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ABSTRACT

As mobile genetic elements, transposons play a crucial role in the adaptive evolution and genome engineering of
industrial microorganisms. Their applications range from high-throughput functional genomics, enabling sys-
tematic genotype-phenotype mapping via transposon sequencing, to the construction of random integration li-
braries for chassis development and directed evolution. Despite the emergence of precise editing tools such as
CRISPR-Cas, transposon technology remains indispensable in non-model industrial strains owing to its opera-
tional simplicity and high efficiency. Recent discoveries of novel transposon systems, along with their functional
enhancement, have further expanded their utility. Looking ahead, integrating transposon technology with
strategies such as Al-assisted design and CRISPR-Cas-based systems will greatly advance our ability to decipher
and engineer industrial microbial cell factories. This review summarizes the principles, challenges, and oppor-
tunities of transposon-associated technologies in industrial microorganisms, offering new insights into their roles
in industrial biotechnology.

1. Introduction

With the rapid advancement of green biomanufacturing, industrial
microorganisms have emerged as a core driving force in sustainable
production. Model organisms such as Escherichia coli, Bacillus subtilis,
and Saccharomyces cerevisiae have been successfully developed into
efficient cell factories, capable of producing a wide range of value-added
products [1-3]. In parallel, several non-model industrial microorgan-
isms have demonstrated distinct and advantageous traits, underscoring
their potential for practical applications. Notable examples include
gas-fermenting Clostridium species, which can utilize one-carbon (C1)
gases such as COy and CO [4], as well as Pichia pastoris and Vibrio
natriegens for their ability to assimilate organic C1 compounds like
methanol and formic acid [5,6]. To fully harness the potential of these
microorganisms and scale up their industrial use, comprehensive genetic
modification and optimization are essential. Consequently, the contin-
uous expansion and refinement of molecular genetic tools tailored to
these strains remains a central research focus, attracting widespread
scientific interest in the field.

Traditional homologous recombination techniques are well-

established in model microorganisms like E. coli and S. cerevisiae
[7-9], yet their application in most industrial strains is hindered by low
efficiency, lengthy procedures, and operational complexity [10,11]. To
address these limitations, recombinase-mediated site-specific systems
such as Cre-loxP and FLP/FRT were subsequently developed, enabling
precise DNA excision or recombination [12,13]. However, their utility
remains constrained by the prerequisite of pre-engineered genomic
recognition sites in the host organism. In recent years, the CRISPR-Cas
system has revolutionized precise genome editing. Its targeting speci-
ficity and versatility provide unprecedented convenience for metabolic
engineering. However, challenges such as delivery difficulties, cyto-
toxicity, and unstable editing efficiency persist in many non-model mi-
croorganisms [14]. Moreover, CRISPR-Cas-based approaches remain
costly for large-scale functional genomics screening or genome-wide
unbiased library construction (e.g., crRNA library construction for
CRISPRI screening) [15]. These limitations underscore the ongoing need
in industrial microbial engineering to develop diverse, broadly appli-
cable tools that can be adapted to the many non-model microorganisms
with industrial potential but limited genetic toolkits. Consequently,
transposon technology, with its distinct mechanism independent of
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homologous recombination, is attracting renewed interest.

The core of transposon technology lies in the activity of transposase,
which recognizes specific terminal inverted repeat sequences and cata-
lyzes DNA fragment movement independently of the host's homologous
recombination system [16]. Key advantages of this technology include:
(1) broad versatility, enabling genetic manipulation across diverse mi-
croorganisms, including those resistant to homologous recombination
[17]; (2) efficient random insertion, suitable for constructing
genome-wide mutagenesis libraries to identify essential genes and
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screen functional genes associated with specific phenotypes [18]; (3)
stable genomic integration, serving as an efficient one-step delivery tool
for large DNA fragments [19]; and (4) programmable targeting when
fused with CRISPR systems, as seen in CRISPR-associated transposases
(CAST), which combine precise insertion with exploratory capability
[20]. Furthermore, recent integration of transposon technology with
high-throughput sequencing and microfluidic platforms is extending the
utility of transposon systems in functional genomics, synthetic biology,
and strain development [21].

Table 1
Applications of transposons in industrial microorganisms.
Transposons Microorganisms Transposition Applications Randomness/ Cargo References
efficiency targetability sizes
Mini-Tn5 transposon Escherichia coli 1600-1900 CFU/ Random mutagenesis libraries Random 3.2kb [43]
carrying a promoter- mL
less GFP cassette
Tn5 with strong rrnB T1/  Escherichia coli 2.83 x 107 Genome-wide gene activation mutant libraries Random 2.3kb [47]
T2 terminators and an CFU/pg DNA
aTc-inducible
promoter
Mini-Tn5/7-Lux Escherichia coli — Identifying and capturing promoters Tn5: Random — [99]
Tn7: Targeted
Tn5 Lactobacillus casei — Random mutagenesis libraries, identifying asnH, an Random — [37]
asparagine synthetase gene involved in the immune-
activating capacity
Mariner Bacillus subtilis 5%; 1.26 x 107° Random knock-in expression system for high yield Random — [39,40]
per recipient cell production of heterologous protein
— Random mutagenesis libraries, revealing a previously Random — [41]
unknown link between the DnaJK chaperone system and
RNase P-dependent mRNA metabolism
Xylose-inducible mariner Clostridium 91.9% Random mutagenesis libraries, isolating a sporulation Random — [42]
acetobutylicum mutant spo0A
ISCg1 Corynebacterium — Random mutagenesis libraries Random — [48]
glutamicum
Mini-Tn5 Corynebacterium 3.0 x 10* CFU/pg Random mutagenesis libraries Random 1.2kb [100]
glutamicum DNA
1S6100 Corynebacterium 5-10 CFU/ug DNA  Random mutagenesis libraries, combining with metabolic =~ Random — [49,50]
glutamicum profiling method to analyze the genotype/phenotype
correlations
Tn5 Streptomyces — Random mutagenesis libraries, identifying a previously Random — [34]
avermitilis unidentified sugar transporter TP6568 for producing
high-yield avermectin By,
Streptomyces — Random mutagenesis libraries, identifying two previously =~ Random — [35]
rimosus uncharacterized regulators of rimocidin biosynthesis: RRT
and HYP
Mini-Tn3/7-3xHA/lacZ Saccharomyces — Random mutagenesis libraries Random — [44-46]
cerevisiae
Tn5, mariner Escherichia coli — Large-scale genetic screening and characterization Random — [58-61]
Mariner Clostridium 98% Chromosomal integration of 3-hydroxybutyrate Random 4.8 kb [69]
ljungdahlii production pathway
Xylose-inducible mariner Clostridium — Integrating 11.1 kb clusters into the genome and Random Up to [70,71]1
ljungdahlii producing acetone and isopropanol; Integrating 17.9 kb 25.6 kb
and 7.8 kb clusters respectively into the genome and
producing hexanol and butanol
Hermes Yarrowia lipolytica — Integrating multiple copies of the 2-pyrone synthase (2- Random — [72]
PS)-expressing cassette into the genome
Ty (LTR sequences) Yarrowia lipolytica — Developing multi-copy and high-copy integration tools Targeted <20 kb [73]
(YaliCMulti and YaliHMulti)
Mini-Tn5 Escherichia coli 5.5 x 1073 per Integrating multicopy of polyhydroxybutyrate (PHB) Random 5.7 kb [76]
recipient cell biosynthesis genes and producing more PHB than before
Tn7-like Escherichia coli ~97% Integrating DNA into target sites; Inhibiting byproducts Targeted At least [81]
and enhancing recombinant protein yield (ShCAST) 14.5 kb
Tn6677 Escherichia coli <62% Integrating DNA sequence on the target site INTEGRATE)  Targeted At least [82]
10 kb
Tn6677 Lactococcus lactis 4 x 1075 per Integrating a 10 kb fragment at the target site with an Targeted 10 kb [84]
recipient cell efficiency only fivefold lower than that for a 1 kb fragment
(INTEGRATE)
Tn6677 Corynebacterium <55.5% Integrating DNA fragments at the target site Targeted Upto9 [85]
glutamicum (INTEGRATE) kb
Tn6677 Escherichia coli <95% Implementing multicopy chromosomal integration Targeted — [87,88]

(MUCICAT), producing 11.59 g/L N-acetylglucosamine
(GleNAc), and inserting the ppk gene (No. 8) into various
positions and copy numbers in the genome

Notes: the dash indicates that the relevant information is not mentioned in this reference.
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This review systematically summarizes recent research advance-
ments and innovative applications of transposon technology in indus-
trial microorganisms (Table 1). Key molecular mechanisms and
engineering strategies of various transposon systems are discussed,
supported by representative case studies illustrating their use in con-
structing saturated mutagenesis libraries, enabling gene knock-in/
knockout, facilitating high-throughput functional screening, and
driving genome rearrangements. Current technical limitations and
emerging solutions are critically evaluated. Furthermore, we provide
future directions, with emphasis on integrating transposon systems with
automation and artificial intelligence, to inspire the development of
more robust and intelligent genetic manipulation platforms for next-
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2. Transposon classification and mechanisms in industrial
microbes

Transposons are primarily classified by their mobilization mecha-
nism. Class I retrotransposons employ a "copy-and-paste" strategy, uti-
lizing an RNA intermediate for genomic integration and duplication
[22]. In contrast, Class II DNA transposons typically move via a
"cut-and-paste" mechanism, where encoded transposases directly excise
and reinsert DNA segments [16,23]. More recently, a complex "copy--
out-paste-in" pathway has been characterized, involving the excision
and reinsertion of a double-stranded circular DNA intermediate [16].
While these core mechanisms are established, more researches are

generation industrial biotechnology. focused on its application in gene regulation [24], strain improvement
[25], and genome reintegration and evolution [26,27]. Thus, the field is
moving beyond mechanistic descriptions toward a more integrated un-
derstanding of transposon functions and their biological impact.

To date, transposons have been found in nearly all sequenced

(a) Prokaryotic industrial microorganisms (DNA transposon)

Insertion sequence (IS) IR Tase IR

Composite transposon Resistance markers

— —
IS, IS,
Conjugative transposon attL  Hel ORF Rl ORF Resistance ORF Xis  Int  atiR
S——
Conjugation Regulation Recombination
Eukaryotic industrial microorganisms (retrotransposon)
Tyl LTR Gag Protease  Int RT-RNase H LTR
——
Ty3 LTR Gag rote: RT-RNase H Int LTR
(b) Mini-Tn5 promoter-less GFP vector (MEI  Kan Promoter:less GFP = ME2
TnS-based gene activation vector MEl UMI (ZI2terminator, ~ Kan aTe-inducibe Promoter - ME2
Mini-Tn3-3xHA/lacZ vector Tn3 IR LacZ URA3 Tet res 3xHA Tn3 IR
loxR loxP
Mini-Tn7-3xHA/lacZ vector Tn7 IR LacZ URA3 Tet 3xHA Tn7 IR
loxR loxP

Fig. 1. The schematic diagrams of transposons. (a) The structure of transposons in prokaryotic and eukaryotic industrial microorganisms. The insertion sequence
(IS) represents the simplest form, consisting of terminal inverted repeats (IR) of 4 to 10 base pairs at both ends and a single transposase gene (Tase) located centrally.
Composite transposon contains an IS element flanking a gene that confers resistance to antimicrobial agents. Conjugative transposon has multiple modules. The
conjugation module includes the genes encoding helicase (Hel) and relaxase (Rel) as well as other essential open reading frames (ORFs). The recombination module
encompasses the genes encoding integrase (Int) and excisionase (Xis) as well as the specific attachment site (att). Eukaryotic industrial microorganisms typically
harbor two types of DNA transposons: Tyl and Ty3. The associated functional components include: long terminal repeats (LTRs), which regulate transcriptional
initiation and termination; gag, the gene encoding the capsid protein essential for the assembly of viral-like particles; protease, responsible for the proteolytic
cleavage of precursor polyproteins into mature functional subunits; reverse transcriptase in conjunction with RNase H (RT-RNase H), which mediates the synthesis of
complementary DNA (cDNA) from an RNA template; int, the gene encoding integrase that catalyzes the integration of cDNA into the host genome. (b) The core
structure of modified transposons. The mini-Tn5 promoter-less GFP vector contains a promoter-less GFP-kanamycin (Kan) cassette. When the transposon inserts in
the correct orientation, expression of GFP and the kanamycin resistance gene is driven by the native promoter of the inserted gene, allowing real-time monitoring of
gene expression. The specific inverted mosaic ends (ME1/2) are the recognition site of Tn5 transposon. The Tn5-based gene activation vector is composed of ME1/2,
strong rrnB T1 and T2 terminators (preventing native transcriptional interference from upstream), a 6-nucleotide unique molecular identifier (UMI) (facilitating
accurate quantification of the enrichment of activated genes) and an anhydrotetracycline (aTc)-inducible promoter (allowing for conditional activation of down-
stream genes). The mini-Tn3/7-3xHA/lacZ vector contains a lox site near each Tn3/7 end (IR), three copies of a hemagglutinin (3xHA) epitope tag, a reporter gene
(lacZ) lacking an initiator methionine and upstream promoter sequence, and a tetracycline-resistance gene (tet). The recombination site res is the Tn3 recombina-
tion region.
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industrial microorganisms [25]. Prokaryotic industrial microorganisms
predominantly harbor DNA transposons, which exist either as simple
insertion sequences (IS) or within more complex composite and con-
jugative transposons, such as Tn5, Tn10, Tn916 and Tn1545. In contrast,
eukaryotic industrial microorganisms typically possess retro-
transposons, including tyl and ty3 (Fig. 1A). For industrial application,
non-replicative transposons serve as molecular tools in functional ge-
nomics, particularly for constructing random mutant libraries, as they
usually insert as single copies into the genome. This enables efficient
identification of functional genes associated with key phenotypic traits.
In contrast, replicative transposons amplify their copy number within
the chromosome during transposition. This property allows them to be
employed for multicopy integration of specific genes into the bacterial
chromosome, making them suitable for investigating gene dosage effects
on expression and host performance. However, the presence of multiple
replicative transposon copies in the genome may also trigger genomic
rearrangements, which may impact the genetic stability of industrial
microbial strains.

As dynamic genomic elements, transposons exert a dual influence on
industrial microorganisms, posing challenges such as genetic instability
while also harboring underexplored biotechnological potential. Their
influence operates through three primary mechanisms: (1) horizontal
gene transfer, (2) gene expression regulation via insertion mutagenesis,
and (3) genome restructuring. First, transposons act as key vectors for
horizontal gene transfer within industrial microbial communities.
Although this raises public health concerns, such as the spread of anti-
biotic resistance genes in fermentation settings [28], it also carries sig-
nificant biotechnological promise. For example, transposons may
facilitate the dissemination of gene clusters involved in degrading
complex substrates or tolerating harsh industrial conditions, offering
valuable insights into microbial adaptive evolution. Second, through
insertion mutagenesis, transposons can directly modulate gene expres-
sion [24]. While this is often regarded as a source of genetic instability,
this mechanism can be harnessed from a synthetic biology perspective.
By engineering transposons as controllable random mutagenesis tools,
they enable high-throughput screening for industrial strains with
improved yields or novel traits. Third, transposon-mediated chromo-
somal rearrangements represent a core driver of genomic plasticity [27].
While large-scale insertions, deletions, or inversions can disrupt essen-
tial metabolic pathways, they may also create novel gene combinations
or regulatory networks, equipping microorganisms with new capacities
to cope with industrial stresses. Therefore, transposons play a
constructive role in driving adaptive evolution and functional innova-
tion in industrial microorganisms.

To fully explore the application potential of transposons, researchers
have undertaken numerous efforts in the engineering of transposases
and the optimization of the host microenvironment. As the core
component of transposon systems, transposase activity is a key deter-
minant of transposition efficiency. Enhancing transposase expression
and obtaining highly active enzyme mutants through directed evolution
or rational design represent primary approaches for optimizing trans-
posase performance [29]. In addition, modulating the host microenvi-
ronment has proven to be an effective strategy for improving
transposition efficiency. For example, overexpression of the DNA-PK
complex subunits (Ku70, Ku80, and DNA-PKcs) in mammalian cells
significantly enhanced piggyBac transposon activity [30]. Given the
high evolutionary conservation of the DNA-PK complex in eukaryotes,
this strategy may also hold promise for the genetic engineering of in-
dustrial microorganisms, particularly eukaryotic microbes such as
yeasts. This is an area that warrants further investigation.

391

Synthetic and Systems Biotechnology 14 (2026) 388-398
3. Applications of transposons in industrial microorganisms
3.1. Rapid discovery of functional genes linked to specific phenotypes

3.1.1. Transposon-based random genome mutagenesis

In industrial microorganisms, essential genes act as critical hubs for
enhancing metabolic efficiency, improving environmental adaptation,
and ensuring biosafety. The primary criterion for identifying such genes
is that their disruption leads to microbial lethality. Consequently, sys-
tematic identification and functional analysis of essential genes consti-
tute a fundamental step toward a deeper understanding and
optimization of industrial strains. Currently, transposon-based genome-
wide random mutagenesis combined with high-throughput sequencing
technologies, such as Tn-seq, HITS, INSeq, and TraDIS [18], has served
as a powerful tool for large-scale screening of functional gene in mi-
croorganisms [31]. These methods not only offer extensive genome
coverage, but also enable systematic identification of essential genes in a
single experiment, significantly accelerating functional genomics
research. Moreover, these tools unlock a broader biological application,
including the identification of conditionally essential genes, the dis-
covery of key host adaptation factors, the detection of regulatory ele-
ments such as functional small RNAs, the tracking of adaptive
evolutionary events, and the generation of comprehensive datasets for
constructing global genetic interaction networks [32]. These expanded
applications make them indispensable not only for fundamental
microbiological studies, but also for applied biotechnological research.

The Tn5 and mariner transposon are the primary tools for con-
structing genome-scale mutant libraries in industrial prokaryotes due to
their efficiency, randomness, and broad host applicability [33]. These
systems enable both gene discovery and functional genomics across
diverse bacteria. In Streptomyces avermitilis, Tn5 mutagenesis identified
an ABC transporter and its regulator; their co-overexpression increased
avermectin By, titer by over 50% [34]. The same approach applied to
Streptomyces rimosus led to the identification of two previously unchar-
acterized regulators of rimocidin biosynthesis: a positive regulator
(RRT) and a negative regulator (HYP) [35]. Similarly, a large Tn5 library
in Lactobacillus casei mapped genetic bases of key industrial traits such as
nutrient biosynthesis and phage sensitivity [36,37].

In contrast to Tn5, the mariner transposon employs a distinct, low-
specificity targeting mechanism that primarily inserts at "TA" di-
nucleotides [38]. In Bacillus subtilis, it has been deployed to systemati-
cally scout for genomic integration sites that surpass the canonical amyE
locus for heterologous protein expression [39]. A follow-up optimization
confirmed the superiority of the yjbH site, achieving ~50% higher
expression than amyE [40]. The mariner-based transposon was subse-
quently employed for insertional mutagenesis in B. subtilis to uncover
novel regulators of gene expression [41]. Screening of approximately
12,000 insertion mutants carrying a proB::lacZ reporter identified the
dnaJK and grpE loci as post-transcriptional regulators of proB, revealing
a previously unknown link between the DnaJK chaperone system and
RNase P-dependent mRNA metabolism. Furthermore, a xylose-inducible
mariner system was constructed and used to successfully identify
sporulation-deficient (spoOA) mutants in Clostridium acetobutylicum, an
anaerobic bacterium with low transformation efficiency [42]. These
findings underscore the flexibility of the mariner transposon in various
microbial hosts.

Through deliberate design and modification, transposon systems can
be further engineered to achieve functionalities beyond simple inser-
tional mutagenesis (Fig. 1B). A key strategy involves coupling trans-
position with reporter systems. For example, in E. coli, a modified Tn5
transposon carrying a promoter-less GFP cassette enables selection and
reporter assays based on the activity of the promoter upstream of the
insertion site [43]. This design combines mutant selection with func-
tional genomics, providing a direct link between genotype and pheno-
type. Similarly, in yeast, engineered Tn3 and Tn7 transposons, which
carry selectable markers such as URA3, lox recombination sites, and
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sequences encoding multiple copies of the hemagglutinin (HA) epitope,
have been widely used for mutagenesis [44,45]. These systematically
engineered platforms have proven immensely productive, collectively
illuminating the function of nearly 4,000 yeast genes, showcasing the
power of high-throughput transposon mutagenesis in model organisms
[46]. Notably, a high-throughput strategy developed in E. coli employs
Tn5 transposase to activate genomic gene transcription for genotype—
phenotype mapping [47]. This system incorporates a selectable marker
and an inducible promoter into the cargo DNA, simplifying the selection
of transposition mutants while enabling tunable gene expression. The
system successfully activated a pre-integrated gene and identified three
putative transporters that enhance E. coli resistance to glycine, thereby
illustrating an innovative application of transposon mutagenesis.

Beyond engineered transposon systems, endogenous bacterial
transposons represent an under-explored but valuable reservoir of ge-
netic tools. For instance, the ISCgl transposase from Corynebacterium
glutamicum has been used to randomly insert a selectable marker into an
IS-free strain, though its uncontrolled jumping activities currently limits
its broader utility [48]. In another approach, an IS6100-based random
mutagenesis system in C. glutamicum helped identify cg0910, a previ-
ously unknown gene involved in histidine biosynthesis, and enabled
parallel screening of mutants at genomic and metabolic levels [49,50].
Notably, such approaches extend beyond mere gene cataloguing; they
can uncover intricate functional dependencies within metabolic net-
works, such as those among TCA cycle metabolites or between glycine
and serine biosynthesis [50], thereby providing insights that may guide
the optimization of industrial bioprocesses.

3.1.2. Transposon-associated high-throughput sequencing technologies
The construction of random transposon insertion mutant libraries
provides a foundational resource for functional genomics research.
Subsequently, the rapid and comprehensive mapping of transposon
insertion sites across the entire genome relies heavily on high-
throughput sequencing. Various transposon insertion sequencing
methods, including DLA-454, Mu-Tagq, Tn-seq, IN-seq, HITs, Mu-seq, and
biotin-oligonucleotide tagging, have been developed to identify
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transposon insertion loci on the chromosome with high sensitivity and
specificity [51-57]. Nonetheless, these methods still face several limi-
tations, including the inability to distinguish multiple insertions at the
same genomic site, PCR bias during flanking sequence amplification,
and insufficient detection sensitivity for rare mutants within the
population.

RB-TnSeq (Random Barcoded Transposon Sequencing) represents a
significant methodological advance in microbial functional genomic
research. It effectively addresses previous limitations by establishing a
standardized, quantitative platform for genome-wide fitness profiling
[58]. This method incorporates random barcodes into transposons,
which are linked to genomic integration sites via an initial insertion
sequencing step (Fig. 2). This design not only improves traceability but
also substantially increases throughput while reducing costs compared
to earlier transposon insertion sequencing approaches. The robustness of
RB-TnSeq was clearly demonstrated in its application, which conducted
387 genome-wide fitness assays across 130 bacteria, identifying 5196
genes associated with significant phenotypes in five bacterial species
[58]. This large-scale systematic screening highlighted the power of
RB-TnSeq for discovering functional genes. RB-TnSeq was further
applied in a subsequent study that characterized 11,779 poorly anno-
tated genes across 32 diverse bacterial species, enabling functional
predictions for DNA repair proteins, enzymes, transporters, and
uncharacterized protein families [59]. A key limitation of RB-TnSeq,
however, is its restriction to profiling nonessential genes under given
conditions. To address this, integrated approaches have been developed.
For instance, combining RB-TnSeq with Dub-seq in E. coli allowed sys-
tematic mapping of phage-host interactions, identifying both known and
novel resistance factors [60]. Similarly, coupling RB-TnSeq with
CRISPRi enabled profiling of both nonessential and essential genes
involved in phage infection [60]. Looking forward, RB-TnSeq continues
to evolve towards more dynamic and controlled applications. Recently,
an inducible, self-propagating transposon system coupled with
RB-TnSeq was developed for continuous mutagenesis and dynamic
rewiring of gene networks in E. coli, demonstrating its utility in studying
carbon utilization and antibiotic resistance [61]. Collectively, these
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Fig. 2. Operational procedures for RB-TnSeq. A pooled mutant library is firstly generated by integrating transposons (Tn5 or mariner) that carrying unique 20 bp
randomized DNA barcodes (N20) into the bacterial genome. A single comprehensive TnSeq procedure is then performed, involving genomic DNA fragmentation,
library preparation, and high-throughput sequencing, to establish a precise barcode-to-insertion-site reference map. Then, phenotypic screening is carried out using
streamlined BarSeq assays: the mutant pool is subjected to competitive growth under diverse selective conditions, followed by amplification of barcodes via universal
primers and sequencing of samples collected before and after cultivation. Gene fitness scores are calculated based on changes in the relative abundance of barcodes.
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developments underscore RB-TnSeq not merely as a gene-screening tool,
but as a versatile foundational methodology upon which increasingly
sophisticated functional genomic strategies can be built.

It should be noted that although transposon integration into the host
microbial chromosome is randomly, the issue of "insertion hot spots"
exists to varying degrees. The presence of insertion hot spots not only
affects the coverage of transposon mutant libraries but also impacts the
accuracy of subsequent screening for genes associated with specific
phenotypes, particularly leading to the omission of genes located in
"non-hot spot insertion regions" [62]. To mitigate this adverse effect,
researchers have developed various optimization strategies. For
instance, employing a combination of transposons with different tar-
geting preferences, or constructing controllable transposase expression
systems, can achieve more uniform genome coverage across different
hosts [47,63,64]. Additionally, using long-read transposon insertion site
sequencing (LoRTIS) to generate long reads that span repetitive regions
can overcome the limitations of conventional short-read sequencing in
precisely mapping transposon insertion sites within genomic repetitive
regions [65]. Furthermore, leveraging machine learning to decipher the
insertion preference mechanisms of specific transposases enables the
development of computational correction tools that optimize algo-
rithms, thereby improving the accuracy of high-throughput sequencing
data analysis [66].

3.2. Transposon-mediated chromosomal integration of DNA fragments

In the engineering of industrial strains, chromosomal integration of
exogenous genes or biosynthetic pathways is a pivotal strategy for
constructing high-performance production strains. This approach en-
sures stable, long-term expression and overcomes the inherent insta-
bility often associated with plasmid-based systems [67]. Compared to
methods such as homologous recombination and site-specific recombi-
nation, transposon-mediated chromosomal integration of large DNA
fragments offers distinct advantages, including operational simplicity
and broad host compatibility. This makes it especially suitable for
genetically challenging non-model microorganisms. Furthermore, the
method enables the generation of "clean" engineered strains, free of
antibiotic resistance markers or residual scar sequences in the chromo-
some, thereby improving both biosafety and industrial applicability.

3.2.1. Random chromosomal integration

A major advantage of transposon-mediated random chromosomal
integration is its ability to generate a diverse library of chassis strains
with integrations at various genomic loci, facilitating the screening of
optimal candidates. As shown in previous studies, the genomic inte-
gration site of exogenous DNA fragments or pathway genes may criti-
cally impact their expression efficiency [68]. This underscores the
necessity for systematic evaluation and comparison of integration sites,
a challenge not easily addressed by homology-directed recombination or
site-specific recombination techniques, which rely on predefined loci. In
contrast, transposon-mediated random integration offers a solution that
precisely meets this requirement.

The mariner transposon system has been utilized to integrate heter-
ologous pathways into autotrophic C. ljungdahlii for producing various
chemicals. For example, using a rapid library screening approach, one
study obtained a strain capable of producing 10.3 g/L of 3-hydroxybuty-
rate in continuous gas fermentation [69]. The flexibility of this tech-
nology is further demonstrated by its successful use in assembling and
integrating pathways of varying complexity, i.e., from an 11.1 kb
construct for acetone and isopropanol biosynthesis [70] to a more
extensive 17.9 kb pathway for syngas-to-alcohols production [71]. This
platform also supports iterative pathway optimization. In the latter
study, the initial integrated pathway yielded butanol and hexanol, but
subsequent CRISPR/Cas9-mediated marker excision and integration of
an additional 7.8 kb gene cluster from C. carboxidivorans significantly
enhanced hexanol production, reaching a titer of 251 mg/L [71].
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In a parallel application with a different transposon, the Hermes
transposon was employed for random genomic integration to introduce
multiple copies of the 2-pyrone synthase (2-PS) expression cassette into
Yarrowia lipolytica, generating strain yJY2039 [72]. This
transposon-enabled strain exhibited enhanced triacetic acid lactone
(TAL) production, contributing to a final titer of 2.6 g/L in batch
fermentation. This significant improvement facilitated the subsequent
one-pot synthesis of the valuable antibiotic pogostone from
microbially-derived TAL, achieving a 96% yield. Harnessing native Ty
retrotransposon LTR sequences in Y. lipolytica, two random genomic
integration toolkits, YaliCMulti and YaliHMulti, were developed [73].
By exploiting the natural genomic dispersion of LTR (long terminal
repeat) elements and incorporating Cre-loxP-mediated marker recy-
cling, the toolkits facilitate iterative gene integration without selectable
marker constraints.

As a further refinement and evolution of this random integration
strategy, mini-transposons have been developed. These engineered,
simplified DNA constructs are derived from natural transposons [74]
and represent an important advancement in genetic engineering due to
their reduced size and enhanced versatility. They retain the integration
capability of full-length transposons while imposing a reduced genomic
burden on the host, thereby improving strain stability and fitness in
long-term cultivation. Furthermore, when equipped with distinct
selectable markers, mini-transposons can be iteratively applied within
the same host [75], greatly facilitating multi-step metabolic engineering
and genome editing workflows. One of the most widely adopted systems
is the Tn5 transposon. For instance, the mini-Tn5 system has been suc-
cessfully used to integrate polyhydroxybutyrate (PHB) biosynthesis
genes from Ralstonia eutropha into the genomes of E. coli strains, with
PHB yields varying depending on the genomic insertion site [75].
Recently, a novel dual-plasmid mini-Tn5 system, in which one plasmid
encodes the Tn5 transposase and the other carries the target gene
cluster, was employed to stably integrate PHB synthesis genes into the
E. coli genome. This approach resulted in enhanced PHB production
compared to strains carrying the same gene cluster on a previously used
high-copy-number plasmid [76]. Taken together, these studies highlight
the potential of transposon-mediated chromosomal integration of large
DNA fragments in developing robust industrial microbial chassis, of-
fering a stable, scalable, and burden-minimized alternative to conven-
tional plasmid-based expression systems.

3.2.2. CRISPR-associated transposon (CAST) systems

CRISPR-associated transposon (CAST) systems represent a novel
class of genome-editing tools, created by functionally coupling CRISPR-
Cas systems with Tn7-like transposons. This fusion merges the precise,
RNA-guided DNA recognition of CRISPR with the inherent "cut-and-
paste" integration mechanism of transposons [77]. Importantly, this
design circumvents a major limitation (the inability to insert DNA
directionally) of a simple transposon system, and therefore enables the
programmable, directional integration of large DNA cargo into the
chromosome without generating double-strand breaks (DSBs). The
DSB-free nature of this process significantly reduces the likelihood of
unintended genomic rearrangements and cytotoxic effects, positioning
CAST systems as particularly advantageous for applications requiring
high-fidelity genomic insertions.

To date, seven major subtypes have been identified or bio-
informatically predicted (I-F, I-B, I-C, I-E, I-D, IV-A, and V-K), classified
according to their associated Cas effector proteins [78,79]. The phylo-
genetic diversity of CAST systems reflects their broad natural distribu-
tion and suggests considerable potential for functional variation.
However, they remain largely underexplored, with only a few systems
having been adapted for biotechnological use. Specific to industrial
microorganisms, CAST systems, including ShCAST, INTEGRATE, and
MUCICAT, have showed great potential in genetic engineering [78].
These systems are particularly valuable for assembling complex
multi-gene pathways and for metabolic engineering efforts that require
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the stable genomic integration of large biosynthetic clusters.

The ShCAST system, derived from Scytonema hofmanni, is composed
of TniQ, TnsBC, and the single-effector Cas12k (Fig. 3A) [80]. Initially,
its utility in E. coli was limited to non-coding protospacers in specialized
Pirl strains [80]. To overcome this limitation, an optimized version
termed SHOT was developed, which used a strong independent pro-
moter to drive Cas12k expression [81]. SHOT achieves significantly
higher integration efficiencies for large DNA fragments and enables
targeting of previously inaccessible genomic loci, thereby expanding the
utility of the ShCAST platform in industrially relevant microorganisms.
Notably, SHOT has demonstrated direct applicability in bioprocess
optimization: its use in metabolic intervention, specifically by reducing
acidic byproduct formation, led to enhanced target protein yield,
concretely illustrating its potential for industrial strain engineering [81].

INTEGRATE is derived from the Vibrio cholerae Tn6677 transposon
and comprises TnsABC, TniQ, and the multi-subunit Cas678 complex
(Fig. 3B) [82,83]. This system has demonstrated broad host compati-
bility, functioning efficiently in diverse microbial hosts ranging from
Lactococcus lactis to Corynebacterium glutamicum. In L. lactis, integration
of a 10 kb fragment was achieved with an efficiency only about fivefold
lower than that for a 1 kb fragment [84], indicating relatively low size
dependency compared to many other integration tools. Furthermore, in
C. glutamicum, the INTEGRATE system combined with a
spectinomycin-resistance marker enabled the integration of a 9 kb cargo
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with an efficiency of approximately 13.4% [85].

MUCICAT is an engineered CAST/INTEGRATE variant, specifically
designed for multicopy chromosomal integration. It employs crRNAs
targeting multicopy genomic loci or crRNA arrays for multiplexed tar-
geting (Fig. 3C) [86]. When applied to engineer the N-acetylglucos-
amine (GlcNAc) biosynthesis pathway in E. coli, MUCICAT enabled the
identification of an optimal strain harboring five genomic copies of the
expression cassette. This strain produced 11.59 g/L of GlcNAc, a yield
more than sixfold higher than that achieved by a plasmid-based control
[87]. The system has also been used to construct ATP energy cycles and
to integrate functional genes into the chromosome, with a series of
evaluations, including insertion efficiency, genomic context effects, and
copy number-performance relationship, conducted [88]. Thus, the
development of MUCICAT represents a strategic advance in
transposon-based genome editing, shifting the paradigm from
single-locus editing toward scalable, combinatorial genomic writing.

3.3. Strategies for stabilizing chromosomal transposon integration

For industrial microorganisms, genetic instability arising from
transposon reversion or secondary transposition has emerged as a crit-
ical factor leading to strain degeneration, yield fluctuation, and even
fermentation failure [89]. To address this challenge, researchers have
developed various strategies.
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Fig. 3. Models for CRISPR-associated transposons. (a) ShCAST, a natural CRISPR-Cas/Tn7-like transposon fusion. Its catalytically inactive Cas12k binds target
DNA via crRNA. The transposase (TnsB, TnsC, TniQ) then mediates precise, unidirectional insertion of donor DNA (flanked by LE/RE ends) into a genomic region
approximately 60-66 downstream of the PAM, creating a 5 bp duplication (a Tn7-family hallmark). Unlike standard CRISPR editing, this cut-free mechanism requires
no double-strand breaks or host repair, enabling efficient, site-specific integration of large fragments, even in non-dividing cells. (b) The INTEGRATION system. It
operates on a principle similar to ShCAST, with specific differences in its component architecture. It employs a Vibrio cholerae Tn6677-derived Cascade (Cas678)
complex for crRNA-guided target binding without DNA cleavage. Its adaptor protein TniQ bridges Cas678 with the transposase (TnsA, TnsB, TnsC), directing precise
integration of donor DNA ~49 bp downstream of the protospacer. (¢) MUCICAT. It is engineered based on the INTEGRATION system and consists of three modular
components: pTnsABC, pDonor, and pQCascade. It is distinguished by its ability to use crRNA to simultaneously target multicopy genomic loci or multiple

distinct loci.
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First, for the selection of integration sites, anchoring exogenous
genes in genomically highly stable regions has proven effective in
minimizing the risk of genetic drift. For instance, in Yarrowia lipolytica,
researchers have identified multiple "safe harbor" sites based on essen-
tial genes. Exogenous genes integrated at these sites exhibited better
genetic stability compared to traditional sites in simulated scale-up
cultures [90]. Second, the use of low-copy-number transposons (e.g.,
Tn5/Tn10) or suicide vectors facilitates the stable, single-copy integra-
tion of exogenous genes into the host chromosome. This method effec-
tively circumvents the genetic instability commonly associated with
multicopy insertion events. [91]. Third, leveraging inducible promoters
further allows for precise control over both the timing and the intensity
of transposase expression [42,47], thereby mitigating the risk of trans-
poson reversion or secondary transposition.

Additionally, the strategies employed in other types of organisms to
stabilize transposon mutations or chromosomal integration events also
merit consideration for application in industrial microorganisms. For
example, researchers have constructed transposon vectors with tandem
repeat termini. It enabled transposase-induced deletion of one terminal
sequence following genomic integration, which can permanently inac-
tivate the transposition activity of the remaining vector, thereby
achieving stable fixation of the transgene [92]. An alternative strategy
involves incorporating recombinase recognition sites into the trans-
poson vector. Following chromosomal integration, the subsequent
introduction of the corresponding recombinase excises the vector
backbone, thereby ensuring the stability of the integrated transposon
[93].

Although transposon-related technologies have been widely applied
in model industrial microorganisms such as E. coli and B. subtilis,
extending these tools to non-model strains presents several challenges.
For instance, high-GC content bacteria (e.g., Corynebacterium glutamicum
and Streptomyces spp.) possess genomes with complex secondary struc-
tures [94], which may influence transposase insertion efficiency and
insertion site distribution on the chromosomes. Furthermore, these mi-
croorganisms often possess efficient DNA repair systems [95,96], which
may identify the double-strand breaks generated by transposon insertion
as genomic damage. This recognition can subsequently trigger the
excision of the transposon via the repair pathway, thereby rendering the
insertion mutation ineffective. Similarly, for some unconventional
yeasts (e.g., Yarrowia or Pichia), their compact chromatin structure and
the NHEJ repair pathways may also affect transposon insertion effi-
ciency and distribution. Consequently, the development of transposon
tools for these non-model industrial microbes should consider sup-
pressing key host repair factors, such as Ku70 or LigD, to establish an
intracellular environment more conducive to stable transposon
integration.

4. Conclusions and outlook

This review systematically elaborates on the principles and values of
transposon-based molecular genetic tools in decoding and reconstruct-
ing industrial microorganisms. It serves not only as a vital complement
to the existing toolbox but also as the preferred tool for exploring the
"dark matter" of industrial microorganisms.

However, current transposon-based technologies still face chal-
lenges. Gram-positive industrial microorganisms generally exhibit low
exogenous plasmid introduction efficiency, which stems from core ob-
stacles: the physical barrier of the thick cell wall and the presence of
powerful restriction-modification systems [97]. Furthermore, most
transposon systems exhibit host specificity, and their efficiency drops
significantly when applied to non-model industrial microorganisms,
which greatly limits the general applicability of transposon-based
technologies [25]. In the field of genome editing, although
transposon-based CAST systems have enabled targeted integration of
DNA fragments into chromosomes, their current application is hindered
by significant off-target effects, necessitating further optimization [78].
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Future research should prioritize the following key directions. First,
expanding the application boundaries. A central task is to develop
transposon systems with broader host applicability, particularly those
non-model industrial microorganisms. Artificial systems such as the
abovementioned CAST represent a highly promising breakthrough. By
engineering and adapting their protein components, it may be possible
to build a more "universal" genetic tool applicable across a wider range
of industrial microorganisms. Second, deepening the transposon-based
technology with artificial intelligence (AI) to revolutionize the
research paradigm. Currently, machine learning is driving innovative
applications of transposon technology in industrial microbiology
through two primary approaches, i.e., multi-omics data integration and
protein function prediction. By leveraging machine learning models,
researchers can integrate multidimensional features such as the physi-
cochemical properties of DNA sequences, chromatin accessibility, and
gene transcriptional activity to accurately predict transposon insertion
preferences across diverse microbial genomes [98]. Building on this,
training models on large-scale Tn-Seq datasets could enable the effective
extraction of key sequence features governing transposon insertion ef-
ficiency. This would provide technical support for constructing
high-coverage mutant libraries or achieving efficient targeted integra-
tion, thereby facilitating the discovery of functional genes associated
with specific phenotypes. Concurrently, deep learning-based protein
language models are progressively supplanting traditional "blind
screening" approaches in directed evolution. Through model training on
vast sequence datasets, researchers can gain deeper insights into the
evolutionary trajectories and structural constraints of transposase fam-
ilies, which will provide a theoretical foundation for the rational design
of artificial transposases with enhanced activity and stability. Further-
more, in CRISPR-associated transposase (CAST) systems, Al techniques
can also predict the efficiency of guide RNA-directed transposition
events based on the sequence characteristics flanking the target site,
thereby improving the precision and controllability of gene editing and
integration. Third, exploring new biological mechanisms to empower
tool innovation. Continued exploration of transposon biology remains a
fertile source for catalyzing next-generation molecular tools. In partic-
ular, the discovery and mechanistic elucidation of novel transposon
systems hold the potential to expand the functional boundaries and
application scenarios of transposon-related technologies.

In summary, transposon-based technology has evolved from a clas-
sical random mutagenesis tool into a versatile and foundational platform
in modern industrial microbiology. It is now advancing toward greater
precision, intelligence, and broad applicability. The continued integra-
tion of transposon systems with CRISPR-Cas technologies, systems
biology, and data science promises to enable more systematic and
effective analysis, design, and reprogramming of microbial cell factories.
However, ensuring genetic stability and biosafety constitutes a funda-
mental prerequisite for industrial application of engineered strains.
Given that residual mobile elements in engineered strains pose potential
risks such as genomic instability and resistance gene transfer, priori-
tizing the development of marker-free chassis strains with well-defined
genetic backgrounds represents an inevitable pathway for mitigating
biosafety risks and promoting the sustainable development of synthetic
biology in the future.
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