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Abstract Trichoderma sp. is a potential cellulase produc-
ing mesophilic fungi which grow under mild acidic con-
dition. In this study, growth and nutritional conditions were
manipulated for the maximum and cost-effective produc-
tion of cellulase using lab strain Trichoderma sp. RCK65
and checked for its efficiency in hydrolysis of Prosopis
juliflora (a woody substrate). Preliminary studies suggested
that when 48 h old secondary fungal culture (20 % v/w)
was inoculated in wheat bran moistened with mineral salt
solution (pH 4.5 and 1:3 solid to moisture ratio), incubated
at 30 °C and after 72 h, it produced maximum cellulase
(CMCase 145 U/gds, FPase 38 U/gds and B-glucosidase
105 U/gds). However, using statistical approach a S:L ratio
(1:1) was surprisingly found to be optimum that improved
cellulase that is CMCase activity by 6.21 %, FPase activity
by 23.68 % and [B-glucosidase activity by 37.28 %. The
estimated cost of crude enzyme (Rs. 5.311/1000 FPase
units) seems to be economically feasible which may be due
to high enzyme titre, less cultivation time and low media
cost. Moreover, when the crude enzyme was used to sac-
charify pretreated Prosopis juliflora (a woody substrate), it
resulted up to 83 % (w/w) saccharification.
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Abbreviations

Coste, Cost of culture medium

Costeg  Cost of equipment

Costy,  Operating cost

Dpax Maximum incubation time

P, Price of autoclave

LT, Life time of autoclave

Cap, Capacity of autoclave

P, Price of incubator

LT, Life time of incubator

Cap, Capacity of incubator

E, Energy consumption by autoclave
E, Energy consumption by incubator
gds Gram dry substrate
Introduction

The cellulase market has expanded in recent years with the
onset of biorefineries, where fermentable sugars from
hydrolysis of cellulosic biomass can be converted to
commodities such as bioethanol and other bio-based
products [1]. Besides this, cellulases have many other
potential applications in textile industry, pulp and paper
industry, starch processing, grain alcohol fermentation,
malting and brewing, extraction of fruits and veg-
etable juices [2]. Such wide industrial potential has made
cellulases as one of the most useful and in-demand enzyme
system. Despite continuous research globally, cellulases
production is still in its infancy and needs more precise
efforts in this direction. Cost-effective production of cel-
lulases is very critical for the overall process economics for
bioconversion of plant materials into value added chemi-
cals and biofuel [3].
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Cellulases are a family of three groups of enzymes,
endo-(1,4)-B-D-glucanase (EC 3.2.1.4), exo-(1,4)-B-D-
glucanase (EC 3.2.1.91), and B-glucosidase (EC 3.2.1.21).
The exoglucanase acts on the ends of cellulose chain and
releases P-cellobiose as the end product; endoglucanase
randomly attacks the internal o-glycosidic bonds, resulting
in glucan chains of different lengths; and B-glucosidase act
specifically on B-glycosidic bonds of cellobiose and pro-
duce glucose [4].

Cellulolytic microorganisms have been identified as
members of eubacteria, fungi, some anaerobic protozoa
and slime moulds. In general, bacteria degrade cellulose by
cell-bound enzymes whereas; fungi secrete most of their
enzymes in the surrounding growth medium. Unlike bac-
terial cellulases which produce membrane bound enzymes
in form of cellulase complexes, fungal counterparts secrete
cellulases in large amount as independent entities [5].
Therefore, to employ a cellulase producing fungal strain in
various industrial applications, a complete cellulase system
is required. Among various cellulase producing fungi,
genus Trichoderma is the most studied fungus which has
been reported to produce fairly good amount of exoglu-
canase and endoglucanase, but a low titre of B-glucosidase
which hampers its efficiency for the conversion of cellulose
to sugars. In Trichoderma reesei, 60 % of total protein
constitutes of cellobiohydrolase I or exoglucanase and
endoglucanase accounts for 20 %, which is thus a major
drawback for cellulose hydrolysis [6]. A similar report
supporting the preceding statement was reported by Kovacs
et al. [7] using Trichoderma reesei Rut C30 producing very
low B-glucosidase around 0.07U in comparison to 122 U of
endoglucanase and 0.62 U exoglucanase activity in culture
filtrate. However, a lot of studies have been done using
Trichoderma sp. to produce cellulase, but they all lack in
respect of low enzyme titre [8—10] or improper ratio of
three enzymes [7, 11]. But still if nutritional and physio-
logical parameters could be optimized, a process can be
developed using a fungal strain for efficient cellulase pro-
duction [3, 12]. Hence, there is still hope to design efficient
cellulase production strategy using Trichoderma sp. which
would be able to produce a high titre of B-glucosidase
along with other two enzymes to remove the limitation in
saccharification of cellulosics.

The media components along with the solid substrate
play a vital role in obtaining high titers of enzyme under
SSF. Optimising media components along with process
parameters could lead to reduced energy requirement, use
of simpler fermentation medium, absence of rigorous
control of fermentation parameters, reduced water
requirement, easier control of bacterial contamination,
lower cost of downstream processing and finally leading to
cost-effective production of enzyme [13, 14]. The
methodology employed can be one factor at a time
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approach (OFAT) or statistical methods like response
surface methodology (RSM) which identifies the influential
factors and analyse their combinatorial approach [1]. In
addition to the various parameter’s optimization, cost
analysis for cellulase production is necessary to validate
the suitability of the process and its economic feasibility
for large scale application [15].

In this study, highly efficient cost-effective cellulase pro-
duction from fungus Trichoderma sp. RCK65 has been
reported by optimising various physiological and nutritional
parameters. These parameters have been screened out by
OFAT approach followed by further optimization using cen-
tral composite design (CCD) of RSM to enhance the enzyme
titre. The cost analysis of the optimized media has been carried
out and a comparative account has been prepared with the cost
of production media for cellulase production from various
Trichoderma sp. reported in the literature. Further, the crude
culture filtrate was tested on different pretreated Prosopis
juliflora (a woody biomass) to check its saccharification
efficiency on lignocellulosic substrates.

Materials and methods
Raw materials

Lignocellulosic substrates purchased locally were washed
thoroughly and dried in hot air oven till constant weight.
The lignocellulosic substrate P. juliflora was collected
from Aravali forest area of University of Delhi, New Delhi,
India, dried and grounded to a particle size of 40-60 mesh
(Metrex Scientific Instrumentation, Delhi, India). The
processed substrate was pretreated with acid, alkali and
sodium chlorite as described earlier [16]. Chemicals such
as carboxymethyl cellulose (CMC) and p-nitrophenyl
B-p glucopyranoside (PNPG) were purchased from Sigma—
Aldrich (St. Louis, USA). All other media components and
chemicals of analytical grade were purchased locally.

Microorganism and culture conditions

The fungal isolate Trichoderma sp. RCK65 procured from
culture collection of Lignocellulose Biotechnology Labo-
ratory, University of Delhi South Campus, New Delhi,
India, was grown and maintained on potato dextrose agar
(PDA) (g/L) potato infusion 200; dextrose 20; agar 20
supplemented with carboxymethyl cellulose (CMC)
(5.0 g/L) at 30 °C. The fungal cultures were stored at 4 °C.

Inoculum preparation

Fungal inoculum was prepared in 250 mL Erlenmeyer
flasks with 100 mL potato dextrose broth (PDB)
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supplemented with 0.5 % (w/v) CMC. Four fungal discs
(8 mm) diameter each were inoculated in the medium and
incubated at 150 rpm and 30 °C. After 48 h, secondary
inoculum was prepared by adding 5 mL of the primary
inoculum into fresh potato dextrose broth (PDB) (100 mL)
supplemented with 0.5 % (w/v) CMC and kept at 30 °C,
150 rpm for next 48 h. The secondary inoculum thus
developed was then used for inoculating the production
medium.

Cellulase production under solid state fermentation

SSF for cellulase production was carried out in a 250 mL
Erlenmeyer flasks containing 5.0 g of wheat bran, moist-
ened with solution containing (g/L) KH,PO, 6.0; (NHy),
SO, 3.0; yeast extract 5.0 and soybean meal 24.0 and pH
6.5. A substrate to moisture ratio of 1:3 was set prior to
sterilisation. The flasks were sterilised by autoclaving at
121 °C and 15 psi for 15 min, and thereafter cooled to
room temperature and inoculated with fungal inoculum
40 % (v/w) corresponds to 0.032 g dry weight. The con-
tents of the flasks were mixed properly with a sterilised
glass rod to distribute the inoculum throughout the bran
and incubated at 30 °C. The fungal fermented bran after
appropriate interval was taken out, suspended in 25 mL
citrate phosphate buffer (50 mM, pH 5.0) and mixed
thoroughly for 45 min. The wheat bran suspended in buffer
solution was squeezed through the muslin cloth to maxi-
mize the enzyme extraction and centrifuged at 10,000 rpm
and 4 °C for 5 min. The supernatant obtained was used for
various assays to check the cellulase production.

Optimization of cellulase production

Various physical and nutritional parameters, such as cul-
tivation time (up to seventh day), temperature (2540 °C),
solid to liquid ratio (1:1-1:5), pH (3.5-7.5), inoculum age
(24-144 h), inoculum size (10-50 %, v/w of 48 h old
secondary culture), and supplementation of different car-
bon and nitrogen sources were studied to evaluate their
effect on production of cellulase from Trichoderma sp.
RCKG65. Each factor examined for optimization was
incorporated further in the subsequent experiments. All
other experiment conditions were kept constant unless
otherwise stated.

To further evaluate the effect of interaction among
effective parameters, such as pH, solid to liquid ratio,
soybean meal concentration and quantity of wheat bran on
cellulase production statistical approach, i.e. RSM was
employed. The statistical software package Design Expert
8.0.7.1 (Stat-Ease, USA) was used to develop the experi-
mental design and analyse the results. In experimental
design, the minimum (—o) and maximum (+o) value of pH

was 3.5 and 5.5, solid to liquid ratio 1:1 and 1:5, soybean
meal concentration 1.2 and 3.6 g, respectively, while wheat
bran quantity was kept 2 and 8 g.

Cost analysis of cellulase production

In this study, the cost of the cellulase production was
estimated by analysing cost of culture medium (Cost.p),
cost of equipment (Costeq) and cost of process operation
(Costop) using the following equations, as described by
Osma et al. [15].

Costen = X(cost of medium components) (1)
Dijax P, Py

Costeq = 2

OSteg {365 <LTa x Cap, LTbCapbﬂ @)

where, D,,.x = maximum incubation time, P, and P, =
price of autoclave and incubator, LT, and LT, = life time
of autoclave and incubator, Cap, and Cap, = capacity of
autoclave and incubator.

E, X 24 X Dpax E,
Costy, = 3
(G A - I

where, E, and E, = energy consumption by autoclave and
incubator.

While the cost of cellulase production (CoSteeulase) ON
the basis of maximum FPase activity (Acejilase) and volume
of enzyme production (Veenuase) Was calculated as follows:

Costem + Costeg + Costop @)

Acellulase X Vcellulase

COStcellulase =

Saccharification of lignocellulosic substrates

Enzymatic hydrolysis of untreated and pretreated (chlorite
treated, alkali treated and acid treated) plant materials,
Prosopis juliflora; 10.0 g each was carried out at 5 % (w/v)
substrate consistency in 50 mM citrate phosphate buffer
(pH 5.0). The substrate with buffer was preincubated at
50 °C on a rotatory shaker (Innova-40, New Brunswick
Scientific, Germany) at 150 rpm for 2 h, and thereafter
crude culture filtrate containing (20 FPase/g) and Tween
80 (1 % v/v) was also added to the reaction mixture and the
reaction continued up to 24 h. Samples of enzymatic
hydrolysate were withdrawn at regular intervals and anal-
ysed for amount of glucose released.

Analytical methods
The FPase, CMCase and B-glucosidase activities were
determined using IUPAC procedures [17]. The release of

the reducing sugars was measured as a glucose equivalent
using dinitrosalicylic acid method [18]. B-Glucosidase
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activity was determined by assaying the release of p-ni-
trophenol (pNP) at 430 nm from a reaction mixture con-
taining 1 mL p-nitrophenyl B-D glucopyranoside (pNPG)
(1 mM), 1.8 mL 50 mM acetate buffer (pH 4.8) and
0.2 mL suitably diluted enzyme, incubated at 50 °C for
30 min [19]. One unit of enzyme activity was defined as
the amount of enzyme required to liberate 1 pmol of glu-
cose or p-nitrophenol, from their corresponding substrate,
per mL of enzyme per min under the assay conditions.

Results and discussion
Time course of cellulase production
Enzyme production carried out using Trichoderma sp.

RCK®65 under SSF increased gradually till third day with a
subsequent stationary phase on further incubation. The

FPase, CMCase and B-glucosidase production reached to a
maximum of 19.81 + 0.06, 53.88 + 0.38 and 26.73 &+
0.98 U/gds, respectively, on the third day.

Effect of different physiological parameters
on cellulase production

Effect of temperature

The optimization of incubation temperature for cellulase
production using Trichoderma sp. RCK65 revealed that
production of enzyme increased from 25 to 30 °C
(Table 1) with maximal enzyme production at 30 °C i.e.,
CMCase (50.46 + 2.41 U/gds), FPase (18.73 £ 0.39 U/
gds) and B-glucosidase (28.42 £ 0.08 U/gds). Any further
increase in temperature decreased the enzyme production,
which may be attributed to lower fungal growth at higher
temperature. Yang et al. [20] and Das et al. [21]. also

Table 1 Physiological

parameters optimization for
cellulase production by
Trichoderma sp. RCK65 under
solid state fermentation
conditions using OFAT method

@ Springer

Variables Temperature (°C)
25 30 35 40
CMCase (U/g) 44.83 £+ 1.31 50.46 £+ 2.41 48.42 + 1.29 6.91 + 0.48
FPase (U/g) 14.65 £ 0.23 18.73 £ 0.39 17.99 + 0.68 2.08 £ 0.04
B-glucosidase (U/g) 27.34 £ 0.03 28.42 + 0.08 26.86 £ 1.20 2.61 + 0.42
Variables Solid to liquid ratio (S:L)
1:1 1:2 1:3 1:4 1:5
CMCase (U/g) 21.71 £ 021  30.06 £ 1.51 5230+ 059 2472 +£1.69 2283 +£1.78
FPase (U/g) 12.61 £ 091 17.06 £ 1.79  19.57 £ 042 9.40 + 0.49 9.54 + 0.65
B-glucosidase (U/g)  24.89 £ 0.68 3691 +£0.27 30.78 £ 095 47.63 + 141 27.33 £ 1.29
Variables Inoculum size (% v/w)
10 20 30 40 50
CMCase (U/g) 26.31 £ 1.02 5626 £0.89 4691 £ 1.15 49.59 £ 094 37.25 £2.04
FPase (U/g) 1457 £ 124 1955+ 186 17.85+ 044 18.14 £1.03 9.21 £ 0.93
B-glucosidase (U/g)  60.97 £ 0.79  67.61 = 1.08 63.74 £ 1.21 2937 £0.59 35.53 + 0.30
Variables pH
35 4.5 5.5 6.5 7.5
CMCase (U/g) 14322 £ 1.67 14653 £ 029 71.84 £0.92 54.04 £ 1.68 41.59 + 1.09
FPase (U/g) 36.08 £ 1.524 39.07 + 1.21 3134 £ 136 19.29 £ 048 10.17 £ 0.65
B-glucosidase (U/g) 90.92 £+ 1.57 105.02 £ 0.55 9399 + 047 68.52 £ 043 59.16 £ 0.72
Variables Inoculum age (h)
24 48 72 96 120
CMCase (U/g) 132.41 £ 045 14648 + 1.44 129.52 £ 2.12 104.15 £ 091 124.67 + 0.7
FPase (U/g) 3751 £ 195 4149 £0.58 34.14 £ 030 3197 £2.10 22.88 +0.56
B-glucosidase (U/g) 83.26 + 1.61 106.41 +0.28 92.78 + 0917 70.21 £ 1.31 59.67 £ 2.18
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reported an optimum temperature ranging 28-30 °C for
cellulase production from Trichoderma sp. under SSF
condition.

Effect of substrate to moisture ratio

At microscopic level, the influence of cell water flux occur
for the maintenance of a constant cell turgor pressure,
constant branching orientation and hyphal growth rate but
at macroscopic level, influence of the hydration occurs for
the maintenance of radial growth rate, evolution of ger-
mination, sporulation and metabolic activity of a fungal
colony [22]. Moreover, solute diffusion as well as main-
tenance of osmotic balance in a cell also occurs in aqueous
medium. The results in this study showed that enzyme
production enhanced with increase in initial substrate to
moisture ratio of the medium from 1:1 to 1:3. At substrate
to moisture ratio of 1:3, the maximal enzyme production
was CMCase (52.30 £ 0.59 U/gds), FPase (19.57 +
0.42 U/gds) and PB-glucosidase (30.78 £ 0.95 U/gds)
(Table 1). However, increasing the moisture content
beyond 1:3 ratio decreased the enzyme production, which
may be due to the presence of excess free water which
creates an additional diffusion barrier leading to decrease
in growth and enzyme production [13]. Similar observation
was also reported in case of cellulase production using
Fomitopsis sp. RCK2010 by Deswal et al. [3] and Ther-
moascus aurantiacus RCKK by Jain et al. [12].

Effect of inoculum concentration

An optimal inoculum level is necessary for maintaining
balance between the proliferating biomass and available
nutrients to produce maximum enzyme [23]. In this study,
the effect of inoculum concentration ranging from 10 to
50 % (v/w) revealed that 20 % (v/w) is the optimal
inoculum concentration for maximum cellulase production,
i.e. CMCase (56.26 £ 0.89 U/gds), FPase (19.55 + 1.86
U/gds) and B-glucosidase (67.61 + 1.08 U/gds), which
decreased on further increase of inoculum concentration
(Table 1). Hu et al. [10] also reported 20 % (v/w) as
optimal concentration for cellulase production from Tri-
choderma viride. While the decrease in enzyme activity by
increasing the inoculum concentration beyond optimal
limit could be due to faster nutrient depletion [13].

Effect of initial pH
The cellulase production by Trichoderma sp. RCK65 under

SSF condition was also checked at different pH ranging
from 3.5 to 7.5. The fungus produced maximum CMCase

(146.53 4+ 0.29 U/gds), FPase (39.07 + 1.21 U/gds) and
B-glucosidase (105.02 £ 0.55 U/gds) at initial medium pH
4.5 (Table 1). An increase in initial pH of the medium
beyond 4.5 reduced the cellulase production drastically.
Yang et al. [20] and Das et al. [21] also observed the
optimum cellulase production at pH 4.5, respectively, when
studying the cellulase production using Trichoderma sp.

Effect of inoculum age

An inoculum age of 48 h was found optimum for the
production of CMCase (146.48 £+ 1.44 U/gds), FPase
(41.49 £ 0.58 U/gds) and B-glucosidase (106.41 +
0.28 U/gds), when inocula of age ranging 24—144 h were
evaluated (Table 1). Further use of older inoculum led to
substantial decrease in the production of all the enzymes
which may be attributed to the lesser number of fungal
cells in growing phase. Our results are also in good
accordance with Jain et al. [12]. who reported a rapid
decrease in cellulase production when more than 72 h old
culture was used as inoculum.

Effect of nutritional parameters on cellulase
production

Effect of substrate and its concentration

The influence of various substrates on cellulase production
is shown in Table 2. Among tested carbon sources, wheat
bran led to maximum production of CMCase (146.55 £+
1.04 U/gds), FPase (41.09 £ 0.68 U/gds) and B-glucosi-
dase (104.64 £ 0.73 U/gds). This may be attributed to the
fact that wheat bran is a nutrient base comprising blends of
complex carbohydrates as celluloses, hemicelluloses and
also a source of substituted insoluble xylan, in addition to
digestible nitrogen [1]. Moreover, it also acts as a complete
nutritious feed containing various soluble sugars, which are
helpful for the initiation of growth and replication of
microorganisms and remains loose even under moist con-
ditions providing a large surface area [24]. On the other
hand, Prosopis juliflora, Lantana camara and corn cob
when used as supplement for cellulase production by 7Tri-
choderma sp. RCK65, the production level was substan-
tially lower, which might be due to inappropriate physical
properties of these substrates like particle size, geometry
and compactness of the substrate which creates problem in
heat-mass transfer and aeration required for growth of the
fungus [13]. Amongst various concentration of wheat bran
tested 5 g gave maximum CMCase (146.7 &+ 1.05 U/gds),
FPase (41.18 £ 1.96 U/gds) and B-glucosidase (104.89 +
0.78 U/gds) (Fig. 1).
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Table 2 Effect of carbon and
nitrogen sources on cellulase
production using Trichoderma
sp. RCK65 under solid state

Carbon sources (5 g)

Variables

CMCase (U/g)

FPase (U/g)

B-glucosidase (U/g)

fermentation using OFAT Wheat straw 52.88 £ 0.98 12.49 £+ 1.86 18.69 £ 0.79
method Wheat bran 146.55 + 1.04 41.09 £+ 0.68 104.64 £+ 0.73
Rice straw 32.74 + 0.60 6.77 + 0.42 2413 £+ 1.46
Corn stover 51.67 £ 0.17 943 + 1.49 6.99 + 0.78
Corn cob 57.93 + 1.37 5.02 £ 243 6.83 £ 2.57
Prosopis juliflora 36.37 + 2.29 541 +0.83 7.29 £+ 0.23
Lantana camara - 2.20 £ 2.43 3.13 £ 1.05
Filter paper 155.65 £+ 1.43 31.35 + 1.64 94.86 £ 1.15
Cotton linters 151.13 £ 1.73 35.90 + 0.48 105.17 £ 2.73
Nitrogen sources (W/v)
Soybean meal 149.64 + 1.20 41.09 + 1.73 106.27 + 0.62
Yeast extract 18.60 £ 1.47 791 + 2.78 61.81 £ 2.33
Urea 86.28 £+ 0.51 23.88 £+ 1.50 59.28 £+ 1.90
Corn steep liquor 127.88 £ 1.73 38.18 £ 1.29 93.77 £ 2.0
Casein 23.68 £ 1.06 942 + 1.04 70.71 £ 1.91
— Not detected
160 - 160 - F
- M FPase W FPase
140 ~ CMCase 140 - I CMCase
— B-glucosidase = B-glucosidase
3 120 - 2120 1
=) 2 -
= 100 | = 2 100 - I
£ s I
g 80 E C 80 - I
< I < I T
g 60 g 60 - L
& Z >
S 40 & 40
I ‘ 3 I
20 - I = 204 @_
" | - o 1M n n R n
0.5 1 2 3 4 5

2.5g 5g 10g 15g 20g
Substrate content

Fig. 1 Effect of different amount of wheat bran on cellulase
production by Trichoderma sp. RCK65 under solid state fermentation
conditions

Effect of nitrogen source and its concentration

Among different nitrogen sources tested, the fungus Tricho-
derma sp. RCK65 produces maximum cellulases, viz.
CMCase (149.64 £+ 1.20 U/gds), FPase (41.09 + 1.73 U/
gds) and B-glucosidase (106.27 4 0.62 U/gds) in the presence
of 2.4 % (w/v) soybean meal as organic nitrogen source
(Table 2). The enhanced production of cellulase in presence of
soybean meal may be attributed to organic nitrogen source
mediated regulation. Gomes et al. [25] also reported presence
of organic nitrogen in the medium lead to increase in
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Concentration of Soybean Meal (%)

Fig. 2 Effect of different concentration of soybean meal on cellulase
production by Trichoderma sp. RCK65 under solid state fermentation
conditions

production of hydrolysing enzymes by T. aurantiacus. More-
over, it has also been reported that nitrogen can significantly
affect the pH of the medium during the course of fermentation
as reported by Haapala et al. [26], thereby influences the
microbial metabolism. Similar findings were reported by
Deswal et al. [3] and Jain et al. [12]. Further the concentrations
of soybean meal were checked and a maximum of CMCase
(137.98 £ 2.74 U/gds) and B-glucosidase (103.52 + 3.51 U/
gds) with 2 % (w/v) soybean meal whereas maximum FPase
(45.35 £ 1.67 U/gds) with 3 % (w/v) (Fig. 2).
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Statistical optimization of cellulase production using
RSM

The experimental results obtained by CCD of RSM
experiment are presented along with the mean observed
responses in Table 3. The maximum cellulase activity was
observed in run 19 where pH 4.5, solid to liquid ratio 1:1,
soybean meal 2.4 % (w/v) and wheat bran 5 g was used in
the production medium, while the minimum activity was
obtained in run 16 where the fungus was grown on medium
of pH 5.0, solid to liquid ratio 1:4, soybean meal 3.0 % (w/
v), wheat bran 6.5 g. The analysis of experimental design
provided following quadratic equations by which the pre-
dicted values could be estimated at varied level of factors:

CMCase : +141.62 —1.19%xA —3935%«B - 1.20% C

FPase :

—2853*xD+156*xA+«B—-332xA%xC
—1.14*AxD+ 1.77«B+*C+327«B*xD
—391%xCxD—22.48 xA> — 12.65 * B?
—23.43 % C? —24.69 x D?

(5)

+35.71 —1.09 *x A — 11.66 * B — 1.37 x C + 0.36
*D+127«A*B+0010xAxC—128xA*xD
+ 079«B*xC—183+«B*xD+032xCx*D
—4.67% A% —2.07 + B> — 4.83  C*4.48 x D*

(6)

Table 3 Experimental design and results of RSM for the production of cellulase from Trichoderma sp. RCK65

Run no. pH S:L Soybean meal (%) Wheat bran (g)

CMCase (U g ds™h FPase (U g ds™h B-glucosidase (U g ds™h

1 4.0 2.0 1.8 3.5
2 5.0 2. 1.8 35

3 4.0 4.0 1.8 35
4 5.0 4.0 1.8 35
5 4.0 2.0 3.0 35
6 5.0 2.0 3.0 35
7 4.0 4.0 3.0 3.5

8 5.0 4.0 3.0 3.5
9 4.0 2.0 1.8 6.5
10 5.0 2.0 1.8 6.5
11 4.0 4.0 1.8 6.5
12 5.0 4.0 1.8 6.5
13 4.0 2.0 3.0 6.5
14 5.0 2.0 3.0 6.5
15 4.0 4.0 3.0 6.5
16 5.0 4.0 3.0 6.5
17 3.5 3.0 2.4 5.0
18 5.5 3.0 2.4 5.0
19 4.5 1.0 2.4 5.0
20 4.5 5.0 2.4 5.0
21 4.5 3.0 1.2 5.0
22 4.5 3.0 3.6 5.0
23 4.5 3.0 2.4 2.0
24 4.5 3.0 2.4 8.0
25 4.5 3.0 2.4 5.0
26 4.5 3.0 24 5.0
27 4.5 3.0 2.4 5.0
28 4.5 3.0 2.4 5.0
29 4.5 3.0 2.4 5.0
30 4.5 3.0 2.4 5.0

99.61
113.22
15.24
24.89
121.25
106.58
24.68
19.59
108.16
106.25
21.65
21.26
94.12
79.03
19.02
21.73
48.23
39.52
154.23
12.16
41.25
38.96
38.69
31.39
136.55
155.45
130.12
142.12
146.24
139.26

35.28 82.44
334 80.51
9.11 50.77
13.27 51.29
30.63 120.18
29.58 122.5
7.57 65.79
7.31 57.62
44.56 110.34
34.17 100.39
6.85 54.59
5.59 49.65
36.78 120.39
30.69 110.29
7.36 48.65
5.55 40.18
16 35.84
12.27 27.02
47.36 144.15
7.69 40.09
14.98 51.25
11.98 77.76
14.09 67.18
15.67 67.18
35.71 106.43
35.71 104.12
35.71 110.32
35.71 105.23
35.71 104.21
35.71 103.24
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f — glucosidase : +105.59 —2.43x A —26.53%x B+ 6.61
*C+0.19x«D—0.087«A+xB—0.51 %A
*C—1.64%xAxD—586x«BxC—4.26
*B*D—6.03%CxD—16.01 +xA% —0.83
* B> —7.74% C* —6.99 x D*

(7)

where A (pH), B (S:L), C is the soybean meal concentration
(%) and D is the wheat bran quantity (g) for the three
responses CMCase, FPase and B-glucosidase, respectively,
which can be used for predicting the responses at any
combination of four predicted variables in and around their
experimental range. The model on analysis was found
significant, as the p < F value to be less than 0.001 for all
the three responses that is CMCase, FPase and B-glucosi-
dase enzyme activity and was predicted by the software
itself. The analysis of variance showed that for all the
enzymes the R? value was closer to one that is 0.9789
(CMCase), 0.9507 (FPase) and 0.9544 (B-glucosidase)
which are in close agreement with the adjusted and pre-
dicted R? values (Table 4). The closer the R? (adj Rz) value
to one, the stronger the model is and better it predicts the
response. Besides the adequate precision values of all the
enzyme were observed to be higher than 4.0, which is
desirable. The parameter coefficient and the P value sug-
gested that all the variables selected for RSM have sig-
nificant effect on cellulase production.

The 3D response surfaces plots were employed to
determine the interaction of the media components and the
optimum levels that have the most significant effect on
enzyme activity. The effect of four factors on each of the
cellulase enzyme was depicted by keeping two variables
constant or at zero level and varying the other two,
revealing a centre point for best possible interaction for
maximum enzyme production. Figure 3a showed that
increasing the quantity of wheat bran up to a certain level
with respect to pH increased the CMCase activity, but
when increased more than 5 g, it decreased the production
as increasing the carbon source after a certain concentra-
tion decreases the cellulase production. Soybean meal at
centre point of 2.4 g gave the maximum CMCase pro-
duction with respect to wheat bran Fig. 3b. Whereas
Fig. 3c, d showed the effect of pH and S:L ratio with

Table 4 ANNOVA response for the cellulase production using RSM

ANOVA CMCase FPase B-glucosidase
R-squared 0.9789 0.9507 0.9544
Adj R-squared 0.9591 0.9048 0.9119
Pred R-squared 0.8997 0.7162 0.7423
Adeq precision 21.931 16.104 18.231

@ Springer

respect to soybean meal and wheat bran giving optimum
value of 4.5 and 1:1 for maximum CMCase production.

Optimum FPase activity with respect to the four factors
was also checked. Figure 4a, b showed that soybean meal
and wheat bran at centre point of 5 and 2.4 g exhibited
higher enzyme production, which revealed that increasing
or decreasing the carbon and nitrogen content effects the
cellulase level [27]. Whereas Fig. 4c, d revealed that
deceasing the S:L ratio and pH to 1:1 and 4.5, respectively,
increased the FPase production. It was due to the fact that
water holding capacity depends on the substrate used, and
as it is known that wheat bran has higher water holding
capacity, this may be attributed to lower moisture content
for optimum production [28].

Influence of the factors on B-glucosidase activity as
shown in Fig. Sa—c was observed optimum for maximum
B-glucosidase production at wheat bran 5 g, pH 4.5 and
S:L of 1:1. While Fig. 5d showed that increasing soybean
meal increased the -glucosidase production up to a certain
concentration (2.4 g) and remained almost constant there-
after. Our results are in well accordance with the work of
Lee et al. [29] where they used organic nitrogen source soy
peptone 2.3 g giving maximum [-glucosidase activity. The
predicted values were in good agreement with the values
measured in these experiments, thus justifying the validity
of the response model and the necessity for optimization.

The statistical optimisation surprisingly revealed very
low moisture content of 1:1 ratio suitable for all three
cellulase production using Trichoderma sp. RCK65 within
a short duration of 72 h. A solid to moisture ratio of 1:1 for
cellulase production was also reported by Shu et al. 2013
[30] using Trichoderma reesei HYQ7, but with incubation
time of 5 days. Thus, the optimisation resulted in 2.39, 2.86
and 5.4 fold increase in FPase, CMCase and B-glucosidase,
respectively. The enzyme activities reported in this study
was found to be highest in respect to all the three enzyme
activities reported from Trichoderma sp. when compared
with the available literature (Table 5).

Cost analysis

Cost evaluation of the crude culture filtrate of Trichoderma
sp. RCK65 was calculated according to Osma et al. [15]
and coworkers. Using the Egs. (1, 2, 3, 4), the total cost of
culture medium, equipment and operation was estimated as
Rs. 0.911, Rs. 0.150 and Rs. 0.196, respectively. Using the
following equities, the net cost of crude enzyme obtained
was estimated as Rs. 5.311/1000 units of FPase. Further we
have attempted to compare the production cost of enzymes
reported in the literature using the methodology reported
by Osma et al. 2011 [15]. The media cost, cost of equip-
ment and processing cost was considered in rupees and the
enzyme production cost was calculated with respect to
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Fig. 3 Response curves of
RSM a pH with respect to wheat
bran, b wheat bran with respect
to soybean meal, ¢ pH with
respect to soybean meal and

d wheat bran with respect to
solid:liquid ratio for the
production of CMCase by
Trichoderma sp. RCK65

Fig. 4 Response curves of
RSM a wheat bran with respect
to pH, b wheat bran with respect
to soybean meal, ¢ solid:liquid
ratio with respect to pH and

d soybean meal with respect to
pH for the production of FPase
by Trichoderma sp. RCK65

FPase activities. It was seen that the cost of our crude
enzyme was lowest when compared with the calculated

CMCase

FPase
FPase

10 il
3.50 3.50

O
=
»

D:Wheat br

FPase

2.40°
C: Soybean meal
%50 y 2.1&

Trichoderma cellulase (Fig. 6), which may be attributed by
the high enzyme titer and lower incubation time in our

cost based on FPase activities from other reports on  case.
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Fig. 5 Response curves of
RSM a solid:liquid with respect
to pH, b wheat bran with respect
to solid:liquid ratio, ¢ soybean
meal with respect to solid:liquid
ratio and d wheat bran with
respect to soybean meal for the
production of B-glucosidase by
Trichoderma sp. RCK65

B-glucosidase

a0 =0

300 1.00 150
A C: Soybean meal

Table 5 Comparative account of cellulase production from Trichoderma sp. RCK65

Organism Enzyme activity (U/g) Time (days) Enzyme (FPase) productivity References
B (U/g/day)
FPase CMCase B-glucosidase
T. viride 34 20.15 - 14 0.243 [8]
T. reesei QM9414 1.16 - - 8 0.145 [35]
T. reesei MCG77 2.31 - - 8 0.289 [35]
T. reesei RUT C30 25.6 - - 2.79 9.176 [36]
T. harzianum T2008 8.2 - - 4 2.05 [37]
T. reesei QM9414 11.65 94.21 - 8 1.456 9]
T. viride sp.3.2942 11.2 50.7 - 6 1.867 [10]
T. asperellum RCK2011 (Wild) 1.601 10.250 6.315 4 0.400 [11]
T. asperellum SR7 (Mutant) 2.201 13.129 9.201 4 0.550 [11]
Trichoderma sp. RCK65 47.36 154.23 144.15 3 15.79 Present work

— Not reported

Enzymatic saccharification

The crude enzyme of Trichoderma sp. RCK65 when
applied for enzymatic saccharification of the varied pre-
treated lignocellulosic substrate (P. juliflora) showed a
perpetual rise in saccharification efficiency starting from
29.88 % in untreated substrate to 83.25 % in chlorite
treated substrate with a sugar release of 12.21 and 46.61 g/

@ Springer

L, respectively (Table 6). The table depicts that the
enhancement in saccharification efficiency was directly
proportional to the holocellulose content of the substrate,
which may be due to enhanced availability of cellulosic
moieties to the enzyme due to partial removal of lignin
and/or hemicellulose. Our results were also in accordance
with our earlier reports on saccharification of delignified
substrates (P. Juliflora, Lantana camara, newspaper waste
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Fig. 6 Comparative account of
cost analysis of enzyme
produced by different
Trichoderma sp. reported in
literature

Cost of media, equipment and operation (Rs.)

200 @ Operating cost (Rs.)
8 Cost of equipments (Rs)
& Cost of Media (Rs)

® Cost of enzyme (RS./1000 U)

Cost of enzyme (Rs./1000 U)

Table 6 Enzymatic saccharification of varied pretreated and untreated Prosopis juliflora using crude culture filtrate from Trichoderma sp.

RCK65

Substrates Sugars released Sugars released Saccharification rate Saccharification efficiency Hollocellulose
(g/e) (g/lL) (g/L/h) (%) (%)

Chlorite treated P. juliflora 0.839 46.610 1.942 83.25 90.7

Alkali treated P. juliflora 0.372 20.677 0.862 46.98 71.3

Acid treated P. juliflora 0.285 15.821 0.659 42.93 59.7

Untreated P. juliflora 0.220 12.210 0.509 29.88 66.2

and corncob) using commercial enzymes yielding 82.8 %  Acknowledgments

[31], 80.0 % [32], 59.8 % [33] and 78 % enzymatic sac-
charification [34]. It also confirms that the enzyme obtained
from Trichoderma sp. RCK65 is comparable to the com-
mercial enzymes used in these studies.

Conclusions

The results presented here demonstrate the enhanced pro-
duction of cellulase enzyme with high enzyme productiv-
ity, which makes the enzyme of immense industrial
potential. Moreover, lower incubation time and high
enzyme titer help in reducing the cost of cellulase. The
enzyme showed wide applicability in hydrolysis of varied
pretreated biomass substrate revealing its potential appli-
cation in the production of second generation bioethanol.
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