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Abstract

Pullulanase (EC 3.2.1.41) is an important debranching enzyme that plays a critical role in maximizing the abundant
energy present in branched polysaccharides. Its unique ability to efficiently degrade branched polysaccharides makes
it crucial in industries like biofuels, food, and pharmaceuticals. Therefore, discovering microbes that produce pullula-
nase and thrive in harsh industrial conditions holds significant potential for optimizing large-scale bioprocessing. This
unigue property has made pullulanase an important enzyme in the industry. Thus, the search for microbes that have
the pullulanase production properties and capacity to withstand harsh industrial conditions will be of high industrial
relevance. Therefore, this study aimed to amplify, sequence, and molecularly characterize the pullulanase gene encod-
ing extracellular pullulanase in Bacillus licheniformis strain FAO.CP7 (Accession No: MN150530.1.) which was obtained
from cocoa pods using several bioinformatics tools. The amplified PulA gene had a nucleotide sequence of 2247 base
pairs encoding a full-length open reading frame (ORF) pullulanase protein of 748 amino-acids residues with molecu-
lar weight 82.39 kDa and theoretical isoelectric point of 6.47, respectively. The deduced pullulanase protein had

an aliphatic index of 77.66. Using BLASTp, the deduced amino acid sequence of the pullulanase gene showed 85%
homologies with those from B. licheniformis strains. Multiple sequence alignment of PulA protein sequence showed
that it contains YNWGYNP motif which is also found in all type | pullulanase protein sequences analysed. The restric-
tion mapping of the gene showed that it can be digested with several restriction enzymes. Further analysis revealed
that the deduced protein had a hydrophobicity score of —0.37 without a transmembrane helix. Overall, this study
revealed the PulA gene of B. licheniformis strain FAO.CP7 obtained from cocoa pods and its deduced protein show
significant potential for enhancing starch bioprocessing. With further optimization, it could offer substantial benefits
to starch-based biotechnological industries.
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Introduction

Pullulanases (EC 3.2.1.41) are a member of the glycoside
hydrolase 13 (GH13) enzymes family that catalyze the
hydrolysis of a-1,6-glycosidic bond in starch, amylopec-
tin, pullulan, and related oligosaccharides [1, 2]. The a-1,
6 glycosidic linkages in branched polysaccharides serve
as a barrier for maximizing the abundant energy present
in branched polysaccharides during the saccharification
process. Pullulanase are required during the Saccharifica-
tion process of industrial glucose production to increase
the final concentration of glucose [3]. Due to this impor-
tant feature, pullulanase have attracted attention and
found wide applications in starch processing, brewing,
detergent, textile, and pharmaceutical industries [3-5].
Based on their substrate specificity and reaction prod-
ucts, pullulanase can be divided into two classes: type I
(neopullulanase) and type II (isopullulanase). Though
type I and type II pullulanase have the potential to break
a-1,6 glycosidic linkages, only type II pullulanases can
break a-1,4 glycosidic linkages [3]. Thus, pullulanases
are very essential in starch processing and other related
industries where they are used to improve the quality and
yield of glucose syrup and beer [2].

Starch processing involves harsh conditions such as
acidic pH (pH 4.5) and high temperatures ranging from
50-60 °C [6]. Consequently, there is a need to produce
pullulanase enzymes that are stable and active under such
harsh starch processing conditions. Microbial sources of
enzymes are the best for the production of enzymes that
can remain stable and active under harsh conditions [7].
Pullulanases have been expressed from various microbial
sources such as Pichia pastoris [8)], Bacillus sp. AV-7 [9],
Anoxybacillus sp. SK3-4 [10], Escherichia coli [11-13],
Thermus thermophiles [14], and Bacillus subtilis [15, 16]
using different growth substrates.

Cocoa bean pulp and its waste by-product cocoa pod
have been shown to have a pH range of 3.3-6.0 due to
high citric acid concentration [17]. They are also rich in
nutrients that support the growth and proliferation of
various microbes [18]. Therefore, it will be industrially
relevant to search for microbes that have the pullulanase
production properties from this source.

Bacillus licheniformis is a non-pathogenic and non-
toxigenic microbe that is closely linked to the degrada-
tion of nutrient material present in cocoa bean pulp
during fermentation [19, 20]. Cocoa bean pulp has been
known to be rich with high content of sugars and other
organic materials. These organic materials favour the
growth of B. licheniformis which becomes predominant
in the later stages of its fermentation and is involved in
degrading the pulp for development of various by-prod-
ucts [19, 21]. Bacillus licheniformis also derives essen-
tial nutrients from cocoa pod husk (CPH) by secreting
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multiple starch-hydrolysing enzymes, especially pullula-
nase, which degrade the starch present in CPH [18, 22].
Thus, this study aimed to amplify, sequence, and char-
acterize the pullulanase gene of B. licheniformis strain
FAO.CP7 obtained from cocoa pod waste using in silico
analyses.

Materials and methods

Sample collection

The Cocoa pod husk (CPH) used in this study were col-
lected from a cocoa dumpsite in Ajebambo Farms, Lon-
gitude (E 5°5'50) Latitude (N 7°12°44) in Idanre Local
Government Area of Ondo State, one of the leading
cocoa producing cities in South-Western Nigeria. The
CPH were chopped to pieces using a sterile knife and
sundried until a constant weight was achieved. The dried
CPH were ground and sieved using 0.075 to 1.00 mm
mesh sizes to achieve uniform sizes. The sieved samples
were stored at 4 °C till further usage.

Isolation and identification of B. licheniformis strain FAO.
CP7

Starch utilizing Bacillus spp. was isolated from cocoa
pod using modified nutrient agar (pulverized cocoa pod
(10 g/L), sodium chloride (5 g/L), and agar—agar (20 g/L)
with the addition of nystatin (10 mg/mL) to prevent fun-
gal contamination. The selected strain was identified
and classified primarily through morphological observa-
tion and biochemical tests including starch hydrolysis,
indole production, catalase, urease activity, citrate utili-
zation test (CU), gelatin hydrolysis, nitrate reduction test,
Voges- Proskauer test (VP), methyl red test (MR), oxi-
dase test, utilization of D-glucose, D-lactose, D-xylose,
sucrose, starch, arabinose, maltose, and fructose (see
supplementary for methods). For molecular identifica-
tion of the isolate, the strain was subjected to genomic
DNA isolation, 16S rRNA amplification, and sequencing
[23].

Genomic DNA isolation

The modified cetyl trimethylammonium bromide
(CTAB) method [24] was used to extract genomic DNA
from B. licheniformis strain FAO.CP7. The integrity of the
isolated DNA was verified by gel electrophoresis using
1% agarose gel stained with ethidium bromide (5 pg/uL).
Bio-Rad Gel Documentation system (Bio-Rad, USA) was
used to capture the images of bands.

PCR amplification of 16S rRNA gene

The bacterial 16S rRNA was amplified using the oligonu-
cleotide primers, 27F- 5-AGAGTTGATCCTGGCTCA
G-3" and 1492R- 5-TACGGYTACCTTGTTACGACTT-
3’ (Except otherwise stated, primers used in this study
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were obtained from Integrated DNA Technology, USA).
The PCR reaction mix contained 1 pL of genomic DNA
as a template, 3 pL of forward primer, 3 uL of reverse
primer, 4 uL of ANTPs (2.5 mM each), 10 pL of 10X Taq
DNA polymerase assay buffer, 1 uL of Taq DNA polymer-
ase enzyme (3 U/pL) and reverse osmosis purified water
was added to make up a total reaction volume of 24 pL.
PCR cycling parameters were an initial denaturation step
(94 °C, 5 min), 35 cycles of denaturation (94 °C, 30 s),
annealing (55 °C, 30 s), an initial extension step (72 °C,
90 s) and a final extension step (72 °C, 5 min). The ampli-
fied products were analysed on 1% agarose gel electro-
phoresis in TAE buffer [23].

Sequencing and bioinformatic analysis of 16S rRNA gene
The amplified products were purified and subjected to
sequencing reaction using ABI 3500 XL genetic ana-
lyser. The sequencing mix composition used was 4 pL
of Big Dye terminator ready reaction mix, 1 puL of the
template (100 ng/pL), 2 uL of primer (10 pmol/puL),
and 3 pL of Milli-Q water. The PCR cycling parameters
were 25 cycles of initial denaturation (96 °C for 1 min),
denaturation (96 °C for 10 s), hybridization (50 °C for
5 s), elongation (60 °C for 4 min) using a POP-7" poly-
mers 50 cm capillary array [25]. The raw sequencing data
analysis was done with Sequencing Analysis v 5.4 and
imported into Chromas software for processing. The 16S
rRNA sequence was used to carry out the BLAST align-
ment search tool of the National Center for Biotechnol-
ogy Information (NCBI) Genbank database. Multiple
sequence alignment was done using the ClustalW soft-
ware tool and the Phylogenetic tree was constructed
using http://ebi.ac.uk/.

PCR amplification of pullulanase gene

The oligonucleotide primers used for the amplification
of the pullulanase gene were forward 5-ATGCCGGGT
ATCAGCCGCCC-3 and reverse 5'- TCACCCTTTTGG
TTCGTATAAAAC- 3’ using the isolated genomic DNA
as a template. The PCR amplification was carried out as
described by Zidani et al. [24] with the following cycling
profile: initial denaturation step (94 °C, 5 min), 30 cycles
of denaturation (94 °C, 60 s), annealing (50 °C, 90 s), ini-
tial extension step (72 °C, 150 s), and a final extension
(72 °C, 20 min). For the analysis of DNA, agarose gel elec-
trophoresis was carried out under standard conditions.
The amplified gene was sequenced using ABI 3500 XL
Genetic Analyzer.

In silico analysis of pullulanase gene

The EXPASy Bioinformatics Resource Portal (https://web.
expasy.org/translate/) was used to translate the nucleotide
sequence of the pullulanase gene into its corresponding
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protein primary sequence, followed by identification of
the best reading frame. A series of freely available online
bioinformatics tools, including NCBI BLASTp (http://
blast.ncbi.nlm.nih.gov/Blast) and CD tools [23, 26], were
used to identify conserved domains and closely matched
pullulanase sequences. Multiple sequence alignment and
phylogenetic tree construction were done using EMBL-
EBI Clustal W2 and phylogenetic tools available at http://
www.ebi.ac.uk/Tools, and molecular evolutionary genet-
ics analysis (MEGA 11) software, respectively [26, 27].
The 3D structure of the pullulanase was predicted using
the homology Swiss modeling server (https://swissmodel.
expasy.org/), while visualization was done using PYMOL
tool.

Several validation tools were applied to ensure the
excellence and durability of the PulA protein structure.
The stereochemical quality of the structure was evalu-
ated using Procheck [28-30], which assesses several geo-
metric parameters. ProSa [31, 32] and Verify-3D [33, 34]
scores were generated to assess the agreement between
the 3D models and the relevant amino acid sequences.
Furthermore, restriction mapping of the pullulanase gene
sequence was carried out using the bioinformatics tool
available online at (http://nc2.neb.com/NEBcutter2/).
The molecular weight (MW) and isoelectric point (pI)
of the deduced protein sequence were determined using

Table 1 Biochemical, morphological, and physiological
characteristics of strain FAO.CP7

Experiments Results

Gram Reaction Gram-Positive Rod
Spore +

Optimal Temperature 50°C

Optimal pH 6.0

Catalase +

Starch Hydrolysis +

Indole Production

Urease Activity

Citrate Utilization Test (CU)
Gelatin Hydrolysis

Nitrate Reduction

+ o+ o+ o+

Voges- Proskauer Test (VP)
Methyl Red Test (MR)
Oxidase Test

Utilization of D-Glucose
Utilization of D-Lactose
Utilization of D-Xylose
Utilization of Sucrose
Utilization of Starch +
Arabinose

Maltose +
Fructose
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the ExPASy—Compute pI/MW tool available online at
http://web.expasy.org/computepi/. The aliphatic index of
the deduced protein was determined using the ExPASy-
ProtParam tool (https://web.expasy.org/protparam/)
[35]. Additionally, the hydrophilic/hydrophobic charac-
teristics and transmembrane segment predictions of the
deduced protein sequence were carried out using in silico
applications available at http://harrier.nagahama-i-bio.ac.
jp/sosui/sosui_submit.html [36] and http://www.cbs.dtu.
dk/services/ TMHMM-2.0 [37], respectively. The thermo-
dynamic properties of the protein were determined using
scoop prediction as described by Pucci et al. [38].

Results

Isolation and identification of B. licheniformis Strain FAO.
CpP7

B. licheniformis Strain FAO.CP7 was isolated from a
cocoa pod and characterized by its biochemical and mor-
phological properties. We found that the strain FAO.CP7
was Gram-positive, rod-like, and spore-forming which is
similar to that of Bacillus spp. The strain grows at opti-
mal pH of 6.0 and a temperature of 50 °C. It is positive for
gelatin hydrolysis, nitrate reduction, and catalase tests.
It utilizes citrate and some sugars including glucose,
lactose, sucrose, starch, maltose, and fructose but not
arabinose or D-xylose. It is negative to urease reaction,
methyl red (MR), and oxidase tests (Table 1).

Phylogenetic analysis

Phylogenetic analysis for Bacillus licheniformis FAO.CP7
strain

For further molecular identification of the FAO.CP7 strain,
the 16S rRNA gene amplicons were subjected to 1% agarose
gel electrophoresis to ascertain the presence of an amplified
gene. The 16S rRNA gene sequence (760 base pairs) was
deposited in GenBank (accession number MN150530.1)
(Supplementary Fig. 1) and was analysed versus others in
the GenBank sequence database. Alignment of the 16S
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rRNA gene of B. licheniformis strain FAO.CP7 with the
16S rRNA sequences from reference strains in GenBank
was done using the NCBI BLASTn program. The BLAST
result confirmed a very close similarity of the 16S rRNA
gene sequence; with B. licheniformis strain FAO.CP7
shares at least 98% homology with the other Bacillus spp.
(Table 2). The phylogenetic tree is based on the sequence
of B. licheniformis strain FAO.CP7 and the sequences of
the reference strains in the GenBank database are shown
in Fig. 1. Analysis of our BLAST result in Table 2 showed
that B. licheniformis Strain Pb-WC09009 (accession num-
ber HM006908.1), B. licheniformis Strain PPL-SC4 (acces-
sion number KM226919.1) B. licheniformis Strain CICC
1008416S (accession number AY871103.1) and B. licheni-
formis Strain W1516S (accession number KC441827.1)
were 99% similar to FAO.CP7 strain. However, the phylo-
genetic tree in Fig. 1 revealed that B. licheniformis strains
Pb-WC09009 and PPL-SC4 were the closest to strain FAO.
CP7 while B. licheniformis strains CICC 1008416S and
W1516S were relatively further away on the tree.

Phylogenetic analysis for pullulanase from Bacillus
licheniformis FAO.CP7 strain

To investigate the evolutionary relationship of B. licheni-
formis FAO.CP7 pullulanase gene (Pul A) with those
in GenBank database, we amplified Pul A gene and
deposited it on NCBI database with accession num-
ber PQ360904. Then, using the EXPASy Bioinformatics
Resource Portal (https://web.expasy.org/translate/), we
translated the Pul A (PQ360904) nucleotide sequence
(2247 base-pairs) to 748 amino acid residues (Supple-
mentary Fig. 2). Alignment of various pullulanases from
GenBank and the phylogenetic analysis showed that the
protein is more closely related to pullulanase of bacte-
rial origin especially B. licheniformis than pullulanase
of fungal, insect or animal origin (Fig. 2). The pairwise
identities of B. licheniformis FAO.CP7 pullulanase pro-
tein sequence versus pullulanase protein sequences from

49— KM226919.1 Bacillus licheniformis strain PPL-SC4 165 ribosomal RNA gene partial sequence
35— K(C441827.1 Bacillus licheniformis strain W15 16S ribosomal RNA gene partial sequence
¥ HM006908.1 Bacillus licheniformis strain Pb-WC09009 168 ribosomal RNA gene partial sequence

46

MZ959416.1 Bacillus licheniformis strain NLG2 16S ribosomal RNA gene partial sequence

| — PQ319594.1 Bacillus licheniformis strain HBUAS69787 16S ribosomal RNA gene partial sequence
— 47— MW559309.1 Bacillus subtilis strain XeM11 168 ribosomal RNA gene partial sequence
AY871103.1 Bacillus licheniformis strain CICC 10084 16S ribosomal RNA gene partial sequence

8274 FAO.CP7 |

84— OR454003.1 Bacillus licheniformis strain V848 16S ribosomal RNA gene partial sequence
~—— OP359438.1:Bacillus thuringiensis strain NBAIR TRBT17 168 ribosomal RNA gene partial sequence
100— OP986988.1:201-1098 Bacillus toyonensis strain AFS041638 16S ribosomal RNA gene partial sequence
Fig. 1 Phylogenetic tree of the nucleotide sequence of bacterial isolate FAO.CP7. The isolate has been deposited in the NCBI database

with accession number MN150530.1
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WP 103750238.1 Type I Pullulanase Bacillus sp. MBGLi97

WP 095240268.1 Type I Pullulanase Bacillus licheniformis

— WP 097366433.1 Type I Pullulanase Bacillus licheniformis

51

% FAO.CP7 Pullulanase

75

98

56

63

90

WP 076791128.1 type I pullulanase Bacillus haynesii

NP 390871.2 pullulanase Bacillus subtilis subsp. subtilis str. 168

WP 047944528.1 type I pullulanase Bacillus circulans

9 YP 036824.1 pullulanase Bacillus thuringiensis

2WAN Pullulanase Bacillus acidopullulyticus

100 NP 001104920.1 pullulanase-type starch debranching enzyme 1 Zea mays

ACY56113.1 pullulanase Oryza sativa Indica Group

100 ASJ12437.1 pullulanase Thermococcus thioreducens

AJC71037.1 Pullulanase Thermococcus guaymasensis DSM 11113

RCH92382.1 alpha-1 4-glucan branching enzyme Rhizopus stolonifer

98 XP 023975819.1 Sperm Whale Physeter catodon

XP 026958462.1 Dolphin Lagenorhynchus obliquidens

100 XP 020501966.1 Fish Labrus bergylta

GBF60255.1 1 4-alpha-glucan-branching enzyme Trichophyton mentagrophytes

90 RJE21860.1 branching enzyme Aspergillus sclerotialis

XP 026603523.1 1 4-alpha-glucan-branching enzyme Aspergillus mulundensis

Fig. 2 Evolutionary relationship between B. licheniformis FAO.CP7 pullulanase gene (Pul A) and those in plants, fungi, bacteria, lower animals,

and insects in NCBI GenBank using Mega 11

the other Bacillus spp. ranged from 85 to 62% (Table 3).
Our result revealed the gene has YNWGYNP, a signature
motif which is peculiar to Type I pullulanases (Table 4)
and also reveals the presence of some conserved regions
in the aligned pullulanase (Supplementary Fig. 3). The
amino acid residues present in the conserved domain
include aspartate (D), histidine (H), arginine (R), and glu-
tamate (E) amongst others (Table 4).

Structural modeling and bioinformatic analysis
The 3D structure of B. licheniformis FAO.CP7 pullulanase
(PulA) was modeled using Swiss-Model (https://swiss

model.expasy.org/) (Fig. 3A). Structural analysis identified
15 active-site residues (Tyr310, Asn311, His363, Arg4d34,
Asp436, Leud37, Glud65, Trp467, Aspd95, Argd98, His547,
Asp548, Asn549, Asn602, and Tyr604), with Asp436,
Glu465, and Asp548 forming the catalytic triad (Fig. 3B-C).

To assess the quality and reliability of the homology
model, we performed structural validation using mul-
tiple bioinformatics tools. The QMEAN score (-2.25),
computed via Swiss-Model, indicates a model quality
within the acceptable range for homologous proteins
[39]. Further global and local model validation using
ProSA-web yielded a Z-score of -9.03, suggesting that
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Table 3 BLASTp result of B. licheniformis FAO.CP7 PulA protein-protein matches and source organisms

Matched Protein/Organism Max Score Total Score Query Cover E-Value Percentage Accession Number
Identity
Type | pullulanase [B. licheniformis] 1247 1247 100% 0 85.18% WP_095240268.1
Type | pullulanase [B. licheniformis] 1246 1246 100% 0 85.05% WP_097366433.1
MULTISPECIES: Type | pullulanase [Bacillus sp] 1246 1245 100% 0 85.05% WP_151297381.1
Type | pullulanase [B. licheniformis] 1245 1245 100% 0 85.05% WP_016885603.1
Type | pullulanase [B. licheniformis] 1245 1245 100% 0 84.67% WP_107661658.1
Type | pullulanase [B. licheniformis] 1244 1244 100% 0 85.05% WP_011198203.1
Type | pullulanase [B. licheniformis] 1243 1243 100% 0 85.05% WP_075178235.1
Type | pullulanase [B. licheniformis] 1243 1243 100% 0 84.91% WP_144564795.1
Type | pullulanase [Bacillus haynesii] 1179 1179 100% 0 80.51% WP_043926817.1
Type | pullulanase [Bacillus paralicheniformis] 1160 1160 100% 0 79.44% WP_023855523.1
Type | pullulanase [Bacillus swezeyi] 914 914 100% 0 62.22% WP_148958029.1

the predicted structure aligns well with experimen-
tally determined protein structures (Fig. 4A-C). To fur-
ther validate the model’s stereochemical accuracy, the
Ramachandran plot was generated using Procheck. The
plot revealed that 85.9% of the residues were in the most
favored regions (A, B, L), 11.7% in additional allowed
regions (a, b, 1, p), 1.5% in generously allowed regions
(~a,~b,~1,~p), and only 0.9% in disallowed regions.
These statistics align with expected quality thresholds,
as models with over 90% of residues in favoured regions
are considered of high quality (Fig. 4D). To evaluate the
degree of correspondence between the respective amino
acid sequences and the 3D models, VERIFY3D scores
were generated (Fig. 4E). The analysis revealed that
77.38% of residues had an averaged 3D-1D score>0.1.
This result, while slightly below the optimal threshold
of 80%, suggests that the predictions generated by the
model may not fully correspond with the characteristics
of a well-folded protein, particularly in some regions.
However, the majority of residues still meet the required
standards, supporting the overall reliability of the model
despite the minor discrepancy.

Further physicochemical analysis of PulA revealed a
molecular weight (MW) of 82.39 kDa and an isoelectric
point (pI) of 6.47 (Table 5). As shown by the endonucle-
ase restriction linear map in Fig. 5, a wide array of restric-
tion enzymes (such as HindlIIl, Pstl, Eagl, Sacl, EcoRV,
Sall, Smal, and BcLI among others) can be used to cut
the Pul A gene, thus suggesting that PulA can easily be
manipulated during cloning and gene expression experi-
ments. However, there are some exceptions, as restric-
tion enzymes like EcoRI, BamHI, NotI, Xbal, Spel, Nhel,
and Kpnl will not be able to cut the PulA gene (Fig. 5).
The hydrophobicity score (-0.37), determined via SOSUI
(http://harrier.nagahama-i-bio.ac.jp/sosui/sosui_submit.
html), suggests that PulA is a soluble enzyme (Fig. 6),

consistent with its non-transmembrane nature (Fig. 7).
Additionally, thermodynamic analysis using SCooP pre-
dicted a melting temperature (Tm) of 71.2 °C, a ACp of
-4.58 kcal/(molK), and an enthalpy change (AHm) of
-185.5 kcal/mol (Fig. 8). The aliphatic index (77.06) fur-
ther supports PulA’s thermostability, as values within
42.08-90.68 indicate proteins capable of maintaining
structural integrity under elevated temperatures [40].
Together, these findings confirm that the homology
model is reliable and that PulA is a soluble, thermostable
enzyme with potential for biotechnological applications.

Discussion

Pullulanase (EC 3.2.1.41) play a critical role in starch-
based industries by enhancing the release of abundant
energy present in branched polysaccharides during the
saccharification process [3]. Pullulanases have been
derived and characterized from different microbial
sources [8—15]. However, the diversity and properties of
pullulanase in B. licheniformis which is associated with
cocoa pod waste have not been analysed earlier. Thus, in
the present study, B. licheniformis strain FAO.CP7 (acces-
sion No: MN150530.1.) was isolated and molecularly
characterized. Also, the phylogenetic, structural, and
functional analysis of pullulanase (PulA) from B. licheni-
formis strain FAO.CP7 was carried out using several bio-
informatics tools.

The pullulanase-producing B. licheniformis strain FAO.
CP7 which was isolated from cocoa pod wastes is Gram-
positive. It was coccus and rod-like under the micro-
scope, and it formed smooth and bright yellow colonies
on a nutrient medium. The optimal temperature and pH
for growth of B. licheniformis strain FAO.CP7 were 50 °C
and 6.0, respectively. The microbe tested positive for
catalase, nitrate reduction, gelatin hydrolysis, and Vogus-
Proskauer (VP) test. Meanwhile, Methyl-Red (MR) test
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and indole production were negative. The strain can uti-
lize the following substrates as carbon sources: D-glu-
cose, D-lactose, D-maltose, sucrose, and starch but not
D-xylose and arabinose (see Table 1).

The identification of the strain of interest can be
achieved by both conventional and molecular methods.
In this study, both methods were used to identify the bac-
terial isolate and the consensus sequence obtained were
then compared with the NCBI gene bank database using
the BLAST search program (http;//www.ncbi.nlm.nih.
gov) [41, 42]. The BLAST analysis of 16S rRNA sequences
showed that B. licheniformis strain FAO.CP7 has a close
relationship with B. licheniformis Pb-WC09009 (99%),
B. licheniformis PPL-SC4 (99%), B. licheniformis CICC
10084 (99%), B. licheniformis W15 (99%) (see Table 2).
This observation is consistent with a previous study
[19]. Furthermore, the sequenced 16S rRNA region
of B. licheniformis strain FAO.CP7 was used for the
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construction of the phylogenetic tree to know the genetic
relatedness and evolutionary origin between the bacterial
isolate and the closely related homologs of identified bac-
teria. The grouping in the phylogenetic tree showed that
strains having similar sequences were clustered in the
same group and as a result, they are considered as close
relatives [43, 44]. Based on the physiological, biochemi-
cal, and 16S rRNA alignment analyses, the strain was
identified to be a member of the B. licheniformis family
and deposited as B. licheniformis FAO.CP7 (accession
No: MN150530.1).

Herein, we amplified the pullulanase (Pul A) gene from
the genome of the isolated B. licheniformis FAO.CP7
strain, and analyzed its amino acid sequence. Our data
revealed that the Pul A gene consists of 748 amino acid
residues. The deduced amino acid sequence of the PulA
protein showed the highest similarity with type I pullu-
lanase from B. licheniformis WP_095240268.1 (85.18%)

Fig. 3 Structural analysis of Pullulanase. A The predicted 3D-structure modelling of pullulanase using 3D Swiss modelling program based

on the pullulanase from Bacillus subtilis Str. 168 (PDB: 2E9B) while visualization was done using PYMOL (B) Structure indicating the amino acid
residues at the active site of Pullulanase (which are Tyr>', Asn®'! His*®® Arg®“, Asp*, Leu®’, GIu®, Trp®7, Asp*®, Arg*®® His>, Asp>*€, Asn®*,
Asn%%? and Tyr®™) and (C) The amino acids at the catalytic triad of Pullulanase (namely Asp*®, GIu*®®, Asp.>*8)
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Table 5 Isoelectric point and molecular weight of B. licheniformis FAO.CP7 pullulanase gene (Pul A)

Pullulanase Number of the Number of amino acid Molecular weight Monoisotopic mass Isoelectric point (pl)
nucleotide sequence  residues (Dalton)
B. licheniformis FAO.CP7 2247 748 82,347.48 82,394.25 6.47
pullulanase (Pul A)
Nlalll *Aval
a 170 aa W
1 Lcosnliaadiy (PTP P PTVTA PVTTT PYoT PPN PYTE PRTYT RV FTor) TYve] Peret TOT Forvs FIrh FRTV PV Ny IvT] PTEo POP PIVP) TPCT) Py PYTeh PYTR Prrvd (o PRov] Vet TPvr [Tere Tored ooy Prv Py b b
[ | [l et reer et e I I O I [ |
BpuEl *Fspl BmrI Swal |“%Sacll *¥PaeR71
#Bcll BpmI BsiHKAI Blpl *Xhol
PstI ¥P1uTl Sacl BseYl Btsl
Sapl *Sfol EcoS3kI *Ecil AFIII
BspQI *¥Narl BspCNI *¥HinclI *BsmB1
Styl *¥Banl Bbsl *Accl *Esp3l
Ncol *Kasl BspHI *Sall Msll
*¥Eagl ¥BtgZl EcoP151 Mfel
*¥Eael Drdl *Smal Beel
BstYI *TspMl HindIII
*Xmal ¥BspEl
*¥Acll Apol
BsrGI ¥Pvul
AlwNI Bpulol
EcoRY *¥Nael
xmnl ¥NgoMIY

Fig. 5 Endonuclease restriction map of the B. licheniformis FAO.CP7 pullulanase gene (Pul A)

(Table 3). Phylogenetic analysis of the Pul A gene ampli-
fied from B. licheniformis FAO.CP7 showed that it is
more closely related to pullulanase genes from bacte-
ria than from fungi, insects, or animals. As with many
enzymes from the a-amylase GH13 family, B. licheni-
formis FAO.CP7 PulA contains conserved residues in its
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Fig. 6 Hydrophobicity prediction of B. licheniformis FAO.CP7
pullulanase. The average hydrophobicity is -0.37 (below zero)

substrate binding sites, typical of thermophilic strains of
Bacillus (Table 4, Fig. 3) [45, 46]. The catalytic region of
pullulanase enzymes generally comprises three amino
acid residues—two aspartates and one glutamate—which
are involved in hydrolyzing o-1, 6-glycosidic linkages
[47-50]. Our results confirm this pattern, identifying
Asp436, Glud65, and Asp548 as key catalytic residues in
B. licheniformis FAO.CP7 PulA (Fig. 3), a finding consist-
ent with previous studies on related thermostable pul-
lulanase proteins from Anoxybacillus species [51, 52].
Also, the conserved region identified in this study, which
includes the amino acid sequence YNWGYNP, is similar
to regions found in type I pullulanases [48, 53—56]. This
region is known to play a role in substrate binding and
catalytic activity [49], specifically by cleaving the a-1,6
glycosidic bonds of pullulan [49, 55, 57]

Further characterization through in silico analysis
revealed key physicochemical properties of the B. licheni-
formis FAO.CP7 pullulanase. The molecular weight and
isoelectric point were determined to be 82.39 kDa and
6.47, respectively (Table 5). These values are consistent
with previous studies, such as that of Kashiwabara et al.
[58] and Al-Mamoori et al. [55], and suggest that the
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enzyme is most active in neutral to mildly acidic environ-
ments, similar to pullulanases from other sources such as
Exiguobacterium acetylicum, Sulfolobus acidocaldarius,
Paenibacillus barengoltzii, white edible mushrooms, Geo-
bacillus thermocatenulatus, Geobacillus thermopakist-
aniensis [59-63]. Additionally, the hydrophobicity score
of -0.37 indicates that the protein is soluble, further con-
firming that Pul A is a non-transmembrane, extracellu-
lar enzyme, in agreement with the findings of Hang et al.
[64] and Meng et al. [65].

The structural validation of Pul A confirms its reliability
for industrial applications, with QMEAN and ProSA-web
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Fig. 8 Thermodynamic properties of Pullulanase (Pul A) from B.
licheniformis FAQ.CP7 strain using Scoop prediction package

analyses indicating strong structural integrity, while the
Ramachandran plot supports its well-folded confor-
mation. However, minor deviations in VERIFY3D sug-
gest potential flexibility in certain regions, which could
influence enzyme stability and catalytic efficiency under
industrial conditions. Similar observations in bacterial
lipases and GH11 xylanases highlight the impact of subtle
structural variations on enzyme performance, emphasiz-
ing the need for precise modeling [66, 67]. Given PulA’s
critical role in hydrolyzing a-1, 6-glycosidic linkages,
ensuring structural robustness is essential for optimiz-
ing its function in biotechnological applications such as
starch processing and biofuel production [68]. Recent
advances in enzyme engineering demonstrate that tar-
geted modifications informed by molecular dynamics
simulations can enhance thermostability and activity
[69], suggesting that further computational refinements
could improve Pul A’s industrial potential.

The thermostability of B. licheniformis FAO.CP7 Pul A
was further confirmed by a predicted melting tempera-
ture (Tm) of 71.2 °C (Fig. 7), coupled with an aliphatic
index of 77.06. These properties suggest that Pul A is
highly stable under elevated temperatures, making it an
ideal candidate for high-temperature biotechnological
applications. Notably, while B. licheniformis FAO.CP7
is classified as a mesophilic bacterium, its Pul A protein
exhibits significant thermostability, with a Tm compa-
rable to thermostable pullulanases from Thermomonos-
pora fusca [69], Bacillus stearothermophilus [46, 70, 71],
Streptococcus thermophilus [72], and Fervidobacterium
pennavoransVen5 [47, 71], Zea mays [73] and Pyrococcus
yayanosii CH1 [74]. The high aliphatic index further sup-
ports Pul A’s stability at high temperatures.
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In addition to its thermostability and solubility, Pul
A is amenable to genetic modification, as indicated by
the presence of multiple restriction enzyme recognition
sites (HindIII, Pstl, Eagl, and Sacl, etc.) that facilitate
cloning and mutagenesis (Fig. 5). This genetic flex-
ibility allows for the optimization of Pul A’s catalytic
efficiency, substrate specificity, and thermal stability
through protein engineering strategies, such as site-
directed mutagenesis and directed evolution. These
capabilities open avenues for tailoring Pul A for specific
industrial applications, further enhancing its utility as
a biocatalyst in high-temperature processes such as
starch hydrolysis and biofuel production.

Overall, B. licheniformis FAO.CP7, isolated from
cocoa pod waste, is a novel pullulanase-producing
strain, identified through morphological, biochemical,
and molecular analyses. The Pul A enzyme encoded
by this strain shares characteristics with type I pul-
lulanases and exhibits promising thermostability and
solubility. These features, combined with its genetic
flexibility, position PulA as a potential candidate for
industrial applications, including starch degrada-
tion and biofuel production. However, further in vitro
studies are needed to confirm the molecular weight,
thermostability, and melting temperature of Pul A,
which will provide additional insights into its practical
applications.
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