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/Abstract )

This study investigated the production of stable a-amylase from thermopile bacteria Thermoanaerobacterium
thermoanaerobacterium. The gene encoding this enzyme was cloned and expressed in E. coli using IPTG as the standard inducer
of T7 promoter. For large-scale production optimization, several parameters were adjusted. High recombinant enzyme yield was
achieved under conditions where the medium volume comprised 60% of the fermenter’s total volume, aeration rate was set at 2.5
vvm, dissolved oxygen was maintained at 15%, and agitation speed of 150 rpm was used. Using the optimized conditions, highest
enzyme production was reached to 6.17 + 0.32 U/ml/min with total proteins of 4.73 + 0.04 mg/ml and viable cells 5.82 x107
cells/ml. When the E. coli cells were induced with IPTG and lactose, maximum enzyme production (16.8 U/ml/min) was obtained

N

when induction was done with 0.5 mM lactose. Maximum protein produced was 9.62 + 0.24 mg/ml.

J
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Introduction

Amylases are essential enzymes that hydrolyze the a-1-4 glycosidic
linkages in starch, breaking it down into glucose polymers [1]. They
are among the most significant industrial enzymes, accounting for
about 25% of the global enzyme market, and hold great importance
in biotechnology [2]. Amylases are found in animals, plants, and
microorganisms, with microbial amylases being the most suitable
for industrial needs because of their versatility and stability [3].
These enzymes are used extensively across various industries,
including food, paper, starch saccharification, fermentation, textile
desizing, detergents and pharmaceuticals [4]. Thermostability is
a crucial feature for industrial applications of amylases, as starch
becomes soluble at temperatures above 100°C. Therefore, most
industrial processes involving a-amylases require them to function
efficiently at temperatures more than 100°C [5].

To meet industrial demands, continuous research is necessary on
thermostable amylases to investigate and highlight their unique
properties [6]. Growing thermophilic organisms at an industrial
scale is challenging due to their stringent requirements. This issue
is often resolved by employing recombinant DNA technology to
clone genes into mesophilic hosts [7]. Achieving high levels of
gene expression from these cloned genes necessitates developing
innovative processes. One such process involves the highly effective
T7-expression system in the Escherichia coli (strain BL21), which
is widely used to produce heterologous recombinant proteins [8].
T7 promoter centered pET-vectors, as initially reported by Studier
et al., are the most commonly employed vectors for this purpose
[9]. Typically, IPTG is used to induce gene expression uNder the
influence of a promoter. However, IPTG is costly and toxic to cells,
highlighting the need for an alternative [10]. Lactose, the natural
inducer of the lac operon, is a cheaper and non-toxic substitute for
IPTG. Additionally, lactose serves as a carbon and energy source
for cells, making it a more efficient and economical option for
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regulating recombinant gene expression [11].

The main objective of the current research was to optimize culture
conditions and fermentation media to enhance cost-efficiency and
maximize enzyme production. Various fermentation methods,
such as submerged and solid-state fermentation, were employed.
Submerged fermentation is favored in many industrial applications
because it offers excellent process control, efficient bioreactor
design, and facilitates fermentation modeling [12]. Furthermore,
submerged fermentation presents distinct advantages in
downstream processing, particularly in reducing costs associated
with medium components [13].

Recent advancements in fermentation techniques have heightened
interest in scaling up a-amylase production. Within biotechnology,
maximizing enzyme output has become pivotal [14]. Improving
culture conditions, including adjusting inoculum size, optimizing
dissolved oxygen levels, refining agitation rates, and employing
advanced techniques, plays a critical role in enhancing enzyme
production significantly [15]. The objective of this study was to
optimize critical parameters for developing a fermentation approach
to produce cloned o-amylase from Thermoanaerobacterium
thermoanaerobacterium in E. coli on a large scale.

Methodology
Bacterial Strain and Plasmid

Genomic DNA from Thermoanaerobacterium
thermoanaerobacterium was sourced from the DSMZ collection in
Germany for the amplification of the amylase gene. The amplified
amylase gene was then expressed in Escherichia coli BL21 using
the pET-21b (+) vector.

The amylase gene of Thermoanaerobacterium
thermoanaerobacterium was amplified using genomic DNA,
with primers designed using Primer 3 software. The forward
primer included an Ndel site at its 5’ end, and the reverse primer
had EcoRI site at its 5° end. Primer sequences were: Forward
5’-GCCATATGATAGGTGATTTGCGTGGGA-3’, Reverse
5’-GCTCACTCCGTCATTCGCCACATCGTA-3’. The 1544 bp
amylase amplifies gene was run and examined on agarose gel (1%),
purified utilizing Qiagen purification kit, then double digested with
Ndel and EcoRI. After ligation into pET-21a (+), the plasmid-PCR
product was transformed into competent cells of E. coli BL21 [16].
Positive clones were confirmed via restriction analysis with EcoRI
and Ndel of the recombinant pET-21a (+) ligated with a-amylase
gene.

Escherichia coli BL21 cells expressing recombinant a-amylase
gene

For recombinant enzyme expression, E. coli BL21 cells were
cultured in 0.1 L Luria—Bertani medium augmented with 100 mg/

ml ampicillin at 37°C until reaching an optical density of 0.5-0.7 at
600 nm. Induction was achieved with 0.5 mM IPTG, followed by a
4-hour incubation at 37°C. Cells were harvested by centrifugation
(6000 rpm, 10 min, 4°C), lysed via 10 min sonication in 5 ml
50 mM Tris—HCI (pH 7.5-8), and centrifuged (12,000 rpm, 10
min). Total proteins were quantified using Bradford assay [17].
a-amylase expression was assessed in both cell fractions using
SDS-PAGE (12%) stained using Coomassie blue [18].

Fermentation Techniques

Fermentation was carried out for 4 hours at 37°C in a 2 L stirred
fermenter (glass). LB medium was added in the glass vessel and
sterilized at 121°C and 15 psi for 30 minutes. After autoclave,
the assembly was fitted. Inoculum transfer was performed under
aseptic conditions and incubated at 25°C. Aeration and agitation
were set at 200 (rpm) and 2.0 vvm, respectively, until O.D. reached
0.5. Air sterilization was done using a 0.3 mm membrane filter.
Silicone oil (10%) was used to control frothing. Upon reaching an
OD of 0.5, cells were induced with 0.5 mM IPTG and incubated
at 25°C for an additional 8 hours. The broth was centrifuged at
5000 g at 4°C for 10 minutes. Supernatant was kept at 4°C, and
cells of Escherichia coli cells were sonicated. Intracellular and
extracellular enzyme estimations were performed using clear cell
lysate and supernatant, respectively.

Effects of Various Parameters:
Agitation

Agitation speeds from 100 to 300 rpm were tested with 3%
inoculum, 20% dissolved oxygen, 60% fermentation medium
volume, and 3 vvm aeration.

Inoculum

Different inoculum sizes (1-6%) were tested with 200 rpm
agitation, 20% dissolved oxygen, 60% fermentation medium
volume, and 3 vvm aeration.

Dissolved oxygen

The 10-30% of D.O. were examined using 3% inoculum, 150
rpm agitation, 2.5 vvm aeration, and 60% fermentation medium
volume.

Fermentation medium volume

Volumes from 40-90% were tested with 3% inoculum, 150 rpm
agitation, 20% dissolved oxygen, and 2.5 vvm aeration.

Aeration rate

Aeration rates from 0.5-3.0 vvm were studied with 3% inoculum,
150 rpm agitation, 20% dissolved oxygen, and 60% fermentation
medium volume.
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Enzyme assay

Enzyme activity was determined using the DNS method, where
reducing sugars were measured [19]. Maltose acted as the control,
and the released reducing sugars were quantified at 550 nm using
a spectrophotometer. Enzyme action was defined as the amount
of enzyme needed to liberate one mole of reducing sugar from
substrate using specified conditions.

Protein assay

Enzyme activity was assessed via the DNS method, quantifying
reducing sugars with maltose as a standard and measuring
absorbance at 550 nm. This method defines enzyme activity as
the enzyme quantity needed to release one mole of reducing sugar
under defined conditions.

Results and discussion

Amplification of T. thermoanaerobacterium a-amylase gene was
achieved using specific primers, yielding a 1544 bp PCR product
(Fig. 1). After double digestion with Ndel and EcoRI, the gene was
ligated into pET-21b (+) using T4 DNA ligase. Transformation
into E. coli BL21 (DE3) confirmed successful cloning through
EcoRI and Ndel digestion and gene sequencing. A 6754 bp band
post-EcoRl1 digestion validated amylase gene ligation into pET-
21b (+) (Figure 1).

Lanel

Lane 2

3000 bp

1544 hp
1000 bp

500 hp

Figure 1: Agarose gel showing amplified a-amylase gene. Lane
1: DNA ladder (Fermentas#0341), Lane 2: amplified a-amylase
gene (1544 bp).

Cloning of a-amylase gene in pET-21b (+) Vector

The cloning of the a-amylase gene from 7. thermoanaerobacterium
into the pET-21b (+) expression vector was meticulously executed
to facilitate its expression in Escherichia coli BL21 (DE3).
Initially, specific primers were designed and employed to amplify
a target DNA fragment of 1544 base pairs (bp), corresponding to
the a-amylase gene. This amplified product was then purified and
subjected to double digestion using Ndel and EcoRI restriction
enzymes, ensuring the creation of compatible cohesive ends
required for subsequent ligation steps. Following digestion, the
purified a-amylase gene fragment was ligated into the pET-21b (+)
vector using T4 DNA ligase. This vector, renowned for its robust
expression capabilities in . coli, was chosen to facilitate high-level
production of the recombinant a-amylase. The resulting construct,
designated as pET-21b (+)/a-amylase, was then introduced
into competent E. coli BL21 (DE3) cells via transformation. To
confirm successful cloning, the recombinant plasmid was analyzed
through double digestion with EcoRI and Ndel enzymes, revealing
a distinct band at 6885 bp on agarose gel electrophoresis. This
band corresponds to the combined size of the pET-21b (+) vector
and the inserted a-amylase gene fragment, confirming the accurate
insertion of the gene into the vector. In literature one study was
reported in which thermostable a-amylase gene from Pyrococcus
woesei in Escherichia coli was cloned [20].

Expression of the cloned a-amylase gene

After successful cloning, the expression of the a-amylase gene
in E. coli BL21 (DE3) was assessed both intracellularly and
extracellularly. Cultivated bacterial cells harboring the pET-21b
(t)/o-amylase construct were subjected to sonication to lyse
the cells and release their contents, facilitating the extraction of
intracellular proteins. Intracellular extracts exhibited significant
a-amylase activity, quantified at 2.5 U/ml/min, indicating robust
expression within the bacterial cells. Conversely, extracellular
samples showed minimal a-amylase activity, suggesting that the
majority of enzyme production occurred intracellularly. To further
validate a-amylase expression, SDS-PAGE analysis was conducted
on both intracellular and extracellular fractions. In the intracellular
fraction, a prominent band approximately 70 kDa in size was
observed, corresponding to the molecular weight of the a-amylase
enzyme from 7. thermoanaerobacterium. This band was absent in
negative controls (wild-type E. coli BL21 (DE3)) and showed only
faint presence in the extracellular fraction, affirming successful
intracellular expression of the a-amylase gene. In recent study, it
has been shown that amylase possess size of 56 kDa [21].

Optimization of parameters for a-amylase production

To enhance a-amylase production, various fermentation parameters
were optimized using a 2 L fermenter equipped with a 1 L round-
bottom flask.
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Agitation Rate

Agitation rate plays a crucial role in oxygen supply and mixing
efficiency within the fermentation medium, directly impacting
enzyme production [22]. The study evaluated agitation rates
ranging from 100 to 250 rpm using 3% inoculum, 20% D.O
level, 60% medium volume, and 2.5 vvm aeration rate. Optimal
enzyme activity of 4.35 + 0.07 U/ml/min was achieved at 150
rpm, accompanied by a total protein amount of 3.27 + 0.11 mg/
ml. Higher agitation intensities beyond 200 rpm led to reduced
enzyme synthesis because of oxidative stress and excessive
foaming, whereas lower rates hindered oxygen supply and mixing
efficiency, limiting enzyme synthesis [23]. Simair and Mangrio
demonstrated that maximum amylase production was achieved at
200 rpm [24] Amylase production at 100, 200 and 250 rpm was
analyzed as 2.31 + 0.05 U/ml/min, 3.72 £ 0.06 U/ml/min and 2.74
+0.07 U/ml/min and total proteins were calculated to e 1.85+0.07
mg/ml, 2.86 £ 0.09 mg/ml and 2.27 + 0.07 mg/ml respectively.
Total viable cells were 2.13 x 107/ml, 3.26 x 10"/ml, 2.41 x 107/
ml and 1.92 x 107/ml and total protein was 2.18 mg/ml, 2.86 mg/
ml and 1.53 mg/ml at 100, 150, 200 and 250 rpm, respectively
(Figure 2).

Figure 2: Effect of aeration rate on a-amylase production.
Inoculum Size

The size of the inoculum significantly influences microbial growth
and subsequent enzyme production in fermentation. Testing
inoculum sizes ranging from 1% to 5%, optimal a-amylase
activity of 4.48 + 0.12 U/ml/min was attained with a 3% inoculum,
agitation rate, 60%, volume of the medium, 20% dissolved oxygen
level and 2.5 vvm aeration rate yielding a total protein content of
3.41 + 0.16 mg/ml and a viable cell count of 3.08 x 107/ml (Fig
3). Less inoculum sizes resulted in inadequate microbial growth

and decreased enzyme activity, while higher sizes led to nutrient
depletion and metabolic inefficiencies, thereby reducing enzyme
synthesis [25]. The activity of a-amylase was noted to be 2.83
+ 0.09 U/ml/min and 3.04 + 0.10 U/ml/min having total protein
content of 1.73 + 0.09 mg/ml and 3.31 + 0.07 mg/ml, 3.67 + 0.11
mg/ml and 1.97 + 0.08 mg/ml with viable cell count of 1.78 x 107/
ml and 2.43 x 107/ml, 3.08 x 10’/ml and 1.26 x 107/ml once 1% and
2%, 4% and 5% inoculum was utilized, respectively (Fig. 3). One
study has shown that maximum enzyme production from Bacillus
was observed when 5% inoculum was utilized [26].

Figure 3: Effect of inoculum size on a-amylase production.
Dissolved Oxygen Level

Maintaining appropriate dissolved oxygen levels is critical for
aerobic fermentation and enzyme production. Studies explored
dissolved oxygen concentrations ranging from 10% to 25%, using
inoculum (3%) at agitation speed (150 rpm) and aeration rate (2.5
vvm) and adding medium (60%), revealing peak a-amylase activity
0f'4.58 £ 0.21 U/ml/min at 15% dissolved oxygen. The viable cell
count and total proteins were 3.29 = 0.16 mg/ml and 2.54 x 107/
ml respectively (Fig 4). Lower levels impeded microbial growth,
while higher concentrations induced oxidative stress and toxicity,
both detrimental to enzyme synthesis [27]. At high concentrations,
oxygen can exceed the saturation level, resulting in the production
of lethal compounds such as hydrogen peroxide and superoxide in
the fermentation media [28, 29]. At 10%, 20%, and 25% dissolved
oxygen, reduced enzyme activity was observed at 1.74 £ 0.12 U/
ml/min, 3.25 + 0.17 U/ml/min, 2.67 + 0.13 U/ml/min and low
level total proteins was obtained (2.48 + 0.11 mg/ml, 2.69 £ 0.16
mg/ml and 2.37 + 0.14 mg/ml) and viable cell count was 1.87 x
107 /ml, 1.47 x 107 /ml and 1.79 x 107/ml were calculated (Fig.
4). According to Elmansy et al. [30], amylase production from
thermos halophilic bacteria was increased in a fermenter using
dissolved oxygen (15%).
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Figure 4: Effect of dissolved oxygen on a-amylase production.

Volume of Fermentation Medium

The fermentation medium volume showed a vital role in the
enzymes production as in Bacillus sp. utilizing submerged
fermentation. In the realm of industrial microbiology, optimizing
fermentation conditions is crucial for maximizing enzyme
production [31]. This is exemplified in studies focusing on Bacillus
sp. where submerged fermentation is utilized. To investigate the
impact of fermentation medium volume on enzyme production,
experiments were conducted using different volumes ranging
from 40% to 80% of the total fermenter capacity. The experiments
were carried out in a fermenter under controlled conditions:
inoculum size (3%), agitation speed (150 rpm), dissolved oxygen
(15%), and 2.5 vvm (volume of air per volume of liquid per
minute) aeration rate. The results indicated a clear dependency of
enzyme production on the volume of the fermentation medium.
Optimal enzyme production, measured at 4.93 U/ml/min, was
achieved when the medium volume was set at 60%. This volume
facilitated the highest enzyme activity due to favorable conditions
for microbial growth, adequate nutrient availability, and optimal
oxygen supply [32]. The corresponding total protein content was
recorded at 3.29 + 0.14 mg/ml/min, with a viable cell count of 3.2
x 107 cells/ml (Fig 5). In contrast, deviations from this optimal
volume resulted in diminished enzyme yields. For instance, at
lower volumes (40%), enzyme activity dropped significantly to
2.16 + 0.06 U/ml/min, with a lower total protein content of 1.41+
0.08 mg/ml and a viable cells of 1.39 x 107 cells/ml. Similarly,
at higher volumes (80%), enzyme activity decreased to 2.69 +
0.11 U/ml/min, accompanied by a total protein content of 1.54 +
0.10 mg/ml and a viable cells of 1.93 x 107 cells/ml (Fig 5). These
observations underscored the critical balance needed in medium
volume to sustain optimal conditions for microbial growth and
enzyme production. Similar finding was reported by Ye et al who
worked on cellulase of Bacillus amyloliquefaciens [33].

Figure 5: Effect of volume of fermentation on a-amylase
production.

Aeration Rate

The rate of aeration also played a pivotal role in optimizing
enzyme production [34]. Different aeration levels ranging from 0.5
to 3.0 vvm were tested while maintaining consistent parameters of
inoculum size (3%), agitation speed (150 rpm), dissolved oxygen
(20%) and volume of the medium (60%). The highest enzyme
activity of 6.17 & 0.32 U/ml/min was observed at an aeration rate
of 2.0 vvm. This level of aeration provided optimal conditions
for microbial respiration and metabolic activity, resulting in the
highest enzyme yield. The corresponding total protein content was
4.73 £ 0.04 mg/ml, with a viable cell count of 5.82 x107 cells/
ml (Fig 6). In recent study, it has been shown that maximum
a-amylase production by Aspergillus flavus was carried out at
0.5 vvm [35]. Deviations from this optimal aeration rate led to
varied enzyme activities: at lower aeration rates (0.5 to 1.5 vvm),
enzyme production decreased due to inadequate oxygen supply,
impacting microbial growth and metabolic efficiency. Conversely,
higher aeration rates (2.5 to 3.0 vvm) showed a decline in enzyme
activity, potentially due to oxidative stress on the microbial cells,
despite sufficient oxygen availability. These findings highlight
the delicate balance required in aeration levels to sustain optimal
enzyme production (Fig 6). Moderate levels of aeration (around
2.0 vvm) proved to be most favorable, providing adequate oxygen
for microbial growth and metabolic activity without inducing
oxidative stress. One study has demonstrated that optimal
production of thermostale a-amylase from Thermotoga petrophila
can be produced at 3.0 vvm [36].
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Figure 6: Effect of aeration rate on a-amylase production.
Inducers (IPTG and Lactose)

In the context of recombinant enzyme production, inducer
optimization is crucial for maximizing protein expression. Using
the T7-regulated pET 21a (+) vector, two inducers, IPTG and
lactose, were evaluated for their efficiency in inducing a-amylase
production. These experiments were conducted with different
concentrations (0.2 to 0.7 mM) of IPTG and lactose, each with
the constant conditions of 3% inoculum size, 150 rpm agitation
speed, 2 vvm aeration rate, 20% dissolved oxygen, and 60%
medium volume. The results demonstrated significant variations
in a-amylase production based on the inducer used. Lactose, as a
natural inducer of the lac operon, exhibited superior performance,
yielding a maximum enzyme activity of 16.8 £+ 0.32 U/ml/min and
a total proteins of 9.62 + 0.24 mg/ml when used at concentration of
0.05 mM. One research group has worked on the stimulation of lac
operon with lactose and got high yield of metabolites in E. coli [37].
In comparison, IPTG induction with same concentration resulted
in a lower enzyme yield of 11.47 £ 0.37 U/ml/min and a total
proteins of 7.67 £ 0.23 mg/ml (Fig 7). The enhanced performance
of lactose as an inducer highlighted its non-toxicity to microbial
cells and its effective utilization as a carbon source, contributing to
higher enzyme yields across different media formulations.

Figure 7: Effect of inducers on a-amylase production.
Conclusion:

The recombinant camylase produced at large scale with high
yield in pilot scale fermenter. The produced amylase could
be used in various industries like food, fermentation, textile
desizing, paper, detergents and pharmaceuticals.
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