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ABSTRACT 
 
 Thirty available bacterial cultures belonging to Bacillus thuringiensis (B.t.) obtained from various culture 
collections were grown on two media, mainly NYSM & Soybean, and screened with respect to their ability to 
produce alkaline protease (AP) under shaking culture condition; they all were able to produce AP, except B.t. 
subsp. subtoxicus NRC16a. Growing high AP-Producers under solid-state fermentation (SSF) condition on an 
inexpensive substrate, wheat bran, as the main medium substrate, the highest AP yield was detected in culture of 
B.t. subspecies dendrolimus IP 4A/4B. Thus, it was selected for further studies. Optimum initial moisture 
content was 67% (v/w), inoculum size 60% (v/w), Incubation period 3 days, and incubation temperature 30°C 
for the production of AP from B.t. subspecies dendrolimus IP 4A/4B, under SSF condition. Investigating some 
agro-wastes as sole medium, wheat bran was the promising one for AP production. On the other hand, addition 
of different carbon sources as a supplement of SSF medium-substrate (wheat bran) induced AP production by 
different ratios; maximum increases in the AP levels (about 220%) were obtained using mannitol and fructose. 
Only soluble starch caused slight inhibition of enzyme production, as compared with the original medium 
control. The highest enzymatic level was obtained with the lowest value tested of particle size of medium 
substrate (<1mm). Hydrolyzing the gelatin of used X-ray film with AP enzyme, the gelatin layer was completely 
removed within 1 hr. 
 
Key words: Alkaline protease, Bacillus thuringiensis, solid-state fermentation (SSF). 
 
Introduction 
 
 Among all proteases, alkaline proteases are optimally active in the alkaline range (pH 8-13), though they 
maintain some activity in the neutral pH range as well (Horikoshi 1999). Thus, alkaline proteases (EC.3.4.21-24, 
99) are defined as those proteases, which are active in a neutral to alkaline pH range (Gupta et al. 2002b). They 
either have a serine center (serine-protease) or are of metallo-type (metallo-protease); and the alkaline serine 
proteases are the most important group of enzymes so far exploited commercially. These enzymes offer 
advantages over the use of conventional chemical catalysts for numerous reasons; for example, they exhibit high 
catalytic activity, a high degree of substrate specificity can be produced in large amounts and are economically 
viable. 
 Alkaline proteases of microbial origin dominate the worldwide enzyme market and possess considerable 
and highly exploited in industrial potential. This is due to their biochemical diversity and wide applications in 
leather tannery & food industries, medicinal formulations, pharmaceutical diagnostics, detergents, waste 
treatment & management, silver recovery, and resolution of amino acid mixtures (Fujiwara et al. 1991, 
Wiseman 1993, Agrawal et al. 2004, Elibol & Moreira 2005, and Gupta et al. 2002a). It is worthy to mention 
that microbial alkaline proteases are accounting for two-third of the share of the detergent industry. 
 One of the most important and noteworthy features of many alkalophiles is their ability to modulate their 
environment. They can convert any neutral or highly alkaline medium in their favor to optimize external pH for 
their growth (Krulwich et al. 1998). 
 Rao & Narasu (2007) reported that alkaline proteases produced by a wide variety of microbial species like 
Bacillus subtilis, Aspergillus oryzae, Streptomyces cellulasae, and Aeromonas hydrophila species. Most 
commercial proteases, mainly neutral and alkaline, are produced by organisms belonging to the genus Bacillus. 
Bacillus spp. are attractive industrial tools for a variety of reasons, including their high growth rates leading to 
short fermentation cycle times, their capacity to secrete proteins into the extra-cellular media and the GRAS 
(Generally Regarded As Safe) status with the food and drug administration for species such as Bacillus subtilis 
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and B. licheniformis (Schallmey et al. 2004). Protease obtained from Bacillus spp., has more potential compared 
with fungal species and animal cells (Ward 1985). 
 Detergent enzymes account for approximately 30% of total worldwide enzyme production (Horikoshi 1996) 
and 89% of the total protease sales in the world; a significant share of the market is captured by subtilisins 
and/or alkaline proteases from many Bacillus species (Gupta et al. 2002b). 
 B. thuringiensis is a gram-positive, spore-forming & insecticidal crystalline protein-producing bacterium 
(active against larvae belonging to orders Lepidoptera, Coleoptera & Diptera). The crystal consists of protein 
named δ-endotoxin, which exhibit larvicidal toxicity upon ingestion by susceptible insect larvae, dissolution and 
activation by larval gut-juice proteases (Sugumaran et al. 2012). 
 On the other hand, production of industrial enzymes from bacteria using SSF is gaining more attention. This 
is because, compared to submerged fermentation (SmF), SSF has the following advantages (Hölker & Lenz 
2005). First, cheap agricultural residues can be used as substrates, thus greatly reducing the cost of enzyme 
production. Secondly, SSF requires easier operation. This includes requirement for a smaller space, simple 
aeration system, and less pollution. In addition, lower energy requirement for operation, possibility to use semi-
sterilized conditions, and reduced risk of contaminations are also important features of SSF that make the 
operation system simple (Pérez-Guerra et al. 2003). Thirdly, SSF minimizes catabolic repression in production 
of hydrolytic enzymes in nutrient rich solid-state medium. This is because of limited exposure of nutrients to 
microorganism, and decline in mass transfer that favors slower but constant microbial growth rate. In addition, 
the presence of active regulatory mechanisms in SSF is, also believed to play important role in inducing high 
volumetric product biosynthesis (Barrios-Gonzalez et al. 2005). 
 Bacterial cultures, in general, were considered non-suitable for SSF due to high-water activity requirement. 
However, experience has shown that bacterial cultures can be well-managed and manipulated for SSF processes 
(Chakraborty & Srinivasan 1993 and Kaur et al. 2001).  
 Pandey (2003), Chakraborty & Srinivasan (1993), and Prakasham et al. (2006) have conclusively 
demonstrated that some bacterial spp. work efficiently for the production of alkaline proteases, amylases and 
inulinases such as Pseudomonas sp., Bacillus sp. and Staphylococcus sp. under SSF condition. Thus, production 
of extracellular alkaline protease under Solid State Fermentation (SSF) conditions by B. megaterium NCIM 
2087 was tested on substrates of different agro-wastes, including soy cake, wheat bran, rice bran and green gram 
husk, with a pH ranging from 8-11 (Reddy et al. 2009). 
 Cultures reported for the production of protease by solid-state fermentation (SSF) are limited to the genus 
Bacillus and some fungi (Uyar & Baysal 2004). 
 Summing up, microorganisms utilize various substrates as the source of nutrient for growth and metabolic 
activities. In SSF, the microorganism secretes the necessary enzymes for degradation of the available substrate 
molecules in order to meet their nutritional requirements (Tunga et al. 1999). SSF processes are usually simpler 
and can use wastes or agro-industrial substrates, such as defatted soybean cake, gram bran, wheat bran, rice 
bran, banana waste, etc. for enzyme production (Germano et al. 2003, Krishna & Chandrasekaran 1996, and 
Kashyap et al. 2003) 
 Thus, since microorganisms are the most interesting sources of protease due to their broad biochemical 
diversity and bioengineering potentially (Sandhya et al. 2005), the present investigation is aimed at optimization 
of growth conditions, which have been predicted to play a significant role in enhancing the production of 
alkaline protease of Bacillus thuringiensis cultures understudy, under SSF conditions. 
 
Materials and Methods 
 
I. Bacterial Strains:  
 
 The Bacillus thuringiensis subspecies examined in the present studies are listed in the following table. 
These strains were obtained from different culture collections (HD: Howard Dulmage Collection, Cotton Insect 
Research Laboratory, ARS, USDA, Brownsville, Texas, USA; IP: Institute Pasteur Collection, Paris, France; 
NRRL: North Regional Research Laboratory, Peoria, Illinois, USA; and NRC: Microbial Chemistry 
Department, National Research Center, Dokki, Cairo, Egypt). 
 
Bacillus thuringiensis (B.t.)subspecies examined in the present studies. 

B. thuringiensis subspecies 
B.t. aizawai HD-128, -112, -113, -144, -229, -283, -593, -865 & NRC-15a 
B.t. galleriae HD-008, -210, -232 & -234 
B.t.kurstaki HD-073, -244 & -251 
B.t.autoagglutinates HD-256 
B.t.thuringiensis NRRL-4307 & NRC-20a 
B.t.thuricide NRC-24a & NRRL-2172 
B.t.subtoxicus NRC-16a 
B.t.toloworthi NRC-17a 
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B.t.dendrolimus IP-4A/4B 
B.t.sotto NRC-19a 
B.t.entomocidus HD-635 
B.t.alesti IP-3Q 
B.t.indianae NRC-30a 
B.t. nrc NRC-01016a & -09001a 

 
II. Standard Medium (Nutrient-broth Yeast-extract Standard Medium "NYSM"):  
 
 According to El-Bendary (2006)  was used for activation of the inoculum, and in initial experiment, which 
composition is (g/1), peptone 5, beef-extract 3, yeast-extract 0.5, MnCl2 0.01, CaCl2 0.1, MgCl2 0.2, (NH4)2SO4 
8, K2HPO4 5.6, KH2PO4 2.4, MgSO4 0.8, MnCl2 0.3, FeCl3 0.14, ZnSO4 0.2, thiamin 0.2, and biotin 2µg. 
 
III Production Medium under submerged conditions:  
 
 This medium is low priced and locally available around the year. It contains ground soybean seeds as 
mono-component medium at 3% (w/v) in distilled water. Conical 250 ml capacity flasks containing 25 ml of the 
medium inoculated with active growing cultures (24 hours old) shaken at 150 rpm for 3 days at 30°C. Full-
grown cultures were centrifuged at 4000 rpm for 30 min. to remove the bacterial cells, the clear supernatant was 
used for enzyme assay.  
 
IV. Solid-State Fermentation "SSF":  
 
 a) Preparation of substrates: Different waste materials (banana peels, potatoes peels, used tealeaves, wheat 
bran, rice husk, and rice straw were washed with tap water followed by distilled water to remove the adhered 
surface dust. Then, blanching operation was carried out by immersing in hot water (75–80°C) for 20 min 
followed by oven drying at 45°C. The dried material was ground in a mixer grinder then sterilized at 121°C and 
1.5 atm pressure for 15 min and stored in deep freezer until further use. 
 b) Solid-state fermentation and optimization of process conditions: The ability of various substrates to 
support alkaline protease production were screened. Five grams of each initially coarse substrate individually 
was taken in a 500 ml Erlenmeyer flask, 50 mM potassium phosphate buffer, pH 7.4, was added, mixed 
thoroughly, and autoclaved at 121°C and 1.5 atm pressure for 15 min (Mukherjee et al. 2008). The flasks were 
cooled to room temperature, then inoculated with 2 ml of 24h grown bacterial culture under sterile conditions, 
and incubated at 30°C temperature for various incubation periods (1, 2, 3, 4, 5 and 6 days). 
 The influence of other culture parameters on alkaline protease production, such as initial moisture content 
(33, 50, 67 and 75 %) of the waste material substrate (banana peels, potatoes peels, used tea leaves peels, wheat 
bran, rice husk anand rice straw), inoculum size (9, 17, 29 ,38, 45, 50, 67 %), and co-carbon sources (glucose, 
mannitol, fructose, lactose, sucrose, cellulose and soluble starch) were investigated according to the methods of 
Prakasham et al. (2006). The inoculated flasks without any co-carbon were used as control. 
 Standard conditions used in all experiments were as follows: inoculum size 40%, medium substrate wheat 
bran, 50% moisture content, the cultures were incubated for 3 days at 30˚C,  
 c) Crude enzyme extraction: A known weight of fermented matter was mixed with distilled water (1:5, w/v) 
by stirring on a magnetic stirrer for 30 min at room temperature. The slurry was then squeezed through 
cheesecloth followed by centrifuging the whole content at 4000 rpm for 10 min at 4°C to remove the insoluble 
matters. The clear supernatant was used for the protease assay. 
 
V. Enzyme Assay:  
 
 The AP activity was determined as described by El-Refai et al. (2005). The enzyme activity was expressed 
in term of enzyme units. One AP unit was defined as the amount of enzyme that liberates one-microgram 
tyrosine per ml per minute under the specified reaction conditions. Soluble protein was assayed according to 
Lowry et al. (1951). 
 
VI. Application:  
 
 Hydrolysis of gelatin and release of silver: It was carried out according to the procedure mentioned by 
Shankar et al., (2010) as follows: 
  X-ray films were washed with distilled water and wiped with cotton impregnated with ethanol. The washed 
film was dried in an oven at 40˚C for 30 min. 0.25 g of X-ray film (cut into 1 x 2 cm pieces) was then incubated 
with 10 ml of crude protease (such that the film is completely immersed in the solution) at 40˚C, pH 10 in a 
water bath with continuous shaking. Turbidity of the reaction mixture (hydrolyzate) increased with time (as the 
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hydrolysis progressed) and no further increase in turbidity was observed when hydrolysis was complete. Hence, 
progress of hydrolysis, i.e. turbidity was monitored by measuring the absorbance at 660 nm. Time required for 
complete removal of gelatin layer was noted. 
 
Results and Discussion 
 
(1) Alkaline Protease (AP) Production under (SmF): 
 
 Production of extra-cellular AP was carried out using some strains of B.t. grown on standard NYSM, and 
grinded soybean seeds. Table 1 shows that the tested strains were able to produce extra-cellular alkaline protease 
except strains namely aizawai HD128, aizawai NRC15a, subtoxicus NRC16a, sotto NRC19a, which were not 
able to produce the enzyme when grew on NYSM. 
 The highest AP-producing strains grown on NYSM medium were aizawai HD865, aizawai HD144, and 
dendrolimus IP4A/4B, in descending order. The strain B.t. belonging to subsp. galleriae HD-008 was the most 
potent AP producer when grown on soybean media; followed by nrc NRC01016a, kurstaki HD244, aizawai 
HD144, thuringiensis NRRL4307, and dendrolimus IP4A/4B. 
 
Table 1: Alkaline protease "AP" activities screening of Bacillus thuringiensis (B.t.) cultures for grown on standard NYSM and Soybean 

media (3%, w/v), under shaking culture conditions. 
AP Activity (U/ml/min)

B. thuringiensis subspecies 
Soybean NYSM 
25.87 0.00 aizawai HD128 
02.32 1.59 aizawai HD112 
03.04 0.02 aizawai HD113 
59.09 15.78 aizawai HD144 
00.05 2.12 aizawai HD229 
58.55 2.64 aizawai HD283 
26.63 0.02 aizawai HD593 
53.44 20.83 aizawai HD865 
08.91 0.00 aizawai NRC15a 
103.15 1.27 galleriae HD008 
24.22 0.00 galleriae HD210 
59.75 2.43 galleriae HD232 
22.23 3.01 galleriae HD234 
16.36 4.46 kurstaki HD073 
62.28 1.85 kurstaki HD244 
33.86 0.00 kurstaki HD251 
29.44 4.40 autoagglutinates HD256 
49.80 2.99 thuringiensis NRRL4307 
00.07 0.00 thuringiensis NRC20a 
08.06 1.12 thuricide NRC24a 
22.03 0.05 NRRL 2172 
00.00 0.00 subtoxicus NRC16a 
24.91 2.30 toloworthi NRC17a 
40.92 9.58 dendrolimus IP4A/4B 
36.47 0.00 sotto NRC19a 
06.79 6.09 entomocidus HD635 
12.68 3.30 alesti IP3Q 
28.08 1.81 indianae NRC30a 
79.33 2.08 NRC 01016a  
35.13 3.59 NRC 09001a  

 
(2) AP Production by B.t. Cultures Grown on Wheat Bran Medium, Supplemented with grinded Soybean Seeds: 
 
 Selected subspecies were subjected to further studies using wheat bran medium. The results in Table (2) 
showed that B.t. strains namely, in descending order, IP 4A/4B culture belonging to subsp. dendrolimus, HD-
283 subsp. aizawai, HD-232 subsp. galleriae, and HD-865 subsp. aizawai were the most producer strains for 
AP under SSF conditions. Lazim et al. (2009) suggested that SSF exhibited the highest production of the AP 
activity using thermophilic Streptomyces sp. as compared to submerged culture. 
 
(3) Supplementation of Wheat Bran with Soybean: 
 
 Study on AP production was carried out in the presence or absence of soybean as a supplement with  wheat 
bran medium. Table (3) shows that the strain IP4A/4A culture belonging to subsp. dendrolimus, was the 
promising enzyme producer, in the presence or absence of soybean. In addition, it was found that presence or 
absence of soybean did not affect the production of AP by tested organisms. 
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Table 2: Highest AP-producing B.t. cultures, grown on wheat bran medium, under SSF conditions. 
B. thuringiensis subspecies & strain Activity 

(U/g wheat bran/min) 
Activity 
(U/ml/min) 

dendrolimus IP 4A/4B 276.5 55.3 
aizawai HD283 249 49.8 
aizawai HD865 247 49.4 
aizawai HD144 73.5 14.7 
galleriae HD232 248 49.6 
galleirae HD008 3 0.6 
kurstaki HD244 129.5 25.9 
NRC 01016a 8 1.6 
NRRL 2172 6 1.2 

 
 In this respect, soybean is known as rich source of plant protein; and the production of enzymes, including 
AP, using wheat bran medium supplemented with soybean, as inducer, was reported by many investigators, for 
example Chakraborty et al. (1995). Chakraborty & Srinivasan (1993) noticed that although wheat bran contains 
protein, supplementing it with soy protein as an inducer increased protease levels in growth medium from 
Pseudomonas sp. by about 50%. On the contrary, Roozen & Pilnik (1973) reported that addition of soybean 
reduced the alkaline protease levels. 
 
Table 3: AP production from the most four active AP-producing B.t. cultures, grown under SSF (wheat bran) conditions, with or without 

soybean Supplementation (0.1g / 2.5g bran). 
Activity 

 (U/ml/min) 
Activity  

(U/g wheat bran/min) B. thuringiensis Cultures 
Without Soybean With Soybean Without Soybean With Soybean 

38.3 38 191.5 190 galleriae HD232 
38.0 37 190 185 aizawai HD283 
54.0 59 270 295 dendrolimus IP 4A/4B 
41.0 43 205 215 aizawai HD865 

 
 (4) Agro & Agro-industrial Byproducts as Medium-Substrates: 
 
 The possibility of exploitation of certain available agro-byproducts, as medium substrate was studied to 
produce AP under SSF conditions. The tabulated results in Table (4) shows that B.t. dendrolimus produced AP 
using several tested substrates. However, the most activity levels were obtained upon the use of wheat bran as 
complete growth medium; no AP activity was detected using rice husk media. In this respect, utilization of some 
agro-industrial wastes, used as medium substrates, on AP production was discussed by Ali (2008), who reported 
that by-products, that are renewable, produced annually in great quantities, are suitable for the economic point 
of view to recycle such cheap by-products, by microbial treatment, to enhance the enzyme production used in 
other industries. 
 
Table 4: Effect of some agro-wastes as sole medium substrates, on AP production by B.t. subspecies dendrolimus IP 4A/4B, grown for 3 

days under solid-state fermentation (SSF) conditions; as compared to wheat bran substrate. 
Substrate (Growth Media) Activity 

(U/g wheat bran/min) 
Activity 

(U/ml/min) 
Domestic 
Wastes 

Banana peels 20 4 
Potatoes peels 30 6 

Used tea leaves 60 12 
Agricultural 

Wastes 
Wheat bran (Control) 220 44 

Rice husk 0 0 
Rice straw 35 7 

 

(5) Supplementation of wheat bran with Additional Carbon Sources:  
 
 Table (5) shows that supplementation of wheat bran medium with any of different carbon sources resulted 
in clear increase in level of AP activity. Fructose and mannitol showed highest protease productions (222 & 218 
% increase, in relation to wheat bran), while soluble starch recorded slight decrease. This is in contrast to 
previous reports, which showed that starch caused high level of enzyme expression in Bacillus species 
(Mahmood et al. 2000). Moreover, this observation is not agreeable with those reported by Shafee et al. (2005) 
& Sugumaran et al. (2012) who reported that the best carbon source for AP production by Bacillus species was 
glucose only. 
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Table 5: Effect of wheat bran substrate medium supplementation with additional carbon sources on AP production by B.t. dendrolimus IP 
4A/4B culture under SSF conditions. 

Carbon source added* 
Activity 

(U/g wheat bran/min) 
Activity 

(U/ml/min) 
Wheat bran, solely (Control) 245 49 
Glucose 360 72 
Mannitol 780 156 
Fructose 790 158 
Lactose 360 72 
Sucrose 505 101 
Cellulose 330 66 
Soluble Starch 225 45 
*The supplemented carbon sources were incorporated at final concentration of 9%, w/w. 

 
 (6) Inoculum Size:  
 
 Table (6) shows gradual increase in the AP activity by increasing the sizes of inocula up to 38% (v/v) 
followed by remain or less constant in protease production using higher inoculum sizes. Based on these results, 
inoculum size of 38% was used for the rest of the study. In previous study, Rahman et al. (2005) has suggested 
that higher inoculum sizes resulted in reduced dissolved oxygen, and increased competition towards nutrient. On 
the other hand, if the inoculum sizes were too small, insufficient number of bacteria would lead to reduced 
amount of secreted protease. 
 
Table 6: Effect of inoculum size on AP production in wheat bran medium by B.t. dendrolimus IP 4A/4B culture, under SSF condition. 

Inoculum Size Concentration [%, v/w] 
Activity 

(U/g wheat bran/min) 
Activity 

(U/ml/min) 
9 415 83 
17 495 99 
29 505 101 
38 605 121 
45 595 119 
50 595 119 
67 605 121 

 
(7) Initial Moisture Content: 
  
 Initial moisture content of SSF medium is a critical factor in production of alkaline protease under SSF 
condition. According to the obtained results of the present study (Table 7), the highest enzyme level was 
recorded with initial moisture content 67%, v/w. On the other hand, the organism failed to produce the enzyme 
in medium with the lowest initial moisture content value of 33% (v/w).  
 Different workers showed other different optimum levels of initial moisture content of SSF; for example 
60% (v/w) for Streptomyces sp. CN902 using wheat bran that was incubated at 45°C for 5 days (Lazim et al. 
2009), for maximum AP production. Pandey et al. (2000) cleared that the requirement of moisture content for 
maximum protease activity differed from organism or strain to another. In addition, Pandey (2003) showed 
different levels of moisture content of SSF for optimization of AP production, according to strain type and solid 
substrate used. 
 Low protease production, at moisture levels lower than the optimum one, might be due to the inability of 
the microorganism to access nutrient because of reduced nutrient solubility, which in turn result in poor 
microbial growth (Kumar et al. 2010). On the other hand, they also reported that the low protease production at 
moistening agent ratio above the optimum might be due to the decrease in oxygen availability, because of 
reduced substrate porosity in solid substrate, and change in substrate particle structure. 
 
Table 7: Effect of initial moisture content of medium on AP production by B.t. dendrolimus IP 4A/4B culture under SSF conditions. 

Initial Moisture Content (%) Activity 
(U/g wheat bran/min) 

Activity 
(U/ml/min) 

33 0 0 
50 900 180 
67 1320 264 
75 1300 260 

 
(8) Particle Size: 
 
 Effect of particle size of medium substrate (wheat bran) on AP production from B.t. dendrolimus with 
different particle sizes (<1 mm, 1-2mm, >2mm, and not sorted mixed particles) was studied. In Table 8, the 
obtained results show that the organism could grow and produce appreciable levels of the enzyme on wheat bran 
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with different particle sizes starting from <1 mm to >2mm. 
 In the present study, the experimental data showed that AP production was affected by the particle size. The 
highest enzymatic level was obtained with the lowest particle size value tested (<1 mm). These results are in 
accordance with the literature data on particle size-mediated influence on microbial enzyme production in B. 
subtilis (Krishna & Chandrasekaran 1996) and Rhizopus oligosporus (Ikasari et al. 1999). 
 Prakasham et al. (2006) revealed that in solid-state fermentation process, the availability of surface area 
play a vital role for microbial attachment, mass transfer of various nutrients, substrates, subsequent growth of 
microbial strain and product production. The availability of surface area in turn depends on the particle size of 
the substrate/support matrix. Thus, the observed reduction of protease production with altered particle size could 
be attributed to intra-particulate associated aeration, available surface area for microbial attachment and 
substrate mass transfer and subsequent growth and enzyme production. 
 
Table 8: Effect of particle size of medium substrate wheat bran on AP production by B.t. dendrolimus IP 4A/4B culture under SSF 

conditions. 
Wheat Bran Particle Size (mm) Activity 

(U/g wheat bran/min) 
Activity 

(U/ml/min) 
< 1mm 290 58 
1-2 mm 225 45 
>2 mm 135 27 

Mix 105 21 

 
(9) Incubation Period: 
 
 The effect of incubation time on protease production under SSF was determined by incubating at 30°C for 
different periods (Table 9). The obtained results show that organism could grow and produce appreciable AP 
enzyme levels in the growth medium starting from the first day to 6 days. Furthermore, the highest enzyme level 
was obtained after 3 days. As fermentation time increases above the optimum incubation time, further 
pronounced rapid drop in protease production was observed. 
 Many investigators found that after 6 days of incubation time, no further increase in protease production; 
and drop in protease production was observed. Sumantha et al. (2006) revealed that this phenomenon might be 
due to the decrease in microbial growth associated with the depletion of available nutrient, loss of moisture 
content, production of toxic metabolites, and degradation of produced protease. Different fermentation periods 
have been also reported by other workers (as the best for optimum protease production) for example 9 days for 
Rhizopus oryzae (Aikat & Bhattacharyya 2000). Thus, knowing maximum protease induction period may be 
advantageous in managing production cost as associated with fermentation time & type. 
 
Table 9: Effect of incubation period of culture on AP production by B.t. dendrolimus IP 4A/4B culture under SSF. 

Incubation Period (Days) Activity 
(U/g wheat bran/min) 

Activity 
(U/ml/min) 

0 0 0 
1 510 102 
2 810 162 
3 815 163 
4 775 155 
5 680 136 
6 550 110 

 

(10) Application - Hydrolysis of Gelatin of Used X-ray Film & Releasing Silver: 
 
 In the present study, verifying the capability of AP enzyme for hydrolysis of gelatin in used x-ray film and 
release of silver, it was found that the gelatin layer was completely removed within 1 hr (Table 10 & Fig.1). 
Reviewing the literature, the time required for complete decomposition of gelatin by proteases from alkalophilic 
Bacillus was found to be different according to strain investigated. In this respect, Masui et al. (1999) studied 
decomposition of gelatin by proteases from alkalophilic Bacillus and its three mutants. They reported 0-17% 
gelatin degradation in 30 min depending on the enzyme (wild or mutants) while complete degradation was 
achieved in 45 min for all the enzymes tested at concentration of 5 U ml-1 and 50˚C, pH 10.5. They observed 
that swelling of gelatin on the X-ray film took place during initial 30 min after which hydrolysis proceeds 
rapidly from 30-45 min. On the other hand, Fujiwara et al. (1989) reported complete breakdown of gelatin by an 
alkaline protease from alkalophilic Bacillus sp. B21-2 in 8 min at 40˚C, pH 10.5 and at enzyme concentration of 
100 U ml- 1 while all the alkaline proteases from the neutrophile Bacillus subtilis took more than 20 min to act. 
Subtilisin BPN, took 30 min to decompose the gelatin layer at 50-60˚C while treatment time increased to 120-
180 min at 30˚C.  
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Table 10: Hydrolysis of gelatin of used X-ray film by AP produced by B.t. dendrolimus IP 4A/4B culture and release of silver under SSF 
conditions. 

Reaction Solution OD at 660 nm 
Buffer (Glycine NaOH, pH 10) 0.005 
Killed Crude Enzyme* 2.881 
Crude Enzyme 3.141 

* Killing was carried out by boiling the crude enzyme in water bath for 15 min. 
 

 
 
Fig. 1: Hydrolysis of gelatin of used X-ray film by AP produced by B.t. dendrolimus IP 4A/4B culture and 

release of silver. B: Buffer (Glycine NaOH, pH 10), K: Killed Crude Enzyme, and E: Crude Enzyme. 
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