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Bacillus amyloliquefaciens, a Gram-positive bacterium, has emerged as a versatile microorganism with significant
applications in various fields, including industry, medicine, and agriculture.
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| 1. Introduction

Bacillus amyloliquefaciens, a ubiquitous Gram-positive, aerobic bacterium, is commonly found in soil environments. This
versatile organism has been utilized to produce a diverse array of heterologous proteins, including B-glucanases, acid-
stable alpha-amylase, mesophilic alpha-amylase, cellulase, acid-soluble proteins, keratinase, and alkaline protease 23],
These properties make B. amyloliquefaciens a valuable host for synthesising therapeutic proteins and industrially relevant
enzymes. Furthermore, B. amyloliquefaciens offers several advantages for applications in agricultural biotechnology. It
produces secondary metabolites that exhibit antimicrobial activities against many phytopathogenic microorganisms,
promoting plant growth and enhancing overall plant health &l These attributes position B. amyloliquefaciens as a
promising candidate for developing sustainable and eco-friendly agricultural practices.

Bacillus amyloliquefaciens possesses remarkable physiological characteristics and a highly adaptable metabolism,
enabling its cultivation of cost-effective media . This bacterium exhibits rapid growth, with a fermentation cycle of
approximately 72 h, compared to the 180-h cycle of Saccharomyces cerevisiae 8. B. amyloliquefaciens also benefits from
robust expression systems with excellent genetic stability and lacks strong codon preferences .

B. amyloliquefaciens has been established as an industrially significant bacterium in the production of biological indicators
for sterilization and in biodefense research 8. The unique properties and capabilities of this microorganism make it an
attractive candidate for various biotechnological applications.

Over the years, extensive research has led to the development of various genetic modification tools for Bacillus
amyloliquefaciens. These tools range from classical counter-selection marker strategies to the recently developed
clustered regularly interspaced short palindromic repeats (CRISPR)—based genetic toolkits. The diverse protein secretion

systems, along with the novel artificial promoter and ribosome binding site (RBS) libraries, further facilitate the production
of extracellular enzymes [QILLLIA2]13]

B. amyloliquefaciens is an ideal multifunctional probiotic, exhibiting significant potential in inhibiting pathogenic bacterial
growth and enhancing nutrient assimilation. This microorganism is known to produce a wide array of enzymes, including
o-amylase, protease, lipase, cellulase, xylanase, pectinase, aminotransferase, barnase, peroxidase, glucanase, and
chitinase 2214l BamHI is a type Il restriction endonuclease, capable of recognizing short sequences (6 bp) of DNA and
specifically cleaving them at a target site 2. The B-1,3-1,4-glucanase derived from B. amyloliquefaciens showed an
important role in protecting against phytopathogenic fungi 181,

The inherent genetic background of B. amyloliquefaciens, combined with well-developed gene manipulation tools, enables
the reconstruction of its cellular metabolism. The availability of public knockout collections further enhances its
attractiveness as a host for metabolic engineering applications.

In the agricultural sector, research has demonstrated that adding an appropriate quantity of Bacillus amyloliquefaciens
can significantly enhance the carbon content in compost, thereby improving soil quality and promoting crop growth 4.
Moreover, B. amyloliquefaciens is among the most prevalent bacteria known to colonize plants endophytically, playing a
crucial role in the biocontrol of vascular plant pathogens (28],



B. amyloliquefaciens is also capable of forming complex biofilms, which can serve as living biological materials to produce
various functional biomaterials. These include surface growth factors, antibiotics, lysozyme, and antimicrobial peptides for
medical applications. The development of biofilms by Bacillus amyloliquefaciens enhances barley’s resistance to salt
stress 19, However, certain bottlenecks currently limit the yield of target heterologous proteins in B. amyloliquefaciens,
such as the absence of efficient genetic editing systems, unclear transcriptional regulation of heterologous proteins, and
restricted secretion of heterologous proteins 2,

Most research has focused on optimizing factors such as signal peptides, transport channel levels, chaperone protein
levels, and promoters in the expression and transport systems to enhance heterologous protein production in B.
amyloliquefaciens 24, Nevertheless, there is a pressing need to direct research efforts toward designing and developing
host chassis to construct sustainable, robust, and efficient microbial cell factories for heterologous protein production.

| 2. Genetic Manipulation of Bacillus amyloliquefaciens

Bacillus amyloliquefaciens is a bacterium of considerable industrial importance, and various genetic manipulation
techniques have been employed to enhance its strains for diverse applications BRI A critical target for genetic
modification in B. amyloliquefaciens is the alpha-amylase gene (amyE), which has been manipulated using innovative
plasmid designs for extrachromosomal and intrachromosomal purposes 22,

The amyE gene is important because it includes homologous sequences necessary for integration into the B.
amyloliquefaciens chromosome. This integration can serve as a model for evaluating the success of different genetic
engineering strategies: the amyE gene’s ability to integrate into the B. amyloliquefaciens chromosome can be a practical
tool for checking and measuring the performance of various engineering strategies. For instance, if a modification to the
amyE gene successfully integrates and improves the bacterium’s performance, the applied strategy was effective (22,
Previous research has confirmed the successful application of genetic engineering techniques in B. amyloliquefaciens and
shown the potential for further optimization and industrial utilization BIAL3122)23] For jnstance, studies [131[201123][24][25](26]
[27] have exhibited enhancements in the production of enzymes, such as protease and lipase, due to genetic engineering.
Other research 28129 has focused on the bacterium’s potential in plant disease control and its role in promoting plant
growth. The wide range of applications and the potential for further improvements underline the importance of ongoing
research and development.

2.1. Development and Application of CRISPR-Based Genetic Toolboxes in Bacillus amyloliquefaciens
Strains

Xin et al. (2022) recently reported the development of a CRISPR-based genetic toolkit designed for efficient gene editing,
knockout, and integration in Bacillus amyloliquefaciens LB1ba02. By employing a single-plasmid CRISPR/Cas9n system,
the researchers achieved an impressive 93% knockout efficiency for a single gene and simultaneous editing of three loci
with 53.3% efficiency using a base editing CRISPR/Cas9n-AID system [&. This innovative toolkit was successfully applied
to four genes (aprE, nprE, wprA, and bamHIR), showcasing its potential as a rapid gene knockout and integration tool for
B. amyloliquefaciens LB1ba02.

In a unique study, Zhao et al. (2020) developed a novel genetic toolbox to augment the endogenous expression of the
mesophilic a-amylase gene in Bacillus amyloliquefaciens 205 13l A key component of this toolbox was the
implementation of an efficient interspecific transformation method, which is a technique that allows genetic material to be
transferred across different species of Bacillus BY. This method enhanced the ability to introduce foreign DNA into B.
amyloliquefaciens 205, thereby facilitating the genetic manipulation of this bacterium. The toolbox also incorporated
functional CRISPR systems, which provided precise editing capabilities to further manipulate the genetic material. This
innovative strategy, particularly the implementation of interspecific transformation, holds potential applications across a
broad range of Bacillus species. It allows for the transfer of beneficial traits from one species to another, broadening the
possibilities for genetic enhancement in this bacterial genus B9,

The researchers applied several genetic engineering techniques to systematically increase gene expression levels. This
included sporulation suppression, a technique that limits the bacteria’s natural process of forming spores, which allows
more resources to be dedicated to the expression of the target gene. Additionally, transcript activation techniques were
used to increase the production of the specific protein from its corresponding gene, and plasmid-based gene
overexpression was utilized to boost the quantity of the target protein being produced. These strategic modifications can
be applied across many Bacillus species 13!,



Furthermore, Chen et al. (2016) successfully promoted spontaneous genetic competence in isolated B. amyloliquefaciens
strains by overexpressing the master regulator ComK from Bacillus subtilis (ComKBsu). Utilizing direct transformation of
PCR-generated deletion cassettes, they executed tasks such as replicative plasmid distribution and gene knockout.
Artificial induction of genetic competence in B. amyloliquefaciens strains carrying the plasmid pUBXC can be achieved
through the overexpression of ComKBsu 23],

2.2. Enhancing Alkaline Protease Production and Antifungal Properties of Bacillus amyloliquefaciens
through Genetic Engineering

In a study focused on enhancing the alkaline protease production capacity of Bacillus amyloliquefaciens, researchers
employed genetic engineering techniques to improve the production of the alkaline protease BSP-1. They cloned the bsp-
1 gene from a Bacillus subtilis strain and introduced it into B. amyloliquefaciens. The results demonstrated that the
recombinant strain produced a higher quantity of alkaline protease than the wild-type strain, highlighting a potential
approach for genetically engineering B. amyloliquefaciens to increase the production of novel alkaline proteases 19,

More recent research has directed efforts toward genetically modifying B. amyloliquefaciens to enhance its antifungal
properties and boost the production of eco-friendly antifungal lipopeptides. The study identified several genetic
modifications that improved the engineered strains’ antifungal activity and lipopeptide production. These modifications
included the deletion of genes involved in branched-chain amino acid biosynthesis and the overexpression of genes
associated with lipopeptide synthesis. These findings suggest that genetic engineering can progressively enhance B.
amyloliquefaciens’ antifungal capabilities, thereby facilitating the development of sustainable and environmentally friendly
antifungal agents (4],

| 3. Gene Expression Using Bacillus amyloliquefaciens

Owing to their remarkable capacity to express and secrete proteins, Bacillus spp. are frequently utilized in the production
of commercial enzyme preparations. To accommodate the secretion requirements of diverse proteins, Bacillus spp.
possess several promoters and plasmid expression systems. The three conventional protein secretion pathways in
Bacillus spp. include the general protein secretion pathway (Sec), the twin-arginine translocation pathway (Tat), and the
ATP-binding cassette (ABC) transporters BB (Figure 1).
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Figure 1. Schematic diagram of protein secretion pathways in Bacillus spp. The mechanism of the non-classical secretion
pathway is not clear.

3.1. Investigating Plant-Bacteria Interaction: Bacillus amyloliquefaciens and Sclerotinia sclerotiorum
in Soybean Plants

In a recent investigation, a technique known as digital gene expression profiling was employed to analyze the activity of
genes in soybean plants interacting with Bacillus amyloliquefaciens and the plant pathogen Sclerotinia sclerotiorum B4,
Digital gene expression profiling is a next-generation sequencing method that provides an accurate snapshot of gene
activity in a given cell or tissue at a particular time. It allows researchers to identify and quantify specific genes being
activated or suppressed in response to various conditions or stimuli.

Using this technique, the study found distinct transcriptional responses in soybean plants interacting with these two
organisms. B. amyloliquefaciens induced the expression of genes that promote growth and tolerance to stress, while S.
sclerotiorum stimulated the expression of genes associated with defense and stress responses. This research provides
valuable insights into the genetic dynamics of plant interactions with beneficial bacteria and pathogens. Moreover, the
study identified several candidate genes differentially expressed in the soybean plants in response to both



microorganisms. These ‘candidate genes’ showed significant changes in their activity levels and may play key roles in the
plant’s response to B. amyloliquefaciens and S. sclerotiorum. The study also suggested potential regulatory mechanisms
that control the activity of these genes during the plant-bacteria interaction 4],

These regulatory mechanisms can involve various factors and influence how the plant responds to the presence of these
microorganisms. This research offers valuable insights into the intricate dynamics between beneficial bacteria, plant
pathogens, and their host plants, highlighting how plants can genetically adjust their responses to different
microorganisms. Such insights contribute to a deeper understanding of plant-microbe interactions and their implications
for crop health and productivity, potentially informing strategies to enhance disease resistance and growth in crops 241,

3.2. Cloning and Expression of Bacillus amyloliquefaciens Transglutaminase Gene in E. coli for Food
Industry Applications

Duarte et al. (2020) successfully cloned and expressed the transglutaminase (TGase) gene from Bacillus
amyloliquefaciens in Escherichia coli using a bicistronic vector-mediated approach. Transglutaminase enzymes are highly
sought after in the food industry due to their ability to enhance food products’ flavor and nutritional value. However, their
production has been challenging due to high costs and low yields 23]

To overcome these challenges, the authors constructed a plasmid in which the B. amyloliquefaciens TGase gene was
fused to the prodomain of the Streptomyces caniferus protease. This prodomain is crucial in protein folding, ensuring the
TGase enzyme is formed correctly. It also prevents the premature activation of TGase within the bacterial cell, which could
disrupt normal cellular processes. To activate the enzyme once it is correctly folded and exported from the cell, the 3C
protease gene was also incorporated in the plasmid, allowing for in vivo removal of the prodomain and subsequent
activation of the enzyme. The bicistronic vector constructed in this way was then used to transform an E. coli strain ready
for expression.

The study reported a successful expression of the B. amyloliquefaciens TGase gene in E. coli. The purified enzyme
demonstrated activity across various substrates, indicating potential applications in the food industry 23,

3.3. Heterologous Expression and Periplasmic Secretion of an Antifungal Bacillus amyloliquefaciens
BLB 369 Endo-B-1,3-1,4-Glucanase in Escherichia coli

Endo-B-1,3-1,4-glucanases, classified as glycoside hydrolases, play a crucial role in the enzymatic depolymerization of
1,3-1,4 B-glucans and exhibit antifungal properties. B. amyloliquefaciens BLB369 is known to produce this enzyme.
Researchers have sequenced, cloned, and effectively expressed the glu369 full-coding sequence of the endo-3-1,3-1,4-
glucanase gene in Escherichia coli Top10. To simplify the purification process, the glu369 coding sequence was integrated
into the pKJD4 vector. The resultant OmpA-His-Glu369 fusion protein incorporated the OmpA signal sequence for E. coli
periplasmic targeting, followed by a 6xHistidine tag for purification purposes. Owing to these beneficial attributes, endo-
B-1,3-1,4-glucanase holds significant potential for various biotechnological applications B2 (Figure 2).
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Figure 2. Strategy for cloning the glu369 gene in pKJ3 and pKJ4 and structure of recombinant plasmids pKJ3-g/u369 and
pKD4-glu369. Amp, ampicillin resistance; lacZ, the gene encoded by the [3-galactosidase; OmpA, signal sequence.

To enhance heterologous protein synthesis in B. amyloliquefaciens, most existing research has focused on optimizing
factors such as signal peptides, transport channel levels, chaperone protein levels, promoters, and other components of



the expression and transport systems 22, Nonetheless, for the establishment of sustainable, dependable, and efficient
heterologous protein-producing microbial cell factories, emphasis should be placed on designing and developing host
chassis.

Owing to the unique genetic backgrounds of B. amyloliquefaciens, several model strains have been extensively
investigated. Advanced genome editing techniques have been employed in species like B. subtilis and B. licheniformis for
heterologous protein generation through meticulous microbial chassis engineering 8. Therefore, it is essential to
augment heterologous protein production utilizing B. amyloliquefaciens, a strain distinct from B. subtilis and B.
licheniformis. However, the understanding of the regulatory mechanisms governing specific enzyme secretion remains
limited. This knowledge gap leads to challenges in devising accurate secretion route engineering strategies and
assembling a toolbox of signal peptide sequences for various heterologous enzymes.

Cell membrane engineering is a specialized field that focuses on manipulating the structure and composition of the cell
membrane to enhance its functionality. In the case of Bacillus amyloliquefaciens, this approach can increase the
bacterium’s efficiency in producing and secreting proteins—essentially transforming the bacterium into a ‘cell factory’.
However, one of the challenges with this approach lies in predicting the most suitable enzymes to target for a given
application. Enzymes are proteins that act as catalysts for various biochemical reactions, and different enzymes are
involved in different reactions. Therefore, the choice of enzymes to target can greatly influence the efficiency and
effectiveness of protein production and secretion. To address this challenge, one potential strategy is to further optimize
cell membrane engineering techniques to be more adaptable to different enzymes. This involves creating a modular
system where the techniques can be adjusted and applied predictably depending on the specific enzymes targeted.

In other words, this strategy aims to establish a flexible and standardized framework for cell membrane engineering,
where different techniques can be plugged in or taken out as needed to optimize the bacterium’s ability to produce and
secrete different target enzymes. This could potentially enhance the usefulness of B. amyloliquefaciens in various
biotechnological applications.
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