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Abstract With the aim to utilize deoiled rice bran, an
agro-industrial waste, as a feedstock for the co-production
of multiple carbohydrases, a fungal strain was isolated
which could utilize DORB to co-produce a consortium of
cellulases, hemicellulases, pectinase and amylases and was
named as Aspergillus niger P-19 after molecular identifi-
cation. Further, optimization for the co-production of all
the enzymes was carried out by one factor at a time
approach. Time profile studies of the production of
enzymes revealed that S5th day of incubation was best
suited for the extraction of enzymes. An initial solid to
moisture ratio of 1:1.5 and an inoculum size of 5 x 10’
spores gds™' were found to be optimum for maximum
productivities. Enzyme yields were significantly improved
with the exogenous supplementation of carbon source,
nitrogen source, surfactants and lignocellulosic inducers.
This is the first report of its kind where DORB has been
utilized for the co-production and co-optimization of eight
different enzymes which can have a potential application in
biofuel industry as the enzyme preparation could effec-
tively hydrolyze steam pre-treated DORB releasing a total

reducing sugars of 356.17 + 9.58 mg gds ™.
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article (doi:10.1007/s12649-015-9477-x) contains supplementary
material, which is available to authorized users.
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Introduction

Rapid rate of fossil fuel utilization and release of CO, into
the atmosphere has gathered global attention and prompted
efforts to develop alternate energy using renewable sources
[1]. Waste plant biomass appears to be one such promising
source as it has a store of solar energy in the form of
chemical bonds which can be exploited for various appli-
cations including fuel generation. Moreover, CO, released
by burning biomass in any form is equivalent to the amount
of CO, absorbed by the plant while growing [2]. This makes
biomass fuel desirable as it can deal with two major prob-
lems: waste biomass disposal and depleting fossil fuels.

In pursuance of generating fuel out of waste, an eco-
nomical method is required which governs the hydrolysis of
all the major polysaccharides present in waste biomass [3].
Polysaccharides present in plant biomass include the part of
food that is left in the waste during processing that mainly
comprises of starch and the plant cell wall components
which include cellulose, hemicelluloses and pectin [4]. As
eco-friendly processes are always favoured, enzymatic
hydrolysis of these polysaccharides is a core area of interest
for fermentation biologists. Thus, a consortium of amylases,
cellulases, hemicellulases and pectinase would be highly
desirable which can hydrolyse nearly all the polysaccha-
rides present in plant biomass. The ability of some microbes
to produce a mixture of enzymes can be a source of such
consortium. Among the various bacteria and fungi capable
of producing extracellular depolymerising enzymes, the
latter have been found better in terms of enzyme varieties
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and their yields [5]. Therefore, there is growing interest for
identifying fungal species that are the producers of multiple
carbohydrases.

Many of the residues like wheat straw [6], rice straw [7],
groundnut waste [8], palm kernel cake [9], cassava waste
[10], corn stover [11], coir waste and saw dust [12], soy-
bean hulls [13], waste paper [14], kitchen waste residues
[15], brewer’s spent grain [16] have been exploited for the
production of various industrial enzymes, but deoiled rice
bran (DORB) is one of the abundantly available residues
which are underexploited and is generally used as an ani-
mal feed supplement. World annual rice production has
increased from 472 million tonnes in 2012-2013 to 476
million tons in 2013-2014 with China and India being the
top two producers [17]. One hundred kilograms of paddy
on milling generally yields 56-58 kg white rice, 10-12 kg
broken rice, 18-20 kg husk, and 10-12 kg rice bran [18]. It
can thus be estimated that 47.6-57.12 million tonnes of rice
bran could be obtained from 476 million tonnes of paddy.
Rice bran, which is a by-product of rice milling industry,
contains about 20 % oil, 15 % protein, 5 % lignin and
approximately 50 % carbohydrates comprising cellulose,
starch, hemicelluloses and pectin [18]. DORB is the left
over residue after the extraction of rice bran oil from rice
bran that is rich in carbohydrates which can thus be
explored for the production of multiple carbohydrases. To
the best of our knowledge, there is only one report where
DORB has been used as a substrate for the production of
enzymes in which only endoglucanase (CMCase) and o-
amylase have been produced by co-culture of Aspergillus
oryzae and Trichoderma reesei [19]. As it contains a
mixture of polysaccharides, it can be explored for the
production of a wide range of carbohydrases which has
been attempted in the present study.

Above and beyond the type of substrate and microbe,
the production of enzymes is also influenced by various
cultural and nutritional factors like the moisture content,
inoculum size, C and N sources in the medium and many
more [20]. Thus, to obtain maximum yields, the recogni-
tion of suitable ingredients and cultural conditions is req-
uisite. Although optimization for the production of
enzymes has been carried out by many researchers [20-25],
but there is hardly any report where the co-production of
eight enzymes has been optimized for obtaining maximum
yields of all the enzymes which has been tried in the pre-
sent study.

In this study, we report the isolation of a fungal species
capable of producing multiple carbohydrases including
cellulases, hemicellulases, pectinase and amylases utilizing
DORSB as the feedstock. Optimization of various factors for
obtaining maximum enzyme yields has also been attempted
by using one variable at a time approach.

@ Springer

Materials and Methods
Microorganism

The fungal strain used in the study named as P-19 was
isolated from decaying papers, vegetables and soil samples
collected from various places of Chandigarh and Punjab,
India. This strain was selected on the basis of levels of
cellulolytic, hemicellulolytic, pectinolytic and amylolytic
enzymes produced by solid state fermentation of DORB.

Identification of the Strain

The strain was identified on the basis of the molecular
analysis done by 18S ribosomal sequencing taking the
services of Xcelris, India. The phylogenetic tree was gen-
erated using the MEGA 4 software [26].

Time Course for the Production of Multiple
Hydrolytic Enzymes by the Fungus Under Solid
State Fermentation

The production of multiple hydrolytic enzymes was carried
out under solid state cultivation conditions in 250 ml
Erlenmeyer flasks containing 5 g rice bran moistened with
5 ml of distilled water. The flasks were sterilized by
autoclaving at 15 psi for 20 min, inoculated with 2.5 ml of
fungal spore suspension (2.5 x 10’ spore/ml) and incu-
bated at 30 °C in stationary state for 10 days. The profile of
enzymes production was studied by withdrawing the flasks
at regular intervals of 24 h and the enzymes were extracted
by adding 200 ml of distilled water to each flask and
churning the contents in a blender. After churning, the
contents were filtered through metallic sieve and the solid
residue was thoroughly pressed to extract the remaining
liquid. Filtrate thus obtained was centrifuged at 10,000 rpm
at 4 °C for 15 min and the clear supernatant thus obtained
was used as enzyme preparation.

Enzyme Assays

The supernatants obtained from solid state cultures were
assayed at 50 °C, pH 4.0 for cellulases (endo-B-1,4-glu-
canase, exo-B-1,4-glucanase, and [-1,4-glucosidase),
hemicellulases (xylanase, mannanase), pectinase and
amylases (a-amylase, glucoamylase) by standard protocols
[27-32]. The activity of enzymes has been expressed in
International Units (IU) where one unit of the CMCase,
FPase, B-glucosidase, glucoamylase, xylanase, mannanase
and pectinase is equivalent to the enzyme that releases one
pmole of end product in one min under standard assay
conditions while for o-amylase, it is equivalent to the
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amount of enzyme which reduces the color of starch-iodine
complex by 10 % in 10 min. The productivities of the
enzymes have been expressed as IU per gram dry substrate
(IU gds™h.

Optimization of the Co-Production of Multiple
Enzymes

Production of all the enzymes was optimized by following
one variable at a time (OVAT) approach. The effect of
various physic-chemical factors including substrate to
moisture ratio (1:0.5-1:3), inoculum size (1 x 107 to
6 x 10" spores gds™'), supplementation of different
defined carbon and nitrogen sources (2.5 % w/w on dry
weight basis), surfactants (0.05 % w/w on dry weight
basis) and various raw lignocellulosic residues and their
delignified counterparts (10 % w/w on dry weight basis)
was analyzed. The delignification of such residues was
carried out by treating the powdered residues with 2 %
NaOH for overnight, at room temperature and then auto-
claving at 15 psi for 1 h. These were then neutralized,
washed and dried before use.

Application of In-House Produced Enzyme
Preparation in the Hydrolysis of DORB

Total carbohydrate of DORB was analyzed by phenol-
sulphuric acid method [33]. Ten grams of DORB dispensed
in 250 ml screw capped Erlenmeyer flasks containing
15 ml of 0.1 M acetate buffer, pH 4.0 was steam pre-
treated at 15 psi for 15 min. This was followed by the
addition of crude enzyme preparation from Aspergillus
niger P-19 to make the enzyme to substrate ratio of 2, 0.3,
0.8, 20, 2, 1.6, 200 and 4 IU of CMCase, FPase, B-glu-
cosidase, xylanase, mannanase, pectinase, o-amylase and
glucoamylase respectively per gram of DORB and the final
volume was made to 40 ml with buffer. Enzymatic
hydrolysis was carried out by keeping the flasks in water
bath shaker at 50 °C and 150 rpm for 72 h. The sample
was withdrawn at a regular interval of 24 h, centrifuged at
10,000 rpm for 10 min and the supernatant was analysed
for total reducing sugars by DNSA method [34] and glu-
cose by glucose oxidase—peroxidase method [35].

Data Analysis

All the values have been expressed as mean =+ standard
deviation of three independent experiments with three
replicates each. The results were statistically analysed
using one way analysis of variance with the Holm—Sidak
method using SigmaPlot (Systat Software, San Jose, CA).

Results
Screening and Isolation of Fungal Strain

After massive screening, a total of 12 fungal isolates were
subjected to solid state fermentation of DORB to check for
the production of cellulolytic enzymes. Among them, strain
P-19 was selected as it was able to produce all the required
carbohydrases like cellulases, hemicellulases, pectinase
and amylases in appreciable amounts by solid state fer-
mentation of DORB.

Molecular Identification of the Fungal Strain

18S rDNA sequencing of the fungal strain P-19 revealed
855 bp sequence and it was found to share maximum
similarity with the species of genus Aspergillus. The
aligned sequence has been submitted to Genbank and has
an accession number KT336354. Phylogenetic analysis
through the alignment and cladistic analysis of homologues
nucleotide sequences revealed that it was closely related to
the strain of Aspergillus niger PRK3 (NCBI accession no.
KJ938685.1) and was thus named as A. niger P-19.

Time Course of Enzyme(s) Production by A. niger
P-19

Aspergillus niger P-19 colonised well under SSF on DORB
and started producing all the enzymes as early as after 1 day
of incubation (Fig. 1). The peak of CMCase (113.28 +
2.16 IU gds™') production was obtained at the end of Sth
day, whereas maximum FPase (31.34 4 1.04 TU gds™ ') and
B-glucosidase (33.08 + 0.51 TU gds™ ') were produced after
4 and 8 days respectively. Xylanase production gave a sharp
peak (996.81 + 25.37 IU gds™ ') at the completion of 4 days
of incubation and mannanase was obtained maximally
(86.72 & 0.38 IU gds ') after 5 days. Pectinase production
peaked (93.19 + 2.19 IU gds™ ') at the end of 6th day.
Among the amylases, production of a-amylase was maxi-
mum (32,200 + 220 IU gds™') after 5 days while glu-
coamylase gave highest yield (247.25 + 7.12 1U gds™ )
after 6 days. Though all the enzymes had different demands of
incubation time to give their production maxima, 5 days of
incubation was chosen for further studies as this time period
was giving appreciable yields of all the enzymes with least
compromises corresponding to 113.28 4+ 2.16, 30.34 +
1.15, 26.38 + 0.41, 918.94 £ 26.06, 86.72 £ 0.38, 91.36 +
2.25,32,200 + 220 and 238.54 4 7.34 TU gds™' of CMCase,
FPase, B-glucosidase, xylanase, mannanase, pectinase, o~
amylase and glucoamylase respectively.
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when the initial substrate to moisture ratio was kept at
1.0:1.5 thus maintaining a moisture content of 60 %, but
the highest titres of pectinase and amylases were obtained
when the moisture was kept to its minimum of 33.3 % at a
substrate to moisture ratio of 1.0:0.5. There was 14.6, 56.6,
22.6,43.7 and 6.13 % loss in the yields of CMCase, FPase,
B-glucosidase, xylanase and mannanase respectively upon
reducing the moisture content from 60 % to the lowest
value of 33.3 %. On the other hand a decrease of 19.0, 37.0
and 10.8 % was observed in the yields of pectinase, o-
amylase and glucoamylase upon increasing the moisture
content from 33.33 to 60 %. As most of the enzymes
revealed highest yields in presence of 60 % moisture, the
same was maintained for further studies.

Effect of Inoculum Size

The effect of inoculum size was studied by varying the
volume of the spore suspension having a count of 1 x 108
spores/ml used for inoculation by maintaining 1 x 107 to
6 x 107 spores gds™' in the medium. All the components
of cellulases and xylanase revealed the highest productiv-
ities with comparable yields with an inoculum size of
4 x 10" and 5 x 10" spores gds~' while mannanase was
produced maximally with an inoculums size of 1 x 10’
spores gds~'. Pectinase and amylases were produced
maximally with 5 x 107 spores gds~' and a loss of 30.4,
4.3 and 28.2 % in the yields of pectinase, a-amylase and
glucoamylase respectively was observed when inoculum
size was reduced from 5 x 107 to 4 x 107 spores gds™'
(Table 2). Taking into consideration the productivities of
all the enzyme components, an inoculum size of 5 x 10’
spores gds~' was used in further experiments.

Effect of Exogenous Supplementation of Defined
Carbon Sources

The effect of supplementation of various carbon sources on
the production of various enzyme components is depicted
in Table 3. CMC and cellulose powder enhanced the pro-
ductivity of complete cellulase complex with 17.8 and
16.1 % increase in the yield of CMCase, 33.9 and 16.5 %
improvement in FPase and 15.6 and 29.5 % increase in the
productivities of B-glucosidase respectively. Xylanase was
produced to its maximum on the supplementation of CMC
followed by xylan with 25.0 and 6.1 % improvement
respectively compared to control. The production of
mannanase was enhanced by 5.0 % with the addition of
guar gum while cellulose and xylan improved pectinase
production by 30.1 and 24.7 % respectively. Addition of
starch yielded best amounts of amylases with 16.7 %
improvement in the yield of a-amylase and 1.3 % increase
in glucoamylase.

Table 2 Effect of varying inoculum size on the production of enzymes

Enzyme activity (IU gds™")

Spores/gds

Mannanase Pectinase o-Amylase Glucoamylase

Xylanase

B-Glucosidase

FPase

CMCase

148.00 + 2.07*°
153.22 + 1.28%¢
153.22 + 1.17°¢
168.89 + 3.16¢

235.20 £+ 5.27

29,400 + 40*

38.35 + 0.23
4271 £ 0.21
64.47 £ 0.67*
64.47 £+ 1.08*
92.59 £+ 2.16
60.12 £+ 1.57

643.33 + 17.39*° 126.43 + 0.13*

21.54 + 0.16
24.83 £ 0.13°
24.83 + 0.10°
26.48 + 0.21°
26.68 + 0.15°
23.60 + 0.23

21.67 £ 0.06
23.72 £ 0.37
27.83 £ 0.54

96.89 £ 0.78
101.00 £ 0.54
105.11 £+ 0.93

113.22 £+ 1.57

1 x 107
2 x 107
3 x 107
4 x 107
5 x 107
6 x 107

29,400 + 60*

126.43 + 0.08*
115.86 £+ 0.14
91.19 £ 0.35
85.95 £ 0.57
65.95 £ 0.21

643.33 + 15.16*¢

31,000 £ 120°
31,000 £ 100°

32,400 £+ 160°

650.00 £ 17.43%¢
923.33 £ 22.45¢
923.33 + 18.23¢

760.00 £+ 19.15

30.94 &+ 1.07*°

30.94 £+ 0.98*

115.33 +£ 1.54
109.33 £+ 1.01

169.66 + 3.78¢

32,400 + 180°

30.11 + 0.56°¢

Values with the same letter in the same column do not differ significantly by Holm—Sidak test (P > 0.001). All the other values differ significantly from each other with P < 0.001
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Effect of Supplementation of Nitrogen Sources

Of the various organic and inorganic nitrogen sources,
sodium nitrate proved to be most favourable for improving
the yields of all the enzymes except xylanase for which it
proved to slightly inhibitory. It prompted an increase of
11.3,11.1, 20.8, 14.2, 52.7, 15.12 and 32.3 % in the yields
of CMCase, FPase, B-glucosidase, mannanase, pectinase,
o-amylase and glucoamylase respectively and 14.1 %
decrease in xylanase productivity (Table 3). This was
followed by ammonium chloride which improved the
productivities of CMCase, FPase, B-glucosidase, pectinase,
a-amylase and glucoamylase by 11.8, 14.5, 53.2, 17.7, 13.0
and 22.1 %. It, however, decreased the yields of xylanase
and mannanase by 54.2 and 24.1 % respectively.

Effect of the Supplementation of Surfactants

Of'the various surfactants, Tween 20 was found to enhance the
productivities of all the enzymes with 7.5, 32.0, 6.0, 12.4, 2.8,
13.4,17.3 and 6.9 % improvement in the yields of CMCase,
FPase, B-glucosidase, xylanase, mannanase, pectinase, o-
amylase and glucoamylase respectively (Table 3).

Effect of Supplementation of Lignocellulosic
Residues

Of the various raw and delignified cellulosic residues sup-
plemented in deoiled rice bran, delignified corn stover
induced the yields of CMCase, FPase, B-glucosidase, xyla-
nase, mannanase, pectinase, o-amylase and glucoamylase
by 3.5, 19.4, 14.0, 41.4, 6.0, 15.7, 7.4 and 20.4 % respec-
tively. On the other hand delignified rice straw improved the
production of CMCase, FPase, -glucosidase and xylanase
by 9.4, 27.5, 10.8 and 30.4 % respectively but decreased the
yields of mannanase, pectinase, a-amylase and glucoamy-
lase respectively by 29.3, 22.8, 5.6 and 18.9 % (Table 4).

Application of In-House Produced Enzyme Cocktail
in the Hydrolysis of Steam Pre-treated DORB

The crude enzyme preparation worked well in the
hydrolysis of steam pre-treated DORB as was evident from
gradual increase in total reducing sugars and glucose after
24 h and 48 h of the reaction. Maximum bioconversion
was observed during the first 24 h of enzymatic hydrolysis
where the rates of total reducing sugar and glucose pro-
duction were 2.25 and 2.12 mg ml~'h™". There was slight
increase in the sugars during the next 24 h revealing
release of 0.28 and 0.05 mg ml~'h™"' total reducing sugars
and total glucose respectively thus maintaining a total
concentration of 89 and 72.2 g 17! respectively for total
reducing sugars and glucose. The overall recovery of total

Table 4 Effect of various lignocellulosic inducers on the production of enzymes

Enzyme activity (IU gds™")

Inducer

Pectinase o-Amylase Glucoamylase

Mannanase

Xylanase

B-Glucosidase

FPase

CMCase

237.42 + 5.80

32,400 £+ 230

92.04 £+ 3.27
106.52 + 3.49

86.09 £ 0.70
91.28 £+ 0.72
60.88 £ 0.15
40.34 +£ 0.21
65.10 £+ 0.46
85.02 £ 0.68*
86.16 + 0.59*
85.02 £ 0.74*
121.74 £+ 0.89
137.68 £+ 0.92
63.11 £ 0.42
83.03 £ 0.69

926.14 £+ 30.50
1309.12 4+ 28.3

26.48 + 0.37
30.20 + 0.21
29.35 £ 0.26
17.73 £ 0.17
32.70 £ 0.15
25.05 £ 0.12
27.04 £+ 0.20
28.20 + 0.19
20.89 + 0.16
28.37 £ 0.21
23.55 £ 0.17
27.87 £ 0.23
17.07 £ 0.07
17.07 £ 0.14

30.66 £+ 1.15

115.76 £+ 3.12

Control

285.78 £ 5.78

34,800 £ 260

36.62 £ 0.75

119.85 £+ 3.56
126.59 £+ 1.21

Delignified corn stover

30,600 £ 220 192.58 £+ 3.16

71.06 £ 2.73
55.90 £ 1.63

60.84 £+ 1.17

1208.14 & 31.07

39.1 £0.28
28.14 £+ 0.36
38.28 £ 0.58

Delignified rice straw

255.96 + 3.01

32,000 £ 220*

611.53 £+ 20.61
909.83 + 26.37*
880.00 £ 21.53*
880.00 £ 25.71%*
880.00 £ 22.38*
871.05 £ 20.73*
820.34 £ 19.24
1106.58 + 28.64

107.36 £+ 1.09

Dried potato peels

199.42 + 1.98

32,100 £ 200*
32,000 £+ 220*

103.94 £+ 2.03

Baggase

255.96 £+ 3.25

66.48 + 1.24
84.10 £ 2.09
34.76 £+ 0.62

6542 £ 1.29

31.3 £ 0.79*
33.8 £ 1.02
31.14 £ 0.79*

103.99 £+ 0.89

Wheat straw

259.28 + 2.22

32,000 £ 300%*

107.33 £ 1.78

Rice straw

265.93 £+ 2.05

33,200 £ 320

103.96 + 1.16

Green grass

25591 4+ 2.28
229.35 + 1.99

30,000 £ 200

32.8 + 0.69

80.75 £ 0.27
97.36 £ 0.13
75.34 £ 1.02

111.66 £+ 1.31

Eucalyptus leaves

30,400 £ 220

92.55 £ 2.97*
48.86 + 0.84
62.95 £ 1.26

67.89 £ 1.31

31.8 £ 0.56*
36.78 £ 0.87
2548 £ 0.53

Used tea leaves

232.67 £+ 3.56*

29,800 £+ 120

Saw dust

275.69 £+ 6.03
245.98 £+ 3.16
262.38 + 4.27

32,800 £+ 320*

30,000 £+ 220
32,600 £ 300%*

850.17 £ 22.57
57.13 £ 0.38
95.27 £ 0.73 89.03 £ 1.65*

939.66 + 28.48*
1160.41 + 32.16

29.96 £ 0.62*
29.80 £ 0.69*

60.80 £ 0.83
82.41 £ 0.64

Composite
Corn cob
Corn stover

@ Springer
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182.79 + 2.69

32,000 £ 210*

880.00 £ 27.17* 67.66 + 0.64 81.52 £ 1.27

33.30 £+ 0.96 26.21 £ 0.13*

76.76 + 0.59

Rice Husk

All the values differ from the control significantly by Holm-Sidak test with P < 0.001 except those marked with *

reducing sugars and glucose after 48 h of enzymatic
hydrolysis were 356.17 & 9.58 and 288.60 £ 8.13 mg
gds™" respectively with conversion efficiency of 72.65 %
(Table 5).

Discussion

As fungi have been found to be better than bacteria in
terms of yields and variability of extracellular hydrolytic
enzymes, hunt was carried out for a fungal strain that is
skilled to produce a range of carbohydrases required for
the depolymerisation of cellulose, hemicelluloses, pectin
and starch so that a consortium of enzymes could be
obtained by fermenting deoiled rice bran, an agro-indus-
trial waste. A natural variant of A. niger P-19 was thus
isolated which could produce all these enzymes in appre-
ciable amounts that can find its application in the complete
hydrolysis of various agricultural and agro-industrial waste
residues. A comparison of the yield of all these enzymes
produced in the present study by A. niger P-19 under SSF
with other similar studies has been made in Table 6 which
suggests that the variety and amount of enzymes obtained
in the present study is quite good and stands out well in the
lot.

Time course for the co-production of cellulases, hemi-
cellulases, pectinase and amylases revealed the peaks of the
enzyme productivities on different days but appreciable
yields of all the enzymes were noticed after 120 h of
incubation. The levels of all the enzymes declined gradu-
ally after attaining the peaks. Grover et al. [19] have also
reported best CMCase and o-amylase productivities on
DORB at the end of 5th day of incubation. Another study
reported different requirements of incubation time for var-
ious enzymes with day 5 being the best compromised day
for obtaining best yields of all the enzymes on composite
kitchen waste [15]. The decrease in yields with increasing
incubation time after a certain period might be due to the
release of proteases and/or some inhibitory metabolites
during the stationary phase which may have degraded or
inactivated the enzyme(s). This might also be due to the
repression effect of the products of enzymatic reactions
which had resulted in reduction in enzyme(s) production.

The growth and the enzymes production by the organ-
ism during solid state fermentation is affected by several
factors including the moisture content, inoculum size and
the presence of nutrients, inducers and surfactants. In solid
state fermentation, microbes grow at the surface of the
solid substrate particle having low moisture content. As the
water availability in lower or higher concentrations
adversely affects the microbial activity, it is critical to
provide optimized water content to the fermenting sub-
strate. Optimum level of moisture depends on the type of
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Table 5 Pattern of the production of total reducing sugars and glucose during enzymatic hydrolysis of steam pre-treated DORB with in-house

produced enzyme preparation from A. niger P-19

Time of Total reducing sugars Glucose Carbohydrate

hydrolysis (h conversion (%)*
ydrolysis (h) g 1! mg gdf1 g 1! mg ,gdfl Y (%)

0 28.2 112.87 £ 5.0 20.1 80.43 £2.3 72.65

24 82.3 329.07 £+ 10.15 70.9 283.47 £ 8.73

48 89.0 356.17 £+ 9.58 72.2 288.60 + 8.13

* On the basis of a total carbohydrate content of 49 %

substrate, the requirements of the microorganism involved
and the product required from the fermentation [44]. Dif-
ferent moisture requirements were observed for the best
yields of all the enzymes with 60 % moisture most
favourable for cellulases and hemicellulases and appre-
ciable titres of the other enzymes. Sohail et al. [45]
reported that different components of cellulase complex
were produced to their maximum at different phases of
growth by Aspergillus niger MS82. Similarly, the variation
in moisture requirements for maximum production of dif-
ferent enzymes could also be attributed to the phase of
growth at which the organism starts producing that par-
ticular enzyme. Contrary to our results, Grover and co-
workers reported that 70 % moisture was best suited for the
production of cellulase and amylase by solid state fer-
mentation of DORB using co-culture of Aspergillus oryzae
and Trichoderma reesei [19].

Inoculum size also plays an important role during fer-
mentations. Lower inoculum requires longer time for
sporulation while higher inoculum leads to rapid prolifer-
ation [46], thus, a balance between substrate utilization and
biomass proliferation is required to obtain maximum pro-
ductivities and an inoculums size of 5 x 107 spores gds "
of DORB was selected in the present study as it was found
to be sufficient for obtaining the appreciable yields of all
the enzymes.

Exogenous supplementation of carbon sources to obtain
maximum yields of all the enzyme components revealed
that CMC enhanced the productivities of cellulases, xyla-
nase as well as amylase. Many researchers have agreed
upon the positive effect of CMC on the production of cel-
lulases by various fungi [38, 47-49]. An increase in the
production of xylanase by Trichoderma sp. in CMC sup-
plemented pressmud extract moistened rice bran mix has
already been reported [50]. The results obtained by Chan-
torn and group where guar gum was found to improve the
productivity of mannanase by Penicillium oxalicum are also
in agreement to our study [51]. Supplementation of xylan to
banana peels improved the production of xylanase and
pectinase by Aspergillus niger MS23 in a study which is in
accordance to our results where xylan has improved the
yields of xylanase and pectinase [49]. Starch was found to

enhance the productivity of amylases in this study and other
groups have also insisted upon the positive effect of the
addition of starch on the production of amylases by Peni-
cillium expansum MT-1 and Aspergillus oryzae respectively
[52, 53].

Inorganic nitrogen sources like sodium nitrate and
ammonium chloride were found to give improved yields of
the enzymes. The positive effect of sodium nitrate on the
production of mannanase by Fusarium oxysporum SS-25 via
solid state fermentation of brewer spent grain has already
been reported [16]. Another study has reported a positive
effect of ammonium chloride on the production of cellulases
by Aspergillus niger C-5 [25]. Also, ammonium nitrate has
been reported to improve the production of cellulase by Tri-
choderma reesei NRRL 11460 [21]. Ammonium sulphate has
been found to be the best nitrogen source for Mucor plumbeus
and Aspergillus terreus [54]. In contrast, many workers have
reported the positive effect of various organic sources on the
yields of these enzymes [55-57]. Peptone has been found to
improve the production of CMCase while tryptone improved
the yields of FPase and B-glucosidase produced by Asper-
gillus niger NS-2 [58]. Also, contrary to our findings, Goyal
and group has reported a positive effect of sodium nitrate on
the production of xylanase by Trichoderma viride [59] and
Rana et al. [60] have emphasized on the good effects of
ammonium sulphate and peptone on the yields of xylanase by
Fusarium oxysporum SS-25.

The surfactants probably increase enzyme yields in SSF
by increasing penetration of water into the solid substrate
matrix and increasing surface area for microbial growth
[61]. Many workers have published the reports on simu-
lative effect of various surfactants on the production of
various enzymes like cellulases [62], protease [63, 64],
amylases [65], laccases [66], phytase [67]. Tween 20 has
been found to give a positive effect on the production of
enzymes in the present work which was also found too
increase the yield of cellulases by Bacillus pumilus [68]. In
contrast, two fold increase in the yields of cellulase by
Aspergillus terreus with the addition of tween 80 to the
production medium has also been reported [69]. Tween 80
has also been found to enhance the yield of endoglucanase
by Aspergillus fumigates [70].

@ Springer
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The production of hydrolytic enzymes has been reported
to be inducible and is affected by the form of the substrate
used in fermentation. Thus, an appropriate combination of
inducing substrates is vital to be recognized for better
enzyme yields [7]. In the present study, delignified corn
stover and delignified rice straw positively affected the
yields of enzymes. Delignification of substrates makes the
cellulose readily available for the growth of microorganism
which might have led to the superior productivities of
enzymes. Pretreated sugarcane baggase as a supporting
carbon source with wheat bran has also been reported to
improve the yields of cellulases and hemicellulases by
Penicillium echinulatum [37]. Reddy and group reported a
combination of rice bran and wheat bran to be beneficial for
the production of cellulases by Aspergillus niger in sub-
merged as well as solid state fermentation processes [71].

Our study has revealed a strain of A. niger P-19 which
has the potential to produce multiple hydrolytic enzymes in
appreciable titres. To the best of our knowledge, this is the
first report of its kind where a consortium of eight hydro-
Iytic enzymes has been co-produced by solid-state fer-
mentation of DORB, which is an agro-industrial waste.
Moreover, co-optimization of eight different enzymes also
adds novelty to the work. If the production of enzymes by
A. niger P-19 is further optimized using statistical tools like
response surface methodology (RSM), even higher yields
of all the enzyme components can be obtained. The
enzyme preparation reported in this study has also proved
its potential in the hydrolysis of DORB which indicates
that it might also be applied to saccharify various other
lignocellulosics for obtaining value-added products from
them. However, the processes of pre-treatment and
hydrolysis need further standardization to improve the
overall carbohydrate conversion efficiency.
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