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ABSTRACT

A high yield of α-galactosidase was achieved by citrus waste-based Solid State Fermentation (SSF) using a novel strain, 
Bacillus megaterium VHM1. The maximum production of α-galactosidase was obtained at 72 hours of fermentation. 
The optimal temperature and pH were 350°C 6.0, respectively. Higher enzyme production at 90% (58 U/g) was 
obtained with an increase in inoculum volume up to 100% (w/v). With the increase in moisture content of 50%-
100%, the production of α-galactosidase was concomitantly enhanced from 28 U/g to 56 U/g. Among the inorganic 
nitrogen sources tested, yeast extract yielded higher enzyme production (52 U/g). The enzyme production was 
maximum when raffinose was used as an additional carbon source. A forcefully aerated packed bed bioreactor was 
constructed for enhanced production of α-galactosidase. This enzyme could potentially be used for the processing of 
legumes in food processing industries to remove raffinose family oligosaccharides.
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INTRODUCTION

The enzyme α-galactosidase catalyzes the hydrolysis of α-1, 
6-galactosidic bonds, releasing α-D-galactose, and is also called 
alpha Gal. The galactosidic bonds are found in oligosaccharides 
such as raaffinose, verbascose melibiose, and stachyose. These 
galactooligosaccharides are associated with flatulence in 
monogastric animals. The galactic-oligosaccharides, which are 
Non-Digestible (NDOs) in the large intestine, can be utilized 
by intestinal flora, which leads to flatulence and abdominal 
discomfort [1]. Other potential applications of α-galactosidase 
are in the processing of the beet sugar industry. The alpha-
galactosidase enzyme hydrolyzes raffinose content in beet, avoiding 
crystallization inhibition in the beet sugar industry. In the paper 
industry, along with xylanase, adding α-galactosidase will help 
improve biobleaching. α-Galactosidase also plays an essential role in 
other industries, such as pharmaceutical and medicinal purposes. 
The enzyme α-galactosidases were present in all microorganisms, 
plants and animals.

Solid-state fermentation has many advantages over Sub Merged 
Fermentation (SMF), its simple technique, low capital investment, 
and low energy requirement, including superior productivity and 
better product recovery. SSF has gained importance because it 
utilizes cheap agricultural waste as raw material to produce enzymes. 
Enzyme production by SSF has advantages when its crude enzyme 

is used for several applications [2,3].

Bacillus megaterium is a Gram-positive, spore-forming bacterium 
found widely in diverse habitats, from seawater to soil. The organism 
is utilized for several industries as it possesses some beneficial 
enzymes and produces high-capacity exoenzymes [4]. Bacillus sp JF2 
strain produced extracellular thermo-stable α-amylase (EC, 3.2.1.1) 
and intracellular α-galactosidase (EC, 3.2.1.22). 

There are reports on the production of enzymes by SSF using fungi, 
but there are very few reports on the production of enzymes by SSF 
using bacteria. Bacteria are preferred over fungi as they can produce 
thermostable enzymes utilized in industry. Most of the bacteria 
used in SSF or from Bacillus Spp. Could be attributed to the ability 
to adhere to the substrate particles to produce filamentous cells for 
penetration and to their specific need for water activity. There are no 
reports in the literature on the production of α-galactosidase through 
SSF by bacterial cultivation. The aim of this work was to optimize the 
production of α-galactosidase by B. megaterium VHM1, under SSF 
conditions and to build a forcefully aerated packed bed bioreactor

MATERIALS AND METHODS

Isolation and identification of bacteria 

A strain, B. megaterium VHM1, secreting extracellular 
α-galactosidase, was isolated from sugar cane industrial waste 
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samples near Vijayapur (Karnataka, India). The isolation of the 
bacterium was done in nutrient broth supplemented with fat-
free soya flour extract at 50°C, and pH. were adjusted to 7.5. The 
isolate was maintained on nutrient agar slants containing 2% guar 
gum. The isolate was identified by morphological, physiological, 
and biochemical tests described in Bergey’s manual of systematic 
bacteriology [5]. The partial 16S rDNA nucleotide sequences 
were determined. (Previously described by Kim et al., 2004). The 
sequences deposited in the NCBI nucleotide sequence database, 
No FJ 613521. The 16S rDNA was compared with the DNA 
sequences deposited in NCBI.

Solid State Fermentation (SSF)

Different agro-industrial waste materials, viz Red Gram Husk 
(RGH), Sugarcane Bagasse (SB), Wheat Bran Husk (WBH), 
Chickpea Husk (CKH), Rice Bran (RB), Pine Apple Waste (PW), 
Potato Peels (PP) Banana Fruit Waste (BFW), and Citrus Waste 
(CW) were collected from local place of Gulbarga Karnataka state, 
India. These wastes were cleaned with water, followed by distilled 
water to remove surface dust particles. Then, bleaching was carried 
out by immersing them in hot water (70°C-80°C) for 15 min, 
followed by drying at 450°C in Owen. The dried material was 
grounded and sterilized at 121°C, 15 lbs pressure for 15 min and 
stored at 40°C further use. 

To screen the different substrates for α-galactosidase Production, 
initially, 5.0 g of the powdered substrate was taken in a 250 ml 
conical flask and to this add, a known quantity of mineral salt 
medium containing (grams per liter distilled water) K2HPO4, 6.3 
g; KH2PO4, 1.8 g; NH

4
NO

3
, 1 g; MgSO

4
, 1 g; CaCl

2
, 0.1 g; FeSO

4
, 

0.1 g; MnSO4, 0.1 g; NaMo7O24, 0.006 g.) pH 7.0 was added; the 
combination of other agro-industrial waste with citrus waste was 
also studied at 1:1(w/w) in the fermentation medium. The solid 
substrates were appropriately mixed and autoclaved at 121ºC, 15 
lbs pressure for 15 min. The flasks were kept aside to attain a room 
temperature and then inoculated with 24-h grown bacterial culture 
of 2.0 ml (OD 600 nm between 0.49 and 0.51) and incubated 
at 400°C temperature for different periods (12 h, 24 h, 36 h, 48 
h, 72 h, and 96 h). To investigate the influence of other culture 
parameters on α-galactosidase Production, initial moisture content 
(50%-100% w/v), inoculums volume (30% w/v-150% w/v), effect 
of initial temperature (25°C-500°C), effect of initial pH (3.5-8) co-
carbon sources (glucose, galactose, fructose, xylose, sucrose, lactose, 
raffinose, stachyose, guar gum, locust bean gum at 2%, w/w) 
and co-nitrogen sources, (organic nitrogen sources, yeast extract, 
peptone, beef extract, soybean meal and gelatin were used in SSF 
medium. Inorganic nitrogen sources such as ammonium sulfate, 
ammonium acetate, urea and ammonium nitrate are also used. 
To determine the initial moisture content, the solid substrate was 
mixed with a known amount of mineral salt medium. One gram of 
substrate is added to 1 ml of water to achieve 100% miniaturization. 
Without having inoculums, flasks served as negative controls, 
whereas the inoculated flasks without any co-carbon or co-nitrogen 
source served as positive controls. The production of the enzyme 
is expressed as mean and standard deviations based on the results 
obtained with triplicate flasks.

Enzyme extraction

Fermented mass is added with sodium acetate buffer (0.2 M, pH 
6; 1:10 w/v) for two h on an orbital shaker at 300 rpm, filtered 
with muslin cloth and centrifuged at 5000 rpm for 15 min. The 
supernatant was used to carry out the α-galactosidase assay.

Assay of α-galactosidase

The α-galactosidase assay was carried out according to the 
modified method of Dey and Pridham (1972). The reaction mixer 
contained 100 ul of enzyme+800 ul of 0.2 M phosphate buffer (pH 
6.0)+1 ul of 2 mM PNPG. The reaction mixture was incubated 
at 500°C for 10 min. The reaction was stopped by adding 3 ml 
of 0.2 M Na2CO3 solution. The absorbance was taken at 405 
nm in a spectrophotometer (Tecan). One unit of enzyme activity 
was defined as the amount of enzyme, which produced l μmol of 
para nitrophenol min-1 under standard conditions. The enzyme 
production under SSF was expressed as U/g dry fermented mass.

Solid-state fermentation in forcefully aerated packed bed 
bioreactor

The glass column reactor (heat Sterilized, length 28 cm, inner 
diameter 6 cm) was aseptically filled with pre-inoculated citrus 
waste, leaving a headspace of 5 cm at the top of the column. Air 
from an aerator pump was filtered through a glass column filter 
with glass wool before entering the humidification flask. The 
saturated, moist air was then continuously supplied through the 
bottom of the column. The outlet air from the top of the column 
was directed to the air exit unit. For comparison, a similar glass 
column filled with pre-inoculated substrate but without aeration 
was carried out.

RESULT AND DISCUSSION

Screening of the substrates for α-galactosidase production

Production of α-galactosidase in SSF using various substrates and 
their combination with citrus waste. Table 1 shows the results of 
the production of enzymes by different agro industrial wastes. The 
CW was the best substrate for α-galactosidase production by B. 
megaterium VHM1 as it gave the highest enzyme titer (46.0 U/g), 
RGH (43.0 U/g), BGH (41.0 U/g) and CPH (40.0 U/g) are also 
utilized by A.VHM1 for enzyme production but relatively low 
enzyme titers were observed. However, other substrates, such as 
PW, PP, and SBG, were much less effective for enzyme production 
(Table 1). 

Table 1: Production of α-galactosidase by B. megaterium VHM1 in SSF 
using various agro-industrial substrates.

SI No Substrates α-Galactosidase activity

1 Chickpea husk 40.0 ± 2.0

2 Red gram husk 43.0 ± 2.15

3 Sugar cane bagasse 29.0 ± 1.45

4 Citrus waste 46.0 ± 2.3

5 Rice bran 37.0 ± 1.85

6 Wheat bran 37.0 ±1.85

7 Black gram husk 41.0 ± 2.05

8 Pineapple waste 11.0 ±.055

9 Potato peels 22.0 ±1.10

10 Banana fruit waste 26.0 ±1.3

11 Groundnut cake 23.0 ±1.15

Note: ± Standard error.
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Kotwal et al. reported that soy flour (44.6 U/g) and, coconut cake 
(41.5 U/g), wheat bran (22.8 U/g) are the best solid substrates 
for α-galactosidase production in SSF by a thermophilic fungus 
Humicola sp. This is the first report of α-galactosidase production 
using citrus waste as a solid substrate by B. megaterium VHM1 by 
SSF. Annunziato et al., reported wheat bran gave maximum for 
α-galactosidase production in SSF, but enzyme titer is much less 
compared to our results. Shankar et al. reported that red gram 
plant waste is the best solid substrate for α-galactosidase production 
by A. oryzae in SSF. The combination of CW (ratio 1:1 w/w) with 
RGH, CPH, RB, WB, PW, GNC, and BFW resulted in an increase 
in enzyme production (Table 2). 

Table 2: Production of α-galactosidase by B. megaterium VHM1 in SSF 
using a combination of various substrates with citrus waste.

S NO Substrates (10 g) α-Galactosidase activity (U/g)

1 Citrus waste 47 ± 1.41

2 CW+RGH 49 ± 1.47

3 CW+CPH 47 ± 1.38

4 CW+BGH 46 ± 1.41

5 CW+RB 47 ± 1.38

6 CW+WB 46 ± 1.26

7 CW+PW 42 ± 1.35

8 CW+PP 45 ± 1.36

9 CW+GNC 46 ± 1.39

10 CW + BFW 48 ± 1.40

Note: ± Standard error; Citrus Waste (CW); Red Gram Husk (RGH); 
Chickpea Husk (CPH); Black Gram Husk (BGH); Rice Bran (RB); Wheat 
Bran (WB); Pineapple Waste (PAW); Potato Peals (PP); Ground Nut Cake 
(GNC); Banana Fruit Waste (BFW).

Maximum activity of α-galactosidase 49 U/g was produced 
CW+RGH (1:1; w/w). In most of the combinations tested, an 
increase in enzyme production was observed. This indicated that 
CW served as a good substrate for α-galactosidase production. 
However, CW+PW did not enhance the enzyme yield. Liu et al. 
reported maximum activity of α-galactosidase production when 
wheat bran (83.2%) along with soybean meal (16.64 w/w) in SSF 
by Aspergillus foetidus ZUG1 strain [6]. Shankar et al. reported the 
combination of red gram plant waste with wheat bran showed an 
increase in α-galactosidase production.

Effect of incubation period on α-galactosidase production

The time course of α-galactosidase production in a medium 
containing CW, RGH, and CPH is shown in Figure 1. The 
maximum production of α-galactosidase obtained at 72 hours of 
fermentation. After 72 hours, the α-galactosidase activity declines, 
possibly due to a shift of pH and catabolite activity of the organism. 
CW waste showed maximum activity compared to RGH and CPH. 
The α-amylase production using wheat bran and potato peels in 
SSF by Bacillus circulans was found to be maximum at 72 hours 
of fermentation [7]. Similarly, Srinivas et al. reported an optimum 
incubation period of 4 days-5 days for α-galactosidase production 
by Aspergillus niger in SSF using wheat bran as a solid substrate. 
Wang et al., reported 75 hours of incubation for α-galactosidase 

production by a novel strain of Penicillium sp in SSF by using wheat 
bran and soybean meal as a substrate [8]. Kotwal et al. reported 
six days for higher α-galactosidase production by thermophilic 
Humicola sp in SSF by using soybean flour and ground nut cake-
based substrates.

Figure 1: Effect of incubation period on α-galactosidase Production by 
B.megaterium VHM1 in SSF. Note: ( ) Citrus waste; ( ) Redgram husk; 
( ) Chik pea husk.

Effect of temperature on α-galactosidase production

Production of α-galactosidase from B. megaterium was maximum 
active at 350°C, but enzyme activity decreased with a rise in 
temperature from 40 °C to 500 °C (Figure 2). Sodhi et al. reported 
370°C temperature for production of α-amylase under SSF by 
Bacillus sp. Ps-7 [9]. Similarly, Babu et al. reported that 370°C was 
the optimal temperature for the production of α-amylase in SSF 
by Bacillus coagulans [10]. Jakubowski et al. reported that 390°C 
was the optimal temperature for the production of α-amylase in 
SSF by Bacillus lichiniformis [11]. Kotwal et al. reported that the 
thermophilic fungus Humicola sps required 450°C for growth as 
well as enzyme production in SSF. Liu et al. reported that the 
optimal temperature for α-galactosidase production in SSF by 
Aspergillus foetidus was 280°C. Anisha et al. reported that 350°C 
was the optimal temperature for α-galactosidase production in SSF 
by Sreptomyces griseolobus [12].

Figure 2: Effect of temperature on production of α-galactosidase by 
B. megaterium VHM1 under Solid State Fermentation (SSF). 

Effect of pH on α-galactosidase production

The optimum pH of the medium for α-galactosidase production 
was 6.0 pH (Figure 3). Agarwal et al. reported an optimal initial 
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pH of 5.8 for the production of α-amylase in SSF by Bacillus sp 
KCA 102 [13]. It is speculated that solid substrates contribute to a 
better buffering capacity. The range of pH 5.5 to 6.5 was favorable 
for α-galactosidase biosynthesis from a novel strain, Penicillium sps, 
in SSF [14]. The α-galactosidase activity is strictly dependent upon 
the pH of the incubation medium. Pencillum ochrochloron showed 
maximal α-galactosidase at pH 4.5 [15]. Liu et al. reported that 
5.0-6.0 initial pH of the medium for optimum α-galactosidase 
production by a novel strain of Aspergillus foetidus Zu-G1 in SSF.

Figure 3: Effect of pH on production of α-galactosidase by B. 
megaterium VHM1 under Solid State Fermentation (SSF).

Effect inoculum volume on α-galactosidase production

The inoculum concentration plays an important role in enzyme 
production. With the increase in inoculum volume up to 90% (w/v), 
there is an increase in α-galactosidase production by B. megaterium 
(Figure 4). However, with an increase in inoculum level beyond 90% 
(w/v), the production of α-galactosidase by B. megaterium declined, 
which might be due to exhaustion of nutrients in the fermentation 
mash. Callahan et al., 2006, reported that 35% inoculum volume 
(v/w) is optimal for the production of protease from Engoyodiantum 
album. Ramachandran et al. reported that 100% (v/w) inoculum 
size was optimal for the production of thermostable α-amylase by 
Bacillus sps [16]. Mukherjee et al. reported that 100% inoculum size 
was optimal for the production of protease by Bacillus sps [7]. Liu 
et al. reported maximal production of α-galactosidase at 10% (v/w) 
inoculum size by a novel strain Aspergillus foetidus Zu-G1-Strain.

Figure 4: Effect of inoculum volume on α-galactosidase Production by 
B. megaterium VHM1 in Solid State Fermentation (SSF).

Effect of moisture content on α-galactosidase production

The moisture content is the major factor for microbial growth in 
SSF, especially the initial moisture content of the substrate, which 
will play an important role in production and yield [16,17]. 

The growth of microbes and product formation takes place near 
the surface of the most solid substrate. Therefore, achieving the 
maximum yield of the desirable product is the most crucial step 
in optimizing the moisture content of the substrate [17]. In the 
present study, with an increase in moisture content of 50%-100%, 
the production of α-galactosidase was concomitantly enhanced 
from 38 U/g to 56 U/g, and a further increase in moisture content 
resulted in a steady decline in the production of α-galactosidase 
(Figure 5). 

Figure 5: Effect of moisture content on α-galactosidase Production by 
B. megaterium VHM1 in Solid State Fermentation (SSF).

Das et al. reported that 150% (v/w) moisture content was optimal 
for the production of α-amylase by Bacillus sp-7 [18]. Prakasham et 
al. reported that 100% initial moisture content of solid substrate 
was optimal production of protease by Bacillus subtilis DM04 [17]. 
Kotwal et al. reported the maximum production of α-galactosidase 
when the moisture content was 86% (v/w). Shankar et al. 
reported that 89% (v/w) initial moisture content was optimal for 
α-galactosidase production by Aspergillus oryzae [1]. The moisture 
content beyond the optimum level decreases the porosity as well 
as changes the structure of the particles of the fermentable solid 
substrates that subsequently promote the development of sickness, 
reduce gas volume and exchange and lower oxygen transfer, which 
in turn interfere with the microbial activity [19].

Effect of various nitrogen sources on α-galactosidase 
production

The effect of nitrogen on enzyme production is shown in Table 
3. Among the organic sources tested, yeast extract yielded higher 
enzyme production (52 U/g), whereas beef extract, peptone, gelatin, 
and tryptone resulted from lower yield compared to yeast extract. 
The inorganic nitrogen sources did not show much increase in 
α-galactosidase activity. Kotwal et al. reported that beef extract acted 
as the best nitrogen source for maximum α-galactosidase production 
by Humicola sps in SSF. Zaprometova et al. reported that 2% of 
ammonium sulfate acted as the best nitrogen source for maximal 
production of α-galactosidase by Cephalosporium acremonium. Gindy 
et al. reported beef extract was the best nitrogen source for optimal 
production of α-galactosidase in SSF by Aspergillus awamori and A. 
corbanarians [20].
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5. The forceful aeration resulted in the highest α-galactosidase yield 
of 105 U/g, which was approximately twice the yield obtained 
in flasks. In a packed bed bioreactor, most of the metabolic heat 
and CO

2
 released from the fermented mash could be removed by 

forced aeration with humidified air, thus minimizing the rise in 
temperature of the fermenting substrate. The packed bed bioreactor 
offers several advantages over tray fermentation previously reported 
by several workers for α-galactosidase production in SSF. It allows 
better control of fermentation parameters than possible in trays [21-
26]. The production of α-galactosidase tested at different hours of 
incubation in a forcefully aerated packed bed bioreactor (Figure 7). 
Maximal production of α-galactosidase was observed at 60 hours 
of incubation. After that, enzyme production gradually decreased. 
Anisha et al. similarly reported a fold increase in α-galactosidase 
production using forcefully aerated packed bed bioreactor by 
Streptomyces griseoloalbus [12].

Figure 6: Diagrammatic representation of a packed bed bioreactor. 
Note: 1: Aerator pump; 2: Flow meter; 3: Air sterilization filter with 
glass wool; 4: Air humidification unit; 5: Packed bed column; 6: Air 
exhaust unit.

Table 5: Effect of aeration on packed bed bioreactor for production of 
α-galactosidase by B. megaterium VHM1.

Bacillus megaterium VHM1  α-Galactosidase activity  (U/g)

Without aeration  72 ± 3.6

 With aeration 105 ±5.25

Figure 7: Effect of incubation period on the production of α-galactosidase 
by B. megaterium VHM1 in packed bed aerated bioreactor.

Table 3: Effect of various nitrogen sources on the production of 
α-galactosidase by B. megaterium VHM1.

Nitrogen sources (2% w/w) α-Galactosidase activity (U/g)

Control 43 ±2.12

Peptone 48±2.6

Yeast extract 52±2.86

Gelatin 43±2.12

Soybean meal 48±2.6

Tryptone 46±2.44

Beef extract 45±2.40

Ammonium sulphate 44±2.36

Ammonium nitrate 42±2.18

Ammonium acetate 44±2.01

Urea 41±2.12

Note: ± standard error.

Effect of various sugars on α-galactosidase production

The enzyme production was maximum when raffinose was used 
as an additional carbon source (Table 4). Galactose and melibiose 
also induced the maximum production of α-galactosidase, whereas 
glucose and sucrose were much less effective for α-galactosidase 
Production as well as growth of the organism. Raffinose enhanced 
the α-galactosidase activity (176%) in the SSF medium. Liu et al. 
reported maximal α-galactosidase production when glucose was 
added to the wheat bran in solid-state fermentation by Aspergillus 
foetidus. Anisha et al. reported that the addition of lactose to the 
solid substrates medium induced the maximal production of 
α-galactosidase from Streptomyces griseolobus [12].

Table 4: Effect of sugars on α-galactosidase Production by B. megaterium 
VHM1 in solid-state fermentation.

Sugars  (2% w/w) α-Galactosidase activity (%)

None 100

Glucose 123

Galactose 176

Sucrose 120

Lactose 103

Melibiose 171

Raffinose 182

Enhanced production of α-galactosidase in forcefully 
aerated packed bed bioreactor

Enhanced production of α-galactosidase was carried out using 
forcefully aerated packed bed bioreactor. In SSF, the most limiting 
factor is the aeration. The metabolic heat produced by the 
microorganisms limits the growth and production of α-galactosidase. 
This can be overcome by constructing the forcefully aerated packed 
bed bioreactor. The schematic diagram of the bioreactor is shown 
in Figure 6. Alpha-galactosidase production by B.megaterium in 
packed bed with aeration and without aeration is shown in Table 
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CONCLUSION 

The reports reveal the α-galactosidase production using citrus 
waste by the bacterium B. megaterium VHM1, which is a cost-
effective method. We have constructed a forcefully aerated packed 
bed bioreactor for enhanced production of α-galactosidase. The 
organism B. megaterium utilizes complex polysaccharides and 
produces extracellular α-galactosidase. B. megaterium is GRAS 
(generally regarded safe) status. The so-produced enzyme can be 
exploited in the processing of legumes in food process industries 
to remove the raffinose family oligosaccharides. The laboratory 
scale experiments may provide a basis for scale-up purposes of the 
processor on α-galactosidase production in SSF.
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