50 °C), salt concentration (1% to 4%), 
moisture content (5% to 20%), nitrogen sources (ammonium 
sulfate, ammonium nitrate, beef extract, and yeast extract), 
and carbon sources (starch, cellulose, glucose, and lactose). 
Each parameter was used individually for the optimization 
process to determine the best production medium [22]. Dif-
ferent parameters having optimum production of amylase 
and cellulase in selective isolates were then incorporated 
together to formulate a new fermentation medium for the 
enhanced production of enzymes.

Partial Purification

The partial purification of the extracted crude enzyme was 
achieved by ammonium sulfate precipitation followed by 
dialysis. In this process, the clear supernatant collected from 
the fermentation was subjected initially to 50% ammonium 
sulfate precipitation. The precipitate thus obtained was dis-
carded as there was no enzyme activity and the supernatant 
was further subjected to 60–80% ammonium sulfate pre-
cipitation, kept for 1 h at 4 °C and centrifuged at 14,000×g 
for 20 min. The pellet was dissolved in 5 mL of 10 mM 
phosphate buffer (pH 7.0) and dialyzed in the same buffer 
several times at 4 °C. The dialyzed enzyme mixture was 
lyophilized for further use.

Molecular Characterization

The selective fungal isolates producing maximum amylase 
and cellulase activity were subjected to molecular charac-
terization. The sequence analysis was performed at Genespy 
research service, Mysore. In brief, the fungal culture was 
transferred to cetyltrimethylammonium bromide (CTAB) 
buffer and the genomic DNA extraction was done accord-
ing to the standard protocol [23]. The tissue was crushed 
and vortexed thoroughly in the mixture containing CTAB 
buffer (800 µL) (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 
100 mM Tris–HCl, pH 8.0, 0.2% Mercaptoethanol) at 60 °C. 
The entire mixture was held at 60 °C for 20 min and briefly 
vortexed several times. After the incubation, 600 µL of chlo-
roform/octanol (24:1) was added by vortexing vigorously 
and centrifuged for 5 min. The supernatant was transferred 
to a microfuge tube containing an equal volume of ice-cold 
isopropanol and incubated on ice for 10 min. Later, it was 
centrifuged for 8 min and the pellet was rinsed with 80% 
ethanol, air-dried, suspended in 50–100 µL of water for 
Polymerase chain reaction (PCR) amplification.

The sequence analysis was performed by amplifying 
sequences of the internal transcribed spacer (ITS) regions 
1 and 2 by PCR (Thermocycler, Biorad) using the fungal 
universal primers, 5′-TCC​GTA​GGT​GAA​CCT​GCG​G-3′ 
(forward) and 5′-TCC​TCC​GCT​TAT​TGT​ATG​C-3′ (reverse). 
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The PCR was carried out in 25 μL reaction mixture con-
taining 4 μL of DNA template, 2.5 μL of 10× PCR buffer, 
2 μL of MgCl2, 5 μL of dNTPs, 0.36 μL of Taq polymerase, 
and 0.5 μL of forward and reverse primer. The amplification 
was followed with initial denaturation at 95 °C for 5 min, 
followed by 35 cycles of 94 °C for 1 min, 52 °C for 1 min, 
and 72 °C for 1 min with a final extension step of 72 °C for 
5 min [24]. Sequence analysis was done using ClustalX and 
GENEDOC software. The analysis of ITS sequence similar-
ity was performed using the basic local alignment search 
tool (BLAST) and comparisons to other microbial sequences 
were done with National Center for Biotechnology Informa-
tion (NCBI) database [25]. The phylogenetic and molecular 
evolutionary analyses were conducted using the software 
MEGA by the maximum likelihood method [26].

Electrophoresis

The sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) was performed according to the standard 
method [27] using Bio-Rad mini protean II electrophoresis 
unit with 12% resolving gel and 4% stacking gel at 150 V for 
65 min. The protein markers were run alongside the sample 
and protein bands were visualized by silver staining method 
[28].

Amylase Zymography

Amylase zymography was performed with slight modifi-
cations of SDS-PAGE containing 12% resolving gel and 
1.5 mg/mL soluble starch, whereas the stacking gel was 
made with 5% acrylamide lacking starch. Enzyme samples 
were loaded on to the wells along with gel-loading dye. The 
gel was washed for 10 min each twice using a washing buffer 
with little agitation. The first washing buffer contained 2% 
Triton X-100 in 50 mM Tris–HCl buffer (pH 7.4) whereas 
the second buffer contained 50 mM Tris–HCl (pH 7.4). 
The gel was then incubated for 1 h in modified substrate 
buffer (0.3 g CaCl2, 0.01 g NaCl, 0.5 mL Triton X-100, 0.3 g 
NaNO3 in 50 mL of 50 mM Tris buffer pH 5.5) for substrate 
digestion. The gel was rinsed with distilled water and stained 
for 5 min by diluting 1 mL of Lugol’s iodine stock solution 
(0.05 g I2, 0.1 g KI/mL) in 50 mL distilled water. The gel 
was rinsed repeatedly with distilled water to remove excess 
stain and photographed for documentation [29].

Cellulase Zymography

The cellulase zymography was performed after SDS-PAGE 
as per the standard protocol with some modifications. A 12% 
separation gel containing 0.1% carboxymethyl cellulose was 
poured into the plates. The gel was dipped for 30 min in 
sodium citrate buffer (50 mM, pH 5.5) containing 1% Triton 

X-100 for zymogram analysis. This was followed by incuba-
tion of gel for 30 min in sodium citrate buffer (50 mM, pH 
5.5) to allow for the enzymatic conversion of the substrate. 
Then the gel was stained for 30 min with 0.1% Congo red 
and 1 M NaCl solution was used to destain the gel [30].

Statistical Analysis

The data recorded during experiments were subjected to sig-
nificance testing using two-way ANOVA. GraphPad Prism 
software version 5.1 was used for the statistical analysis. Sta-
tistical significance was set at p < 0.05. Results were denoted 
as mean ± standard deviation (SD) of triplicate experiments.

Results and Discussion

Isolation, Screening, and Identification of Efficient 
Amylase and Cellulolytic Enzyme Producing Fungi

In the present study, after the primary screening on PDA 
medium, about 44 fungi were isolated from seven differ-
ent soil samples of the Agumbe region by serial dilution 
method. Later, secondary screening was done to isolate 
amylase and cellulase producers by selective medium i.e., 
starch agar and CMC agar by point inoculation method. A 
total of 30 amylase and cellulase producing fungal isolates 
were obtained from secondary screening. These are repre-
sented as low (+), moderate (++), and high (+++) amylase 
and cellulase activity exhibiters as shown in Table 1.

Among these, seven best amylase and cellulase producing 
fungal isolates were considered for further work based on 
the zone of clearance on agar plate during primary screen-
ing. The selected species identified by morphotaxonomic 
features as, Cladosporium herbarum, Penicillium chrysoge-
num, Penicillium sp., Sarocladium mycophilum, Penicillium 
citrinum, Penicillium camemberti, and Aspergillus clavatus. 
These are further used for extracellular enzyme production 
by solid-state fermentation using wheat bran as substrate. 
The dialyzed enzyme extract obtained from each isolate after 
fermentation was quantitatively measured for amylase and 
cellulase activity and among these the best of two isolates, 
namely P. citrinum and A. clavatus, were selected for opti-
mization and characterization of enzymes (Table 2).

The phylogenetic tree was constructed for P. citrinum 
and A. clavatus (Fig. 1) by comparing with strains from 
GenBank with the highest similarities. The phylogenetic 
tree was constructed using the Maximum Likelihood 
method [31]. The neighbor-joining tree and subtree were 
generated using MEGA7 software [32]. The analysis of 
ITS sequences of P. citrinum and A. clavatus supported the 
results obtained in morphological identification. Accord-
ing to the NCBI blast search, the ITS region sequence 
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of the isolated fungi had 100% homology with Penicil-
lium citrinum and Aspergillus clavatus. Hence the ITS 
sequences of both the fungal strains, P. citrinum, and A. 
clavatus were submitted to GenBank and obtained acces-
sion numbers as MK271291 and MK271292, respectively.

Optimization of Amylase and Cellulase Production 
by Solid‑State Fermentation

Effect of Different Substrates on the Production of Enzyme

The fermentation process includes the selection of appropri-
ate substrate for SSF from various agro-industrial wastes for 
microbial growth and enzyme production [33]. Substrates 
such as rice bran, wheat bran, paddy husk, along with other 
starch-containing wastes have acquired importance as it 
supports the growth during enzyme production and wheat 
bran was reported as the utmost promising substrate [34]. 
The substrate optimization was achieved by SSF method 
using seven substrates, viz. wheat bran (Wb), rice bran 
(Rb), groundnut cake (Gc), coconut cake (Cc), soybean 
powder (Sp), bagasse (Ba) and paddy husk (Ph) for amyl-
ase and cellulase production by P. citrinum and A. clava-
tus. The maximal amylase and cellulase production was 
obtained in wheat bran by both P. citrinum (17.30 ± 0.6 U/
mg; 14.88 ± 0.08 U/mg) and A. clavatus (47.98 ± 2.9 U/mg; 
29.10 ± 0.4 U/mg). The sugarcane bagasse gave the lowest 
amylase (1.87 ± 0.2 U/mg) and cellulase (1.48 ± 0.08 U/mg) 
production in P. citrinum. Groundnut cake (20.88 ± 2.3 U/
mg) and soybean powder (4.00 ± 0.3 U/mg) reduced amylase 
and cellulase production by A. clavatus (Fig. 2a). Though 
the production of enzyme from P. citrinum and A. clava-
tus is relatively low/similar when compared to earlier data 
(Table 3), further enrichment of production medium will 
enhance the enzyme production relatively with wheat bran 
substrate. Earlier studies have shown that the maximum 
amylase production was obtained from A. oryzae by using 
dry fermented wheat bran as substrate at pH 6.0 in SSF [20]. 
Similarly, with F. solani SY7 highest amylase production 
(141.18 U/g of dry substrate) was achieved under SSF using 
wheat bran after the 3rd day of incubation [35]. The wheat 
bran supplies appropriate nutrients and can remain loose 
even in moist conditions by providing huge surface area 
[36]. Hence, in the present study, wheat bran was used as a 
substrate for all the optimization criteria. 

Effect of Incubation Time on the Production of Enzyme

The effect of incubation period on amylase and cellulase 
production by P. citrinum and A. clavatus was studied 
by incubating for 3 to 8 days. The production of amylase 
(64.00 ± 9.2 U/mg), endoglucanase (111.56 ± 4.9 U/mg), 
FPase (17.67 ± 2.5 U/mg), and β-glucosidase (10.99 ± 0.9 
U/mg) was maximum on the 4th day of the incubation 
period and thereafter a decrease in the production was 
observed with P. citrinum (Fig. 2d). Increased produc-
tion of amylase (155.84 ± 8.8 U/mg) and endoglucanase 
(15.47 ± 1.6 U/mg) was observed with A. clavatus on the 

Table 1   A series of fungal isolates exhibiting different rate of amyl-
ase and cellulase activity on selective medium

a Maximum amylase and cellulase activity showing organisms in pri-
mary screening

Sl. no Organism Amylase activity Cellulase activity

1 Penicillium sp. +++ +
2 Cladosporium herba-

ruma
+++ +++

3 Mucor sp. ++ ++
4 Aspergillus ochaceous +++ +
5 Penicillium chrysoge-

numa
+++ +++

6 Aspergillus sp. ++ ++
7 Penicillium citrinum + ++
8 Penicilllium chrysoge-

num
+ +

9 Penicillium brevicom-
pactum

++ ++

10 Penicillium griseoful-
vum

++ +

11 Aspergillus nidulans + +
12 Penicillium sp.a +++ +++
13 Sarocladium mycophi-

luma
++ +++

14 Aspergillus terreus ++ +
15 Penicillium chrysoge-

num
+ ++

16 Penicillium citrinuma +++ +++
17 Penicillium brevicom-

pactum
+ +

18 Aspergillus versicolor + +
19 Penicillium camem-

bertia
+++ +++

20 Alternaria sp. + +
21 Penicillium sp. ++ ++
22 Aspergillus clavatusa +++ +++
23 Penicillium chrysoge-

num
+ ++

24 Aspergillus niger +++ ++
25 Aspergillus clavatus + +
26 Penicillium sp. + +
27 Cladosporium herba-

rum
+ +

28 Rhizopus sp. + ++
29 Aspergillus fumigatus +++ ++
30 Trichoderma sp. + ++
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4th day of incubation. The FPase (7.42 ± 0.6 U/mg) and 
β-glucosidase (3.85 ± 1.0 U/mg) activity was maximum on 
the 6th day of incubation (Fig. 2b). Further, an increase in 
the incubation period resulted in decreased enzyme pro-
duction in both cases. After a certain period, the reduced 
enzyme production may be due to the depleted nutrients, 
a pH change in the medium or depletion of more amor-
phous substrates [43]. This is inconsistent with an earlier 
observation that A. terreus GN1 isolated from the Jammu 
region compost soil showed a decrease in cellulase produc-
tion with increased incubation time [44]. It was also found 
that the amylases production was maximum on the 5th day 
of the incubation at 30 °C by SSF from Aspergillus sp. 
MK07 [45]. Similarly, A. niger showed increased cellulase 
activity after 5–6 days of incubation in the presence of rice 
straw [46]. The depletion of oxygen in the medium due to 
static fermentation conditions may be another vital cause 
of the reduction in enzyme production.

Effect of Carbon Source on the Production of Enzyme

The effect of different carbon sources on amylase, FPase, 
β-glucosidase, and endoglucanase production by P. citri-
num is shown in Fig. 2e. The data indicates that the maxi-
mum production of amylase (29.66 ± 0.5 U/mg) and FPase 
(14.57 ± 0.9 U/mg) were observed with 2% starch. The 
maximum β-glucosidase (3.13 ± 0.5 U/mg), and endoglu-
canase (14.57 ± 0.9 U/mg) production were observed with 
2% glucose and 2% lactose. Further, 2% lactose reduced 
FPase (12.69 ± 1.2 U/mg) production and 2% cellulose as 
a supplement reduced amylase (17.02 ± 1.8 U/mg), endo-
glucanase (17.95 ± 2.7 U/mg), and β-glucosidase (1.62 ± 0.1 
U/mg) production. The highest amylase (160.78 ± 10.9 U/
mg) activity by A. clavatus was obtained when 2% lactose 
was used as a carbon source and 2% cellulose as carbon 
source reduced amylase (87.36 ± 1.9 U/mg) production 
but enhanced endoglucanase (19.88 ± 1.3 U/mg), FPase 
(7.34 ± 0.9 U/mg), and β-glucosidase (3.72 ± 0.39 U/mg) 

Table 2   The total activity and 
specific activity of amylase 
and cellulase after the partial 
purification

The results are mean of three independent experiments
a Highest amylase and cellulase activity producing organisms in secondary screening

Sl. no Name of the organism Amylase Cellulase

Activity (U/mL) Specific activity 
(U/mg protein)

Activity (U/mL) Specific activity 
(U/mg protein)

1 Cladosporium herbarum 0.40 ± 0.02 1.37 ± 0.12 0.16 ± 0.017 0.56 ± 0.12
2 Aspergillus clavatusa 1.29 ± 0.01 24.66 ± 0.3 0.66 ± 0.015 19.03 ± 0.3
3 Penicillium camemberti 0.40 ± 0.08 0.99 ± 0.08 0.64 ± 0.02 1.57 ± 0.08
4 Sarocladium mycophilum 0.11 ± 0.01 0.41 ± 0.005 0.16 ± 0.015 0.62 ± 0.005
5 Penicillium citrinuma 0.27 ± 0.015 1.35 ± 0.03 1.27 ± 0.05 6.22 ± 0.03
6 Penicillium chrysogenum 0.48 ± 0.005 1.10 ± 0.09 0.16 ± 0.01 0.38 ± 0.09
7 Penicillium sp. 0.27 ± 0.001 0.84 ± 0.02 0.64 ± 0.052 1.96 ± 0.02

Fig. 1   Phylogenetic tree for fungal strain Aspergillus clavatus (MK271292) and Penicillium citrinum (MK271291) with its closely related fungal 
strains based on ITS sequences
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Fig. 2   The enzymatic activity in the presence of different substrates 
[wheat bran (Wb), rice bran (Rb), groundnut cake (Gc), coconut cake 
(Cc), bagasse (Ba), paddy husk (Ph), and soybean powder (Sp)] on 
amylase [(  ) A. clavatus, (  ) P. citrinum] and cellulase [(  ) 
A. clavatus, (  ) P. citrinum] production (a), different incuba-

tion period and different carbon source on amylase (  ), endoglu-
canase (  ), FPase (  ), and β-glucosidase (  ) production from 
A. clavatus (b, c), and P. citrinum (d, e) by SSF. The results are the 
mean of three independent experiments and the bars correspond to 
standard deviations
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production. On the other hand, 2% lactose and 2% glucose 
lessened β-glucosidase (2.11 ± 0.1 U/mg), FPase (4.34 ± 0.6 
U/mg), and endoglucanase (13.64 ± 1.0 U/mg) production 
(Fig. 2c). The starch was shown to be a suitable carbon 
source for the optimal production of amylase by A. niger 
and R. stolonifer [47]. All the reducing sugars provoke the 
secretion of cellulase and no non-reducing sugars stimulate 
cellulase production, and the reducing end of the oligosac-
charides is required for the enzyme induction process [48].

Effect of Nitrogen Source on the Production of Enzyme

Both organic and inorganic nitrogen sources were added 
as supplements in the SSF medium. The maximal produc-
tion of amylase (35.15 ± 3.2 U/mg), FPase (14.36 ± 1.6 U/
mg), endoglucanase (39.26 ± 4.1 U/mg), and β-glucosidase 
(2.69 ± 0.3 U/mg) by P. citrinum was achieved with ammo-
nium nitrate as the nitrogen source. But yeast extract as 
nitrogen source decreased amylase, endoglucanase, and 
FPase production in P. citrinum. The ammonium sul-
fate as nitrogen source increased the production of amyl-
ase (122.97 ± 11.7 U/mg), FPase (19.79 ± 1.6 U/mg), and 
β-glucosidase (6.29 ± 0.1 U/mg) production by A. clava-
tus but hindered β-glucosidase production in P. citrinum. 
Ammonium nitrate as nitrogen source also increased the pro-
duction of endoglucanase (21.78 ± 2.6 U/mg) by A. clavatus 
but beef extract influenced the reduction of multienzyme 
production by A. clavatus considerably (Fig. 3a, b). It was 
observed that ammonium sulfate was the best inorganic 
nitrogen source for the maximum production of FPase and 
endoglucanase by A. flavus AT-2 and A. niger AT-3 strains 
[49]. Similar behavior has been observed in the case of C. 
asperatum for the production of amylase [50].

Effect of Temperature and pH on the Production of Enzyme

In SSF, temperature acts as the essential physical variable 
altering the production [51]. The optimization of incuba-
tion temperature for the production of FPase (3.57 ± 0.2 U/

mg), endoglucanase (13.62 ± 0.7 U/mg), and β-glucosidase 
(2.90 ± 0.2 U/mg) from A. clavatus under SSF conditions 
revealed that the enzyme production gradually increased 
from 25 to 40 °C and maximal enzyme production of all 
the three enzymes was observed at 40 °C. Any increase in 
temperature beyond 40 °C had a drastic adverse effect on 
the enzyme production but amylase (112.73 ± 8.2 U/mg) 
production was maximum at 30 °C and a further increase 
in temperature reduced enzyme production (Fig. 3c). In 
case of P. citrinum, the temperature of 25 °C was optimum 
for amylase (121.84 ± 8.8 U/mg) and FPase (4.34 ± 0.4 U/
mg) production and 40 °C was found to be optimum for the 
maximum production of endoglucanase (13.59 ± 0.8 U/mg), 
whereas 30 °C was optimum for β-glucosidase (2.69 ± 0.3 
U/mg) production (Fig.  3d). At 50  °C, both the organ-
isms did not grow in the production medium. It has earlier 
been reported that an increased cellulase production was 
observed in A. niger (25 °C and 30 °C) and T. reesei (30 °C) 
up to 30 °C and later its production has declined [52, 53]. 
The optimum temperature of exactly 40ºC was needed for 
increased cellulase production from T. castaneum [53]. The 
best temperature for amylase production by A. niger was 
between 25 to 30 °C and incubation at higher temperatures 
affected the enzyme synthesis [45].

The pH is also a significant factor where the concentra-
tion of hydrogen ions in the medium determines the devel-
opment and morphology of microorganisms in the enzyme 
production [54]. The pH is condition which play a vital 
role in enzyme production. The maximum productivity 
of FPase (7.99 ± 1.2 U/mg), β-glucosidase (4.20 ± 0.7 U/
mg), and endoglucanase (46.94 ± 6.6 U/mg) were recorded 
at pH 7.0 but amylase (29.20 ± 3.1 U/mg) production was 
highest at pH 5.0 by P. citrinum (Fig. 3e). The optimum 
pH for the production of endoglucanase (8.03 ± 0.7 U/mg), 
and β-glucosidase (2.05 ± 0.2 U/mg) was at pH 7.0 whereas 
amylase (50.44 ± 4.5 U/mg), and FPase (3.20 ± 0.3 U/mg) 
production was increased at pH 4.0 by A. clavatus (Fig. 3f). 
The cellulase production by Fomitopsis sp. RCK2010 was 
also maximum at medium pH 5.5. The optimum pH 5.0 

Table 3   Effect of different 
substrates on amylase and 
cellulase production in SSF

Substrate Organism Enzyme Activity Reference

Beetroot peel powder Monascus sanguineus α-Amylase 0.0287 U mL−1 [37]
Wheat bran A. niger ML-17 Amylase 4.4 ± 0.042 IU [38]
Ragi husk A. niger Amylase 213.15 U mL−1 [39]
Pea pods P. chrysogenum Cellulase 5.68 μmol mL−1 [40]
Wheat bran Trichoderma reesei 938 Cellulase 5.11 ± 0.33 IU gds−1 [41]
Wheat bran Rhizopus oryzae SN5 Cellulase 437 U g−1 [42]
Wheat bran A. clavatus Amylase 47.98 ± 2.9 U/mg –

Cellulase 29.10 ± 0.4 U/mg –
Wheat bran P. citrinum Amylase 17.30 ± 0.6 U/mg –

Cellulase 14.88 ± 0.08 U/mg –
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increased the cellulase production by P. chrysogenum in SSF 
with pea pod as a substrate [40]. The amount of α-amylase 
increased significantly in A. niger by increasing the pH value 
up to 6.5 [55].

Effect of Salt Concentration and Moisture Content 
on the Production of Enzyme

To understand the role of salt, different concentrations of 

Fig. 3   Effect of different nitrogen source, temperature, and pH on 
amylase (  ), Endoglucanase (  ), FPase (  ), and β-glucosidase 
(  ) production from A. clavatus (a, c, e), and P. citrinum (b, d, f) 

by SSF respectively. The results are the mean of three independent 
experiments and the bars correspond to standard deviations



2201Optimized Solid-State Fermentation Medium Enhances the Multienzymes Production from…

1 3

NaCl (1–4%) were employed to check the effect of con-
centration of NaCl on amylase and cellulase production by 
P. citrinum and A. clavatus. The results indicated that P. 
citrinum showed maximum amylase (39.26 ± 9.0 U/mg), 
FPase (17.63 ± 1.6 U/mg), β-glucosidase (4.73 ± 0.3 U/
mg), and endoglucanase (45.63 ± 6.7 U/mg) production 
in the medium containing 4% NaCl. But 1% NaCl con-
centration decreased enzyme production and 4% NaCl 
concentration enhanced multienzyme production in P. 
citrinum (Fig. 4a). A. clavatus gave maximum titer of 
amylase (162.71 ± 17.9 U/mg) at 2% NaCl, whereas 3% 
NaCl increased FPase (19.17 ± 0.7 U/mg), β-glucosidase 
(4.52 ± 0.6 U/mg), and endoglucanase (24.25 ± 4.5 U/mg) 
activity. A further increase in NaCl concentration reduced 
enzyme production (Fig. 4c). The optimized NaCl concen-
tration for maximum production of amylase by A. niger-
ML-17 and R. oligosporus-ML-10 was 0.5% and 0.75%, 
respectively [56]. In another study, however, the purified 

and characterized amylase enzyme produced by A. oryzae 
in SSF was with 0.1% concentration of NaCl [38].

The appropriate moisture content of the substrate is one 
of the critical factors influencing SSF. Our results revealed 
that, as moisture content increased, FPase (17.67 ± 2.2 U/
mg; 14.07 ± 1.7 U/mg) and endoglucanase (29.54 ± 4.3 U/
mg; 18.29 ± 2.9 U/mg) production also increased in both 
P. citrinum and A. clavatus. The maximum production was 
found at 15% moisture content in P. citrinum and A. clava-
tus, respectively. A 5% moisture content increased the amyl-
ase (43.37 ± 6.1 U/mg; 142.32 ± 9.2 U/mg) production by P. 
citrinum and A. clavatus and further alteration in moisture 
content had an adverse effect on enzyme production. The 
β-glucosidase (3.56 ± 0.4 U/mg; 4.63 ± 0.8 U/mg) produc-
tion was increased in presence of 15% and 20% moisture 
content in A. clavatus and P. citrinum, respectively (Fig. 4b, 
d). It was earlier reported that the highest amylase produc-
tion was observed at 25% of moisture content by A. niger 

Fig. 4   Effect of salt concentration and moisture content on amylase 
(  ), endoglucanase (  ), FPase (  ), and β-glucosidase (  
) production from A. clavatus (a, b), and P. citrinum (c, d) by SSF 

respectively. The results are the mean of three independent experi-
ments and the bars correspond to standard deviations
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DTO: H5 using wheat bran as substrate [57]. Further, 70% 
of moisture content was found to be optimum for cellulase 
production when banana peel was used as the substrate 
[58]. The moisture enabled better utilization of the substrate 
by the microorganisms and the effective mass transfer in 
the solid phase particles depends on the characteristics of 
the substrate and suitable moisture content. However, the 
increased moisture content influenced enzyme production 
negatively. It reduced the surface area of the particles and 
made the water film thicker, which lessened the accessibility 
of the air to the particles [59].

As a result of optimization, the enzyme production was 
maximum for each factor depending upon the provided 
nutrient. By combining all the best optimized parameters 
to each enzyme, one new medium was formulated to obtain 
maximum production of amylase and cellulase by P. cit-
rinum and A. clavatus through SSF which gave promising 
results. The optimized medium influenced the increased 
production of all the four enzymes in both the isolates 
when compared to individual optimization criteria. In P. 
citrinum, the amylase (121.84 ± 8.8 U/mg) production was 
maximum followed by endoglucanase (66.11 ± 5.2 U/mg), 
FPase (46.94 ± 6.6 U/mg) and β-glucosidase (12.96 ± 1.0 
U/mg) production. The increased production of amylase 
(131.40 ± 7.9 U/mg) endoglucanase (25.59 ± 1.5 U/mg), 
FPase (14.88 ± 0.08 U/mg), and β-glucosidase (9.49 ± 0.5 
U/mg) was observed in A. clavatus (Table  4). Taken 

together, our results indicate that the newly formulated 
optimal production medium yields the highest production 
of multienzymes in both P. citrinum and A. clavatus.

Partial Purification of Amylase and Cellulase

The crude enzyme extract was used for the purification 
of amylase and cellulase by ammonium sulfate precipi-
tation followed by dialysis. The protein was precipitated 
by using various ammonium sulfate concentrations in 
the range of 20 to 90% (w/v). The maximum activity was 
observed between 50 and 80% ammonium sulfate frac-
tions as compared to the rest of fractions. Accordingly, 
the crude enzyme extract was precipitated using 50–80% 
ammonium sulfate concentration for both the enzymes. 
The fractions were then subjected to dialysis and the activ-
ity was measured. In the case of A. clavatus, the partially 
purified amylase enzyme fraction showed 2219 U of total 
activity, 55.47/mg of specific activity with a recovery of 
30% and 21.01-fold of purification. Further, the partially 
purified cellulase fraction showed a total activity of 410 
U, specific activity of 13.66 U/mg with 19% yield and 
11.38-fold purification. On the other hand, the partially 
purified amylase fraction from P. citrinum showed a total 
activity of 1080 U, 30.85 U/mg of specific activity with 
30% of recovery and 8.69-fold purification. In the case of 
cellulase, the total activity was 462 U, the specific activ-
ity was 23.1 U/mg with a recovery of 33% and 4.16-fold 
purification (Table 5). Earlier studies have reported that 
the 80% ammonium sulfate fraction had a protein con-
tent of 21.54 mg/ml, specific activity of 14,864.94 U/mg 
with 83.8% recovery and 4.7-fold purification for cellulase 
from B. vallismortis RG-07 [60]. The endocellulase pro-
duced from endophyte F. oxysporum was reported to have 
achieved 15.9-fold purification with a yield of 27.7% [61]. 
Similarly, the cell-free dialyzed α-amylase from A. terreus 
NCFT4269 displayed 381 U of total activity and 15.24 U/
mg protein specific activity with 36.95% yield and 2.305-
fold purification [62].

Table 4   Effect of optimized medium on amylase, endoglucanase, 
FPase, and β-glucosidase production by SSF

The results are mean of three independent experiments

Organism Enzyme activity (mg of proteins)

Amylase Endoglu-
canase

FPase β-Glucosidase

A. clava-
tus

131.40 ± 7.9 25.59 ± 1.5 14.88 ± 0.08 9.49 ± 0.5

P. citri-
num

121.84 ± 8.8 66.11 ± 5.2 46.94 ± 6.6 12.96 ± 1.06

Table 5   Partial purification of amylase (A) And cellulase (C) From A. clavatus and P. citrinum 

Organism Purification steps Total activity 
(U)

Total protein 
(mg)

Specific activity 
(U/mg)

purification fold Yield (%)

Enzyme A C A C A C A C A C

Aspergillus clavatus Crude enzyme extract 7548 2238 2850 1850 2.64 1.20 1 1 100 100
(NH4)2SO4 precipitation 3552 555 350 80 10.14 6.93 3.84 5.77 47 25
Dialysis 2219 410 40 30 55.47 13.66 21.01 11.38 30 19

Penicillium citrinum Crude enzyme extract 3626 1387 1020 250 3.55 5.55 1 1 100 100
(NH4)2SO4 precipitation 1424 444 120 37 11.86 12 3.34 2.18 39 32
Dialysis 1080 462 35 20 30.85 23.1 8.69 4.16 30 33
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SDS‑PAGE and Zymographic Analysis

The partially purified amylase and cellulase from A. clavatus 
and P. citrinum were analyzed for their purity by SDS-PAGE 
and zymography technique. The molecular mass of partially 
purified P. citrinum amylase was found to be ~ 75 kDa and 
that of cellulase was ~ 155 kDa, ~ 130 kDa, and ~ 115 kDa, 
respectively, as observed by the zymographic analysis 
(Fig. 5a). In case of A. clavatus, the zymography revealed 
the presence of three bands of ~ 135 kDa, ~ 75 kDa, ~ 62 kDa 
with amylase activity and three bands with cellulase activity 
having molecular weight (MW) of ~ 130 kDa, ~ 69 kDa, and 
~ 35 kDa (Fig. 5b). The samples loaded for zymographic 
analysis were neither boiled nor treated with any denaturing 
agents. Hence, the proteins were in their native state and not 
denatured during gel separation. This confirms that the P. 
citrinum and A. clavatus produce three isoforms of cellulase 
and A. clavatus secretes three isoforms of amylase. However, 
in the case of P. citrinum, only one type of amylase was 
observed.

According to the available literature, to date, there are 
no reports about the production of amylase and cellulase 
isoforms both in A. clavatus and P. citrinum. In contrast, 
ours is the first report of the production of various isoforms 
of amylase as well as cellulase in A. clavatus and P. cit-
rinum. However, the multifunctional and multienzymes 

that are helpful in degrading cellulose and polysaccharide 
exist in many microorganisms including filamentous fungi 
[63]. The amylases and cellulases can cohabit in multiple 
forms as isoenzymes and the production of these isoforms 
can be accomplished by controlling numerous extracellu-
lar parameters [64]. The two purified α-amylase isoforms 
from A. oryzae strain S2 was reported to have the MW of 
50 kDa and 42 kDa [65]. An earlier study has reported the 
presence of two CM-Cellulase isozymes in the ammonium 
sulfate precipitate fraction of S. fredii CCRC15769 as indi-
cated by zymography which are shown to possess the MW 
of 19.6 kDa and 30 kDa [66]. In another study, the endoglu-
canase zymography of A. japonicus PJ01 revealed that the 
multienzyme complexes consisted of different isozymes that 
are produced in submerged and solid-state fermentation [67].

Conclusion

Among the several isolates screened, A. clavatus and P. 
citrinum yielded maximum multienzymes (amylase, endo-
glucanase, and FPase) via solid-state fermentation using 
wheat bran as the substrate as compared to other substrates 
studied. The productivity and yield of the enzyme were 
found to be appreciably influenced by various parameters 
such as temperature, pH, carbon source, and nitrogen 

Fig. 5   The electrophoretic analysis of partially purified enzymes 
from P. citrinum (a) and A. clavatus (b). M: Prestained protein ladder 
(245–10 kDa); 1: Partially purified enzyme obtained after ammonium 
sulfate precipitation and dialysis; 2: Enzymatic activity of partially 
purified amylase. 3: Zymogram of partially purified cellulase. Pro-

tein was detected by silver staining, a portion of the gel was separated 
and stained by iodine and Congo red stains for amylase and cellulase 
activity later the appeared zymogram was compared with marker pro-
teins



2204	 B. R. Shruthi et al.

1 3

source. The optimized production medium resulted in 
the increased production of amylase, endoglucanase, 
β-glucosidase, and FPase enzymes. The zymographic 
analysis demonstrated that the partially purified enzymes 
from both the isolates constituted different isoforms. Over-
all, our results indicated that the fungi from this unique 
Western Ghat region, which has not been explored so far, 
could be a potential source of commercially and industri-
ally important enzymes. However, further characterization 
of these enzymes is necessary to understand their unique 
properties for industrial applications.
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