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Abstract: Hydrolysis of cellulose and hemicelluloses into fermentable sugars is the primary step for
the production of fuels and chemicals from lignocellulosic biomass, and is often hindered by the
high cost of cellulolytic and hemicellulolytic enzymes. In the present study co- and monocultures of
Penicillium sp. AKB-24 and Aspergillus nidulans AKB-25 were used under a variety of fermentation
conditions to optimize enzyme production. Wheat bran was found to be the optimal carbon source
yielding maximum enzyme production under solid-state fermentation conditions due to its higher
water retention value (175%) and minimum C/N ratio (22.7). Penicillium sp. AKB-24 produced
maximum endoglucanase (134 IU/gds), FPase (3 FPU/gds), β-glucosidase (6 IU/gds) and xylanase
(3592 IU/gds) activities when incubated for 7 days at 30 ˝C and pH 7 with a moisture content of
77.5%, and 1.2% yeast extract and 0.1 (w/v) sodium dodecyl sulphate supplement. Co-culturing
of Penicillium sp. AKB-24 and Aspergillus nidulans AKB-25 enhanced endoglucanase, FPase, and
exoglucanase activities by 34%, 18%, and 11% respectively compared to Aspergillus nidulans AKB-25
alone under optimum conditions. Enzymes produced by co-cultivation released equal amounts
of reducing sugars at an enzyme dose of 15 FPU/g and reaction time 72 h, but the required
quantity of enzyme was 14% less compared to enzyme released from Aspergillus nidulans AKB-25
mono-culture. In conclusion, co-cultivation of Penicillium sp. AKB-24 and Aspergillus nidulans AKB-25
to produce enzymes for the hydrolysis of pearl millet stover is more cost-effective than cultivation
with Aspergillus nidulans AKB-25 alone.
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1. Introduction

Different species from the genus Aspergillus and Penicillium are the most commonly used
for the production of pharmaceuticals, food ingredients, and enzymes [1]. In most cases, these
fungal saprophytes are associated with degradation of plant polysaccharides, such as celluloses,
hemicelluloses, pectins, starches and other low molecular weight carbohydrates. These enzymes are
necessary to convert the natural carbon sources (mainly natural polymers) into small molecules and
enable the cell to assimilate it. High cellulose conversion requires high enzyme concentrations and
recycling of enzymes is difficult due to adsorption of enzymes to residual lignocelluloses [2]. The
hydrolysis of plant polymers decreases rapidly with time and leads to decreased yield and long process
times [3]. The surface area of cellulose is an important substrate characteristic for the determination of
initial rate of hydrolysis [4].
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Renewable resources are becoming increasingly important, plentifully available in nature and
have a potential for bioconversion into fuels and chemicals, both natural and man-made [5], to change
the world economically, socially, and environmentally [6]. Hydrolysis of the cellulosic components into
fermentable sugars is the primary step for the production of fuels and chemicals from lignocellulosic
biomass. The high cost of cellulolytic enzymes is the main obstruction in the cost-effective processing
of lignocellulosic biomass. Considerable efforts have been aimed at mitigating cellulase production
cost by improving the efficiency of known cellulase, identification of new, more active cellulase and
creation of a multi-component cellulase system optimized for selected pretreated substrates [7,8].
Compared to submerged fermentation (SmF), solid-state fermentation (SSF) technology has been
recognized to have lower consumption of water (concentrated enzymes) and energy and high side
activities, and generally, it has been claimed that product yields are higher [9,10]. Co-culturing of
fungi during SSF enhances the production of cellulolytic enzymes as they co-exited symbiotically on
natural solid substrate in nature. Co-culture enables production of more efficient enzyme mixtures
for industrial processes compared to monocultures [11,12]. For efficient hydrolysis of lignocellulosic
biomass in to reducing sugars, enzyme preparation requires balanced activities of all the components
of cellulases such as endo-β-1, 4-glucanases, exo-β-1, 4-glucanase, and β-glucosidase along with
xylanases [11,13]. All these enzymes act synergistically to hydrolyze lignocellulosic biomass by the
creation of new accessible sites for each other and prevention of product inhibition [14]. Products
obtained after hydrolysis of lignocellulosic biomass are composed mainly of glucose, xylose, cellobiose,
and oligosaccharides. Among them glucose is the most important product which can be converted
into a variety of specialty chemicals such as ethanol, methane, hydrogen, organic acids, microbial
polysaccharides, and single cell proteins [12,15]. Cellulolytic and hemicellulolytic enzymes have wide
range of applications in pulp and paper, textile, food, brewery and wine, animal feed, detergent,
and bioenergy industry [9,16,17]. The present study aimed at producing enzymes by co-culturing
Penicillium sp. AKB-24 and Aspergillus nidulans AKB-25 and mono culturing Penicillium sp. AKB-24.
Fermentation conditions were optimized in order to get higher enzyme production. Finally, the effect
of enzymes produced by co-culture and monoculture techniques was investigated in terms of the
hydrolysis of pearl millet stover.

2. Materials and Methods

2.1. Isolation and Identification of Fungi

The two fungal isolates AKB-24 and AKB-25 were isolated from the soil samples (rich in decaying
lignocellulosic materials) and collected from district Jaipur in Rajasthan, India. Both the fungal isolates
AKB-24 and AKB-25 sent to Microbial Culture Collection, National Centre for Cell Science, Pune
(India) and National Fungal Culture Collection of India, Agharkar Research Institute, Pune (India)
respectively for their identification. The fungal isolates were maintained over potato carrot agar (PCA)
slants at 4 ˝C.

2.2. FE-SEM Analysis of Selected Fungal Strains

FE-SEM analysis of sexual and asexual spores of fungal strain AKB-25 was carried out for their
detailed morphological study. Fungal mat with along spores was subjected to fixation using 3%
glutaraldehyde (v/v) and 2% formaldehyde (4:1) for 6 h. Following the primary fixation, samples were
washed with distilled water and this process was repeated three times. Samples were then treated with
ethanol gradients for dehydration. After dehydration, samples were air-dried and examined under
FE-SEM at suitable voltage and magnifications.

2.3. Preparation of Substrates

Various agro-residues such as sugarcane bagasse, black gram residue, corn stover, pearl millet
stover, rice straw, rice husk, sugarcane tops, sun hemp residue, wheat bran, wheat straw collected from
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Muzaffarnagar district in Uttar Pradesh, India. All the agro-residues washed with tap water, dried in
sunlight and chopped in to 1–2 cm pieces. After chopping, all the residues dried at 70 ˝C overnight to
remove residual moisture. Dried agricultural residues were ground in a Wiley mill in the particle size
range of 250 to 1400 µm and they were used as the substrates for enzyme production. The elemental
carbon and nitrogen contents in various agro-residues were estimated with organic elemental analyzer
(Thermo scientific, Flash 2000, Cambridge, UK). Water retention value is the percent ratio of contained
water in the sample after centrifuging at a relative centrifugal force relative to dry weight of the sample.
The samples were centrifuged at relative centrifugal force of 900 G for 30 min where G is the relative
centrifugal force at room temperature, which is given in multiples of earth gravity. The samples
were removed onto aluminium foil, the wet weights were measured and the samples were dried at
105 ˘ 2 ˝C until they reached constant mass (dry weights). The WRV was calculated as per equation
given by Cheng et al. [18,19].

WRVp%q “
Wwet ´Wdry

Wdry
ˆ 100

where Wwet is the weight of wet sample after centrifugation and Wdry is weight of oven dried samples.
For hydrolysis studies, pearl millet stover was pretreated with 3% NaOH (as such) at 121 ˝C

for 20 min. During pretreatment, solid to liquid ratio was maintained at 1:8. Alkali pretreated solid
residue was repeatedly washed with tap water to neutral pH and finally washed with distilled water.
After washing, pretreated solid residue used for enzymatic saccharification without drying.

2.4. Enzyme Production under SSF

Various agricultural residues such as sugarcane bagasse, black gram residue, corn stover, pearl
millet stover, rice straw, rice husk sugarcane tops, sunhemp residue, wheat bran, and wheat straw
were used as carbon sources for enzyme production during SSF. Five gram of each substrate was
moistened with Mandel Weber media (g/L: 1.4 (NH4)2SO4, 2.0 KH2PO4, 0.3 CaCl2, 0.3 MgSO4¨ 7H2O,
0.1 Tween-80 and trace elements: 0.005 FeSO4¨ 7H2O, 0.0016 MnSO4¨ 7H2O, 0.0014 ZnSO4¨ 7H2O, 0.002
CoCl2¨ 6H2O). Initial moisture content and initial pH were maintained at 77.5% and 5.5% respectively.
The initial pH of Mandel Weber media for enzyme production was adjusted with 1 N¨HCl or 1 N
NaOH before adding to the flasks. Flasks were sterilized by autoclaving at 121 ˝C for 30 min. Flasks
were inoculated with five discs of actively growing fungi and incubated at 30 ˝C for 6 days [12]. The
enzyme was extracted on rotator shaker at 150 rpm and 30 ˘ 1 ˝C for 60 min by adding 50 mL distilled
water to the fermented medium. Following the centrifugation, different enzyme activities such as
endoglucanase, filter paper activity (FPase), β-glucosidase and xylanase activities were determined
in supernatant.

2.5. Optimization of Cultural Conditions

Optimization of different cultural parameters for enzyme production was performed by using
one factor at a time (OFAT) approach [20]. For the selection of best carbon source, several agricultural
residues were utilized for enzyme production under SSF. To optimize incubation time, harvesting of
enzyme was carried out up to 10 days at an interval of 24 h. To find out the effect of temperature on
enzyme production, fermentation was carried out at different temperatures (26–42 ˝C) at an interval
of 4 ˝C. The effect of pH on enzyme production was assessed by adjusting initial pH of production
medium varying from 3 to 10 keeping a gap of 1 with 1 N HCl or 1 N NaOH. The effect of moisture
content on enzyme production was assessed by varying the initial moisture content to 55.0%, 65.0%,
70.0%, 75.0%, 77.5%, 80.0%, 82.5%, and 85%. The effect of nitrogen sources enzyme production was
investigated by supplementing the medium with nitrogen sources like NH4Cl, NH4NO3, (NH4)2PO4,
(NH4)2SO4, NaNO3, HN2CONH2 (simple) and beef extract, malt extract, peptone, soybean meal,
tryptone, and yeast extract (complex) at four different concentration levels. The concentration of
inorganic and organic nitrogen sources was tested at levels 0.04%, 0.08%, 0.12%, and 0.16% (as available
nitrogen basis) while complex organic nitrogen sources were supplemented as 0.4%, 0.8%, 1.2%, and
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1.6% (as w/v basis). In order to observe the effect of surfactant on enzyme production, various
surfactants (Tween-20, Tween-40, Tween-60, Tween-80, Triton-x-100, SDS and EDTA) were added at
concentrations like 0.05, 0.10, and 0.15% (w/v) to the NSS solution.

2.6. Enzyme Production with Co-cultivation of Penicillium sp. AKB-24 and Aspergillus nidulans AKB-25

All the fermentation conditions were optimized for Penicillium sp. AKB-24 and optimal
conditions for Aspergillus nidulans AKB-25 were taken from PhD thesis [21] for comparing the
results of mono-cultivation with mixed cultivation. The co-cultivation of Penicillium sp. AKB-24
and Aspergillus nidulans AKB-25 were carried out at optimal conditions as reported in Section 3.8.
Likewise, fermentation medium was inoculated with five discs of actively growing Penicillium sp.
AKB-24 and incubated for 3 days at 30 ˝C, after 3 days of incubation, spores of A. nidulans AKB-25
were added (1 ˆ 105/g of substrate). The extraction of enzyme was carried out after seven days of
incubation and analysed for various enzyme activities as cited above.

2.7. Saccharification Studies

The saccharification of alkali pretreated pearl millet stover (substrate) was carried out maintaining
the 2% concentration. Different doses of enzymes varying from 5 to 20 FPU/g dry weight of substrate
were added to the substrate making up the final reaction volume of 50 mL and maintaining the pH
at pH 5.0 with citrate buffer. Further, the reaction mixture was incubated at 50 ˝C and 120 rpm for
96 h in an incubator shaker (New Brunswick Scientific, Innova® 43, NJ, USA). To prevent microbial
contamination during saccharification process, 0.01% sodium azide was added to reaction mixture.
Hydrolysate samples were withdrawn up to 84 h at regular intervals of 12 h and centrifuged to remove
remaining solids. The degree of saccharification was estimated based on released reducing sugars as
per method given by Miller [22].

2.8. Enzyme Assays

All the enzyme activities were assayed by incubating appropriately diluted crude enzyme with
respective substrates which were dissolved in citrate buffer (50 mM, pH 5.5) at 50 ˝C. Endoglucanase
and FPase activities were determined by the method as described by Ghose (1987). Endoglucanase
activity was determined by reacting 0.5 mL appropriately diluted crude enzyme with 0.5 mL of
2% (w/v) carboxymethyl cellulose of medium viscosity (Sigma Chemical Co., St. Louis, MO, USA)
for 30 min at 50 ˝C. FPase activity was analyzed by incubating Whatman no. 1 filter paper strip
of 50 mg (approximately 1 ˆ 6 cm) with crude enzyme totaling a reaction volume of 1.5 mL at
50 ˝C for 60 min [23]. Xylanase activity was measured by incubating the 500 µL appropriately
diluted crude enzyme with 500 µL of 1% (w/v) beechwood xylan (Sigma Chemical Co., St. Louis,
MO, USA) at 50 ˝C for 15 min. One unit of enzyme activity is defined as the amount of enzyme
required to liberate one micromole of reducing sugars by hydrolyzing respective substrate per min
per mL under reaction conditions [24]. β-glucosidase activity was determined by using 5 mM
p-nitrophenyl-β-D-glucopyranoside as substrate [25]. One unit of β-glucosidase activity is defined
as amount of enzyme that produces one micromole of p-nitro phenol per min per ml under specified
assay conditions. The concentration of reducing sugars was quantified by dinitrosalicylic acid (DNS)
method [22]. Enzyme activities were expressed as activity units per gram of initial dry solid substrates
(IU/gds).

2.9. Statistical Analysis

All experiments were carried out in triplicate and experimental results were represented as the
mean ˘ standard deviation of values. The significance of difference between means of each variable
was analyzed with one way analysis of variance (ANOVA) at confidence limit of 95%. The means with
same letters (in tables and figures) indicate that those means are not significantly different (i.e., p > 0.05)
while means with different letters show significant differences between them (i.e., p < 0.05).
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3. Results and Discussion

3.1. Identification of Microorganisms

Isolation for cellulase and xylanase producing fungi was carried out from different sites in
three states, namely Uttar Pradesh, Uttarakhand and Rajasthan in India. Primary screening for
cellulose-producing fungi was carried out on medium composed of various constituents expressed as
g/L: 1.0 carboxymethyl cellulose (CMC), 1.0 peptone and yeast extract, 0.5 K2HPO4, 0.5 MgSO4¨ 7H2O,
0.005 FeSO4¨ 7H2O, 0.0016 MnSO4¨ 2H2O, 0.0014 ZnSO4.7H2O, 0.002 CoCl2¨ 6H2O, and 15 agar.
The fungal isolates AKB-24 and AKB-25, originated from Rajasthan, India were selected as potential
cellulase and xylanase producers [26]. ITS sequencing of fungal strains (AKB-24 and AKB-25) was
carried out at Microbial Culture Collection (MCC), National Centre for Cell Science, Pune, India. The
fungal isolate AKB-24 identified as Penicillium sp. at MCC, National Centre for Cell Science, Pune,
India and deposited with accession number MCC 1031. Similar sequences obtained from GenBank
and alignment of similar sequences carried out using ClustalW software. The phylogenetic tree was
constructed for Penicillium sp. AKB-24 and closely related organisms by using neighbour joining
method software MEGA 5.2 (Figure 1) [27]. Fungal strain AKB-25 was identified as Aspergillus nidulans
based on morphological characteristics by the National Fungal Culture Collection of India, Agharkar
Research Institute, Pune (India) and deposited with accession number NFCCI 2977. Scanning
electron microscopy was carried out for the analysis of morphological characteristics of fungal strain
Aspergillus nidulans AKB-25 (Figure 2). Analysis of ITS sequences of fungal strain Aspergillus nidulans
AKB-25 also supported the results obtained in morphological identification. The ITS sequences of both
the fungal strains Penicillium sp. AKB-24 and Aspergillus nidulans AKB-25 were submitted to GenBank
with accession numbers KP734016 and KP734017 respectively.
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strains based on ITS sequences.
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3.2. Agricultural Residues as the Carbon Sources for Enzyme Production

Penicillium sp. AKB-24 produced the maximal endoglucanase activity (66.96 IU/gds) with wheat
bran as the carbon source and the descending order of endoglucanase production using next top two
agro-residues were as follows: rice straw (58.42 IU/gds) > sugarcane bagasse (41.85 IU/gds). Likewise,
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as the source of carbon, wheat bran produced the highest FPase activity (1.31 FPU/gds) and rice straw
and sunhemp residue produced the second (0.87 FPU/gds) and the third (0.50 FPU/gds) highest FPase
activities with fungal strain Penicillium sp. AKB-24.

In addition, Penicillium sp. AKB-24 produced the highest β-glucosidase activity using wheat
bran (2.75 IU/gds) as the best carbon source and followed by rice straw (2.52 IU/gds) and sunhemp
residue (1.60 IU/gds). Conversely, Penicillium sp. AKB-24 produced the highest xylanase activity
(2150.79 IU/gds) using corn stover as the carbon source which was further followed by wheat
bran (1865.15 IU/gds) and sugarcane tops (1628.95 IU/gds) (Figure 3). Based on the production
of FPase, endoglucanase and β-glucosidase, wheat bran was selected as the source of carbon for further
optimization. The effect of two important factors such as porosity and C/N ratio of the substrates
on enzyme production under SSF conditions was investigated. Porosity of all the substrates was
determined in terms of water retention value (WRV) and wheat bran and sugarcane tops showed the
maximum WRV of 174.94% and 171.12% respectively. Wheat bran showed the minimal C/N ratio
(22.68) compared to other substrates while sugarcane tops showed higher C/N ratio (69.49) (Table 1).
The higher porosity and lower C/N ratio of wheat bran favoured enzyme production.

The chemical compositions, accessibility, physical association of components in a substrate are
the most important factors for enzyme production by fungi under SSF [11,12]. Microorganisms
grow on external and internal moist particles surface during SSF conditions. The space between
particles is occupied by a continuous gas phase which is referred to as void volume or porosity of the
substrate [28,29]. Porosity of substrate maintains the oxygen availability required for fungal growth
during SSF conditions. Therefore, higher porosity of substrate improves the production of enzyme by
the fungal cultures under aerobic SSF conditions [28,30].
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Figure 3. Screening of different carbon sources for enzyme production by Penicillium sp. AKB-24: (A) 
endoglucanase; (B) FPase; (C) β-glucosidase; (D) xylanase. 

Table 1. C/N ratio and WRV of different crop residues. 

S. No. Substrates C % N % C/N Ratio WRV (%) 
1 Sugarcane bagasse 43.47 0.53 82.02 126.73 ± 3.17 a 
2 Black gram 42.59 0.98 43.46 145.15 ± 3.50 b 
3 Corn stover 43.93 0.74 59.36 160.12 ± 2.31 d 
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Table 1. C/N ratio and WRV of different crop residues.

S. No. Substrates C % N % C/N Ratio WRV (%)

1 Sugarcane bagasse 43.47 0.53 82.02 126.73 ˘ 3.17 a
2 Black gram 42.59 0.98 43.46 145.15 ˘ 3.50 b
3 Corn stover 43.93 0.74 59.36 160.12 ˘ 2.31 d
4 Pearl millet stover 40.37 0.48 84.10 128.27 ˘ 3.23 a
5 Rice husk 41.32 0.63 65.59 92.05 ˘ 3.60 e
6 Rice straw 36.58 0.66 55.42 148.79 ˘ 3.61 b
7 Sunhemp 43.27 0.54 80.13 133.24 ˘ 3.52 a
8 Sugarcane tops 42.39 0.61 69.49 171.12 ˘ 4.19 c
9 Wheat bran 44.12 1.95 22.63 174.94 ˘ 3.42 c

10 Wheat straw 43.12 0.68 63.41 144.78 ˘ 3.09 b

Wheat bran is able to remain loose in moist conditions; it thereby provides a large surface area
for fungal growth [16]. Wheat bran is a good source of nitrogen compared to other agro-residues
tested. Several researchers have indicated the importance of C/N ratio for enzyme production [31,32].
Delabona et al. [31] found a C/N ratio of 16.9 for wheat bran and reported enhanced production of
cellulase compared to other substrates by Aspergillus fumigates P40M2. Furthermore, wheat bran is a
suitable carbon source for induction of enzymes in filamentous fungi under SSF conditions due to its
composition [20]. Wheat bran contains starch (13.8%–24.9%), protein (13.2%–18.4%), cellulose (11.0%),
hemicellulose (10.9%–26%), fats (3.5%–3.9%), phenolic acids (1.1%), and ash (3.4%–8.1%) [33,34].
Wheat bran can supply ample nutrients like proteins, hemicelluloses, iron, zinc, copper and manganese
to microorganisms. In addition, hemicelluloses have proved a good inducer for the production of
cellulolytic enzymes and wheat bran is a rich source of hemicelluloses [35].

In solid-state fermentation, enzyme production was carried out using lignocellulosic biomass.
Cellulose and hemicelluloses are used as carbon source for the production of cellulolytic and
hemicellulolytic enzymes. Cellulose and hemicelluloses are the effective inducer for cellulolytic
and hemicellulolytic enzymes respectively. Cellulose and xylan are macromolecular polymers and they
cannot enter through cell wall of fungal mycelia. Constitutively produced cellulases and xylanases
act on these polymers to release the low molecular weight oligosaccharides, disaccharides and
monosaccharides, which play essential role in the induction of cellulases and xylanases. Xylose,
xylobiose, xylooligosaccharides and heterodisaccharides of xylose and glucose are released from the
xylan, which regulate the biosynthesis of xylanases [36]. Several oligosaccharides and disaccharides
such as cellobiose, sophorose, sorbose, δ-cellobiono-1,5-lactone, galactose, and gentiobiose induce the
production of cellulases. Cellulose was also reported as an inducer for the synthesis of xylanases [37,38].

3.3. Time Course of Enzyme Production

Figure 4 shows the time course of enzyme production by Penicillium sp. AKB-24 using wheat
bran as the substrate. Statistical analysis indicated that the increase in endoglucanase, FPase, and
xylanase activities from 6th to 7th day was significant (p value < 0.05). Maximum endoglucanase
(73.41 IU/gds), FPase (1.42 FPU/gds), and xylanase (1983.91 IU/gds) activities were obtained on
the 7th day of incubation using wheat bran as the carbon source, and beyond that all these enzyme
activities declined with time. Enzyme production in various microorganisms reached the maximum
level in stationary phase and declined during the death phase. During the death phase, depletion of
nutrient concentration and cellular fragmentation is very common, resulting in release of intracellular
material and proteases in fermentation broth [16,39]. Sehnem et al. [40] reported an optimum incubation
time of 7 days for cellulase production by Penicillium echinulatum. Penicillium sp. AKB-24 produced
maximum β-glucosidase (4.80 IU/gds) on the 9th day of incubation and decreased thereafter. However,
maximum endoglucanase, FPase and xylanase were observed on the 7th day of incubation while
the level of β-glucosidase reached its maximum value on the 9th day of incubation. This may due
to the existence of some soluble cellodextrins and cellobiose in the medium after exhausting of
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cellulose [41]. The present results are close to the findings of Deswal et al. [19] who reported maximum
endoglucanase and β-glucosidase production by Fomitopsis sp. RCK 2010 on the 11th and 15th days of
incubation, respectively.
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Figure 4. Effect of incubation time on enzyme production by Penicillium sp. AKB-24.

3.4. Effect of Temperature and Initial pH on Enzyme Production

Temperature is an important fungal-dependent parameter that affects the production of enzymes.
Therefore, it is necessary to optimize temperature for particular fungi to produce maximum enzyme
activity [12]. All the enzyme activities including, endoglucanase (72.85 IU/gds), FPase (1.43 FPU/gds),
β-glucosidase (3.41 IU/gds), and xylanase (1963.80 IU/gds) were found to be maximized at 30 ˝C by
Penicillium sp. AKB-24 (Figure 5). Increments in endoglucanase, FPase, β-glucosidase and xylanase
activities from 26 to 30 were significantly different (p value < 0.05), as shown by statistical analysis.
All enzyme activities declined significantly (p value < 0.05) at 34 ˝C. Higher temperature during
enzyme production might lead to poor growth and reduction in enzyme yield due to denaturation of
enzymes [12,42]. The results observed in the current study were in accordance with previous reports
where a temperature of 30 ˝C was reported to be the optimum for cellulase, xylanase and β-glucosidase
by P. citrinum [43] and P. decumbens [44].
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Penicillium sp. AKB-24 showed maximum, endoglucanase (76.69 IU/gds), FPase (1.51 FPU/gds),
β-glucosidase (3.75 IU/gds) and xylanase (2143.28 IU/gds) activities at an initial pH of 7.0 (Figure 6).
Increasing or decreasing the initial pH from the optimum value affected the enzyme production to
a lesser extent. Increases in endoglucanase, FPase, β-glucosidase and xylanase activities at pH 7.0
compared to pH 6.0 were not statistically significant (p value > 0.05). Therefore, pH adjusted in the
beginning is not a controlled factor during SSF conditions. Lignocellulosic substrates have complex
structures and have a buffering effect during SSF, which minimizes the variation in pH. The growth of
fungi during SSF also might vary the pH due to their metabolic activities [12,45].
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Figure 6. Effect of pH on enzyme production by Penicillium sp. AKB-24.

3.5. Effect of Initial Moisture Content on Enzyme Production

Influence of moisture content on enzyme production by Penicillium sp. AKB-24 was tested in the
55 to 85% range using wheat bran as the substrate. Penicillium sp. AKB-24 resulted in the maximum
endoglucanase (77.60 IU/gds), FPase (1.54 FPU/gds), β-glucosidase (3.94 IU/gds) and xylanase
(2214.17 IU/gds) production at 77.5% moisture content (Figure 7).
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Figure 7. Effect of moisture content on enzyme production by Penicillium sp. AKB-24.
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An increase or decrease in moisture content from the optimum value resulted in lower
endoglucanase, FPase, and β-glucosidase activities (significantly different as p value < 0.05). An
increase in xylanase production at 77.5% compared to 75.0% was statistically significant while a
decrease to 80.0% moisture content was not significantly different. A higher than optimum moisture
content led to a decrease in porosity, gummy texture, and lower oxygen transfer whereas a lower
moisture content led to decreased swelling of substrate and solubility of nutrients [46]. This inhibits
effective uptake of nutrients by fungi. If moisture is too high during SSF, risk of contamination by
unfavorable microorganisms is greater [12]. Liu et al. [44] reported maximum cellulase production
by Penicillium decumbens ML-017 at 72% moisture content using rice bran as the substrate under
SSF. Ng et al. [43] reported maximum endoglucanase, FPase, and β-glucosidase productions by
Penicillium citrinum YS40-5 during SSF at 90% moisture content on rice bran as the substrate. Maximum
endoglucanase, FPase, β-glucosidase and xylanase production at optimum cultural conditions by
Aspergillus nidulans AKB-25 is shown in Table 2 [21].

Table 2. Maximum enzyme production at optimum cultural conditions by Aspergillus nidulans AKB-25.

Variables Endoglucanase
(IU/gds)

FPase
(FPU/gds)

β-Glucosidase
(IU/gds) Xylanase (IU/gds)

Incubation time, 4 days 65.79 ˘ 3.19 1.58 ˘ 0.08 23.58 ˘ 1.30 1449.95 ˘ 81.63
Temperature, 30 ˝C 65.79 ˘ 3.88 1.60 ˘ 0.09 23.93 ˘ 1.50 1472.17 ˘ 76.25

Initial pH, 8.0 79.00 ˘ 3.19 1.73 ˘ 0.10 27.50 ˘ 1.33 1832.25 ˘ 125.50
Moisture contents, 80.0% 104.85 ˘ 6.98 2.06 ˘ 0.13 28.94 ˘ 1.78 1955.24 ˘ 126.30

˘ refers standard deviation.

3.6. Effect of Nitrogen Sources

Penicillium sp. AKB-24 induced the maximum level of endoglucanase using ammonium sulphate,
sodium nitrate and urea (0.08% expressed as available nitrogen) among various simple nitrogen sources
(Figure 8a). Among all the nitrogen, Penicillium sp. AKB-24 produced maximum endoglucanase
(115.05 IU/gds) with yeast extract (1.2% w/v) as the nitrogen source (Figure 8b. Among simple
nitrogen sources, Penicillium sp. AKB-24 induced maximum yield of FPase (2.14 FPU/gds) and xylanase
(2910.00 IU/gds) at urea dosing of 0.08% and 0.12% (expressed as available nitrogen) respectively
(Figure 9a). Penicillium sp. AKB-24 was found to be more effective to induce enzyme production
using complex nitrogen sources (beef extract, peptone, and yeast extract) compared to simple nitrogen
sources. Among all the nitrogen sources, Penicillium sp. AKB-24 presented the maximum production
of FPase (2.38 FPU/gds) and xylanase (2918.05 IU/gds) with yeast extract (1.2% w/v) as the complex
nitrogen source (Figures 9b and 10a,b). Fungal growth and synthesis of extracellular enzymes are
influenced by the availability of precursors of protein synthesis [46]. Proper combination of nitrogen
sources, lignocellulosic substrate, and fungal strain is necessary for optimum production of cellulases
and xylanases [12]. Maeda et al. [47] reported similar results with urea and yeast extract as the best
nitrogen sources for cellulase production by Penicillium funiculosum using pretreated sugarcane bagasse
as the carbon source. Adsul et al. [48] showed yeast extract to be the most suitable nitrogen source for
cellulase production by Penicillium janthinellum during SSF using wheat bran and pure cellulose as
the substrate.
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(b) Effect of complex nitrogen sources on endoglucanase production by Penicillium sp. AKB-24.
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3.7. Effect of Surfactants

Different concentrations, i.e., 0.05, 0.10 and 0.20% (w/v) of surfactants namely Tween-20, Tween-40,
Tween-60, Tween-80, Triton-X-100, and SDS and EDTA were added at optimum conditions to observe
their effects on cellulase and xylanase production by Penicillium sp. AKB-24. Except EDTA, all
the surfactants stimulated the production of cellulase and xylanase and among those, SDS had the
maximum stimulating effect for the production of cellulase and xylanase by Penicillium sp. AKB-24.
A SDS concentration of 0.10% (w/v) produced maximum endoglucanase (133.94 IU/gds), FPase
(2.96 FPU/gds), and xylanase (3592.26 IU/gds) (Table 3). SDS at a concentration 0.10% (w/v) produced
maximum β-glucosidase activity (5.88 IU/gds) by Penicillium sp. AKB 24 when added at optimum
conditions. Surfactant facilitated the penetration of NSS into the interstices of the substrate by
reducing the surface tension between NSS and substrate, wetting the substrate surface and emulsifying
the extractives.

The stimulatory effect of surfactants on enzyme production may be due to an increase in
the permeability of the cell membrane. Various reports show that some amount of cellulolytic
and hemicellulolytic enzymes is bound to fungal hypha or found in close association with hypha.
Surfactants may promote the release of cell bound enzymes [17,49]. Tween-80 and SDS have been
proved effective for the production of cellulases by Fusarium sp. [50] and Aspergillus sp. SU14 [51].
Sindhu et al. [52] investigated the effect of surfactants on cellulase production and observed the
maximum production of cellulase by Penicillium sp. using Tween-80 at 0.05% (w/v).

Maximum endoglucanase, FPase, exoglucanase, β-glucosidase, xylanase and amylase activities
were 133.94, 2.96, 2.48, 5.88, 3592.26 and 194.90 IU/gds respectively at optimum cultural conditions by
Penicillium sp. AKB-24 using wheat bran as substrate under SSF. Pirota et al. [53] reported maximum
endoglucanase (113.40 IU/g), FPase (0.25 IU/g), β-glucosidase (2.00 IU/g) and xylanase (507.90 IU/g)
by Aspergillus oryzae P27C3A using wheat bran as carbon source under SSF.

3.8. Improvement in Enzyme Production by Co-Cultivation

Co-cultivation of Penicillium sp. AKB-24 and Aspergillus nidulans AKB-25 resulted in higher
production of endoglucanase, FPase, and exoglucanase compared to monocultures of Penicillium sp.
AKB-24 and Aspergillus nidulans AKB-25 (Tables 4 and 5). The co-culture of fungi did not show
significant improvement in xylanase activity compared to Penicillium sp. AKB-24. The decrease in
amylase activity during co-culture (Black gram residue + wheat bran medium) may be due to lower
quantities of starch fermentation medium compared to a monoculture of Penicillium sp. AKB-24 on
wheat bran medium. The positive effect of co-culture of fungi on hydrolytic enzyme production may
be due to better adaptability and substrate utilization compared to monocultures [12]. Complete
hydrolysis of lignocellulosic substrate requires combined action of endoglucanase, exoglucanase and
β-glucosidase. The present study reveals that β-glucosidase production was low for Penicillium sp.
AKB-24 while Aspergillus nidulans AKB-25 produced higher level of β-glucosidase. The higher
quantity of β-glucosidase during co-culture prevents the accumulation of cellobiose, which acts
as inhibitor for endoglucanase and exoglucanase [11]. Fang et al. [41] reported improvement in FPase
and β-glucosidase production during co-cultivation of Trichoderma reesei RUT-C30 and Aspergillus niger
NL02. FPase and β-glucosidase activities were 3.30 and 1.01 IU/mL, respectively, during co-cultivation,
significant higher than those of monocultures, which were 2.48 and 0.24 IU/mL of T. reesei RUT-C30
and 0.20 and 0.70 IU/mL of A. niger NL02, respectively.

Gupte and Madamwar [11] also reported improved endoglucanase, FPase, exoglucanase and
β-glucosidase activity by the co-cultivation of Aspergillus ellipticus and Aspergillus fumigatus on
alkali-pretreated sugarcane bagasse during SSF. Yang et al. [54] observed increased cellulases and
ligninases activities with co-culturing of Tricoderma reesei RUT-C30 and Phanerochaete chrysosporium
using pumpkin residue as the substrate.
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Table 3. Effect of surfactants on enzyme production by Penicillium sp. AKB-24.

Surfactants Endoglucanase (IU/gds) FPase (FPU/gds) Xylanase (IU/gds)

Penicillium sp. AKB-24

0.05% 0.10% 0.20% 0.05% 0.10% 0.20% 0.05% 0.10% 0.20%
T-20 108.82 ˘ 5.69 123.47 ˘ 6.03 b 115.10 ˘ 5.47 2.47 ˘ 0.09 2.70 ˘ 0.10 b 2.24 ˘ 0.10 2978.88 ˘ 109.02 3261.69 ˘ 151.66 b 2855.71 ˘ 147.35
T-40 110.92 ˘ 5.71 125.57 ˘ 6.60 bc 115.10 ˘ 4.48 2.50 ˘ 0.11 2.64 ˘ 0.12 b 2.18 ˘ 0.12 2924.84 ˘ 141.26 3136.00 ˘ 162.13 b 2541.48 ˘ 133.68
T-60 108.82 ˘ 4.32 123.47 ˘ 5.96 b 113.01 ˘ 5.69 2.56 ˘ 0.11 2.79 ˘ 0.13 bc 2.41 ˘ 0.13 3002.76 ˘ 140.82 3262.95 ˘ 162.82 b 3049.27 ˘ 154.90
T-80 113.01 ˘ 5.81 129.75 ˘ 6.27 bc 121.38 ˘ 4.24 2.68 ˘ 0.12 2.91 ˘ 0.15 bc 2.78 ˘ 0.14 3002.76 ˘ 112.00 3335.85 ˘ 170.12 b 3081.95 ˘ 146.39

T-x-100 117.19 ˘ 5.10 b 113.01 ˘ 4.46 100.45 ˘ 4.90 2.70 ˘ 0.14 b 2.54 ˘ 0.13 2.45 ˘ 0.045 2435.90 ˘ 94.75 a 2185.77 ˘ 126.77 1690.55 ˘ 61.53
SDS 125.57 ˘ 5.95 133.94 ˘ 7.19 c 113.01 ˘ 3.76 2.63 ˘ 0.12 2.96 ˘ 0.14 c 2.67 ˘ 0.13 3094.52 ˘ 160.29 3592.26 ˘ 170.99 c 2379.34 ˘ 117.30

EDTA 98.36 ˘ 4.61 a 92.08 ˘ 3.48 85.80 ˘ 4.34 1.78 ˘ 0.11 d 1.61 ˘ 0.09 1.56 ˘ 0.08 2469.83 ˘ 130.16 a 2297.64 ˘ 81.79 2048.77 ˘ 88.71
Control 106.73 ˘ 5.14 a 2.08 ˘ 0.8 a 2510.06 ˘ 126.75 a

Aspergillus nidulans AKB-25

T-x-100 152.14 ˘ 8.29 3.42 ˘ 0.18 2441.03 ˘ 144.99

˘ refers standard deviation.

Table 4. Co-culture of Aspergillus nidulans AKB-25 and Penicillium sp. AKB-24.

Particulars FPase, FPU/gds Endoglucanase, IU/gds

Carbon sources *
Wheat bran (WB) 2.93 ˘ 0.10 137.19 ˘ 5.93
Black gram (BG) 3.48 ˘ 0.14 155.89 ˘ 5.19

WB:BG (1:1) 3.64 ˘ 0.14 172.52 ˘ 6.80

pH **
6 3.38 ˘ 0.12 166.29 ˘ 8.13
7 3.67 ˘ 0.17 174.60 ˘ 8.87
8 3.83 ˘ 0.16 187.07 ˘ 9.09

Moisture content ***
77.5 3.84 ˘ 0.15 187.07 ˘ 8.19
80.0 4.04 ˘ 0.19 203.70 ˘ 9.41

˘ refers to standard deviation. Fermentation conditions: * pH 7.0, moisture content 77.5%, temperature 30 ˝C, incubation time 7 days. ** Moisture content 77.5%, carbon sources-WB:BG
(1:1), temperature 30 ˝C, incubation time 7 days. *** pH 8, carbon sources-WB:BG (1:1), temperature-30 ˝C, incubation time 7 days.
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Table 5. Optimized conditions for enzyme production and comparison of production levels among monocultures and co-cultures of A. nidulans AKB 25 and
Penicillium sp. AKB 24.

Particulars A. nidulans AKB-25 Penicillium sp. AKB-24 Co-culture of A. nidulans AKB-25 and Penicillium sp. AKB-24

Optimal cultural parameters

Carbon source Black gram Wheat bran Black gram + Wheat bran
Incubation time (days) 4 7 7

Temperature (˝C) 30 30 30
pH 8.0 7.0 8.0

Moisture content (%) 80.0 77.5 80.0
Nitrogen source (%) Ammonium sulphate (0.12% N) Yeast extract (1.2% w/v) Ammonium sulphate (0.6% N) + Yeast extract (0.6% w/v)

Surfactant (%) Triton-x-100 (0.05% w/v) SDS (0.10% w/v) Triton-x-100 (0.05% w/v)

Enzyme activities

Endoglucanase (IU/gds) 152.14 ˘ 8.29 133.94 ˘ 7.19 203.70 ˘ 9.41 [(+33.88%) *, (+52.08%) **]
FPase (FPU/gds) 3.42 ˘ 0.18 2.96 ˘ 0.14 4.04 ˘ 0.19 [(+18.12%) *, (+36.48%) **]

Exoglucanase (IU/gds) 3.34 ˘ 0.14 2.48 ˘ 0.09 3.70 ˘ 0.13 [(+10.77%) *, (+49.19%) **]
β-Glucosidase (IU/gds) 44.05 ˘ 2.17 5.88 ˘ 0.26 35.28 ˘ 1.15 [(´19.90%) *, (+500%) **]

Xylanase (IU/gds) 2441.03 ˘ 144.99 3592.26 ˘ 170.99 3674.94 ˘ 183.12 [(+50.54%) *]
Amylase (IU/gds) 37.41 ˘ 1.95 194.90 ˘ 11.05 83.25 ˘ 4.30 [(+122.53%) *, (´57.28%) **]

˘ refers to standard deviation, (+/´) increase or decrease in enzyme activity in %. * Increase or decrease in enzyme activity compared to A. nidulans AKB-25. ** Increase or decrease in
enzyme activity compared to Penicillium sp. AKB-24.
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3.9. Saccharification by Crude Enzyme from Co-Culture

Crude enzyme produced from co-cultivation of A. nidulans AKB-25 and Penicillium sp. AKB-24
was evaluated for its ability to hydrolyze pearl millet stover at different enzyme doses varying from
5.0 to 20.0 FPU/g of substrate, hydrolysis time from 12 to 84 h for each enzyme dose and keeping other
conditions constant as described in Section 2.7. Release of reducing sugars increased with increasing
enzyme dose and 15 FPU/g produced maximum reducing sugars. An enzyme dose beyond 15 FPU/g
did not increase reducing sugars significantly (p value > 0.05) (Table 6). Furthermore, the release of
reducing sugars increased with increasing hydrolysis time and reached the maximum at a hydrolysis
time of 72 h for each enzyme dose. The release of reducing sugars beyond a hydrolysistime of 72 h
became insignificant (p value > 0.05) for each enzyme dose. The hydrolysis of substrate increases with
increasing enzyme doses up to a certain level afterwards, and the relative number of binding sites
reduces and enzyme may start competing for the same binding site leading to a reduction in overall
reaction rate [55,56].

Table 6. Enzymatic hydrolysis of pearl millet stover by crude enzyme from co-cultures of A. nidulans
AKB-25 and Penicillium sp. AKB-24.

Crude enzyme from co-cultures of A. nidulans AKB-25 and Penicillium sp. AKB-24

Enzyme activity (IU/mL) 0.42

Enzyme dosing (FPU/g) 5 (11.90 mL) * 10 (23.80 mL) * 15 (35.71 mL) * 20 (47.61 mL) *

Hydrolysis time (h)

12 259.24 ˘ 8.92 323.55 ˘ 16.50 406.52 ˘ 18.05 420.13 ˘ 15.84
24 336.08 ˘ 14.25 396.25 ˘ 13.79 476.11 ˘ 20.57 490.55 ˘ 24.92
36 389.96 ˘ 16.11 460.37 ˘ 19.98 532.54 ˘ 17.25 547.62 ˘ 21.25
48 419.49 ˘ 16.32 514.66 ˘ 22.23 575.27 ˘ 22.72 582.85 ˘ 25.35
60 446.17 ˘ 13.30 537.16 ˘ 21.11 602.39 ˘ 29.34 606.92 ˘ 22.09
72 455.64 ˘ 16.58 550.36 ˘ 26.75 612.45 ˘ 24.17 616.75 ˘ 27.57
84 458.82 ˘ 15.31 554.15 ˘ 24.05 615.38 ˘ 28.92 618.44 ˘ 27.77

Crude enzyme from A. nidulans AKB-25

Enzyme activity (IU/mL) 0.36

Enzyme dosing (FPU/g) 5 (13.88 mL) * 10 (27.77 mL) * 15 (41.66 mL) * 20 (55.55 mL) *

Hydrolysis time (h)

72 451.72 ˘ 14.44 556.14 ˘ 25.85 613.17 ˘ 20.42 610.35 ˘ 24.56

˘ refers standard deviation; * Values in bracket shows the amount of enzyme required in mL.

Crude enzyme from co-culture was found to be effective in hydrolysis of alkali-pretreated pearl
millet stover due to the higher amount of β-glucosidase and xylanase along with cellulase, which
plays an important role in the process of saccharification. Various researchers have indicated that
supplementation of xylanase and β-glucosidase improved the cellulose digestion at reduced cellulase
doses. High xylanase activity is helpful for higher conversion of cellulose and hemicelluloses into
reducing sugars. Xylanase solubilises the xylan in hemicelluloses and enlarges the pore size in
substrate, which assists cellulase action. Xylooligomers are the strong inhibitors of cellulases. Higher
amounts of xylanase in enzyme convert the xylooligomers into monomers and neutralize the effect of
inhibition by xylooligomers. The accumulation of cellobiose in the reaction mixture inhibits cellulase
enzyme during hydrolysis and β-glucosidase reduces the effect of inhibition by converting cellobiose
into glucose [56,57]. Chandel et al. [58] studied the hydrolysis of Saccharum spontaneum with cellulase
and xylanase from Aspergillus oryzae MTCC1846 and observed the maximum release of reducing sugars
(541.2 mg/g substrate) from alkali-pretreated substrate at an enzyme dose of 25 FPU/g.

Compared to enzymes obtained from co-cultivation of A. nidulans AKB-25 and Penicillium sp.
AKB-24, A. nidulans AKB-25 released the same amount of reducing sugars at an enzyme dose of
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15 FPU/g and reaction time 72 h. The enzyme produced by co-cultivation technique required less
(14.28%) enzyme compared to the enzyme produced by A. nidulans AKB-25 alone in the same conditions
and the same yield of reducing sugars. Therefore, enzyme production with the co-cultivation technique
is cost-effective.

4. Conclusions

The maximum surface area and minimum C/N ratio made the wheat bran the best carbon source
among other agro-residues for the production of cellulases. Production of endoglucanase, FPase,
and exoglucanase with the co-cultivation technique was cost-effective, as enzymes produced with
the co-cultivation method required less (14.28%) enzyme compared to enzymes produced with the
monoculture technique (A. nidulans AKB-25 alone) for the hydrolysis of pearl millet stover.
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