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A locally 1solated thermophile, Geobacillus sp. SAB-40,
producing thermostable extracellular amylase constitutively
and an induced intracellular p-galactosidase was
characterized and identified based on 16S rRNA sequencing.
A phylogenetic analysis then revealed its closeness to
Geobacillus stearothermophilus. To evaluate the effect of
the culture conditions on the coproduction of both enzymes
by G stearothermophilus SAB-40, a Plackett-Burman
fractional factorial design was applied to determine the
impact of twenty variables. Among the tested variables,
CaCl,, the incubation time, MgSO,7H,0, and tryptone
were found to be the most significant for encouraging
amylase production. Lactose was found to promote p-
galactosidase production, whereas starch had a significantly
negative effect on lactase production. Based on a statistical
analysis, a preoptimized medium attained the maximum
production of amylase and B-galactosidase at 23.29 U/ml/
min and 12,958 U/mg biomass, respectively, which was 3-
and 2-fold higher than the yield of amylase and lactase
obtained with the basal medium, respectively.

Keywords: Thermostable amylase, galactosidase, Geobacillus,
experimental design, optimization

Hydrolases are enzymes with increasing industrial applications,
where amylases and galactosidases have received special
attention. The main natural substrate of amylases is
starch, which is cleaved into branched and unbranched
oligosaccharides. Thus, the enzymes work from either the
nonreducing end of the chain (exoenzymes), producing
low molecular weight products (e.g., B-amylase, glucoamylase,
and o-glucosidase), or the interior of the molecule in a
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random fashion (endoenzymes), producing linear and
branched saccharides with various lengths (e.g., a-amylase).
The industrial interest in amylolytic enzymes is based on
their application in sugar production, starch liquefaction,
baking, and more recently detergency processes, which
require amylases with a high thermostability and/or
high activity [4, 45]. Most industrial starch processes are
performed at a high temperature and involve the hydrolysis
of starch into glucose, maltose, or oligosaccharide syrups.
These syrups are then used as fermentation syrups to
produce a variety of chemicals (e.g., ethanol, lysine, and
citric acid). A thermostable amylase from a thermophilic
microorganism is associated with rapid cell growth and
reduces the risk of contamination. Furthermore, the
application of a high temperature during the hydrolysis of
starch reduces the viscosity of the starch paste [21, 39].
Yet, the biosynthesis of thermostable amylolytic enzymes
is rarely observed in natural bacterial strains [38, 40].
Bacteria from the genus Bacillus are widely used as
producers of commercial thermostable amylases [14, 31,
40]. Many of the reported thermostable a-amylases have
been produced from thermophilic bacteria, including Bacillus
sp. JE [23], Bacillus licheniformis [53], Geobacillus
stearothermophilus [2, 47], Geobacillus thermoleovorans
YN [3], Thermus sp. [46], Dictvoglomus thermophilum
[16], Pyrococcus furiosus [9, 10], and Thermococcus
onnurineus NA1 [29].

Galactosidase enzymes are classified into a-galactosidases
and B-galactosidases according to the substrate used and
end product. a-Galactosidases are useful in the o1l and gas
industries and for sugar beet processing [27]. For example, the
raffinose content in sugar beet is 0.15%, yet when processing
sugar beet, the raffinose concentration in the beet molasses
oradually increases to inhibit sugar crystallization. Thus, using
an o-galactosidase enzyme to hydrolyze the raffinose into
galactose and sucrose increases the beet sugar yield [51].
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B-Galactosidases (E.C. 3.2.1.23) (or lactase) hydrolyze
lactose, the sugar in milk, into its components, glucose and
galactose, allowing milk and its derivatives to be treated
for consumption by people with lactose intolerance.
B-Galactosidases also have other applications, such as
the prevention of lactose crystallization in frozen and
condensed milk products, reduction of water poliution
caused by whey, and increasing the sweetening properties
of lactose [17, 41]. In addition to the normal hydrolysis of
the glycosidic linkage in lactose, some [-galactosidase
enzymes can catalyze the formation of galactooligosaccharides
through the transfer of one or more p-galactosyl units into
the p-galactose moiety of lactose. This transglycosylation
reaction [24] has already been shown to be a characteristic
of B-galactosidase enzymes derived from a wide variety of
bacterial and fungal species [11, 35, 36, 55]. Nonetheless,
even though many [3-galactosidases derived from mesophilic
microorganisms have been thoroughly investigated, relatively
few studies have reported on thermostable B-galactosidases
[1,5,7,13,23, 26, 30, 39, 54].

The use of different statistical designs for medium
optimization has recently been employed for many enzymes
[6, 8, 15, 19], where such statistical methods have proven
to be effective and efficient when compared with the
common “‘one-variable-at-a-time” method.

Accordingly, owing to the broad range of applications
for thermostable amylases and galactosidases and limited
reported data on their coproduction [23, 26], the present
study attempted to optimize a fermentation medium for
the coproduction of amylase and galactosidase enzymes.
Furthermore, this study would appear to be the first attempt
to maximize the coproduction of amylase and galactosidase
enzymes using statistically designed experiments.

As such, a thermophilic bacterium producing both types
of enzyme (amylase and [-galactosidase) was first isolated
and 1dentified. After determining the coproduction of
extracellular amylase and intracellular B-galactosidase by
Geobacillus stearothermophilus SAB-40, a Plackett-Burman
experimental design was then applied to evaluate the impact
of various culture conditions, including nutritional and
physiological variables, on the coproduction of both enzymes.

MATERIALS AND METHODS

Isolation, Identification, and Maintenance of Bacterium

The bacterium used in this study was isolated from Egyptian desert
soil. The soil sample was suspended in a liquid minimal medium
composed of (g/l) glucose, 0.1; KCI, 1; MgCl,, 0.04; CaCl,, 0.02;
NH,NO;, 1; EDTA (disodium salt), 0.08; Fe(NH,).(SO,);6H,0,
0.025; MnSO,- 4H,0, 0.002; CoSO,7H,0, 0.0002; (NH,)Mo0,0,,
4H,0, 0.0001; and ZnSO,7H,0, 0.002; supplemented with 0.1%
(v/v) yeast extract and incubated at 55°C while shaking at 200 rpm
[20]. Subsequent dilutions of the 24-h-old culture were then plated
into the same medium for further purification, and the purified

isolates qualitatively tested for the coproduction of amylase and [3-
galactosidase by streaking in a petri dish containing an LB agar
supplemented with starch and lactose (0.5:0.5%). A positive starch-
hydrolyzing isolate produced a clear halo zone around the growth,
whereas a positive lactose-fermenting isolate produced a blue-color
growth in the presence of 5-bromo-4-chloro-3-indolyl-beta-D-
galactopyranoside (X-Gal, 20 mg/ml). A potent isolate showing binary
activities towards starch and lactose was selected and maintained on
an LB agar slant composed of (g/l) tryptone, 10; yeast extract, 3;
NaCl, 5; and agar, 20. The stock culture was subcultured at regular
intervals of one month and stored under refrigeration.

The bacterium was characterized and identified by 16S rRNA
gene sequencing using universal primers, with the following forward
and reverse primer sequences, respectively: S-GAGITTGATCMT-
GGCTCAG-3' and 5'-TACGGYACCTTGITACGACTT-3". The 16S
rRNA sequence was aligned with published sequences from the
NCBI database using ClustalX software, and the phylogenetic tree
depicted using the TREEVIEW program [37]. The sequence has
since been deposited in the GenBank under the accession number
EF86524.

Enzyme Assays

The activity of the starch-hydrolyzing enzyme (amylase) was
determined using Fuwa’s colorimetric method of an iodine-starch
color reaction [18]. Fifty ul of the amylase solution in a 2 mM
imidazole-HC1 buffer (pH 7.0) was mixed with 100yl of a
prewarmed 1.1% soluble-starch solution and incubated at 60°C for
10 min. The reaction was then stopped by adding 250 ul of a stop
solution (0.5 N acetic acid:0.5 N HCI=5:1), and a 100-ul aliquot of
the reaction mixture mixed with 1 ml of an iodine reagent (0.01%
iodine and 0.1% KI). The absorbance at 660 nm was measured after
incubating at room temperature for 20 min, where one unit of
amylase activity was defined as the amount of enzyme that decreased
the absorbance at 660 nm by 0.01 within 1 min. The activity was
expressed as U/ml/min.

The galactosidase activity was determined as described by Miller
[34] with some modifications. Each frozen pellet was thawed in
1 ml of a Z-buffer containing 1% toluene and vortexed for membrane
permealization. Appropriate volumes were then used to determine
the enzyme activity at 60°C with ortho-nitrophenyl-f3-D-galactosidase
as the substrate, where one unit of galactosidase activity (Miller
unit) was defined as the amount of enzyme hydrolyzing 1 nmol
of oNPG formed per min. The specific activity was expressed
in Miller units/mg biomass. All the assays were performed in
triplicate.

Growth and Production Conditions

The bacterium was allowed to grow in a 50-ml aliquot of an LB
broth in a 250-ml Erlenmeyer flask, and incubated for 12 h at 55°C
and 200 rpm. A 1% inoculum of the overnight culture was then
used to inoculate LB broth, LB broth supplemented with lactose
(1%), LB broth supplemented with starch (1%), and LB broth
supplemented with starch plus lactose (0.5:0.5%), and then incubated
at 55°C and 200 rpm. Quantitative estimations of the extracellular
and intracellular enzyme production were determined after 24 h of
incubation. The enzyme activities were determined in the culture
supernatants after clarifying the cultures by centrifugation and cell
pellets after resuspension in the same buffer used for the enzyme
assays.



Table 1. Variables and levels employed in Plackett-Burman
design for screening culture conditions affecting the coproduction
of thermostable starch-hydrolyzing (amylase) and lactose-

fermenting  (B-galactosidase) enzymes produced by G
stearothermophilus SAB-40.
Variable code Variable Value
-1 +1
X, Lactose (g/1) 0.00 10
X, Tryptone (g/1) 1.00 10
X5 Yeast extract (g/1) 1.00 5.0
X, Casein hydrolysate (g/1) .00 5.0
X Glycine (g/1) 050 20
Xe Soluble starch (g/1) 1.00 10.0
X, Peptone (g/1) 1.00  10.0
Xq Beef extract (g/1) 0.50  3.00
X, Maltose (g/1) 1.00  5.00
X0 Na citrate(g/1) 1.00  4.00
X Na glutamate (g/1) 1.00 4.00
X5 (NH,),SO, (g/) 1.00  3.00
X3 NH,CI (g/1) 1.00  3.00
X4 NaNO; (g/1) 0.50  2.00
X5 K,HPO, (g/1) 0.25 1.00
X6 MgSO,.7H,0 (g/1) 020  0.50
X7 NaCl, (g/) 0.50 5.00
Xis CaCl, (g/) 0.10  2.00
X0 Incubation time (h) 16.0 24.0
X Incubation temperature (°C) 50.0 60.0
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Experimental Design
Fractional Factorial Design. A Plackett-Burman experimental
design [43] was applied to investigate the significance of various
medium components on the coproduction of the starch-hydrolyzing
(amylase) and lactose-fermenting ([3-galactosidase) enzymes. Twenty
culture variables were tested at two levels, -1 for low and +1 for
high, based on a Plackett-Burman matrix design (Table 1), representing
a two-level factorial design and allowing the investigation of n-1
variables in at least n-experiments. In this study, the independent
variables were screened in 24 combinations according to the matrix
shown in Table 2. The main effect of each variable was calculated
simply as the difference between the average of measurements taken
at the high setting (+1) and the average of measurements taken at
the low setting (1) for that factor.

As such, the Plackett-Burman experimental design was based on
the first-order model (Equation 1):

Y=B,+> Bx. (1)

where Y is the predicted response, 3, and [3; are constant coeflicients,
and x; is the coded independent variable estimate or factor.

Data Analysis. The starch-hydrolyzing enzyme(s) and lactose-
fermenting enzyme(s) data were subjected to statistical analysis,
where Essential Experimental Design free software [48] was used for
the data analysis, determining the coefficients, and the polynomial
model reduction. The factors with the highest t-value and a
confidence level over 95% and 80% were considered to be highly
significant for amylase and 3-galactosidase production, respectively.

Table 2. Plackett-Burman experimental design for evaluating factors affecting the coproduction of thermostable starch-hydrolyzing
(amylase) and lactose-fermenting (B-galactosidase) enzymes produced by G stearothermophilus sp. SAB-40.

Trial X, X, Xo Xo X X X5 Xo Xo Xio Xu X Xis X Xis Xio Xir Xis X0 Xog (ﬁﬁ}f};ﬁi) B((g/?ilﬁgios;?gse
!l +1 +1 -1 -1 +1 +1 +1 +1 -1 +t -1 +1 -1 -1 -1 -1 +1 +1 -1 -1 18.35 2,391
2 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 +1 -1 -1 -1 -1 +1 +1 -1 -1 +I 10.93 22
3 -1 -1 +1 +1 +1 +1 -1 +1 -1 +1 -1 -1 -1 -1 +1i +#1 -1 -1 +1 -1 10.90 516
4 -1 +1 +1 +1 +1 -1 +1 -1 +1 -1 -1 -1 -1 +1 +1 -1 -1 +1 -1 ~Ii 21.34 1,165
5 +1 +1 +1 +1 -1 +1 -1 +1 -1 -1 -1 -1 +1 +! -1 -1 +1 -1 -1 +I 18.88 39
6 +1 +1 +1 -1 +1 -1 +#1 -1 -1 -1t -1 +1 +1 -1 -1 +1 -1 -1 +1 +] 19.73 1,214
7 +1 +1 -1t +1 -1 +41 -1 -1 -1 -1 +1 +1 -1 -1 +1 -1 -1 +1 +1 +1 22.99 34
g8 +t -1 +1 -1 +1 -1 -1 -1 -1 +1 +1 -1 -1 +1 -1 -1 +1 +1 +1 -1 17.50 12,958
9 -1 + -1 +1 -1 -1 -1 -1 +1 41 -1 -1 +1 -1 -1 +t +1 +1 -1 -1 21.85 573
10 +1 -1 +1 -1 -1 -1 -1 +1 +1 -1 -1 41 -1 -1 +1 +1 +1 -1 -1 +1  07.08 42
11 -1 +1 -1 -1 -1 -1 +1 +1 -1 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +I 18.01 110
12 +1 -1 -1 -1 -1 +#1 +1 -1 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1  23.29 48
3 -1 -1 -1 -1 +1 +1 -1 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 +I 19.56 1.4
14 -1 -1 -1 +1 +1 -1 -1 +1 -1 =1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 21.28 07
15 -1 -1 41 +1 -1 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 18.54 349
16 -1 +1 +1 -1 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 13.21 232
17 +1 +1 -1 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 +1  21.17 285
18 +1 -1 -1 +1 -1 =1 +1 +1 +1 =1 =1 +1 +1 +1 +1 -1 +I -1 +1 -1 14.75 5,144
19 -1 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 +1 -1 -l 17.69 410
20 -1 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 +1 -1 -1 ~-I 0.0 564
21 +1 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 4+t -1 +1 -1 -1 -1 -1 0.0 126
22 -1 -1 41 +1 +1 =1 =1 +1 41 +1 +1 =1 41 -1 +1 -1 -1 =1 -1 +1  00.54 38
23 -1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 4+t -1 -1 -1 -1 +1 + 09.95 192
24 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 +#1 -1 -1 -1 -1 +1 +1 - 22.51 1,573
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r— EF486524 Geobacillus sp. SABA0

—  AYB08543 Bacillus sp. BGESC WoARA

AYBI3072 Geobacillus sp. STB3

[E AYIEL/96 Bacillus sp. WFDBE16
DQGA2088 Geobacillus sp. NEG

270922 B.caldotenax

— AYO08940 Bacillus sp. BGSC WIAS0)
DG143670 Bacillus ap. E2B312
AB0BZ209 Bacillus sp. B3

0.0

AYBOBY3Y Bacillus caldoienax strain BGEC 9544

AYBE32570 Geaobacillus stearothermophilus strain E2712

— AYBNES31 Geobacillus stearothermophilus strain BGSC WEAZS
r AY044052 Geobacillus stearnthermophilus strain 3
N AF4B5RAG Bacillus sp. YNRRH2P-2

—  AYBUSY4A Geobacillus lituanicus strain BESC WIASA

AYB08942 Geobacillus stearcthermophilus strain BGSC WSA31

AYBOE5941 Geobacillus stearathermophilus strain BGSC 9A19

AYBOBY34 Geobacillus kaustophilus strain BGSC B0A1
——  AYB0B940 Bacillus vulcani strain BGSC 97 A1

Fig. 1. Phylogenetic tree of SAB-40 isolate obtained by distance matrix analysis showing the position of SAB-40 among selected
bacilli and phylogenetically related geobacilli based on 16S rRNA sequence comparisons.

Bar, 0.1 substitutions per nucleotide position.

RESULTS AND DISCUSSION

Isolation, Characterization, and Taxonomic Classification
of New Isolate SAB-40

In a screening program for the isolation of thermostable-
enzyme-producing bacteria, 42 isolates were obtained from
soil samples tested from different localities in Egypt. Isolate
SAB-40 was found to be able coproduce an amylase and
B-galactosidase with a high potency. The morphological
and physiological characteristics of this isolate showed
that it was rod shaped, spore forming, Gram positive, and a
true thermophilic isolate (unable to grow below 40°C).

To investigate the phylogenetic affiliation of this isolate,
the 16S rRNA gene was sequenced and deposited in
GenBank under the accession number EF86524. When
comparing the obtained sequence with 16S rRNA sequences
available in the NCBI database, the greatest similarity was
found with G thermoleovorans and G stearothermophilus
(99%), plus a phylogenetic tree constructed using the
ClustalX program (Fig. 1) revealed that isolate SAB-40
was more related to G stearothermophilus.

Coproduction of Thermostable Starch-hydrolyzing and
Lactose-fermenting Enzymes by G stearothermophilus
SAB-40
In a preliminary study, the effects of four different media on
the production of both enzymes were examined, where the
media were LB, LB+lactose, LB+starch, and LB+lactose+
starch. The extra- and intracellular enzyme production was
determined after incubation for 24 h at 55°C and 200 rpm.
When growing G stearothermophilus SAB-40 on the
four tested media, the coproduction of both enzymes
varied greatly in potentiality, as shown in Fig. 2.

In general, the isolate produced the starch-hydrolyzing
enzyme extracellularly, whereas the lactose-fermenting
enzyme was mainly produced intracellularly, as shown in
Figs. 2A and 2B, respectively. Similarly, the Bacillus sp.
JF strain was also previously found to produce an
extracellular thermostable a-amylase and intracellular o-
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Fig. 2. Extra- B and [J intracellular production of thermostable
amylase (A) and [-galactosidase (B) enzymes by G
stearothermophilus SAB-40 in different media.



galactosidase simultancously [23]. The highest level of
starch-hydrolyzing enzyme production was measured in
the LB+starch medium, followed by the LB and LB+
lactose+starch media, whereas the highest level of lactose-
fermenting enzyme production was found in the LB+
lactose medium, indicating that the lactose-fermenting enzyme
was Induced with lactose, whereas the starch-hydrolyzing
enzyme could be produced constitutively. Accordingly, the
lactase enzyme was identified as a P-galactosidase. The
present findings are also in accordance with previous reports,
where G thermoleovorans YN was found to produce o-
amylase constitutively [3] and Thermoanaerobacter produced
B-galactosidases under lactose induction [30, 39].

Evaluation of Factors Affecting Coproduction of
Thermostable Starch-hydrolyzing and Lactose-fermenting
Enzymes

Normally, there is no general defined medium for specific
enzyme production by different microbial strains [40],
as every microorganism has its own particular physico-
chemical nutritional requirements for ecither growth or
primary and secondary metabolite production. Thus, for
the simultaneous production of both amylase and f3-
galactosidase, a screening strategy for a large number of
factors is required.

To evaluate the factors affecting the coproduction
of both enzymes by G stearothermophilus SAB-40, a
Plackett-Burman statistical design was employed. The
settings for the twenty independent variables examined are
shown in Table 1, and the experiments were carried out
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Fig. 3. Effect of culture conditions on starch-hydrolyzing (amylase)
(A) and lactose-fermenting (B-galactosidase) (B) enzymes
produced by G stearothermophilus SAB-40 based on Plackett-
Burman design results.

according to the experimental matrix presented in Table 2,
where the production of the amylase and f-galactosidase
enzymes was the measured response. A wide variation was
found among the different trials as regards the amylase
production results (0.0-23.29 U/ml/min) and -galactosidase
production results (38-12,958 U/mg biomass), reflecting
the importance of medium optimization to attain a high

Table 3. Statistical analysis of Plackett-Burman design showing coefficient values, plus t and P values, for each variable.

Amylase (U/ml/min)

B-Galactosidase (Miller unit)

i
Variable Coefficient ¢-Statistic P value Confidence level (%) Coefficient ¢-Statistic P value Confidence level (%)
Intercept 15.42 1171.81

X, 1.056 1.92 0.1502 84.98 1074.82 1.75  0.1777 82.3

X, 2.0480 3.62 0.0362 96.38 -627.98 -1.00  0.3928 60.72
X, 0.598 1.02 0.3819 61.81 304.47 047  0.6725 32.75
X4 1.487 244  0.0929 90.71 -533.07 -0.78  0.4910 50.90
X -0.274 -0.45 0.6837 31.63 155.83 0.23  0.8335 16.65
X 0.261 0.45 0.6823 31.77 —-1543.65 -2.40  0.0960 90.40
X, 1.098 1.97 0.1435 85.65 -102.75 -0.17  0.8792 12.08
X 0.141 0.26 0.8125 87.50 -297.07 -0.49  0.6593 34.07
X ~-1.132 -2.14  0.1217 87.83 ~-611.17 -1.04  0.3762 62.38
X1 ~-1.653 -3.09  0.0538 94.62 227.92 0.38  0.7280 27.20
X1 -1.472 -2.75 0.0707 92.93 363.39 0.61 0.5856 41.44
X1, -1.506 -2.85 0.0652 93.48 -483.92 -0.82 04720 52.80
Xi; 0.614 1.12 0.3431 65.69 ~-468.68 -0.77 04978 50.22
X4 0.936 1.68 0.1916 80.84 420.517 0.68  0.5471 45.29
Xis 0.239 0.41 0.7066 29.34 -443 .98 -0.69  0.5398 46.02
X 2.247 3.69 0.0346 96.54 -1055.42 -1.55  0.2184 78.16
X5 1.421 2.33 0.1025 89.75 527.39 0.77  0.4952 50.48
X3 5.735 9.8 0.0023 99.77 -65.17 -0.10  0.9267 7.33
Xio 2.581 4.56 0.0197 98.03 386.64 0.61 0.5832 41.68
X5 0.924 1.68 0.1912 80.88 ~1134.80 -1.85 0.1611 83.89
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yield of the target products. The main effects of the
examined factors on amylase and B-galactosidase production
were calculated and are presented graphically in Fig. 3.
From an analysis of the regression coefficients and t-
values for the 20 variables (Table 3), CaCl,, the incubation
time, MgSO, 7H,0, and tryptone were the most significant
factors increasing amylase production, whereas citrate,
(NH,),S0,, glutamate, and maltose were the most significant
factors decreasing amylase production. For the B-galactosidase
yield, lactose was the most substantial variable enhancing
B-galactosidase production, whereas starch, the incubation
temperature, and MgSO,-7H,O were the most significant
factors decreasing [3-galactosidase production.

The t-test for an individual effect allows an evaluation
of the probability of finding the observed effect purely by
chance, and several researchers have found confidence
levels greater than 70% to be acceptable [49]. Thus, in the
current experiments, variables with confidence levels
greater than 95% were considered significant for amylase,
whereas those with confidence levels greater than 80%
were considered significant for $-galactosidase. Moreover,
the quality of fit of the polynomial model equation was
expressed by the coefficient of the determination of R®,
which was 0.99 and 0.89 for the full model of amylase and
B-galactosidase, respectively.

Therefore, when neglecting the insignificant terms (p>
0.05) and (p>0.177) for amylase and [-galactosidase,

respectively, the model equations for the enzyme yields
could be written as

Y ymyiasc=15.418+2.048X+2 247X
+5.735X,5+2.581X 4 2)

Y guinciosiase=1171.808+1074.819X, (3)

where X, X,, X, X5 and X,, are lactose, tryptone,
MgSO,-7H,0, CaCl,, and the incubation time, respectively.
One of the advantages of the Plackett-Burman design is
the ability to rank the effect of different variables on the
measured response, independent of their nature (either
nutritional or physical factor) or sign (whether it contributes
positively or negatively). Fig. 4 shows the ranking of the
factor estimates in a Pareto chart, which displays the
magnitude of each factor estimate and is a convenient way
to view the results of the Plackett-Burman design [50].
Thus, from the confidence level of the variables, it was
apparent that CaCl,, the incubation time, MgSO,-7H,0,
and tryptone were the most positive significant variables
affecting amylase production, whereas lactose was the most
positive significant variable affecting lactase production.
The divalent cation Ca™ is known to play a vital role in
enzyme activation, stabilization, and protection. Yet, whereas
the amylase excreted from the investigated bacterium
(G stearothermophilus SAB-40) was calcium dependent,
the intracellular -galactosidase was calcium independent.
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Fig. 4. Pareto plot for Plackett-Burman parameter estimates
of starch-hyrolyzing (amylase) (A) and lactose-fermenting ((3-
galactosidase) (B) enzymes produced by G stearothermophilus
SAB-40.

Thus, although Ca® was significantly important for the
extracellular amylase, it was insignificant for the intracellular
B-galactosidase, possibly because Ca”" stabilizes and protects
enzymes from direct harsh environmental excretion conditions,
whereas the B-galactosidase was only produced inside the
cell under less harsh conditions. The present finding is in
accordance with previous reports that ascribed the dependency
of a-amylase production by Bacillus subtilis and Bacillus
stearothermophilus on the presence of calcium chloride in
the growth medium [25, 26, 47]. In contrast, other reports
have found that the a-galactosidase of Bacillus sp. JF and
a-amylase of Bacillus thermoleovorans NP54 were calcium
chloride independent [28, 32].

The divalent cation Mg™" has also been found to positively
affect the formation of amylase, as described in [47], while
inhibiting B-galactosidase production. However, based on
the present data, among the organic and inorganic nitrogen
sources tested on the coproduction of thermostable amylase
and [(-galactosidase, tryptone was found to favor the
production of amylase, whereas (NH,),SO, reduced its
production. Thus, an organic nitrogen source rich in
minerals, vitamins, amino acids, and cofactors would be
expected to enhance the biomass production significantly
and thereby the enzyme production, as previously reported
[12, 25, 42].

Among the carbon sources tested, citrate, glutamate, and
maltose all reduced the production of amylase. Several
authors have also reported that the utilization of simple
carbon sources causes catabolite repression with a direct
negative effect on enzyme production [3, 47]. Furthermore,
soluble starch was found to decrease the P-galactosidase



production and did not increase the amylase production.
Moreover, the only carbon source that contributed positively
to the B-galactosidase production and increased the enzyme
yield was lactose. Therefore, these results verified the
constitutive and induced nature for amylase and f-
galactosidase, respectively, as described previously in the
preliminary experiment. Nonetheless, other researchers have
suggested that soluble starch is the most suitable substrate
for the production of both enzymes [26].

The incubation temperature had an inverse effect on the
amylase and [-galactosidase production, as it had no
significant effect on the amylase (although positive), yet a
highly significant negative effect on the B-galactosidase
production. It is also worth mentioning that the incubation
temperature and starch constrained the [-galactosidase
production, due to a direct relation and interactive effect
between the availability of starch in the medium and the
temperature, as the starch distribution increased when
increasing the incubation temperature. Furthermore, the
inverse effect of the incubation temperature on the amylase
and [-galactosidase production was ascribed to the
absence of any significant effect of divalent cations on -
galactosidase production, since these cations, especially
Ca™, play a protective role as regards inactivation when
enzymes are exposed to various temperatures [47].

In the present study, the incubation time had a highly
significant effect on the amylase production by Geobacillus
sp. SAB-40, where higher enzyme levels were measured after
24 h. The mesophilic B. licheniformis and B. amyloliquefaciens,
which are the main sources of commercial amylase at
present, have been reported to require a batch time of
48-72 h for optimum production [24, 44, 52]. Amylase
production by thermophiles is growth associated [33],
which is of special interest owing to the fast growth of
thermophiles at a high temperature, allowing the enzymes
to be harvested earlier.

Nonetheless, after evaluating the culture conditions
affecting the coproduction of the investigated enzymes,
each enzyme was found to have its own variables affecting
production, and the two enzymes were not concomitant,
meaning 1t is impossible to produce both enzymes in one
form and each enzyme should be studied individually for
yield maximization.

The present study investigated the significant factors
affecting the coproduction of thermostable amylase and
B-galactosidase in a batch by the thermophilic strain G
stearothermophilus SAB-40. The statistically designed
experiment based on a Plackett-Burman matrix allowed
factors from different categories to be ranked to enable a
better understanding of the effect of the medium. The
Plackett-Burman design provides an effective and fast
screening procedure and can mathematically compute the
significance of a large number of factors in one experiment,
thereby saving time and maintaining convincing information
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on each component. However, the priority of the screening
program in the present study was not to examine the
interaction between large numbers of variables, as only the
most effective factors with positive significance needed to
be selected for further optimization. Therefore, at this
point, other suitable optimization statistical designs need to
be applied to further optimize the significant variables
determined in the present study to attain the maximum
yield of each enzyme.
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