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Abstract

Introduction: The increasing industrial demand for thermostable amylases necessitates the exploration of new sources, especially from understudied
regions like Uzbekistan, which may offer novel, reliable, and stable enzyme characteristics. The objective of this study was to screen, identify,
and characterize bacterial species producing thermostable a-amylase, clone its corresponding gene, and test B. subtilis 168 htr9 mutant hosts for
recombinant enzyme overproduction.

Materials and Methods: Bacterial isolates with amylase-producing capabilities were selected using a plate assay, and their taxonomy was
confirmed through 16S rRNA sequencing. The a-amylase activity was measured using the 3,5-dinitrosalicylic acid method. The B6-1-5-amyL
vector was specifically engineered to clone and express the a-amylase gene in expression hosts.

Results: This study presents the first isolation and characterization of bacterial strains from the soils of Uzbekistan that produce thermostable a-
amylase. Following a screening process, two isolates, 104.K and amyR, displaying high amylolytic activity, were selected and identified as
Bacillus licheniformis 104.K and Bacillus velezensis amyR, respectively. The crude a-amylases from both strains exhibited maximum activity at
90 °C and 70 °C, respectively. The a-amylase gene from B. /icheniformis 104.K was cloned into a newly developed B6-1-5 shuttle vector.
Notably, overexpression of this amylase gene in Bacillus subtilis 168 htr9 ehp2417 led to a 1.14-fold and 373-fold increase in amylase activity
compared to the B. subtilis 168 htr9 and B. licheniformis 104.K strain.

Conclusions: The B. /icheniformis 104.K strain was selected for its thermostable a-amylase, and the gene was successfully cloned and expressed
in Escherichia coliand B. subtilis 168 strains. These findings hold promise for enhancing the catalytic efficiency of recombinant a-amylase using
computational biology methods and promoting B. subtilis 168 for large-scale production of recombinant enzymes.
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Introduction

A selection of natural microbial strains plays a crucial role in
achieving high yields of the desired enzyme. Amylases are
starch-degrading enzymes that catalyze the cleavage of the
a-1-4 glycosidic bonds of starch into products of small
molecular masses, including glucose and maltose. Microbial
amylases are more widely used in industry than those
obtained from plants and animals due to their catalytic
properties, large production scale, and stability.! Bacteria are
the main source of thermostable o-amylases, mostly
originating from the genus Bacillus.> Commonly known
bacterial a-amylases are those derived from Bacillus

7-9

licheniformis,*® Bacillus amyloliquefaciens, Bacillus

10-12 and Bacillus velezensis.'> "

subtilis,
Among the various extracellular enzymes, amylase holds
high ranks in commercial sectors such as the food, detergent,

alcohol, textile, and paper industries. Amylase is also

utilized in pharmaceuticals, environmental remediation,
biofuel production, and other related biotechnological
processes.!®!7 There are two types of amylases: exo-
amylases and endo-amylases. Exo-amylases act on the non-
reducing end of the starch molecule, breaking it down into
smaller sugar molecules. In contrast, endo-amylases break
the glycosidic linkages inside the starch molecule, breaking
it down into smaller fragments. Both types of amylases play
important roles in starch digestion. '3

Thermostable enzymes have considerable potential in
various fields, such as agriculture, medicine, and biotech
nology, largely due to their ability to operate effectively
under high-temperature conditions.?’ Thermostable enzymes
possess inherent stability that allows them to maintain their
activity even when exposed to extremely high temperatures

(usually exceeding 50 °C) without degradation.?'?> However,

Copyright © 2025 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (http://
creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.


https://doi.org/10.30491/jabr.2025.487018.1803
mailto:amakhsumkhanov@gmail.com
https://doi.org/10.30491/jabr.2025.487018.1803

Kholikov et al

some producers of a-amylase, such as B. licheniformis and
B. velezensis, exhibit enzymes with temperature optima that
do not exceed 70 °C and 40 °C, respectively.?*?* The
increasing demand for thermostable amylases in industrial
applications underscores the need for new, affordable, cost-
effective, and environmentally sustainable sources.?’ This
study was motivated by the swift identification of new
thermostable amylase producers in geographically understudied
regions.

In the past decade, several research groups have isolated
amylase producers from soils, cloned their genes into
corresponding plasmids, and expressed them in Escherichia
coli cells.?>° Most heterologous proteins are expressed in E.
coli hosts; however, this system has several limitations. For
example, most recombinant proteins are synthesized in the
cytoplasm because of the complex arrangement of the E. coli
cell wall.?’ This is especially true for enzymes, in which the
expression products are usually accumulated in E. coli cells
in the form of inclusion bodies.?*?%? Recovery of
recombinant proteins from inclusion bodies is a complicated
and costly process. In contrast, the B. subtilis 168 expression
system directly produces recombinant enzymes in the culture
medium, is recognized as a safe host organism (does not
produce endotoxins), and is commonly used for the
expression of industrial proteins in extensive fermentation
procedures.3%3!

Previously, we isolated and studied the highly active a-
amylase of the B. subtilis 150 strain, which did not show
activity at temperatures above 50-60 °C.!? In this context,
the screening and characterization of thermostable a-
amylase, as well as obtaining its recombinant form, are
essential. We also assessed the expression levels of
thermostable a-amylase as a model enzyme using mutant B.
subtilis 168 htr9 strains. These mutant strains, developed by
Alexander V. Kachan and Anatoly N. Evtushenkov, were
specifically engineered to enhance the expression levels of
recombinant enzymes.3> The objective of this study was to
screen, identify, and characterize bacterial species producing
thermostable a-amylase, clone its corresponding gene, and
test B. subtilis 168 htr9 mutant hosts for recombinant
enzyme overproduction.

Materials and Methods

Screening

All the strains tested were isolated from soils in Uzbekistan
and stored in a lyophilized form at the Enzymology
Laboratory of the Institute of Microbiology, Academy of
Sciences of Uzbekistan. The nutrient composition of the
selected growth medium for initial screening included 10 g
of potato starch, 5 g of peptone, 5 g of KH,PO4, and 10 g of
agar-agar per liter, with the pH adjusted to 7.0. After
sterilization, 20 ml of the nutrient mixture was aseptically
poured into petri dishes under sterile conditions. Bacterial

colonies were incubated at 35 °C for 48 hours and then
stained with an iodine solution to evaluate amylase activity.

Fermentation
The bacterial isolates were grown for a-amylase production
in a culture broth containing (g/L): potato starch-10, yeast
extract-1, peptone-1, (NHs),HPO4-10, MnCl,*4H,0-0.015,
MgSO4*7H20-0.25, CaC12*2H20-0.05, FeSO4*7H20-0.01.
a-Amylase production was carried out at 35 °C for 72 h in
an orbital shaking incubator set at 150 rpm. The crude
culture broth was centrifuged at 13000 rpm for 5 min at 4 °C,
and the supernatant was used for the a-amylase activity assay.
B. subtilis 168 htr9 cells expressing recombinant o-
amylase were cultivated in LB medium containing 5 pg/ml
chloramphenicol and 1 pg/ml erythromycin at 37 °C for 20
hours with agitation at 200 rpm. The supernatant was
separated by centrifugation at 4700 rpm using a bucket rotor
(Allegra X-30R, Beckman Coulter) at 4 °C for 30 min, and
the expression level was checked by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and amylase
activity assay.

Enzyme Assay

The a-amylase activity assay was performed using a slightly
modified version of the 3,5-dinitrosalicylic acid (DNS)
method.*® Activity was measured at temperatures ranging
from 30 °C to 100 °C in a 0.6 ml reaction mixture. This
mixture consisted of 0.54 ml of a 0.5% (w/v) potato starch
solution in 100 mM potassium phosphate buffer (pH 7.0)
and 0.06 ml of the enzyme solution. After incubating the
reaction mixture in a water bath at the specified temperature
for 10 minutes, the enzymatic reaction was terminated by
adding 1.8 ml of DNS reagent and boiling the mixture for 10
minutes. The mixture was then cooled to room temperature,
and the absorbance was measured at 540 nm. One unit of a-
amylase activity was defined as the amount of enzyme that
produced 1 pmol of reducing sugar per minute under the
given reaction conditions. A calibration curve using glucose
solutions of varying concentrations was constructed to
quantify the reducing sugars (p<0.05).

SDS-PAGE and Zymography

The 12% SDS-PAGE resolving gel was prepared according
to the Roche Lab Handbook (http://www.Roche-Applied-
Science.Com/Labfaqs). After electrophoresis the gel was
stained with Coomassie Brilliant Blue (R-250) and destained
in boiling water. The zymography of a-amylase activity in a
native gel was carried out by Andrades & Contreras.>

Identification of Microorganisms

Microscopic Observation: Bacterial isolates were observed
under a light microscope using a Gram staining kit
(Himedia, India). Biochemical Characterization: Bacterial
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isolates were characterized biochemically according to
Bergey’s Manual.*®* Molecular Genetic Identification: Genomic
DNAs of the selected bacteria were isolated using the
Marmur procedure,’® and the 16S rRNA gene region was
amplified using the universal primers 27F (5'-AGAGTTT
GATCMTGGCTCAG-3"), 533F (5'-GCCAGCAGCCGCG
GTAA-3") and 1492R (5'-TACGGTTACCTTGTTACGAC
TT-3"). The polymerase chain reaction (PCR) products were
sequenced using the Sanger sequencing method and the
obtained sequences were compared with the GenBank
database using the Basic Local Alignment Search Tool
(BLAST).

Effect of Temperature on a-amylase Activity and Stability

The effect of temperature on crude a-amylase activity was
measured in various temperature ranges from 30 °C to 100
°C in 10 °C intervals. A phosphate buffer solution (100 mM,
pH 7.0) containing 0.5% (w/v) potato starch solution was
used as a substrate, and enzyme activity was estimated under
standard enzyme assay conditions (p<0.05). The relative
activity values are shown as percentages of the maximal
activity, which is taken as 100%. Thermostability profiles of

Table 1. Primers Designed for a-amylase Genes

the crude enzymes were determined by incubating them in
100 mM phosphate buffer (pH 7.0) containing 5 mM CaCl,
at 70 °C in a dry block heater for 30 min and 60 min, cooling
on ice for 10 min and measuring residual o-amylase
activities at optimum temperatures under standard enzyme
assay conditions (p<0.05). Nonincubated enzyme served as a
control, which is taken as 100%.

PCR Amplification

DNAs extracted from the amyR and 104.K strains were used
as a template for the PCR amplification of amylase genes.
Specific primers targeting the a-amylase gene were designed
based on the corresponding nucleotide sequences available
in GenBank (Accession Numbers: CP045711.1, CP041192.1,
JX081246.1, and CP014842.1) and were procured from IDT,
Belgium (Table 1). PCRs were conducted in a total volume
of 50 pl with denaturation at 95 °C for 4 min followed by 35
cycles (95 °C for 40 sec, 56 °C for 30 sec, and 72 °C for
1:30 min) and a final extension at 72 °C for 10 min. PCR
amplicons were electrophoresed on 0.8% agarose gels and
purified from agarose gels using a quick gel extraction kit
(Invitrogen, Lithuania).

NO. Primer name Sequence (5’ — 3')

Target organism

1 AmyF_B. amy

ccaGGATCCATGATTCAAAAACGAAAGC

Bacillus amyloliquefaciens
Bacillus licheniformis
Bacillus subtilis

Bacillus velezensis
Bacillus velezensis

Bacillus licheniformis

AmyR_B. amy ccaCATATGCCTTATTTCTGAACATAAATGG

2 AmyF_B. lich ccaGGATCCATGAAACAACAAAAACGG
AmyR_B. lich ccaCATATGGCTCTTCTATCTTTGAACAT

3 AmyF_B. sub ccaGGATCCATGATTCAAAAACGAAAGC
AmyR_B. sub ccaCATATGCCTTATTTCTGAACATAAATGG

4 AmyF.1_B. vel ccaGGATCCATGTTTGAAAAACGATTCAA
AmyR.1_B. vel ccaCATATGCCATTAATGCGGAAGATAAC

5 AmyF.2_B. vel ccaGGATCCATGATTCAAAAACGAAAGCG
AmyR.2_B. vel ccaCATATGCCTTATTTCTGAACATAAATGG

6 Primer1.For aaaACTAGTCACATTGAAAGGGGAGGAGAATCAT
Primer2.Rev 2aaGAGCTCGAGGGCTGATGACACTTTGTTA

Plasmid Construction

The B6-1-5-amyL vector specifically
engineered to express of the thermostable a-amylase in E.
coli and B. subtilis 168 htr9 strains. The construct
incorporates the strong constitutive 1-5 promoter from

construct was

Priestia flexa (unpublished own results). For cloning and
selection, the plasmid includes an E. coli compatible origin
of replication coupled with an ampicillin resistance gene. In
B. subtilis 168, replication is driven by a B. subtilis specific
origin of replication, along with a chloramphenicol
resistance marker. When necessary, the growth medium was
supplemented with antibiotics: ampicillin (100 pg/ml),
erythromycin (1 pg/ml for maintaining mutations in the B.
subtilis 168 htr9 mutant strains), and chloramphenicol (5
pg/ml). For the cloning procedure, the primer pairs listed as
number 6 in Table 1 were utilized. The primer was modified
to include additional nucleic acid sequences predicted to
serve as signal peptides and stop codon fragments. The
plasmid map used in this study is shown in Figure 1 of the

supplementary information.

Bacterial Strains

E. coli TOP10 cells were used for plasmid construction,
while the B. subtilis 168 htr9 strain was employed for the
expression of recombinant a-amylase. The B. subtilis 168
htr9 strain was specifically engineered with a deleted
amylase (amyE) gene to enhance the expression of the
recombinant amylase. Additionally, several mutant
derivatives: B. subtilis 168 htr9 ehp241, htr9 cst10, htr9
dit46, and htr9 escll were analyzed to investigate their roles
in recombinant enzyme overexpression. A comprehensive
list of the B. subtilis 168 htr9 strains used in this study is
provided in Table 1 of the supplementary information.

Statistical Analysis

All experiments were performed in triplicate (n = 3). Data
were expressed as means =+ standard deviation (SD).
Statistically significant differences between experimental
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groups were considered when p<0.05. The one-way
ANOVA was calculated using Microsoft Office Excel.

Results

Selection and Identification of Thermostable a-amylase
Producer

Sixty-two bacterial isolates were tested for amylolytic
activity on starch-containing media and subsequently stained
with iodine solution (data not shown). All isolates showed
clear zones of starch hydrolysis (7-12 mm) around their
colonies on agar plates after incubation for 48 h at 35 °C.
When these isolates were grown in the fermentation medium
for 72 h at 35 °C in an orbital shaking incubator, only the
amyR and 104.K strains exhibited high amylase activity at
high temperatures of 70 °C and 90 °C, with amylase activities
of 0.92 £ 0.04 U/ml and 0.37 £ 0.005 U/ml, respectively
(»<0.05). These strains had starch clearance zones of 10 and

8 mm, respectively, on agar plates (Figure 5A).

Both bacterial strains, amyR and 104.K were Gram-
positive according to the gram staining method. A study of
their morphological, cultural, and biochemical features
showed that they belong to the genus Bacillus and display
cultural properties very close to those of B. subtilis, B.
licheniformis, B. amyloliquefaciens, and B. velezensis. Both
Bacillus sp. amyR and Bacillus sp.104.K strains 16S rRNA
genes were sequenced with 1143 and 1152 base pair
fragments, respectively, and aligned to the NCBI database.
Based on the partial sequences of 16S rRNA, Bacillus
sp.104.K strain was identified as Bacillus licheniformis
104.K (GenBank: OR781719.1), and Bacillus sp. amyR
was identified as Bacillus velezensis amyR (GenBank:
OR781816.1). The phylogenetic trees of these bacteria were
developed based on a BLASTN search using the neighbor-
joining method (Figurel).

KU986668.1 Bacillus sp. (in: firmicutes) strain SZ047 16S ribosomal RNA gene partial sequence
OR116154.1 Bacillus cereus strain B7 16S ribosomal RNA gene partial sequence

96%,- EU050709.1 Uncultured Bacillus sp. clone DQ328D 16S ribosomal RNA gene partial sequence
a6%||| MN756663.1 Bacillus licheniformis strain B-9 16S ribosomal RNA gene partial sequence

98

96%

96%

0.02

MT634504.1 Bacillus paralicheniformis strain KLK5 16S ribosomal RNA gene partial sequence
OR781719.1 Bacillus sp. (in: firmicutes) strain 104.k 16S ribosomal RNA gene partial sequence
KU877646.1 Bacillus licheniformis strain WJB74 16S ribosomal RNA gene partial sequence
KY401428.1 Bacillus tequilensis strain B1-2 16S ribosomal RNA gene partial sequence

95% | | PP911600.1 Bacillus velezensis strain W32 16S ribosomal RNA gene partial sequence

0OM895809.1 Bacillus siamensis KCTC 13613 16S ribosomal RNA gene partial sequence

96% [l OR781816.1 Bacillus sp. (in: firmicutes) strain amyR 16S ribosomal RNA gene partial sequence
PP897336.1 Bacillus amyloliquefaciens strain CY3 16S ribosomal RNA gene partial sequence

96%X M7853471.2 Bacillus subtilis strain LMR1184 16S ribosomal RNA gene partial sequence
OM758200.1 Bacillus velezensis strain SF157 16S ribosomal RNA gene partial sequence

049, - OR466946.1 Uncultured Bacillus sp. clone US1 16S ribosomal RNA gene partial sequence
AB429553.1 Rhodococcus erythropolis gene for 16S rRNA type |l partial sequence strain: JCM 3201

Figure 1. Phylogenetic Analysis of B. /icheniformis 104.K and B. velezensis amyR (highlighted in yellow) based on 16S rRNA Gene Sequencing. The

neighbor-joining tree was constructed using MEGA 11 software.

Effect of Temperature and pH on a-amylase Activity
The effect of different temperatures on crude o-amylase
activities is presented in Figure 2. It was found that the B.
licheniformis 104.K strain’s crude a-amylase activity,
increased at temperatures from 30 °C to 90 °C and slightly
decreased at 100 °C. The results showed that B. licheniformis
104.K crude o-amylase acts on starch substrates at high
temperatures, showing an optimal temperature for enzyme
activity of 90 °C. However, determination of B. velezensis
amyR crude a-amylase activity under the same conditions
showed that enzyme activity increased up to 70 °C and rapidly
decreased at higher temperature ranges, demonstrating the
highest amylase activity at 70 °C, which was optimal for
enzyme activity.

Figure 3 demonstrates the thermostability of B. velezensis

amyR and B. licheniformis 104. K crude a-amylases. The a-
amylase from B. licheniformis 104.K strain was highly
stable at 70 °C and retained 82.9 + 0.5% and 22.5 + 0.4% of
its initial activity after 30 and 60 min of incubation,
respectively. In contrast, B. velezensis amyR a-amylase is
less thermostable, retaining only 5.9 + 0.3% and 1.7 + 0.5%
of its initial activity after 30 and 60 min of incubation at 70
°C, respectively. These data showed that a-amylase from B.
licheniformis 104. K is important for further studies to
obtain its recombinant form.

Figure 4 illustrates the effect of different pH values on
crude o-amylase activity. The maximum activity of both
strains amylases was recorded at pH 7.5. Deviations from
this optimum within the pH range of 6.5 to 8.5, resulted in a
slight decrease in enzyme activity.
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Figure 2. Effect of Temperature on B. /icheniformis 104.K and B. velezensis amyR a-amylase Activity. Crude a-amylase (60 pl) was incubated with
0.54 ml of 0.5% soluble starch in 100 mM phosphate buffer (pH 7.0) at different temperatures. Enzyme activity at the optimal temperature was set

as 100%, and relative activities at other temperatures were calculated accordingly. The results represent the mean + standard deviation (SD), with
statistical significance set at p<0.05.
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Figure 3. Thermal Stability of B. /icheniformis 104.K and B. velezensis amyR a-amylase. Crude a-amylase was preincubated at 70 °C for different
time intervals in 100 mM phosphate buffer (pH 7.0) containing 5 mM CaCl,. Residual enzyme activity was measured at the optimal temperature,
with initial activity (time 0) set as 100%. The results represent the mean =+ standard deviation (SD), with statistical significance set at p<0.05.

Relative activity (%)
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Figure 4. The Effect of pH on B. licheniformis 104.K and B. velezensis amyR a-amylase Activity. Crude a-amylase activity was measured at the
optimal temperature in 100 mM phosphate buffer at various pH values. Enzyme activity at pH 7.5 was considered as 100%, and relative activities at
other pH values were calculated accordingly. The results are represented as the mean + standard deviation (SD), with statistical significance set at p<0.05.
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Figure 5. Amylase Activity Assay on Starch-containing Agar Plates. The hydrolysis zones indicate starch degradation by a-amylase production. (A)
B. licheniformis 104.K strain, showing clear starch hydrolysis zones after iodine staining. (B) £. co/i TOP10 transformants expressing recombinant a-
amylase, grown on ampicillin-containing plates. (C) B. subtilis 168 htr9 transformants expressing recombinant a-amylase, grown on selective plates
containing chloramphenicol and erythromycin. The strains tested include: -K — B. subtilis 168 htr9 without vector (negative control), 1) B. subtilis
168 htr9; 2) B. subtilis 168 htr9 ehp2417; 3) B. subtilis 168 htr9 cst10; 4) B. subtilis 168 htr9 dlt46, and 5) B. subtilis 168 htr9 esci1. All plates were
stained with iodine solution (2 g/L Kl and 1 g/L I,) to visualize starch hydrolysis zones.

Cloning and Expression

Only two (B. licheniformis and B. velezensis) specific primer
pairs, Amy_B.lich and Amy.1 B.vel, revealed PCR products
with amplicons of 1539 bp and 1980 bp, respectively, as
shown in Figure 2 of the supplementary information. The
amplified PCR amplicon from B. licheniformis 104.K was
cloned into the B6-1-5 shuttle vector using restriction
enzymes Spel and Sacl. The ligation mixture was
transformed into competent E. coli TOP10 cells (Figure 5B).
The insertion of the amylase gene (amyl) was confirmed
using double-digest restriction test as shown in Figure 3 of
the supplementary information. The functionality of the 1-5

ka M 5h 10h 20h K 1 2

250 .
150 g—

100 g
75 -—

50.
37 W

A

S G g S g <-58,5

—— g——  m—)

promoter in both hosts was tested on starch-containing agar
plates. The results demonstrate that the unique promoter,
active in both E. coli and B. subtilis, allows for the parallel
expression of genes in these two organisms (Figure 5B, C).
The B6-1-5 amyL vector construct was transformed into
B. subtilis 168 htr9 mutant strains using the Spizizen
Minimal Medium (SMM) procedure®’ (Figure 5C). The B.
subtilis strain carrying the B6-1-5 amyL vector construct
was grown at 37 °C for 20 h after inoculation of 1 ml
overnight culture, and samples were taken every 5 hours
from the culture supernatant to detect recombinant amylase
expression. The resulting protein band exhibited a molecular

e

-

B C

Figure 6. (A) 12% SDS-PAGE Analysis of Recombinant a-amylase Expressed in Bacillus subtilis 168 htr9 Mutant Strains. Supernatant samples were
collected at different time points (5 h, 10 h, and 20 h) from B. subtilis 168 htr9 (wild-type, WT). -K represents the negative control (host cells without
the amylase gene). Lanes 1-5 correspond to supernatants from the following strains incubated for 20 hours: 1) B. subtilis 168 htr9 (WT); 2) B. subtilis
168 htr9 ehp2471; 3) B. subtilis 168 htr9 cst10; 4) B. subtilis 168 htr9 dlt46, and 5) B. subtilis 168 htr9 esc1]. The molecular weight marker (M) is a
dual-color protein ladder (#161-0374, Bio-Rad), with the recombinant a-amylase band observed at approximately 58.5 kDa. (B) Zymogram analysis
of recombinant a-amylase from B. subtilis 168 htr9 (WT), showing enzymatic activity detected using iodine staining (2 g/L Kl and 1 g/L I,) after
separation on 10% native-PAGE. (C) Native-PAGE performed in parallel with the zymogram experiment, with the gel stained using Coomassie
Brilliant Blue to visualize recombinant a-amylase on the gel.
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Recombinant enzyme activity at 90 °C

Expression hosts
w

— 105.837

—— 120,793

= 97,426

— 138.27

—— 121,203
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80 100 120 140 160

Enzyme activity (U/ml)

Figure 7. Recombinant Thermostable a-amylase Activity at 90 °C after 20 h of Expression in Different Baci/lus subtilis 168 Mutant Strains. Enzyme
activity (U/ml) was measured using a standard assay and is presented as the mean + standard deviation (SD) of three independent experiments. The
tested strains include: 1) B. subtilis 168 htr9 (wild-type, WT); 2) B. subtilis 168 htr9 ehp247; 3) B. subtilis 168 htr9 cst10; 4) B. subtilis 168 htr9
dlt46, and 5) B. subtilis 168 htr9 esc11. Statistical significance was determined using one-way ANOVA (p<0.05).

mass of approximately 58.5 kDa, which is consistent with
the expected mass of the B. licheniformis 104.K a-amylase
(Figure 6A). Moreover, recombinant amylase activity was
confirmed by native-PAGE and zymogram analysis (Figure
6B, C). The assay demonstrated that the enzyme was
catalytically active and successfully expressed in a
heterologous host. Both crude and recombinant a-amylase
exhibited the same optimal temperature (90 °C) and thermal
stability as the native enzyme (data not shown).

The expression level of thermostable a-amylase in B.
subtilis 168 htr9 ehp241 was significantly higher, exhibiting
an enzyme activity of 138.27 + 0.3 U/ml, compared to B.
subtilis 168 htr9, which showed an activity of 121.2 + 0.3
U/ml. In contrast, the mutant strains B. subtilis 168 htr9
cstl0, B. subtilis 168 htr9 dit46, and B. subtilis 168 htr9
escll demonstrated lower enzymatic activities of 97.4 + 0.5
U/ml, 120.79 + 0.3 U/ml, and 105.8 £ 0.2 U/ml, respectively
(»<0.05). These results indicate that while the B. subtilis
htr9 ehp241 mutant showed enhanced a-amylase expression,
the other mutants exhibited reduced expression relative to
the wild-type strain (Figure 7).

Discussion

a-Amylase is encoded by different numbers of nucleotides,
which varies depending on the type of microorganism.’®
Specifically, the B. amyloliquefaciens a-amylase gene contains
1542 bp nucleotides.® B. stearothermophilus o-amylase
confirmed that the reading frame of this gene consists of
1644 bp.*> An open reading frame encoding the a-amylase
B. subtilis (natto) IAM1212 and B. subtilis 2633 comprises
1431 bp nucleic acid residues.*! In our case, the amylase
gene of the B. licheniformis 104.K strain consists of 1539
bp, a result that aligns with the findings of Niu et al.

However, the results of Yuukt et al. differ, reporting the
gene as consisting of 1948 bp nucleotides.** The amplicon of
the B. velezensis amyR strain amylase gene was 1980 bp,
which is consistent with the results reported by Zhang et al.!®
These results indicate that the amylase gene of the Bacillus
genus might be horizontally transferred between Bacillus
species during evolutionary processes. The transfer of
genetic material is remarkably adaptable, happening not only
within the same species but also between different species.
Emamalipour et al. showed that this process has a significant
impact on the genetic, physiological,
characteristics of host organisms.*
Industrial applications of a-amylase require thermo- and
pH-stable enzymes because most industrial processes are
performed at elevated temperatures and pH values.**’ The

and ecological

B. licheniformis 104.K strain amylase reached its maximum
activity at 90 °C (Figure 2) and similar results were
demonstrated for B. licheniformis a-amylases.*®* However,
different results have been reported by Suthar et al.,”> Abdel-
Fattah et al.’® and Wu et al.,’' in which optimal temperatures
for B. licheniformis a-amylases were 70 °C and 100 °C,
respectively. This unique enzyme characteristic in a specific
species is attributable to horizontal gene transfer and the
adaptation of microorganisms to distinct geographic
environments.*?

On the other hand, the B. velezensis amyR strain o-
amylase showed its maximum activity at 70 °C, with similar
results confirmed by Zhang et al.'® Both B. licheniformis
104.K and B. velezensis amyR strains exhibited high amylase
activities over a pH range of 6.5-8.5, with the optimal pH for
both enzymes being 7.5 (Figure 4). Notably, similar results
were reported by Hu et al.>* and Divakaran et al.>*

Using the B. subtilis expression system for recombinant
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enzyme production on an industrial scale offers several
advantages such as: Generally Recognized as Safe (GRAS)
status, which is considered safe for use in food and
pharmaceutical industries,>¢ a fast growth rate and high
cell density. Additionally, B. subtilis naturally secretes
proteins into the culture medium, facilitating downstream
processing and purification of recombinant enzymes. This
can lower production costs and improve efficiency.’’ B.
subtilis does not produce endotoxins, making recombinant
enzymes safer for pharmaceutical and food applications.>®
Thus, the B6-1-5 shuttle vector was successfully constructed
with a new 1-5 constitutive promoter. Inducers like isopropyl
B-D-1-thiogalactopyranoside (IPTG) are unsuitable for
industrial fermentation due to their high cost. Instead,
constitutive promoters are commonly employed as the
standard practice for gene expression in industrial scale.®

The o-amylase gene from B. licheniformis 104.K was
cloned into the B6-1-5 shuttle vector and its expression
levels were evaluated across various B. subtilis 168 htr9
mutant strains (Figure 6A). Notably, the B. subtilis 168 htr9
ehp241 strain, which contains an inserted hybrid prsA4 gene,
demonstrated a significant positive impact on the
overproduction of thermostable a-amylase (Figure 7). These
results highlight the potential for developing novel expression
hosts tailored for industrial applications. Conversely, the
inactivation or replacement of multiple operons regulating
two-component stress-responsive systems in the B. subtilis
168 membrane negatively influenced recombinant amylase
overexpression, aligning with findings previously reported
by Zweers et al.®® Nevertheless, we believe that the
thermostable a-amylases of the B. licheniformis 104.K and
B. velezensis amyR strains isolated and studied in
Uzbekistan can be utilized as biocatalysts for the hydrolysis
of starch-containing substrates, bioethanol, and detergent
production.

Conclusion

In this study thermostable a-amylase producers B. licheniformis
104 K and B. velezensis amyR were selected, identified, and
their enzyme catalytic properties were studied. The newly
constructed B6-1-5 shuttle vector, featuring the constitutive
1-5 promoter, which is functional in both E. coli and B.
subtilis, is expected to enable the parallel expression of
recombinant a-amylase in both organisms. The amyL gene
from B. licheniformis 104.K was successfully cloned and
expressed in mutant strains of B. subtilis 168 htr9. Notably,
we tested the overexpression of the thermostable a-amylase
in B. subtilis 168 htr9 through various mutations in the two-
component stress response operon and the insertion of a
hybrid prs4 gene. We are confident that our findings will
contribute to the further improvement of the catalytic
properties of the recombinant o-amylase from the B.
licheniformis 104.K strain using bioinformatic tools, as well

as the use of B. subtilis as a cell factory for the over
production of recombinant enzymes.
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