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Abstract

This study was aimed to evaluate the pattern of cellulase biosynthesis from Aspergillus fumigatus ABK9 under submerged fermentation.
Production was increased concomitantly with fungal growth up to 72 h and reached maximum (X -6.72 g/1) with specific growth rate
(Hypgy) Of 0.126/h. Highest specific rate of enzyme production (q,) was found at initial medium pH of 5.0 and incubation temperature
of 30°C. At the same time, in the presence of 2-deoxy-D-glucose concentration of 0.5 mg/ml, the production of cellulolytic enzymes,
viz, carboxymethyl cellulase activity (CMCase), filter paper degrading activity (FPase) and B-glucosidase activity reached maximum
of 132.2, 21.3 and 28.9 U/ml, respectively. Cellulase biosynthesis was induced in respect to higher volumetric production rate (Q,), specific
rate of enzymes production (q,, U/gbiomass/h) and enzyme/biomass yield (Y,,,) when grown in carboxymethyl cellulose in comparison
to other saccharides as sole carbon source. Induction ratios (IR) of cellulases were between 12.3 and 24.4 in the presence of 1.5% (w/v)
CMC in the culture media. The strain was quite resistant to catabolic repression by glucose up to 0.4% (w/v). Cellulases production was
greatly influenced in the presence of yeast extract and potassium dihydrogen phosphate (KH,PO,) as nitrogen and phosphate sources in
the culture media. C/N ratio of 10.0 and C/P ratio of 4.0 proved to be the best for the production of enzyme cocktail. Along with the high
production yield, the crude enzymes showed a promising cellulose hydrolyzing efficiency of rice straw, indicating the enzyme could be

beneficial for its large scale industrial exploitation.
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Introduction

Cellulose is a water insoluble un-branched homo-
polysaccharide consisting of glucose subunits joined
together via B 1-4 glycosidic linkages (Lederberg, 1992).
It was estimated that the photosynthetic process pro-
duces about 1.5x 10" tons of dry material annually
with respect to carbon on earth, of which about 50% is
cellulose (Kubicek et al., 1993). Enzymatic hydrolysis
of cellulose is of major importance from both natu-
ral and engineering aspects. The cellulase hydrolyzed
products are now exploited for sustainable produc-
tion of biofuels, biopolymer and important natural or
derivatized chemicals (Rodrigues et al., 2011). Besides,
cellulases have enormous industrial applications in the
food, agriculture, brewery, textile, detergent, animal
feed, pulp and paper industries (Das and Ghosh, 2009;
Demain et al., 2005; Yue et al., 2009; Singhania et al.,
2010; Ibrahim etal., 2011). Cellulase is an extracel-
lular multienzyme complex that exhibits high activ-
ity against crystalline cellulose. To date, more than

20 catalytic subunits of this enzyme have been analyzed,
and these subunits collectively show a variety of activi-
ties, including endoglucanase, exoglucanase, xyla-
nase, mannanase, chitinase, and lichenase (Zhang and
Lynd, 2005). Generally, three major type of enzymes;
endo-1,4-B-glucanase (carboxymethylcellulase, or Cx
cellulase), cellobiohydrolase (exoglucanases, CBH,
Avicelase, C1 cellulase or FPase), and B-glucosidase
(cellobiase) act synergistically in the saccharification
of cellulose. Degradation of cellulose is started by the
random attack of endoglucanases at regions of low
crystallinity, which creates free ends for the action of
cellobiohydrolases that release cellobiose units from
the ends of the chain and finally B-glucosidases cleave
cellobiose to glucose (Yue et al., 2009; Singhania et al.,
2010; Ibrahim et al., 2011).

There is a wide group of microbes having the ability
to synthesize cellulases, but only some fungal genera,
like Trichoderma, Sporotrichum (Phanerochaete), Asper-
gillus, Fusarium, Humicola and Talaromyces, (Singha-
nia et al., 2010; Ibrahim et al., 2011; Zhang and Lynd,
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2005; Jeng et al., 2011) are commercially used for cel-
lulase production.

Cellulases are inducible microbial enzymes and
regulation of their biosynthesis is finely controlled
by activation and repression mechanisms (Mach and
Zeilinger, 2003). This regulation is an important feature
of the physiology of the microorganisms, particularly
in the light of the substantial investment of ATP that
cellulase synthesis represents. Moreover, this regula-
tion is a central determinant of enzyme synthesis and
growth rate and thus is of interest for understanding
cellulose utilization in both natural environments and
industrial processes. The production of cellulolytic
enzymes is generally induced in the presence of cellu-
losic substrates (Mandels et al., 1962; Sun et al., 2008).
Sophorose, a natural disaccharide, was considered to be
the most active inducer for Trichoderma cellulase syn-
thesis. Contradictoryly cellobiose, d-cellobiose-1-5-lac-
tone and other oxidized products of cellulose hydrolysis
can also act as inducer for cellulase (Vaheri et al., 1979;
Lynd etal., 2002). Lactose is another known inducer
of cellulase and it is utilized in commercial produc-
tion of the enzyme owing to economic considerations.
Though cellulase is induced by cellulose and its deriva-
tives or by a few low molecular weight carbohydrates,
but its formation is repressed by readily metabolized
substrates like glucose (Sun ef al., 2008), such a repres-
sion mechanism for enzyme synthesis is of widespread
occurrence in microorganisms and was first referred to
as the ‘glucose effect’ (Epps and Gale, 1942) and later
termed ‘catabolite repression’ (Magasani, 1961).

To express the parameters related to cellulase pro-
duction and growth of the isolate, different fermentation
process kinetics were employed, which are potentially
valuable for the improvement of batch process perfor-
mance. This was largely the result of empirical sim-
plifications offered by the ‘unit operations” concept in
chemical engineering (Elmer and Gaden, 2000).

2-deoxy-D-glucose (DG), a glucose analogue, has fre-
quently been used to isolate glucose-deregulated mutants
(Haq et al., 2001) and is well recognized to regulate the
formation of repressible proteins (Lockington etal,
2002) as well as to enhance the expression of inducible
enzymes which are used for improved production of
cellulases in different organisms (Rajoka et al., 1998).

The objective of the present study was to investigate
the kinetics of cell growth and cellulase synthesis from
a potent indigenous cellulolytic fungal isolate using
different 2-Deoxy-D-glucose concentrations, medium
formulations and culture conditions. At the same time,
induction and repression pattern cellulase biosynthe-
sis during submerged fermentation have also has been
explored. The information obtained from this study may
be useful for better understanding of the fermentation
process for the improvement of cellulase production.

Experimental
Materials and Methods

Microorganism. Cellulolytic fungal strains from
different soil, water and plant samples from different
provinces of the District of Howrah and Midnapore of
West Bengal, India, were initially screened on Mandel
agar media [ having the composition of KH,PO,, 2.0;
(NH,),SO,, 1.4; Urea, 0.3; MgSO,-7 H,0, 0.3; CaCl,-2
H,0, 0.4; FeSO,7 H,0, 0.005; MnSO,-H,0, 0.0016;
ZnS0,,7 H,0, 0.0014; CoCl,, 0.0020; Carboxymethyl
cellulose, 10; and agar 17.5 g/, pH-5.0]. Among 32 pri-
mary isolates, based on the index of relative enzyme
activity (I,.), higher yield of cellulolytic enzymes
(CMCase, FPase and p-glucosidase) and higher deg-
radation efficiency of cellulosic substrates, a potent
fungal strain ABK 9 was finally selected. Culture was
grown on potato dextrose agar slants at 30°C and the
fully sporulated slant obtained after 5 days of incuba-
tion was stored at 4°C for further use.

Identification of potent fungal strain. Taxonomic
identity and phylogenetic relationship of the potent
fungal strain (ABK9) was investigated on the basis of
its morphological and 28 S rRNA profile. In brief, fun-
gal genomic DNA was isolated with the Qiagen DNA
extraction Kit (Qiagen Sciences Inc, Germantown, MA)
following the manufacturer’s instructions. A polymer-
ase chain reaction (PCR) was performed to amplify
D2 region of LSU (Large subunit 28 SrDNA) gene using
DF (5ACCCGCTGAACTTAAGC3’) and DR (3GGTC-
CGTGTTTCAAGACGG 5’) primers with the help of
Taq polymerase (HiMedia, India). The amplified PCR
product was purified and sequenced using BDT v3.1
Cycle sequencing kit on ABI 3730xl Genetic Analyzer.
The D2 region of LSU gene sequence was blasted and
aligned using the CLUSTALW software. Based on maxi-
mum identity score, the first ten sequences were selected
and a phylogenetic tree was constructed using MEGA 4.

Preparation of seeding culture. For preparation of
active inoculum, spores were dislodged from induced
fungal culture slants with 0.1% (v/v) Tween 80 solu-
tion by gentle vortexing under aseptic condition. The
suspension was recovered by aspiration and transferred
into a sterile test tube. This suspension (contained
10°~107 spores/ml) was used as inoculum for cellulase
production.

Submerged fermentation. An active inoculum
(2%, v/v) was inoculated with 50 ml of Mandel’s broth
[having the composition of KH,PO,, 2.0; (NH,),SO,,
1.4; Urea, 0.3; MgSO,-7 H20, 0.3; CaCl,.2 H,0, 0.4;
FeSO,7 H,0,0.005; MnSO -H,0, 0.0016; ZnSO -7 H,O,
0.0014; CoCl,, 0.0020; Carboxymethyl cellulose, 10;
pH-5.0] in Erlenmeyer flask and incubated in orbital
shaker incubator (120 rpm) for 120 h at 30°C. 2-deoxy-
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D-glucose (DG) at concentration of 0.1-20 mg/ml was
added to the media to study its effect on fungal growth
and cellulase production. The culture supernatant
obtained by centrifugation (at 5000 x g for 10 min) was
assayed for enzymatic activity. The growth kinetics was
determined using Monod kinetic model (Lawford and
Rouseau, 1993). The growth of fungus was determined
on the basis of dry biomass (mg/ml), which was also
used to calculate the value of specific growth rates as
™) =In(m/m)/T

Where, m, is fungal biomass at a given time T (h),
m_ is the baseline spore biomass (1 mg/ml) at the start
of the fermentation (Sterner and Elser, 2002).

Fermentation kinetics. Kinetic parameters for
batch fermentation process in shake-flasks were deter-
mined according to the methods described by Lawford
and Rousseau (1993). The representative batch culture
kinetics like volumetric rate of cellulase production (Q,)
was determined from the linear correlation between
enzyme activity (U/flask) vs fermentation time (h). Spe-
cific rate of enzyme production (q ) was determined as
the maximum enzyme activity/g of fungal biomass/h.
Biomass productivity (Q ; g dry biomass /flask/h) was
determined from the slope of regression plot between
biomass (g) vs. time of fermentation (Bokhari et al,
2008). Enzyme/biomass yield (Y ,) was estimated from
the linear correlation between enzyme activity (U/ml)
and biomass concentration (mg/ml).

Enzyme assay. (i) Endoglucanase or CMCase
(E.C.3.2.1.4) activity was determined by incubating
0.5ml of enzyme solution with 0.5ml of 1% CMC
(Sigma, St. Louis, MO, USA) in 0.05 M sodium citrate
buffer (pH 5.0) (Mandels et al., 1976).

(ii) Filter paper degrading activity (FPase) was
determined using processed Whatman No 1 filter paper
as substrate (50 mg/ml) according to the method of
Wood and Bhat (1988). After incubation at 50°C for
30 min, the reactions were stopped by adding 1 ml of 3,
5-dinitrosalicylic acid (DNS) reagent. Liberated reduc-
ing sugar was estimated colorimetrically according to
the method of Miller (1959) using glucose as standard.

(iii) B-Glucosidase (E.C. 3.2.1.21) activity was deter-
mined by incubating 0.5 ml of enzyme solution with
0.5ml of 1% cellobiose in 0.05 M sodium citrate buffer
(pH 5.0) at 50°C for 30 min and the liberated glucose
was estimated by GOD-POD method (Bergmeyer 1974).

One unit of enzymatic activity (for above three
enzymes) was defined as the amount of enzyme that
released 1 uM of reducing sugar (measured as glucose)
/ml/min under specified assay conditions.

Determination of total carbohydrate and protein
in the fungal biomass. 1 mg of dry mycelia was placed
in 1 ml of 0.5 N NaOH and kept in a boiling water bath
for 20 min (Evsenko et al., 2009). The sample was then
cooled, centrifuged and the carbohydrate content in the

supernatant was measured using orcinol-sulphuric acid
(Brown and Anderson, 1970). 3 ml of orcinol reagent
was added to 0.1 ml reaction mixture containing differ-
ent amounts of sample. The resulting reaction mixture
was kept in a boiling water bath for 20 min to allow the
color to develop and after cooling to room temperature
the intensity of the color was measured at 540 nm. The
carbohydrate content of the sample was expressed in
terms of glucose equivalent to a standard. Protein con-
tent was assayed following the method of Lowry et al.,
(1951) using bovine serum albumin as a standard.

Study on induction and repression of enzyme bio-
synthesis. The induction ratio, defined as the ratio of
inducer activity and basal activity, was calculated using
the following equation (Aguilar et al., 2001):

LR.=1.CA/B.CA

Where, L.R. is the induction ratio in cultures with
CMC as sole carbon source; I.CA corresponds to
induced cellulase activity and B.CA is the basal cellu-
lase activity obtained from a culture using glucose as
a sole carbon source. In the case of repression study,
LR. was calculated in the presence of both inducer and
repressor (glucose).

The enzyme expression level was also studied by gel
electrophoresis technique. During fungal growth in dif-
ferent concentration of glucose (0.03-2.0%, w/v), the
culture supernatant was concentrated through acetone
(10%) precipitation and subjected to gel electrophoresis
which was performed on a 10% sodium dodecyl sulfate-
polyacrylamide gel in a electrophoresis chamber (Bio-
Rad, USA) as described by Laemmli (1970). The gel
was run in tris-glycine buffer (pH 8.8) for 3h at 15 mA,
100 V. After electrophoresis, the protein was visualized
by staining with Coomassie Brilliant Blue R-250.

For native gel electrophoresis, 0.1% carboxymethyl
cellulose was added in 10% polyacrylamide gel with
Tris-glycine buffer (pH 8.8). After electrophoresis at
4°C, the gel was incubated at 40°C for 1h in 0.05M
acetate buffer (pH-5.0). The transparent zone that cor-
responded cellulose hydrolysis due to enzyme activity
was visualized using 0.1% (w/v) Congo red.

Hydrolysis of rice straw. Ability of the crude cel-
lulase to hydrolyze rice straw was evaluated using dif-
ferent enzyme dosages at varying pH (50 mM citrate
buffer, pH 4-8). Hydrolysis reactions were performed
in 250 ml conical flasks that contained 1% substrate
(rice straw) suspended in 50ml (final volume) of
buffer, to which different doses of crude cellulase solu-
tion (FPU/g) were added. Hydrolysis was performed at
50°C in a water bath, for 12 h. Glucose concentration
in the hydrolysate was determined by DNS method.
Saccharification (%) was calculated as: reducing sugar
(mg/ml)x0.9%100/ initial cellulose (mg/ml) in the
substrate. Cellulose content in the rice straw was esti-
mated by Updegraff method (1969).
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Scanning electron microscopic analysis. The struc-
tural differences in the morphology of rice straw before
and after the enzyme pretreatment were visualized by
JEOL JSM-5600 scanning electron microscope. Images
of native and cellulase treated straw were taken at
a magnification of 1000x. The specimens to be coated
were mounted on a conductive tape and coated with
gold palladium using a JEOL-JFC-1200 fine coater and
observed using a voltage of 25 kV.

Statistical analysis. The data represented here are
the means of three replicates. The statistical significance
of the results was analyzed using Sigma plot (USA)
software.

Results

Isolation and molecular identification of cellulose
producing fungi. A group of total 32 cellulose degrad-
ing fungal strains were initially isolated from different
environmental samples. One fungal strain designated
as AKB9 was finally selected on the basis of higher
cellulase producing ability. For molecular identifica-
tion of the selected strain, the PCR amplicon of the
D2 region of LSU of 28S rDNA was sequenced (611bp)
and a phylogenetic tree was constructed using the
Neighbor-Joining method (Saitou and Nei, 1987)
(Fig. 1). The bootstrap consensus tree inferred from
500 replicates was taken to find out the evolutionary
history of the taxa (Felsenstein, 1985). Based on nucleo-
tide homology and phylogenetic analysis, the isolated
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fungal strain was identified as Aspergillus fumigatus
ABK9 (NCBI GenBank accession number HM807348).

Time course of cellulase production. The kinetics of
A. fumigatus ABK9 growth and production of celluloly-
tic enzymes in shake flask batch culture was examined by
growing cells in Mandel’s broth as described in Materials
and Methods. The results (Fig. 2) suggested that growth
reached a maximum level (X__: 6.72 g/1) with specific
growth rate (u_ ) of 0.126/h at 72 h, that corresponded
to the late logarithmic phase of fungal growth. Along
with the increased biomass, highest level of CMCase,
FPase and f-glucosidase in a ratio of 7:1:1.5 (98.37,
14.16 and 21.94 U/ml respectively) were also found at
72h of fermentation (Fig. 2). Among these enzymes, the
secretion of CMCase was started from the beginning of
the growth. This result confirmed that the cellulase pro-
duction was growth associated and the enzyme secretion
was greatly dependent on the cell concentration and the
specific growth rate of A. fumigatus AKB9.

Optimization of fermentation temperature and
initial medium pH. To find out the optimum temper-
ature for cellulase biosynthesis, fermentation was car-
ried out at different incubation temperatures (20-40°C)
for 72 h. The highest final cell concentration (6.68 g/1)
and along with the highest specific rate of enzyme
production (q,) of 191.58, 23.6 and 38.0 U/g cells/h
for CMCase, FPase and -glucosidase was achieved at
an incubation temperature of 30°C. But the values of
growth yield (X ) and specific rate of enzyme produc-
tion (qp) at incubation temperature of 25 and 35°C were
considerably high (Fig. 3).

Aspergillus fumigatus Isolate IH38; AB354576.1
Aspergillus fumigatus EF012766.1

Aspergillus fumigatus strain ATCC16907; AY216670.1
Aspergillus fumigatus Isolate NRRL 35204; EF634391.1
Aspergillus fumigatus strain IFM 54307; AB363746.1
Aspergillus fumigatus Isolate NCPF 7367; FJ358278.1
Aspergillus fumigatus Isolate NRRL 35223; EF634403.1
Aspergillus fumigatus ABK9 HM807348

Aspergillus fumigatus strain INFU/Jc/KF/6; FM179606.1
Aspergillus fumigatus strain IHEM1363; AJ438344.1

Aspergillus fumigatus strain IHEM2204; AJ438345.1

Fig. 1. Phylogenetic relationship of potent cellulolytic fungal isolate with neighboring strains. Neighbor-joining (NJ)
tree based on 28SrDNA gene sequences showing the relationships between Aspergillus fumigatus ABK9
and other closest NCBI (mega BLAST) relatives.
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Fig. 2. Time course of cellulases production by A. fumigatus ABK9 under submerged fermentation.
Fermentation was carried out in Mandel’s broth medium (pH 5.0) with 1% carboxymethyl cellulose (CMC) at 30°C for 120 h
under shaking conditions (120 rpm). Fresh spore suspension (2% v/v; 2mg/ml) as inoculum was added to the culture medium.
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Fig. 3. Effect of fermentation temperature on the specific rate
of cellulases production (q,) by A. fumigatus ABK9. Submerged
fermentation was carried out at initial pH 5.0 for 72 h in Mandel’s

broth medium with 1% carboxymethyl cellulose (CMC).

Effect of carbon sources on cellulase production.
Comparison of fermentation kinetics related to enzyme
production and growth of the organism were studied
in presence of different types of carbohydrate like
Avicel, carboxymethyl cellulose (CMC), cellobiose,
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Fig. 5. Effect of agitation on cellulase production under submer-

ged fermentation by A. fumigatus ABK9. Submerged fermentation

was carried out at pH 5.0 for 72 h in Mandel’s broth medium with
1% carboxymethyl cellulose (CMC).

lactose and glucose (1%, w/v) in the culture media in
an attempt to select the appropriate carbon source as
well as inducer for biosynthesis of cellulolytic enzymes
by A. fumigatus ABK9.

Table I shows that the specific rate (q,) of CMCase
and FPase production was maximum (210.3 and
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24.6 U/g cells/h) in presence of CMC followed by Avi-
cel, whereas, that of 3-glucosidase synthesis was maxi-
mum (35.32 U/g cells/h) in presence of CMC followed
by cellobiose. The volumetric rate of enzyme produc-
tion (Q ) as well as enzyme / biomass yield (Y, ) in
the case of all cellulase fractions were also increased
when CMC was present in the culture media as a car-
bon source. The presence of easily utilizable carbohy-
drate like lactose and glucose supported highest growth
(Q, 4.16 and 6.9 mg/flask/h; X, 7 and 9 g/l; u, 0.122
and 0.126/h, respectively), but were repressive to cel-
lulase biosynthesis with a very low enzyme/biomass
yield (Y,,,) ratio.

Effect of 2-deoxy-D-glucose on fungal growth and
enzyme production. With the increase in 2-deoxy-D-
glucose concentrations, the hyphal growth of A. fumig-
atus gradually decreased and at growth was severely
hampered at concentrations greater than 10 mg/mL
(Table II). In the presence of 2-deoxy-D-glucose, the
carbohydrate to protein ratio decreased up to its con-
centration of 0.5 mg/ml and then gradually increased.
Mycelial growth and rate of carbohydrate utilization
during fermentation was also decreased with increas-

Table I
Fermentation kinetics of Aspergillus fumigatus ABK9 for cellulases production following growth on different carbon sources in sub-
merged fermentation [fermentation period: 72 h, incubation temperature: 30°C, initial medium pH: 5.0 and shaking speed: 100 rpm].

Growth related parameters CMCase FPase B-glucosidase
Carbon Source
(19%, wiv) (r?lé/ e | M (%P/ W | Yox (%’/ g | Yox (%“/ g | Yex
flask/hy| | D fagom) | celisy [ Y™8) | faskshy | celisim) | (V™) | flasksm) | cells/hy | (V™)
Cellulose (CMC) | 4.86" 7° 0.123* | 73.61° 210.3* | 14.04* 8.61* 24.6* 1.77% 12.36° 35.32* 2.54*
Avicel 3.41¢ 54 0.118 | 46.34° | 185.36" | 13.34° 5.9¢ 23.6° 1.7% 7.99¢ | 31.90° 2.3b
Cellobiose 4.16¢ 6° 0.120° | 46.70° | 155.69¢ | 13.44° 5.69¢ 18.9¢ 1.37¢ 10.42° | 34.72° 2.5%
Lactose 4.16¢ 7° 0.122* | 59.01° | 168.65° | 12.14¢ 7.29° 24.3* 1.5 9.38 | 26.79¢ 1.93¢
Glucose 6.90* 9 0.126° 3.64 4,934 0.36¢ | 0.62¢ 0.62¢ 0.04¢ 0.63¢ 1.38¢ | 0.10¢

Rate of cell mass formation (Q,), maximum biomass formation (X ), specific growth rate (i), enzyme formation rate (QP), specific rate of enzyme

ax:

production (qp), enzyme/biomass yield (Y,
significantly at P<0.05.

E/X

). Each value is a mean of three replicates. Values followed by different superscript letters (a-d) differ

Table II
Effect of 2-Deoxy glucose on fungal growth, substrate utilization and cellulases production by A. fumigatus ABK 9
after 72 h of fermentation.

Sample Growth Carbohyc}rate/ Residual sugar 9MCase FPase activity ﬁ—ghllcosidase

Q, (mg/flask/h) protein (%) activity (U/ml) (U/ml) activity (U/ml)
Control (CMC 1%) 4.86 1.66 23.3 106.4 12.4 17.8
C+ DG (0.1mg/ml) 3.52 1.54 252 112.3 14.6 21.6
C+ DG (0.3mg/ml) 2.9 1.41 36.1 124.2 18.3 26.3
C+ DG (0.5mg/ml) 2.22 1.13 42.3 132.2 21.3 28.9
C+ DG (10 mg/ml) 1.25 1.56 56.7 92.1 13.3 22.1
C+ DG (15 mg/ml) 0.85 1.77 62.9 57.3 8.3 13.4
C+ DG (20 mg/ml) 0.68 2.1 70.9 21.6 5.5 7.7
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Fig. 6. Induction patterns of cellulases by A. fumigatus ABK9 with carboxymethyl cellulose (CMC) as sole carbon source.
(*) indicates significant difference at P <0.05. Statistical analysis was done by Sigma Plot statistical software.

ing concentration of 2-deoxy-D-glucose. The maxi-
mum production of cellulolytic enzymes viz, CMCase,
FPase and B-glucosidase activities (132.2, 21.3 and
28.9 U/ml respectively) were found in the presence of
2-deoxy-D-glucose concentration of 0.5mg/ml sup-
plemented with 1% of carboxymethyl cellulose after
72 h of fermentation.

Induction/repression ratio of cellulolytic enzy-
mes. The biosynthesis pattern of different cellulolytic
enzymes at varied CMC concentrations (0.25-2%;
w/v) was examined under submerged fermentation
and is represented in Fig.6. Maximum induction
ratios of 24.45, 12.35 and 14.9 for CMCase, FPase and
B-glucosidase activities respectively were found in the
presence of 1.5% CMC. The induction of these enzymes
declined significantly when CMC concentration was
increased beyond this level. The repression ratio
(inverse to induction ratio) of cellulases biosynthesis
was also studied by addition of glucose (0-2%, w/v)
in the induced culture media with 1.5% (w/v) CMC.
Fig.7 depicts that the organism was quite resistant
to the ‘glucose effect’ up to the concentration of 0.5 g%,
but above this level catabolite repression was signifi-
cantly increased in dose dependent manner. Electro-
phoresis analysis also reflected that cellulase expression
was declined in correlation with the higher concen-
tration of glucose.

Effect of C: P ratio on cellulase synthesis. Among
the different inorganic phosphate sources, KH,PO, in
0.2 g% concentration supported maximum enzyme syn-
thesis. To achieve the desired C:P ratio, 1% (w/v) CMC

was used as carbon source, while the amount of KH, PO,
was varied. It was found that C:P ratio of 4.0 favoured
maximum yield of cellulase (125.66, 16.4 and 24.7 U/ml
for CMCase, FPase and p-glucosidase respectively), but
above or below this value, the enzymes synthesis was
suppressed (Fig. 8).

Effect of C: N ratio on cellulases production. Dif-
ferent inorganic and organic nitrogen sources (0.3%,
w/v) were supplemented in Mandel’s broth and it was
found that production of cellulolytic enzymes was
greatly influenced by the type of nitrogen source used.
Yeast extract exhibited the highest yield of all three cel-
lulolytic enzymes. To accomplish the particular C: N
ratio, 1% CMC was used as carbon source while the
amount of yeast extract was varied. Fig. 9 shows that
maximum yield of cellulolytic enzymes (126.37, 17.5,
and 26.0 U/ml for CMCase, FPase and B-glucosidase)
was supported at C: N ratio of 10.0.

Hydrolysis of rice straw using the crude enzyme.
Using the Updegraff method, cellulose content in the
sun-dried rice straw (pretreated with 1% NaOH) was
estimated to be around 30%. Hydrolysis of 1% rice
straw using crude enzyme dosage (FPase activity) of
101U/g rice straw yielded saccharification efficiency of
46.3% in 12 h at pH 6.0. With the increase in pH values,
the saccharification yield gradually decreased (Fig. 10).

Supramolecular structural changes in the untreated
and enzyme treated rice straw were observed using
scanning electronic microscope (SEM). The SEM
images (Fig.11) showed that the native structure of
rice straw was opened during the enzymatic treatment,



38 Das A. et al. 1

25

—- CMCase

—— FPase
—A— B-glucosidase

----- Basal enzyme activity

a
20 4
2 o
= 3
S 15
©
L=
i)
S 10 A
kel
£
5-
0 ; t t
0% 0.03% 0.05% 0.1%
0% 0.05% |
-
b r ’3 -
CMCase
activity

0.20% 0.30% 0.40% 0.50% 1.00% 2.00%
% of glucose (W/v)

02% | 04% | 05% | 1%
o e
e R

Fig. 7. Effect of varying glucose concentrations on the induction patterns of cellulases by A. fumigatus ABK9
in 1% carboxymethylcellulose (CMC) containing Mandels media (a). Native polyacrylamide gel electrophoresis band
and zymogram analysis of the crude enzymes indicate the pattern of induction in the medium (b).

1201 W CMCase [J FPase [ B-glucosidase

100- T

40+

20

04
2O

@ «\'L? @*\ \’L\* a”'\)‘ ex\'L
5

@
<

Relative activity (% of control)
[}
S
T

\A%'L\A
O
& &

Phosphate sources (0.2% w/v

3 CMCase
[ B-glucosidase

1401 Poly. (FPase)
FPase

1204 = = - Poly. (B-glucosidase)
100+

£

5 80+

=

.2 60+

|53

©

(0]

€ 404

N

f=

w

C:P ratio

Fig. 8. Effect of different phosphate sources (0.2%) on cellulases production by A. fumigatus ABK9 under submerged fermentation (a).
To achieve the desired C: P ratio, 1% (w/v) CMC was used as carbon source, while the amount of phosphate source was varied (b)

which enhanced the surface area for further degrada-
tion (Cybulska et al., 2010). The cellulosic fragments
and breaks along the cellulosic fibers could be observed
at a magnification of 1000x, which meant that the cel-
lulase broke enough glucosidal bonds to weaken the
microfibril surfaces and caused splitting.

Discussion

Generally synergistic activities of the cellulolytic
enzymes are required for the complete hydrolysis of
cellulose, and for this, a crude cellulase preparation is
considered advantageous over the purified enzymes
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(Wilson, 2009). Crude cellulase preparation with high
proportionate of FPase is beneficial for fast saccharifi-
cation process (Goodell et al., 1997; Juhasz et al., 2005;
Gao et al., 2008), but literature on such type of prepara-
tion is very scarce (Table III).

In this study, after extensive screening one potent
cellulolytic fungal isolate was selected, which was iden-
tified on the basis of morphological and 28S rDNA
analysis as Aspergillus fumigatus ABK9. Fungi are well

Fig. 11. Scanning electron micrograph of untreated (A)
and enzyme treated (B) wheat straw.



40

Das A. et al.

Table III

A comparative account of cellulases (CMCase, FPase and p-glucosidase) production by the newly isolated fungal strain
and other related fungus, cited from literature.

Organism Substrate Cultural condition Enzyme activity Reference
Aspergillus fumigates ABK9 | Carboxymethyl cellulose | Submerged fermentation CMCase: 126.37 U/ml This work
(SMF) shake flask FPase: 17.5 U/ml
B-Glucosidase: 26.0 U/ml
Trichoderma reesei Cellulose powder SME, stirred tank bioreactor | FPase: 69.8 U/l/h (Ahamed and

Vermette, 2009 )

Hypocrea jecorina Rut C30
and Candida

Bombicola (Co- culture)

Glycerol and soybean oil

SME, shake flask

FPase: 0.5 U/ml) (Lo and Ju, 2009)

Trichoderma reesei Water SME, shake flask FPase: 0.22+0.04 U/ml (Pradnya et al., 2008)
NCIM 1052 Hyacinth
Penicillium occitanis Paper pulp SMF- Fed batch CMCase: 21 U/ml (Klemn et al., 2005)

20L fermentor

FPase: 23 U/ml

Trichoderma reesei Sugar cane bagasse

SME, shake flask

CMCase: 33.8 U/ml
FPase: 0.88 U/ml
B-Glucosidase: 0.33 U/ml

(Adsul et al., 2004)

Aspergillus terreus and Sugar cane bagasse
Trichoderma reesei

(Co-culture)

SME, shake flask

FPase: 0.6 U/ml (Muhannad et al.,

2001)

known agents for decomposition of cellulosic organic
matters and Aspergillus produces wide range of enzymes
capable of degrading plant cell wall polysaccharides.
A wide range of Aspergillus sp has been identified to
possess all components of the cellulose enzymes system
(Vries and Visser, 2001), which is in agreement with the
current study.

Incubation time of a fermentation experiment has
a direct relationship with the production of microbial
extracellular enzymes. The growth related enzyme syn-
thesis indicates (Fig. 2) that cellulase production was
proportionately increased with cell biomass (growth
associated). Organism synthesized higher quantity
of cellulases in the late logarithmic phase of growth
(72h). The highest biomass (X__ ) and specific growth
rate (y ) of the organism was also obtained at this
period. This indicated higher biomass related to the
highest accumulation of enzyme in the culture broth.
Fermentation time for maximum cellulases produc-
tion by A. fumigatus ABK9 was also shorter than some
other cellulolytic fungi like Tricothecium, and Penicil-
lium (Agnihotri etal, 2010). The maximum yield of
different fractions of cellulase particularly the content
of FPase obtained from A. fumigatus ABK9 was higher
than some previously reported filamentous fungi like
Aspergillus, Trichoderma, Penicillium, etc (Table II). It
is also interesting to note that during the course of fer-
mentation endoglucanase activity was induced earlier
than B-glucosidase activity, since it acts on the poly-

meric cellulose, which is abundant at the beginning of
fermentation (Fig. 2). As this substrate hydrolyzed into
short chain oligosaccharides, B-glucosidase induction
increased and became stable.

The pH of the culture medium and incubation
temperature are the most important physical regula-
tory factors in most studies on microbial cultures. The
incubation temperature of 30°C and initial medium
pH of 4.5-5.5 were found most stimulatory for spe-
cific rate of cellulase productivity (q) and growth
(X,,) of A. fumigatus ABK9. Present experiments also
demonstrated that the organism was able to synthesize
a good amount of enzyme in wide range of pH from 4.0
to 7.0 and at 25 to 35°C. Thus this mesophilic fungus
will be very suitable for the large scale production of
cellulolytic enzymes at room’s environment (Agnihotri
etal., 2010). Rajoka et al. (2006) also mentioned that
optimum pH for fungal growth lies around 4.5 and 5.5.

Agitation and aeration are generally used to meet
the oxygen demand, uniform mixing and distribution
of nutrients during fermentation process. Increased
agitation helps to overcome resistance to the transfer
of oxygen into the medium and then into the microbial
cells (Bartholomew et al., 1950) providing a large gas
liquid interface surface area could lead to an increase
in the rate of oxygen transfer in the fermentation broth.
In the case of A. fumigatus ABK9, agitation at 120 rev/
min supported maximum cellulases secretion, above
which production decreased (Fig. 3).
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Growth rates and extracellular cellulase production
rates were considered as the factors that might con-
tribute to difference in enzyme synthesis from differ-
ent growth substrates. The analysis carried out in this
work shows that the induction of cellulase in respect
of enzyme formation rate (Qp), specific rate of enzyme
production (q ) and enzyme/biomass yield (Y ) was
significantly fligher when carboxymethyl cellulose
(CMC) used as carbon source in the culture media.
Moderate expression of all cellulolytic enzyme fractions
were observed when Avicel and disaccharide like cello-
biose or lactose was used as the carbon source. Glucose
supported the maximum rate of cell mass formation
(Q,), but repressed the cellulase synthesis in a dose
dependent manner. It appeared that enzyme synthesis
was controlled by two regulatory mechanisms: (i) an
induction mechanism (by CMC) that enhanced the
specific rate of enzyme production (q ) of CMCase,
FPase and B-glucosidase up to 228.4, 26.6 and 35.2 U/g
cell/h (highest yield), and (ii) a growth-dependent
mechanism that changed the higher rate of synthesis
(Y,,) in CMC-induced over non-CMC (other carbo-
hydrates) induced cultures. Earlier studies suggest that
separate regulation could exist for -glucosidases, cello-
biohydrolases, and endoglucanases (Ilmen, 1997). Our
data show that the major cellulase fractions, CMCase,
FPase and P-glucosidase of A. fumigatus ABK9, are
coordinately expressed under all the conditions stud-
ied. These results indicate a common regulatory mecha-
nism where CMC induces the proportionate expres-
sion of all cellulase fractions. This also justifies the
selection of a most suitable soluble carbon source for
cellulase production.

On the other hand, the supplementation of 2-deoxy-
D-glucose in the fermentation media clearly demon-
strated that it had a profound effect on fungal growth
and cellulases production. The profile of change
in carbohydrate to protein ratio and residual sugar
concentration indicates that due to relatively higher
amount of enzyme production, the ratio decreased up
to 1.13 in presence of 2-deoxy-D-glucose concentra-
tion of 0.5mg/ml. Above this concentration fungal
growth was severely hampered, as a result both the
amount of residual sugar and carbohydrate to protein
ratio were increased. In the present study, 132.2, 21.3
and 28.9 U/ml of CMCase, FPase and B-glucosidase
activity respectively was produced in the presence of
0.5mg/ml of DG.

Thus the effect of 2-deoxy-D-glucose on cellulase
production clearly demonstrated that it had a profound
effect on increasing enzyme activity in the culture
medium and also favored the transport of intracellular
enzymes to extracellular medium, as was observed ear-
lier (Mukherjee et al., 2006), though it hinders hyphal
ghowth at increasing concentrations,

There is much evidence supporting the notion that
cellulases are consecutive enzymes and their synthe-
ses is induced by cellulose or small molecules released
from cellulose (Messner and Kubicek, 1991; Kubicek,
1992). Since raw cellulose cannot directly enter into the
fungal cell, it is generally believed that cellulose degra-
dative products enter the cell, thus serving as the actual
inducers to trigger high levels of cellulase gene expres-
sion (Seiboth et al., 1997). The soluble carbon source
like CMC was easily utilized for the growth of A. fumig-
atus ABK9 and also acted as effective inducer for the
production of cellulases. The induction ratio, defined
as the ratio of inducer activity and basal activity, was
12.3-24.4 for cellulolytic enzymes in the presence of 1.5%
(w/v) CMC. Higher concentration of CMC in the cul-
ture media suppressed cellulase formation and this can
be attributed to the high viscosity of culture broth,
which can interfere with the O, transfer rate leading
to the limitation of dissolved oxygen required for the
growth of organism. Low level of cellulolytic enzymes
in the presence of glucose in this study could be attrib-
uted to catabolic repression of synthesis of cellulolytic
enzymes that was demonstrated in many organisms
(Jorgensen et al., 2004).

Adequate supply of carbon, phosphate and nitrogen
sources are the key factors affecting both productivity
and fermentation time. The highest cellulase productiv-
ity was found in presence of KH,PO, and yeast extract
in the culture media of A. fumigatus ABK9. The C: P
and C: N ratios of 4.0 and 10.0 were very much favour-
able for production of all cellulolytic enzymes. During
the study on lignocellulose hydrolyzing capacity of the
crude cellulases, highest rice straw saccharification effi-
ciency of 46.3% was found at an enzyme load of 101U/g
at pH 6. Varying saccharification efficiency at varied
pH and enzyme concentration indicates that proper
condition of their synergistic effect is very much essen-
tial for degradation of cellulosic fibers. The scanning
electron microscopic view of the pre and post enzyme
treated rice straw also supported the defragmentation
of cellulosic fibers in the same conditions.

In summary, the results from this preliminary study
showed that the newly isolated Aspergillus fumigatus
ABKO produced considerably higher level of extracel-
lular cellulolytic enzymes, especially the activities of
CMCase, FPase and f-glucosidase under submerged
fermentation. The proportionate yields of these three
different cellulolytic activities (cocktail mixture) are
very essential for maximum saccharification of cellu-
losic materials into fermentable sugars. A kinetic study
shows that cellulase production was growth associ-
ated. The biosynthesis of all cellulolytic enzymes by
Aspergillus fumigatus ABK9 in the presence of single
inducer (CMC) make this fungus worthy of further
investigation.
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