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Summary

The production of extracellular amylase by Bacillus subtilis has been studied in solid-
-state fermentation (SSF). In a sequential order, various process parameters were optimized
for maximum amylase production. The tested process parameters were different solid sub-
strates such as banana husk (BH), water melon husk (WMH), lentil bran (LB), wheat bran
(WB), melon husk (MH) and maize oil cake (MOC), different incubation time (24–144 h),
particle size (500–2500 mm), initial moisture content of the substrate (40–70 %, by mass per
volume), inoculum size (10–60 %, by mass per volume) and inoculum concentration (10–60 %,
by volume per mass). The maximum production of amylase (4857 U/mg) was achieved
when 1 % starch (by mass, particle size of 1500 mm) was added to banana husk as the so-
lid substrate, fermented for 72 h at 37 °C, at an inoculum level of 30 % (by volume per
mass), and initial moisture content of 60 % (by volume per mass).
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Introduction

a-Amylase (1,4-a-D-glucan glucanohydrolase, EC
3.2.1.1) is a widely distributed secretory enzyme (1).
Amylases are enzymes which hydrolyse starch mole-
cules to give diverse products including dextrins and
progressively smaller polymers composed of glucose
units (2). Amylases also play a significant role in starch,
detergent, beverage and textile industries and their com-
mercial production from microorganisms represents
25–33 % of the world enzyme market (3).

Industrially important enzymes have traditionally been
obtained from submerged fermentation (SmF) because
of the ease of handling and greater control of environ-
mental factors such as temperature and pH. However,
industrial production of enzymes can be made economi-
cal by utilizing low-cost substrates such as agricultural

byproducts in the production medium (4). Solid-state
fermentation (SSF) constitutes an interesting alternative
since the metabolites so produced are concentrated and
purification procedures are less costly (5). SSF is gener-
ally characterized by the growth of microorganism on
and/or within particles of a solid substrate in the pres-
ence of varying amounts of water. The solid substrate
acts as a source of carbon, nitrogen, minerals and growth
factors, and has a capacity to absorb water, necessary for
microbial growth. As the microorganisms in SSF grow
under conditions similar to their natural habitats (6),
they may be able to produce certain enzymes and meta-
bolites more efficiently than in submerged fermentation
(7).

The major factors that affect microbial synthesis of
enzymes in a SSF system include a selection of a suitable
substrate and microorganism, particle size of the sub-
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strate, inoculum concentration and moisture level of the
substrate. In SSF, the selection of a suitable solid sub-
strate for the fermentation process is a critical factor and
thus involves the screening of a number of agroindus-
trial materials for microbial growth and product forma-
tion (8). Agroindustrial residues are generally considered
as the best substrates for the SSF processes and enzyme
production in SSF (9). Solid-state fermentation (SSF) has
been used for decades to convert moist agricultural poly-
meric substrates like wheat, rice, soy, cassava, etc. into
fermented food products (10). Application of these agro-
industrial residues in bioprocesses also solves pollution
problems, which their disposal may otherwise cause (5).
The use of agricultural wastes makes SSF an attractive
alternative method (11). SSF is preferred to SmF because
of simple technique, low capital investment, lower levels
of catabolite repression and end product inhibition, low
waste water output, better product recovery, high qual-
ity production and high specificity (5,12–14).

SSF technique is generally confined to the processes
involving fungi. However, successful bacterial growth in
SSF is known in many natural fermentations. Bacillus spe-
cies are considered to be the most important sources of

a-amylase and have been used for enzyme production
in SSF (4,11). Bacillus subtilis, B. polymyxa, B. mesentericus,
B. vulgaris, B. coagulans, B. megaterium and B. lichenifor-
mis have been used for a-amylase production in SSF (15).

Banana is one of the most consumed fruits in the
world and it is grown extensively in tropical and sub-
tropical countries. Its fruit stalk contains 56.8 % total sug-
ar, 27 % starch, 4.65 % reducing sugar and 4.3 % protein
on a dry mass basis. Most of the residual waste pro-
duced due to banana cultivation is discarded by farmers
into nearby rivers, lakes and on roads, which causes a
serious environmental concern (16,17).

The aim of the present study is to evaluate various
organic substrates and to develop a suitable low-cost

fermentation medium for the production of a-amylase
by B. subtilis.

Materials and Methods

Selection and isolation of bacterial strain
producing a-amylase

Bacillus subtilis, which was isolated from campus
area of Dicle University, Diyarbakir, Turkey was used in
the present study. Soil suspension in sterilised water
was poured and spread onto nutrient agar plates, which
were incubated at 37 °C for 24 h. The colonies that were
found on the plates were transferred onto another nutri-
ent agar consisting of 1 % soluble starch. These plates
were also incubated at 37 °C for 48 h. Several amylase-
-producing bacterial colonies were selected after flood-
ing the plates with iodine solution. The strain that yield-

ed a high level of a-amylase was selected for further
experiments.

Preparation of inoculum

A volume of 20 mL of nutrient broth taken in a
100-mL Erlenmeyer flask was inoculated with a loop full

of cells from a 24-hour-old slant and kept at 37 °C in a
rotary shaker (120 rpm). After 12 h of incubation, 1 mL
of this culture was used as the inoculum. By a serial
dilution and plating, the number of viable colonies in
the inoculum was found to be 2·108 CFU/mL.

Solid-state fermentation
Banana husk (BH), water melon husk (WMH), lentil

bran (LB), wheat bran (WB), melon husk (MH) and maize
oil cake (MOC) were obtained from a local market in
Diyarbakir, Turkey. These agroindustrials were used as
solid substrates and their effect on the production of

a-amylase was determined. The best solid substrate for

a-amylase production was selected and used in subse-
quent experiments.

Dry substrates (3 g) which passed through the sieve

of 1500 mm were placed into 100-mL Erlenmeyer flasks.
To adjust moisture levels, 0.1 M Tris HCI buffer (pH=7.0)
was added. After autoclaving at 121 °C for 15 min, and
cooling to room temperature, the flasks were inoculated
with 2 mL of spore suspension (4·108 CFU/mL) and in-
cubated at 37 °C and 120 rpm.

Enzyme extraction
Fermented substrates were mixed thoroughly with

0.1 M Tris-HCI buffer (pH=7.0). Their contents were
mixed in a shaker at 120 rpm. The slurry was squeezed
through a muslin cloth. The extract was centrifuged at
10 000 rpm for 10 min and then the clear supernatant
was used as the crude enzyme.

Optimization of process parameters
SSF was carried out to study the effect of various

physicochemical parameters required for the optimum

production of a-amylase by Bacillus subtilis. The strategy
was to optimize each parameter independently of the
others and subsequently optimal conditions were em-
ployed in all experiments. The optimized parameters
were incubation time (24, 48, 72, 96, 120 and 144 h),

particle size (500, 1000, 1500, 2000 and 2500 mm), initial
moisture content of the substrate (40, 50, 60, 65 and 70
%, by mass per volume), and inoculum size (10, 20, 30,
40, 50 and 60 %, by mass per volume). Studies were also
performed to evaluate the influence of different carbon
sources (starch, sucrose, mannose, arabinose, galactose
and glucose at 1 % by mass) and nitrogen sources (am-
monium sulphate, Bacto casamino acid, Bacto liver,
methionine, ammonium nitrate, ammonium chloride
and urea at 1 % by mass) when added to the fermen-
tation medium.

Enzyme assay

a-Amylase activity was determined according to
Bernfeld (18). A volume of 0.1 mL of enzyme solution
and 0.2 mL of 0.5 % starch solution in 0.1 M Tris-HCl
buffer (pH=6.0) were incubated for 30 min at 37 °C.
After that, 0.4 mL of 3,5-dinitrosalicylic acid were added
and the mixture was kept in boiling water bath for 5
min in order to stop the reaction. Then, it was diluted
with 10 mL of distilled water, after which spectrophoto-
metric measurement was conducted at 489 nm. One unit
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of enzyme activity was defined as the amount of protein
that produced 1 mg of reducing sugar per mL of en-
zyme solution in 30 min. Results are represented as

mean±S.D. of at least three experiments.

Results and Discussion

A comparison of 16S rDNA sequence of this strain
with other related bacteria showed that it had high
similarity with Bacillus subtilis.

Effect of different substrates on a-amylase production
In SSF, the selection of a suitable solid substrate for

the fermentation process is a critical factor (10,12), and
thus involves the screening of a number of agroindus-
trial materials for microbial growth and product forma-
tion. Different SSF sources are tested here, such as ba-
nana husk (BH), water melon husk (WMH), melon husk
(MH), wheat bran (WB), lentil bran (LB) and maize oil

cake (MOC) for the production of a-amylase. As shown
in Fig. 1, maximum amylase production (1010 U/mg) was
obtained in a medium containing BH alone as the sub-
strate. The order of substrates for enzyme production was
BH>WMH>LB>WB>MH>MOC. The highest activity was
observed with the banana husk, which was used as a
substrate in later studies.

Effect of incubation time on a-amylase production

Incubation time depends on the characteristics of
the culture, on growth rate and enzyme production (19).

Fig. 2 shows the time course experiments of a-amylase
production by B. subtilis using BH as a substrate. A
gradual increase was seen in enzyme production from
24 to 72 h (2902 U/mg), after which a gradual decrease
was observed. The decrease in enzyme yield after 72 h
of incubation may be the result of denaturation or de-

composition of a-amylase due to interaction with other
components in the medium, as it is reported elsewhere
(20). Moreover, the reaction for maximum enzyme pro-
duction at 72 h could be due to the fact that the micro-

organism was in its exponential phase. At the later stage,
when nutrients are depleted, it reaches its stationary
phase and can start to produce secondary metabolites,
thus resulting in a lower yield of enzyme (21). In sub-
sequent experiments, therefore, 72 h was used as incu-
bation time for the production of amylase.

Effect of inoculum size on a-amylase production
Smaller inoculum size requires longer time for the

cells to multiply to a sufficient number to utilize the
substrate and produce the desired product. An increase
in the number of spores in the inoculum would ensure a
rapid proliferation and biomass synthesis. A balance be-
tween the proliferating biomass and the available nutri-
ent would yield an optimum at which the enzyme syn-
thesis would be maximum (21). This was evident as the
strain showed increased enzyme production with the in-
crease in the inoculum size. The lowest enzyme produc-
tion was obtained at the lowest value of 10 % inoculum,
whereas the maximum enzyme activity (3285 U/mg) was
obtained at 30 % inoculum (Fig. 3). With the increase of
the inoculum level, the production of enzyme decreased
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Fig. 1. Effect of different substrates on a-amylase production by
Bacillus subtilis in solid-state fermentation. Process conditions:
incubation time 48 h, inoculum size 20 % (by volume per mass),
initial moisture content 50 % (by volume per mass), particle size
1500 mm, temperature 37 °C. Bars represent standard deviation
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Fig. 2. Effect of incubation time on a-amylase production by
Bacillus subtilis in solid-state fermentation using BH as sub-
strate. Process conditions: inoculum size 20 % (by volume per
mass), initial moisture content 50 % (by volume per mass), par-
ticle size 1500 mm, temperature 37 °C
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Fig. 3. Effect of inoculum size (by volume per mass) on a-amy-
lase by Bacillus subtilis in solid-state fermentation using BH as
substrate. Process conditions: incubation time 72 h, initial mois-
ture content 50 % (by volume per mass), particle size 1500 mm,
temperature 37 °C. Bars represent standard deviation



due to exhaustion of nutrients in the fermentation mash.
In addition, the free excess liquid present in an unab-
sorbed form will give rise to an additional diffusional
barrier together with that imposed by the solid nature of
the substrate and lead to a decrease in enzyme produc-
tion and growth (22).

Effect of initial moisture content of substrate
on a-amylase production

Fig. 4 shows the effect of moisture content on the
enzyme production. Optimal enzyme production was
obtained at 60 % moisture content of the substrate (3427
U/mg). It has been reported that moisture levels in SSF
processes vary between 30 and 85 % (5). Our results are
in good agreement with these findings. Moisture content
is a crucial factor in SSF that influences the growth of
the microorganism and thereby enzyme production (23).
Generally, bacteria require higher water activity for their
growth. The necessary moisture in SSF exists in the ab-
sorbed or complex form within the solid matrix, which
is likely to be more advantageous for growth because of
the possible efficient oxygen transfer process (5). Lower
moisture content causes reduction in solubility of the
nutrients of the substrate, low degree of swelling and
high water tension (8). On the other hand, higher mois-
ture level decreases porosity, changes particle structure,
promotes development of stickiness, reduces gas volume
and decreases diffusion, which results in lowered oxy-
gen transfer (23). In subsequent experiments, therefore,
60 % moisture content of substrate was used for the op-
timal amylase production.

Effect of substrate particle size on a-amylase
production

The particle size is also very important for SSF. Fig.

5 shows the effect of substrate particle size on a-amylase
production in SSF. Maximum enzyme production was

found with 1500 mm particle size. Larger particles pro-
vide better respiration/aeration efficiency (due to in-
creased interparticle space). In contrast, a small substrate

particle may result in substrate accumulation, which
may interfere with microbial respiration/aeration and
therefore result in poor growth and enzyme production
(6,8). In addition, with smaller particles, the surface area
for growth is larger, but the interparticle porosity is
lower. With larger sizes, the porosity is greater, but the
saturated surface area is smaller. These factors lead to a
decrease in the surface area, an increase in porosity and
probably determine the values corresponding to opti-
mum growth and enzyme production (17). Baysal et al.
(19) reported that wheat bran and rice husk with particle

size of 1000 and 500 mm, respectively, favoured a-amy-
lase production. On the other hand, Balkan and Ertan
(8) reported that corncob leaf, rye straw, wheat straw

and wheat bran particles of ³1 mm favoured a-amylase
production. Thus, the particle size of substrate of 1500

mm was used for further studies.

Effect of carbon source supplementation on a-amylase
production

The influence of supplementary carbon sources such
as starch, sucrose, mannose, arabinose, galactose or glu-
cose at 1 % (by mass) was studied. Of the carbon sour-

ces tested, starch increased a-amylase production the
most (4857 U/mg), followed by sucrose (3804 U/mg)
(Fig. 6), which was similar to the findings of Kunamneni
et al. (9). Furthermore, Agger et al. (24) reported that

starch was the best inducer for a-amylase production in
TA1 strain of Aspergillus nidulans. Starch was also known
to increase enzyme production in Bacillus sp. PS-7, Bacil-
lus subtilis CBTK 106, B. subtilis IMG22 and Bacillus sp.
I-3 (17,25,26). However, as shown in Fig. 6, a negative

effect on a-amylase production is apparent by glucose.
Mulimani and Patil (27) reported that supplemantion of
1 % glucose caused a negative effect on amylase produc-
tion. It is well known that the synthesis of carbohy-
drate-degrading enzymes in most species of genus Bacil-
lus is subject to catabolic repression by glucose (28). Other
three compounds, i.e. mannose, arabinose and galactose,
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Fig. 4. Effect of initial moisture content (by volume per mass)
on a-amylase production by Bacillus subtilis in solid-state fer-
mentation using BH as substrate. Process conditions: incuba-
tion time 72 h, inoculum size 30 % (by volume per mass), parti-
cle size 1500 mm, temperature 37 °C. Bars represent standard
deviation
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Fig. 5. Effect of substrate particle size on a-amylase production
by Bacillus subtilis in solid-state fermentation using BH as sub-
strate. Process conditions: incubation time 72 h, inoculum size
30 % (by volume per mass), initial moisture content 60 % (by
volume per mass), temperature 37 °C. Bars represent standard
deviation



did not have an effect on the enzyme synthesis. Similar
results have been reported by Rajagopalan and Krishnan
(29).

Effect of nitrogen source supplementation on
a-amylase production

Studies on supplementation of nitrogen sources such
as Bacto casamino acid, Bacto liver, methionine, ammo-
nium sulphate, ammonium nitrate, ammonium chloride
or urea at 1 % concentration to the BH showed various
effects on enzyme production by B. subtilis. Among the
nitrogen sources, ammonium sulphate considerably in-
creased amylase production (4424 U/mg), followed by
Bacto casamino acid (3917 U/mg) and Bacto liver (3724
U/mg) (Fig. 7). In the previous studies, ammonium sul-
phate had been found to increase enzyme production in
different microorgaminsms (17,24,26). Methionine was
found to have no effect on amylase production compared

to the control. However, ammonium nitrate, ammonium
chloride and urea had a negative effect on amylase pro-
duction, as clearly shown in Fig. 7. Ramachandran et al.
(21) have already reported that supplementation of urea
at 1 % concentration resulted in a decrease in amylase
production.

Conclusions

In the present study, the use of different solid agro-
industrial materials as substrates and the effect of vari-
ous fermentation parameters such as incubation time,
inoculum size, initial moisture content, particle size, car-
bon sources and nitrogen sources for the production of

a-amylase by Bacillus subtilis under solid-state fermen-
tation were tested. These studies showed that among var-
ious substrates used, banana husk (BH) was found to be

the best substrate for the production of a-amylase in Ba-
cillus subtilis. Evidently, BH provided necessary nutri-
ents for the microorganism to grow and synthesize the
enzyme. In addition, supplementation with 1 % starch
and 1 % ammonium sulphate to BH positively enhanced
the enzyme synthesis.
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