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Introduction

Abstract

Aims: The present investigation is aimed at assessing the suitability of cane
molasses as a cheaper carbon and energy source for glucoamylase production
using alginate-immobilized Thermomucor indicae-seudaticae.

Methods and Results: The culture variables for glucoamylase production were
optimized by ‘one-variable-at-a-time’ strategy and response surface methodo-
logy (RSM). A high glucoamylase titre was attained when 40 alginate beads (c.
5 x 10° immobilized spores) were used to inoculate 50 ml of cane molasses
(8%) medium in 250-ml Erlenmeyer flasks. Response surface optimization of
fermentation parameters (cane molasses 7%, inoculum level 44 alginate beads
per 50 ml of medium and ammonium nitrate 0-25%) resulted in 1-8-fold
higher glucoamylase production (27 U ml™") than that in the unoptimized
medium (15 U ml™). Enzyme production was also sustainable in 22 1 of labor-
atory air-lift bioreactor.

Conclusions: Cane molasses served as an excellent carbon and energy source
for the economical production of glucoamylase, which was almost comparable
with that in sucrose yeast-extract broth. The statistical model developed using
RSM allowed determination of optimum levels of the variables for improving
glucoamylase production.

Significance and Impact of the Study: The cost of glucoamylase produced in
cane molasses supplemented with ammonium nitrate was considerably lower
(€1.43 per million U) than in synthetic medium containing sucrose and yeast-
extract (€35.66 per million U). The reduction in fermentation time in air-lift
bioreactor with sustainable glucoamylase titres suggested the feasibility of scale
up of the process.

beverage industries (Crabb and Shetty 1999; Polakovic
and Bryjak 2004). Although glucoamylases have been

Glucoamylase is one of the most important enzymes in
starch industry involved primarily in the production of
glucose (Ford 1999; Reilly 1999). Starting from the non-
reducing end of the starch molecule, it hydrolyses all
o-1,4 glycosidic bonds consecutively while cleaving a-1,6
bonds at a slow rate to produce B-p-glucose (Meagher
and Reilly 1989). Glucose being an essential substrate
for numerous fermentation processes, glucoamylase
extends its applications to a number of other food and

reported from a wide variety of micro-organisms, the
huge industrial demand is fulfilled by the filamentous
fungi.

Glucoamylase for industrial applications is produced
from Aspergillus and Rhizopus spp. in submerged fer-
mentation at 30-35°C, using corn and corn-steep liquor
in the production medium (Nigam and Singh 1995).
A number of different glucoamylase production media

have been formulated (Haasum et al. 1991; Pedersen
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et al. 2000). The use of industrial byproducts in fermen-
tation medium not only provides a cheaper alternative
but also reduces the handling problems (Jin et al. 1998).
The optimization of cultivation variables can further
improve the efficiency of fermentation. The classical
‘one-variable-at-a-time’ approach is an effective tech-
nique, when only a few variables are to be optimized
(Pham et al. 1998). It, however, fails to depict the com-
bined effect of the variables. Response surface methodo-
logy (RSM), on the other hand, has become an
important statistical tool for process optimization
and/or media designing, as it is not only rapid but also
allows to understand the interactions among variables
and their effects on product yield (Kumar and Satyana-
rayana 2007b).

Glucoamylase of thermophilic fungus Thermomucor
indicae-seudaticae, being thermostable and optimally act-
ive at neutral pH, has been found to be useful in devel-
oping an ideal starch saccharification  process
(Satyanarayana et al. 2004). Alginate-immobilized spo-
rangiospores of T. indicae-seudaticae have recently been
shown to produce higher glucoamylase than freely grow-
ing mycelia, and the bead inoculum was successfully
reused for eight batches of repeated fermentation with
sustainable enzyme production (Kumar and Satyanaray-
ana 2007a). Optimization of cultivation conditions fur-
ther improved enzyme secretion by the immobilized
cells (Kumar and Satyanarayana 2007b). The present
investigation was, therefore, carried out for optimizing
glucoamylase production in a cheaper medium using
alginate-immobilized sporangiospores of T. indicae-seu-
daticae. Cane molasses, being a rich source of carbohy-
drates and other nutrients (Crueger and Crueger 2000),
was chosen as the substrate for glucoamylase production.
The fermentation variables were optimized using a com-
bination of conventional ‘one-variable-at-a-time’ and sta-
tistical approaches.

Materials and Methods

Micro-organism

The thermophilic fungus T. indicae-seudaticae (CBS
104-75) is a soil isolate from Pune, India (Subrahmanyam
et al. 1977). The mould was routinely grown on Emer-
son’s yeast-starch agar (YpSs) (Emerson 1941) at 40°C,
and preserved in glycerol at —20°C.

Immobilization of sporangiospores

The sporangiospores of T. indicae-seudaticae were immo-
bilized in calcium alginate according to Kumar and Saty-
anarayana (2007a).
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Production medium and cultivation conditions

Glucoamylase production was carried out in 250-ml
Erlenmeyer flasks containing 50 ml of cane molasses med-
ium inoculated with alginate-immobilized T. indicae-
seudaticae, and incubated at 40°C and 250 rev min~! in
an incubator shaker. After 48 h, the mould biomass was
separated from the fermented medium by filtration
through Whatman No. 1 filter paper. The filtrate was
centrifuged at 10 000 g for 10 min to eliminate any muck
from molasses, and the supernatant was used in glucoa-
mylase assay.

Analytical methods

Glucoamylase was assayed by determining the amount of
glucose released by its action on soluble starch (Merck,
Mumbeai, India) using dinitrosalicylic acid (DNS) reagent
(Miller 1959). One unit of glucoamylase is defined as the
amount of enzyme that releases 1 umol of reducing sugar
as glucose ml~" min~" under the assay conditions.

The average number of spores entrapped per alginate
bead was determined by dissolving the beads in
0-1 mol I"" of phosphate buffer followed by counting
under compound microscope in a haemocytometer. The
residual sugars in the fermented broth were quantitated
spectrophotometrically using anthrone reagent (Brink
et al. 1960).

Optimization of cultivation conditions

‘One-variable-at-a-time’ strategy

Production media containing various concentrations of
cane molasses, i.e. 2%, 4%, 6%, 8% and 10% were used
to find out the optimum concentration that supports a
high glucoamylase production by immobilized T. indicae-
seudaticae. The inoculum size was optimized by inocula-
ting varying number of alginate-immobilized beads (20,
30, 40, 50 and 60) per 50 ml of medium (8% cane molas-
ses) in 250-ml Erlenmeyer flasks. The effect of inorganic
nitrogen supplementation was assessed by incorporating
different nitrogen sources [(NH,), HPO,, (NH,),SO,,
NH,Cl, NH,NO; and CO(NH,),] at a concentration of
02% into the production medium, and the optimum
level of the most effective nitrogen source was found out
by incorporating it in different concentrations (0-05%,
0-1%, 0-2%, 0-3%, 0-4% and 0.5%). While optimizing a
single factor, remaining variables were used at the levels
found optimum in previous experiments. Other parame-
ters such as pH of the production medium, temperature
and agitation rate were the same as optimized earlier for
glucoamylase production in sucrose yeast-extract medium
(Kumar and Satyanarayana 2007b).
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Table 1 Range of variables used for response

Factor Levels surface optimization
code Factor —o -1 0 +1 +o

A Cane molasses (%) 2:0 4-0 6-0 80 10-0

B Inoculum size (number of beads) 10 25 40 55 70

C Ammonium nitrate (%) 0-05 0-10 0-20 0-30 0-35

Response surface optimization

The effect of various interactions among variables [cane
molasses (A), inoculum size (B), and ammonium nitrate
(C)] on glucoamylase production was studied by the
central composite design (CCD) of RSM. Each variable
in the design was studied at five different levels, with all
variables taken at a central coded value of zero
(Table 1). A 2° factorial design with six axial points and
six replicates at the centre point with a total of 20
experiments was followed (Table 2). Glucoamylase pro-
duction was taken as response (Y) and a multiple
regression analysis of the data was carried out to obtain
an empirical model that relates the response measured
to the independent variables. The following quadratic
equation was used to explain the behaviour of the sys-
tem,

Table 2 Experimental design and results of central composite design
(CCD) of response surface methodology for glucoamylase production

Glucoamylase production

Cane Number (U mi)*
Run  molasses of Ammonium
no. (%) beads nitrate (%)  Experimental Predicted
1 —o 0 0 18282 + 096 18:683
2 0 0 0 27-046 + 124 27-084
3 0 0 0 27014 £ 1-:33  27-084
4 +0, 0 0 21583 + 1-32  21-199
5 0 0 —0 22:017 £ 1-21 21756
6 0 —o 0 22:585 + 143 22-123
7 0 0 0 27-:009 £ 097 27-084
8 +1 -1 -1 18157 £ 0-75 18:590
9 +1 +1 +1 27652 £ 091 27-407
10 0 0 0 27-114 £ 093 27-084
11 -1 -1 +1 23680 + 1-43 23-513
12 +1 +1 -1 23201 £ 1-21  23-350
13 0 0 +0 24151 £ 126 24-443
14 +1 -1 +1 22:276 £ 1-60 22:689
15 -1 +1 -1 20441 £ 1-:32 20011
16 0 +o 0 22-385 + 1-14  22-864
17 -1 +1 +1 19944 £ 093 19494
18 -1 -1 -1 23760 + 1-24  23-987
19 0 0 0 27104 £ 1143 27-084
20 0 0 0 27214 £ 1-33  27-084

*Mean of three values (SD within 10%).

394

Y =By + BiA+ BB+ B3C + 1 A> + BrpB* + B3, C°
+ B1BAB + B, AC + B, 5BC,

where Y is the predicted response, P is the intercept, B,
B, and PBs are the linear coefficients, By, B, and Bs 3 are
the squared coefficients, B, ,, P13, and B, 3 are the interac-
tion coefficients and A, B, C, A%, B, C*, AB, AC and BC
are the independent variables.

All optimization studies were carried out in triplicate
using 50 ml of the production medium in 250-ml
Erlenmeyer flasks.

Software and data analysis

Experimental designs were generated and analysed by
using the statistical software package ‘Design-Expert® 60’
Stat-Ease Inc., Minneapolis, MN, USA.

Validation of the experimental model and large-scale
glucoamylase production

Validation of the statistical model and regression equation
was performed by carrying out glucoamylase production
using all the three factors, A (cane molasses), B (inocu-
lum size) and C (ammonium nitrate) at their respective
optimized levels. Glucoamylase production was also car-
ried out in shake flasks of varied volume (0-25, 0-50, 1-0
and 2-0 1) containing one-fifth volume of the optimized
cane molasses medium. Large-scale glucoamylase produc-
tion was carried out in a 22 | air-lift fermentor (B. Braun
Biotech International, Germany) (H : D ratio of 54 :1)
containing 101 of optimized cane molasses medium at
constant aeration (1 vwm) and pH (7:0). The samples
were drawn at the desired intervals and assayed for gluco-
amylase.

Results
Glucoamylase production increased gradually with
increase in the concentration of cane molasses. The

enzyme titres at 8% and 10% were comparable, and
hence, 8% cane molasses was used in further experiments.
Glucoamylase titre was comparatively higher at an inocu-
lum level of 40 alginate beads per 50 ml of cane molasses
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medium and decreased on either sides of this inoculum
size. Among different inorganic nitrogen supplements,
glucoamylase titre was marginally higher in NH,NO; in
comparison with others, and it was optimum at 0-1-0-2%
(data not shown).

Response surface optimization

Based on the results obtained from ‘one-variable-at-a-
time’ optimization, the aforementioned variables were
considered for response surface optimization to delineate
their interactive responses on glucoamylase production.
The results obtained from the CCD of RSM were ana-
lysed by standard analysis of variance (aNova), and the
mean predicted and observed glucoamylase titres are pre-
sented in Table 2. The following regression equation was
obtained for predicting the glucoamylase production:

Y = 27084 + 0-629 x A + 0-185 x B+ 0-896 x C
— 1786 x A2 —1-148 x B> — 1.771 x C?
+2184xAXxB+1143x Ax C
— 0011 xBxC

where Y indicates glucoamylase production (U ml™"), and
A, B and C are, concentration of cane molasses (%), ino-
culum size (number of beads) and concentration of
ammonium nitrate (%), respectively.

The statistical model used in the present investigation
had an ‘F-value’ of 108-51, as indicated by anova for
glucoamylase production, which implied that the model
is significant. Model terms A, C, A% B’ C*, AB and AC,
having values of ‘Prob > F’ less than 0-05, were significant
for enzyme production, while B and BC did not exhibit a
significant influence on glucoamylase production
(‘Prob > F> > 0.10). The coefficient of determination (R?)
for glucoamylase production was 09899, which can
explain upto 98-99% variability of the response. The ‘pre-
dicted R value of 0-9108 was in close agreement with
the ‘adjusted R® value of 0-9807. Adequate precision is a
measure of the signal-to-noise ratio and a value greater
than 4 is generally desirable. The ‘adequate precision’
value of 29-047 indicated an adequate signal and sugges-
ted that the model can be used to navigate the design
space.

To find out the optimum level of each variable and to
study the effect of their interactions on glucoamylase pro-
duction, three-dimensional response surface curves and
contour plots were generated for any two independent
variables, while keeping the other variables at their
respective optimum ‘O’ levels. For three factors, three
contour plots/response surface curves were generated to
study the interactions between A (cane molasses) and B
(number of beads), B (number of beads) and C (ammo-
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Figure 1 Contour plot showing the interactive effect of concentra-
tions of cane molasses and ammonium nitrate on glucoamylase
production.

nium nitrate), and A (cane molasses) and C (ammonium
nitrate). The contour plot showing the interaction
between concentrations of cane molasses and ammonium
nitrate is depicted in Fig. 1. A linear increase in glucoa-
mylase titre was observed with increasing ammonium
nitrate concentration up to around 0-25% (between ‘O’
and ‘“+1° level) and further increase in ammonium nitrate
concentration resulted in adverse effect. Similarly, glucoa-
mylase production gradually increased with increasing
concentration of cane molasses up to 7:0% (between ‘O’
and ‘+1° level) and declined, thereafter. On the other
hand, a high glucoamylase production was attained at just
above the optimum ‘O’ level of inoculum size, when
44 alginate-immobilized beads were used for inocula-
tion (data not shown). The response surface optimized
parameters [cane molasses (7%), level
(44 Ca’'-alginate beads per 50 ml of medium) and
ammonium nitrate (0-25%)] supported
1-8-fold-enhanced glucoamylase production. Glucoamy-
lase production by T. indicae-seudaticae was higher
than that reported in Humicola grisea var. thermoidea
(Tosi et al. 1993) and Humicola lanuginosa (Mishra and
Maheshwari 1996).

inoculum

an overall

Validation of the statistical model

The glucoamylase production under optimized conditions
(27:05 U ml™") was comparable with the values predicted
by the statistical model (2732 U ml™") that proved the
validity of the experimental model. A slight decline in
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Table 3 Glucoamylase production in shake flasks and air-lift fermen-
tor using optimized cane molasses medium

Flask Production Glucoamylase

volume (1) medium () production (U ml~")*

0-25 0-05 271+ 12

0-50 010 261 +1-4

1-00 0-20 248 + 1-3

2:00 040 241 + 1-8

22-00 (air-lift 10-00 260+ 12
fermentor)

*Mean of three values (SD within 10%).

T
£ 30 35

3 T

- 5 %’ 100
s ® 0s | g
o T <
3 = c
g 20 § 803
Q. _25 o >
= r60
§ 10 120 & s
S S @
El @ &
<+D 5 115 + r40 +

0
' : . y . —10 -20

0 10 20 30 40 50
Fermentation time (h)

Figure 2 Glucoamylase production profile of alginate-immobilized
Thermomucor indicae-seudaticae in air-lift bioreactor.

enzyme production was recorded when enzyme produc-
tion was carried out using higher-volume flasks/medium
(Table 3).

Glucoamylase production in air-lift bioreactor

Glucoamylase production profile of immobilized T. indi-
cae-seudaticae using cane molasses medium in air-lift fer-
mentor is shown in Fig. 2. A low titre of glucoamylase was
detected up to the initial 6-8 h, which gradually increased
with the progression of fermentation and attained a peak
at 32 h, and decreased slightly afterwards. The concentra-
tion of sugars decreased gradually as the fungal growth
commenced, and after 48 h, the mould utilized about 63%
of the sugar in the production medium. Dissolved oxygen
(DO) content (set 100% at the start of fermentation)
dropped sharply to reach 50% after 16 h, and thereafter, it
was maintained at around 40-50%.

Discussion

The presence of almost all essential nutrients required for
sustaining normal growth and metabolism makes cane

P. Kumar and T. Satyanarayana

molasses an attractive alternative for its exploitation as a
cheaper substrate for fermentation. For designing an effi-
cient and productive process, it becomes essential to opti-
mize the critical parameters. The variables for
optimization, in this investigation, were selected on the
basis of their effects on chemical composition of the med-
ium and the glucoamylase production. The concentration
of cane molasses, inoculum size and inorganic nitrogen
supplement, were therefore, considered for optimization,
while other parameters were kept at the same level as
optimized earlier (Kumar and Satyanarayana 2007b).

By ‘one-variable-at-a-time’ optimization, 8% cane
molasses seemed to be sufficient to meet the nutritional
requirements of alginate-immobilized T. indicae-seudati-
cae, as there was no significant improvement in glucoamy-
lase at higher concentration (10% cane molasses). An
inoculum density of 40 alginate beads (c. 5 x 106spores)
per 50 ml of the production medium supported optimum
glucoamylase production, and further increase in inoculum
size resulted in decline in the enzyme titre. The nutrients
available from 50-ml medium appeared to be inadequate
for larger mould population, and therefore, led to reduc-
tion in glucoamylase production. Although, cane molasses
is nutritionally very rich containing various growth factors
and metal ions (Crueger and Crueger 2000), inorganic
nitrogen supplementation is generally desired for attaining
higher product yields. Inclusion of ammonium nitrate in
cane molasses medium slightly improved the enzyme pro-
duction, which was highest at 0-1-0-2%.

In sucrose yeast-extract medium, a high glucoamylase
production (297 U ml™") was achieved when 40 alginate
beads were inoculated per 50-ml medium containing 3%
sucrose (Kumar and Satyanarayana 2007b). By ‘one-vari-
able-at-a-time’ optimization, the same inoculum size was
found to be optimum for 50-ml cane molasses (8%).
However, response surface optimization indicated the
requirement of a slightly higher inoculum (44 alginate
beads), while the optimum concentration of cane molas-
ses was found to be 7%. Similarly, 0-25% ammonium
nitrate was required in the response surface optimized
medium, while the optimum concentration by ‘one-vari-
able-at-a-time’ strategy was 0-1-0-2%. The interactive ana-
lysis of variables by RSM helped in understanding the
actual optimum levels of individual variables in relation
to other parameters and achieving 1-8-fold increase in
glucoamylase production, as reported earlier by Kumar
and Satyanarayana (2007b) and Sharma et al. (2007).

The validity of the experimental model generated by
the response surface optimization was confirmed by the
closeness in the predicted and experimental glucoamylase
titres. Slightly lower enzyme titres at higher flask/medium
volume could be because of the inadequate mixing of
nutrients and oxygen availability. On the other hand, sus-
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tainable glucoamylase production was attained in air-lift
bioreactor with an early peak within 32 h. A reduction in
fermentation time and higher enzyme production in bio-
reactor are generally expected because of better control of
process parameters (Humphrey 1998).

Glucoamylase production in T. indicae-seudaticae is
constitutive, and higher enzyme titres were achieved in the
production medium containing sucrose. The optimized
cane molasses medium contained approximately 3:5%
sugar, which was almost equivalent to the amount present
in the medium (3% sucrose) optimized earlier (Kumar
and Satyanarayana 2007b). However, considering the pres-
ence of yeast-extract, K,HPO,, asparagine and other
micronutrients, the cost of the production medium opti-
mized earlier is approximately 25 times higher than cane
molasses, which reflects the economy of glucoamylase pro-
duction in cane molasses. Cane molasses is a complex
medium containing various growth factors and trace ele-
ments, and thus glucoamylase production could be higher
in a medium containing cane molasses than that in the
medium containing sucrose as the carbon source.
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