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Despite the considerable potential of lactic acid bacteria (LAB) as probiotics, there is a fundamental gap between
the functional limitations of wild-type strains and the complex demands of aquaculture. Modular and intelligent
engineering strategies are the primary avenues for bridging this gap. This article systematically reviews the strate-
gies and advances in the application of genetically engineered LAB. Technologies, including clustered regularly
interspaced short palindromic repeat (CRISPR)/Cas systems, Red/ET recombination, and functional modifications
have significantly enhanced the targeted delivery, environmental tolerance, and multiple probiotic functions of
LAB, successfully yielding engineered strains such as oral vaccine strains expressing pathogen antigens, antimicro-
bial peptide-high-yielding antibacterial strains, and nitrite-degrading water-improving strains. These engineered
strains have demonstrated superior performance in disease prevention, growth promotion, and environmental
remediation compared to wild-type strains in the farming of tilapia, shrimp, and shellfish. However, challenges,
such as plasmid instability, biosafety risks, and regulatory barriers, remain unresolved. Future research should
focus on multi-omics-guided precision design, development of environmentally responsive genetic circuits, and
full-cycle risk assessment, promoting engineered LAB as a core solution for sustainable aquaculture through col-

laboration across industries, academia, and research.

1. Introduction

Aquaculture plays a pivotal role in global food systems, contributing
significantly to aquatic animal production and serving as a key driver
for poverty alleviation, human nutrition, and sustainable economic de-
velopment [1,2]. As a critical source of high-quality protein, it also sup-
ports transformative shifts in food systems and contributes to carbon
neutrality and circular economic objectives through resource-efficient
production models. However, the intensive development of aquaculture
has been accompanied by persistent challenges, among which disease
outbreaks and environmental degradation remain major constraints for
sustainable expansion. Antibiotics are widely used to control infectious
diseases and ensure productivity. Although their use initially reduced
mortality rates in aquaculture operations, prolonged and indiscriminate

application has led to severe consequences including the emergence of
antibiotic-resistant pathogens, accumulation of drug residues in aquatic
products, and disruption of aquatic microbial ecosystems [3-5]. These
issues not only threaten aquatic environments, but also pose consider-
able risks to food safety and public health. In response, global regula-
tions are increasingly restricting antibiotic use in animal production, in-
cluding aquaculture [6,7]. Therefore, there is an urgent need to develop
effective, safe, and eco-friendly alternatives to antibiotics.

The development and application of aquatic probiotics, particularly
lactic acid bacteria (LAB) have emerged as promising candidates due
to their diverse beneficial functions—such as enhancing growth per-
formance, strengthening immune responses, improving gut flora, and
mitigating water pollution. LAB are a group of Gram-positive bacteria
characterized by lactic acid as their predominant metabolic end prod-
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uct, encompassing genera such as Lactobacillus, Pediococcus, Lactococcus,
and Bifidobacterium, among others [8-11]. LAB function as antimicro-
bial agents through acid production (e.g., lactic acid) and the secretion
of antimicrobial compounds (e.g., bacteriocins and hydrogen peroxide)
[12-14]. Prominent gut probiotics play vital roles in maintaining the
balance of intestinal microbiota in humans, mammals, and fish [15-19].
Growing concerns regarding antibiotic misuse and chemical pollution in
aquaculture have highlighted the importance of LAB. They inhibit fish
pathogens (e.g., Aeromonas hydrophila, Photobacterium damselae subsp.
piscicida, and Vibrio alginolyticus), enhance immune modulation and nu-
trient absorption, and offer an environmentally sustainable alternative
to conventional antibiotics/chemicals without inducing resistance [20-
22].

Although LAB have demonstrated significant probiotic advantages
in aquaculture, natural wild-type LAB face limitations in aquaculture
applications because of their high environmental sensitivity, low viabil-
ity, insufficient production of antimicrobial metabolites, and suboptimal
antibacterial efficacy [22]. Consequently, researchers have focused on
engineering LAB to improve environmental adaptability, antimicrobial
potency, and in vivo colonization capacity [23,24]. This review summa-
rized the current advances and challenges in engineered LAB for aqua-
culture, including genetic tools and modification strategies, technical
bottlenecks, and future application prospects. Moreover, we aimed to
provide novel perspectives for the efficient utilization of LAB in sustain-
able aquaculture practices.

2. Application status of natural LAB in aquaculture

LAB comprise a group of probiotics characterized by diverse mor-
phological evolution from rods to cocci, are named because of their
primary metabolic conversion of carbon sources to lactic acid. As fac-
ultative anaerobic organisms with notable acid tolerance, LAB colonize
neutral and acidic anaerobic/low-oxygen environments, including fer-
mented foods, animal intestines, aquatic systems, and cold marine habi-
tats [25]. Fish farming is a major pillar of global aquaculture, provid-
ing humans with abundant, high-quality protein and holding significant
importance for the global food supply and economic development [26].
Owing to their multifunctional roles in fish growth promotion, immune
activation, pathogen antagonism, and water quality remediation, LAB
have become core probiotics for green fish farming (Fig. 1).
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Fig. 1. The main probiotic effects of LAB
in aquaculture.

2.1. Promoting digestive absorption and growth performance

LAB possess acid tolerance, enabling them to colonize the fish in-
testinal tract and produce digestive enzymes, such as amylase, protease,
and lipase, to enhance the digestive and absorptive capacity of fish
intestines. In Atractosteus tropicus, Lactococcus lactis PH3-05 enhanced
digestive enzyme activity, thereby improving feed digestibility and re-
ducing nutrient waste [27]. Simultaneously, acidic metabolites gener-
ated by LAB improve the intestinal pH, bacterial composition, and di-
gestive enzyme activity, synergistically optimizing nutrient breakdown
and promoting fish growth [25]. Using multi-omics analysis, Zhao et al.
confirmed that Bacillus velezensis and Lactobacillus sakei promoted the
growth of Oncorhynchus mykiss and improved its intestinal microbiome
[28]. Similarly, in tilapia (Oreochromis niloticus), various parameters, in-
cluding feed utilization efficiency, probiotic counts in the intestine, mu-
cus secretion, and peroxidase activity, were significantly upregulated
after feeding with Leuconostoc mesenteroides and L. lactis [29]. These
studies demonstrate that LAB not only enhance digestive absorption,
but also synergistically improve intestinal structural morphology and
microbial abundance.

Studies have indicated that the regulatory effects of LAB on fish in-
testines are closely associated with their lactic acid metabolites. For in-
stance, the oral administration of lactic acid supplements to carp directly
improved their growth performance and modulated the intestinal mi-
croenvironment by regulating metabolic enzyme activity and bacterial
community balance [30]. Through the targeted modulation of the in-
testinal microbiota structure, LAB effectively increase the abundance of
beneficial bacteria, consequently enhancing growth performance. In tur-
bot (Scophthalmus maximus), supplementation with L. mesenteroides HY2
isolated from the intestines of wild fish significantly promoted growth
via enhanced immune responses [31]. Studies have also demonstrated
a positive correlation between intestinal LAB abundance and growth
metrics in fish. For example, insect lipid supplementation in feed can
increase the abundance of LAB in the gut, which subsequently improves
the growth performance of Salmo salar [32]. Additionally, LAB probi-
otics alleviated intensive farming stress while enhancing growth perfor-
mance and nutrient utilization efficiency in Pterophyllum scalare [33].
In summary, LAB from different sources positively improve the growth
performance (such as weight gain rate and feed efficiency) and digestive
absorption (including nutrient digestibility and reduced incidence of di-
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gestive disorders) of fish by optimizing the intestinal microbial struc-
ture, enhancing digestive enzyme activity, improving nutrient absorp-
tion, and strengthening the immune system. Future studies should in-
vestigate strain-specific mechanisms to expand the efficacy and scope
of LAB applications in aquaculture.

2.2. Enhancing immunomodulatory functions

Supplementation with LAB as a probiotic has demonstrated positive
effects in diverse fish species, extending beyond improved growth per-
formance and intestinal health, including enhanced immune responses
and increased disease resistance. Upon oral or dietary administration,
LAB elevate the overall immune status of fish through mechanisms such
as the targeted modulation of immune gene expression and potentiation
of innate and adaptive immunity [31].

Oral LAB supplementation effectively reduces disease outbreaks
by elevating antibody levels and/or upregulating the expression of
immune-related genes, including Toll-like receptors, interleukins, tumor
necrosis factor (TNF), and interferons (IFNs). These immune factors are
positively correlated with innate immunity and antiviral activity. For
instance, L. lactis and Lactobacillus rhamnosus activate systemic immune
responses in rainbow trout (O. mykiss) and mullet respectively, induce
the high expression of immune genes such as IL-6, IL-8, IL-12, IL-1, TNF-
a, and IFN-y, providing pathogen-specific protection [34,35]. LAB can
also stimulate innate immunity (e.g., macrophage activity) and adaptive
immunity (e.g., antibody production), independent of microbial colo-
nization. Through the oral release of cytokines and immunostimulatory
peptides, they enhance mucosal immunity (e.g., skin and intestinal bar-
riers) and protect fish against pathogens [36,37]. The immunomodula-
tory effects of LAB have been validated in various aquaculture species
including rainbow trout [38,39], Nile tilapia (O. niloticus) [29,40], com-
mon carp (Cyprinus carpio) [37,41], and sea cucumber (Apostichopus
japonicus) [42] using strains such as Lactobacillus plantarum, L. lactis,
Enterococcus faecalis, L. rhamnosus, and Weissella confusa [34,42-44].

Recent studies have revealed strain-specific immunomodulatory
properties, in which different LAB strains or combinations elicit distinct
immune responses. For example, the combination of B. velezensis and L.
sakei species specifically modulates intestinal metabolites with systemic
immunological implications in O. mykiss [28,45], warranting further in-
vestigation into strain-specific optimization procedures. Moreover, LAB
metabolites such as gamma-aminobutyric acid [46] and lactic acid [47]
also function as immune modulators that inhibit pathogens and enhance
immunity, although their precise applications remain preliminary and
require further research.

2.3. Enhancing disease prevention and pathogen biocontrol capabilities

Many LAB strains possess excellent antagonistic activities against fish
pathogens. This antagonism is primarily achieved through two biochem-
ical mechanisms: the secretion of antimicrobial substances and com-
petitive exclusion. LAB have been widely isolated from fish intestines,
aquatic products, and related environments to assess their potential pro-
biotic properties (Table 1). In the intestinal environment, LAB impede
or inhibit pathogen colonization by competing for ecological niches
and nutrients [48,49]. For example, the Limosilactobacillus fermentum
URLP18 strain isolated from the intestine of Cirrhinus mrigala demon-
strated potent inhibitory effects against common fish pathogens (such
as A. hydrophila and Staphylococcus epidermidis) via similar mechanisms
[50]. LAB also produce antimicrobial peptides that directly inhibit the
growth of fish pathogens, and are considered the core mechanism of
biocontrol [51]. For instance, cell-free supernatants of 40 strains of LAB
from the genera Enterococcus, Leuconostoc, Weisellia, and Pediococcus ex-
hibited significant antibacterial activity against various fish (e.g., Kleb-
siella pneumonia) and foodborne pathogens [52].

When LAB act simultaneously on pathogens through both ecologi-
cal niche competition and secondary metabolite production, they can
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exhibit even stronger inhibitory activity (Fig. 2). This process typically
involves the combined effects of various metabolites, such as bacteri-
ocins, lactic acid, and butyric acid, along with their own adhesion pro-
teins, the synthesis of which is regulated by specific gene clusters. Many
LAB strains isolated from traditional foods (e.g., cheese and fermented
meat products) carry gene clusters encoding antimicrobial peptides, in-
cluding bacteriocins and antibacterial proteins, which can inhibit the
growth of fish pathogens such as Salmonella [53]. These gene clusters
generally include genes involved in the synthesis, modification, and
transport of precursor peptides, such as the nisin analog gene cluster
in L. lactis [54]. Lactic acid and butyric acid, which are representative
organic acids derived from LAB, inhibit pathogen colonization during
niche competition by lowering the intestinal pH [55,56]. Among these,
the lactate dehydrogenase gene serves as the core regulatory unit for
lactic acid production, whose expression level directly influences lactic
acid yield. Some LAB also carry biosynthetic gene clusters for vitamins
(e.g., B vitamins and K) and amino acids (e.g., glutamic acid), indirectly
enhancing colonization stability by supporting host nutrition [57,58].
In addition, LAB adhesion proteins play a central role in intestinal col-
onization. By activating host cell signaling pathways (e.g., the Toll-like
receptor pathways), these adhesion proteins stimulate mucus secretion
from the intestinal epithelium, creating an enriched microenvironment
for LAB metabolites, such as lactic acid [59,60]. Once LAB colonization
is established, their adhesion proteins can locally concentrate bacteri-
ocins to directly eliminate the surrounding pathogens [61]. There are
three main types of adhesion proteins: surface layer (S-layer) proteins,
pili, and lipoteichoic acid (LTA); each type performs distinct functions
during LAB colonization. Specifically, S-layer proteins mediate bacte-
rial binding to the intestinal mucosa [62], pili anchor the bacteria to
intestinal epithelial cells via a “hook mechanism” [63], and LTA acts
as a secondary adhesion factor, strengthening hydrophobic interactions
between LAB and the mucus layer [64]. Since the synthesis of these
metabolites and adhesion proteins is governed by specific gene clusters,
targeted modification or enhancement of relevant gene clusters can sig-
nificantly improve the intestinal colonization capacity of LAB. For ex-
ample, overexpression of the S-layer protein in L. sakei doubled its colo-
nization load in the intestine of Larimichthys crocea [65]. This composite
inhibitory action of LAB can effectively suppress the growth of specific
spoilage bacteria (e.g., Listeria), making some LAB strains applicable for
the preservation of fish products [66]. Nisin is a typical example. Nisin,
a type I antibiotic, is a bacteriocin produced by LAB [67]. As the only
bacteriocin approved globally by regulatory agencies (e.g., the EU and
FDA) for food preservation [68,69], it exhibits significant antibacterial
activity against Gram-positive bacteria and is safe and non-toxic to hu-
mans [70,71]. Its primary mode of action involves targeting the cell
wall precursor lipid II and forming pores, thereby disrupting the bac-
terial membrane integrity [72,73]. Due to its good solubility, stability,
and acid-base tolerance, nisin has been widely used for the preservation
of various foods [74,75]. The antagonistic activity of LAB against fish
pathogens is also broad-spectrum, showing significant inhibitory effects
against fish pathogens such as P. damselae and Pseudomonas aeruginosa
[50,761, as well as aquatic pathogens such as V. alginolyticus, Listonella
anguillarum, and Vibrio harveyi [76,77]. Therefore, as a “green” alter-
native to antibiotics, LAB can reduce the occurrence of aquatic diseases
and improve overall fish product quality [78,79]. Future research should
focus on identifying more metabolites and their regulatory genes and
conducting additional in vivo and co-infection models (e.g., investigat-
ing parasite-bacteria interactions) to validate their efficacy and safety
[801.

2.4. Improving aquaculture environments

The environmental conditions of aquaculture directly affect the qual-
ity and yield of fish products; therefore, the application of different LAB
strains in managing fish farming environments is regarded as an emerg-
ing and efficient ecological strategy. LAB improve fish farming envi-
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Table 1
Examples of LAB and the hosts they colonize.
LAB Strain Determination of host  Colonization or Ref
adhesion strategy
L. plantarum HC-2 Penaeus vannamei 1,2 [62]
Pediococcus pentosaceus 2-5 Human 1 [260]
L. reuteri L-3 Human 1 [260]
Lactobacillus 1.9 Mice 1,2 [261]
E. faecalis L16 Mice 1,2 [261]
Enterococcus faecium PNCO1 Broiler chickens 1,2 [262]
Lactobacillus crispatus KT-11 Human 1,2 [263]
Lactobacillus johnsonii L5 Pig 1 [204]
L. reuteri L8 Pig 1 [204]
L. casei DA4 Human 1 [60]
Weissella cibaria DA28 Human 1 [60]
L. plantarum DA100 Human 1 [60]
L. plantarum DA140 Human 1 [60]
Lactobacillus coryniformis DA263 Human 1 [60]
L. plantarum AdF10 Human 1 [264]
L. plantarum AdF5 Human 1 [264]
L. plantarum AdF6 Human 1 [264]
Lacticaseibacillus paracasei S -NB Mice 1 [265]
L. plantarum WF Drosophila 1 [266]
L. plantarum LF Drosophila 1 [266]
L. plantarum WCFS1 Drosophila 1 [266]
L. plantarum HS Drosophila 1 [266]
Lactobacillus paragasseri LDD-C1 Human 2 [267]
L. crispatus LCR-A21 Human 2 [267]
L. plantarum Mice 2 [268]
L. acidophillus Human 1,2 [269]
L. casei Human 1,2 [269]
Lactiplantibacillus plantarum RGU Mice 1,2 [270]

Legend: 1: using their own advantages to occupy the ecological niche; 2: resisting the invasion
of other microorganisms after occupying the niche.

Fig. 2. The remodeling of intestinal flora by LAB.

ronments primarily through indirect and direct means. They inhibit the
growth of specific spoilage bacteria and pathogens by competing for
nutrients or producing antimicrobial substances, directly contributing
to the bio-purification of water bodies and reducing reliance on antibi-
otics [16,81]. By suppressing pathogen growth, LAB help reduce the
pathogen load in water, thereby improving the microbial balance in fish
farming environments [51,82].

LAB, particularly marine-derived LAB, can also directly improve wa-
ter quality by reducing pollutant levels and environmental stressors,
which effectively mitigates the risk of climate-induced diseases in fish
[83-85]. As safe and versatile microorganisms, LAB can remediate pol-
luted water through their metabolism, such as degrading organic matter
or balancing microbial communities, which holds significant value for
the long-term environmental management of aquaculture systems [86].
This characteristic makes LAB a priority choice for eco-friendly aqua-
culture practices, particularly in the context of antibiotic alternatives
[87,88]. More importantly, LAB can assimilate nutrients, such as nitro-

gen and phosphorus, from water through metabolic processes such as
lactic acid fermentation, thereby reducing the resources available for
phytoplankton, lowering the ammonia nitrogen concentration, and ef-
fectively alleviating water eutrophication [89]. Building on this, com-
bined microalgae-LAB systems (e.g., microalgae-assisted aquaculture)
further enhance the assimilation capacity for nutrients such as phos-
phorus, significantly slowing eutrophication and preventing dissolved
oxygen depletion [90]. In practical applications, co-culturing multiple
LAB strains with other bacteria in experimental tanks has demonstrated
stronger water quality enhancement effects. Compared with single LAB
strains (e.g., L. mesenteroides or L. lactis), this approach significantly in-
creases dissolved oxygen levels and reduces harmful metabolite content,
indirectly improving fish survival rates [91,92].

Furthermore, LAB directly participate in the fermentative decompo-
sition of organic matter in aquaculture waste, thereby promoting carbon
and nitrogen cycling. Carbon-containing wastes such as fish feces serve
as excellent substrates for LAB growth. Through lactic acid fermenta-
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tion, complex organic compounds (e.g., polysaccharides) are converted
into organic acids (e.g., lactic acid and acetic acid), facilitating the con-
version of carbon into microbial biomass [93]. In turn, these metabolites
can support the growth of other beneficial bacterial communities, fur-
ther enhancing carbon cycling efficiency [94].

LAB competitively utilize ammonia nitrogen for protein synthesis,
thereby reducing the concentration of free ammonia in water [92].
Specifically, when certain LAB strains are combined with butyrate-
producing bacteria, they synergistically regulate nitrogen metabolism
pathways, effectively reducing ammonium accumulation and promot-
ing nitrification processes [95].

Heavy metal pollution is another common problem in aquaculture.
LAB can reduce the bioavailability of heavy metals through complexa-
tion with their metabolites (e.g., exopolysaccharides and organic acids),
thereby mitigating the harmful effects of heavy metals on the aquacul-
ture environment [96]. However, in highly eutrophic waters contain-
ing excessive nutrients or severe pollution, the addition of LAB alone
failed to significantly enhance the organic matter degradation efficiency
[97]. Therefore, LAB are often used in combination with functional mi-
crobiota, such as denitrifying bacteria, nitrifying bacteria, or organic
matter-degrading bacteria, which can significantly optimize carbon and
nitrogen cycling efficiency [95,98]. This strategy is regarded as a novel,
environment-friendly method for promoting LAB applications and holds
substantial value for advancing green, economical, and safe aquaculture
operations.

2.5. Bottlenecks and challenges in the application of native LAB in
aquaculture

Despite the broad application prospects of natural LAB strains in
aquaculture, significant bottlenecks and challenges have hindered their
widespread adoption. The first challenge concerns the specificity and
screening of native LAB strains because their probiotic effects depend
on their specific origins and characteristics. LAB strains from differ-
ent sources exhibit significant variations in their colonization capacity
within fish intestines, and their survival rates and functionality under
simulated intestinal conditions may be unstable, thereby affecting their
probiotic efficacy in fish [99,100].

Additionally, native LAB strains face insufficient environmental sta-
bility. During fish farming, environmental conditions are prone to fluc-
tuations due to external factors such as temperature, pH, and various
stressors [101]. Although LAB can mitigate the deterioration of wa-
ter quality and stress responses, their efficacy under extreme condi-
tions remains limited. Native LAB strains are often sensitive to envi-
ronmental changes. For instance, the growth rates and functional stabil-
ity of L. mesenteroides and L. lactis decline in fluctuating temperatures
or acidified environments, directly impairing their ability to regulate
aquatic conditions [29,85]. More importantly, the regulatory mecha-
nisms of native LAB strains under conditions such as acidic and oxida-
tive stress, as well as the mechanisms underlying their disease resis-
tance and probiotic functions, which affect their survival in complex
aquatic environments, remain unclear. Therefore, although native LAB
serve as a foundational and safe option for aquaculture probiotics, their
inherent limitations underscore the necessity for advanced engineering
interventions.

In conclusion, native LAB exhibit considerable potential for ap-
plications in aquaculture, including growth promotion, immunomod-
ulation, disease prevention and control, and environmental improve-
ment. However, they are constrained by bottlenecks such as high en-
vironmental sensitivity, functional limitations, and low production ef-
ficiency, which hinder their large-scale application. These limitations
provide both impetus and direction for the application of gene-editing
technologies in LAB engineering. The following sections delineate how
genetic and synthetic biology tools can be harnessed to transcend
these natural constraints, paving the way for next-generation probiotic
solutions.
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Fig. 3. Flowchart of engineering strategies for enhancing LAB functionality and
robustness.

3. Strategies for LAB engineering

While wild-type LAB, prized for their safety and historical use, form
the current mainstay for various applications, they often function as gen-
eralists with broad but modest effects. Compared to wild-type LAB, engi-
neered LAB exhibit significant advantages in terms of stability, efficacy,
and controllability (Table 2). Engineering strategies for LAB can be clas-
sified into three core directions. First, gene-editing strategies leverage
tools like CRISPR/Cas to achieve efficient and precise genomic modi-
fications (e.g., CRISPR/Cas9 system) [102-104], significantly enhanc-
ing editing efficiency and streamlining the multi-step procedures asso-
ciated with traditional genetic modifications [105]. Second, functional-
ization strategies regulate gene expression or introduce exogenous func-
tional modules (e.g., developing therapeutic protein delivery systems
using synthetic biology tools) [106,107], endowing strains with novel
capabilities such as disease treatment, where engineered strains have
demonstrated application potential in disease intervention [108]. Third,
safety optimization strategies focus on enhancing the biosafety of engi-
neered strains (e.g., developing highly stable, low-cytotoxicity genetic
elements) while rigorously avoiding interference from endogenous sys-
tems [109,110]. These strategies synergistically advance the transforma-
tion of LAB from natural probiotics to precisely controllable “synthetic
probiotics,” collectively promoting the development and application of
LAB-based probiotic therapeutics (Fig. 3).

3.1. Gene-editing strategies

The genetic toolset for engineering LAB has expanded significantly.
However, its deployment in aquaculture probiotics does not require a
mere transfer of laboratory techniques but must address context-specific
challenges, such as host-species compatibility, environmental survival
in aquatic systems, and functional stability in feed processing. With ad-
vancements in gene-editing tools and technological methods, engineer-
ing strategies for LAB have become increasingly diverse. Recently, the
application of CRISPR-based genome editing technologies has provided
new opportunities for engineering lactobacilli [114]. The following sec-
tions critically evaluate these tools not only for their technical advan-
tages but also for their demonstrated or potential applicability in trans-
forming aquaculture-relevant LAB strains (Fig. 4).
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3.1.1. CRISPR/Cas gene-editing technology

The CRISPR/Cas system was initially identified as an adaptive im-
mune mechanism in bacteria and archaea. Originating from observa-
tions of prokaryotic genomes, scientists have noted the repetitive oc-
currence of CRISPR arrays in bacterial genomes alongside CRISPR-
associated (Cas) proteins. This system was first characterized in LAB,
demonstrating its role as an adaptive immune component for defense
against phages and foreign nucleic acid invasions [111-113]. Mecha-
nistic studies confirmed that CRISPR/Cas captures fragments of foreign
genes (termed “spacers”) and integrates them into the CRISPR locus to
form a “molecular memory,” thereby protecting against viral and plas-
mid invasions [114]. CRISPR/Cas-mediated adaptive immunity consists
of three primary phases. First, bacteria capture foreign DNA fragments
as spacers and integrate them into CRISPR arrays to establish “immune
memory” (adaptation phase). Subsequently, the CRISPR array is tran-
scribed into CRISPR RNA (crRNA), which contains guide sequences com-
plementary to target sequences (expression phase). Finally, and most
critically, the interference phase, where crRNA complexes with Cas pro-
teins (e.g., Cas9 and Cas12) recognize specific sequences and degrade

target DNA or RNA via nuclease activity, providing defense activity
[115-117].

With increasing research, CRISPR/Cas systems have been widely
adopted in gene-editing applications, particularly through studies on the
initial immune mechanisms in LAB, such as Streptococcus thermophilus,
gradually revealing their immense potential as molecular tools [118].
The biological mechanisms of CRISPR/Cas systems in LAB have been
thoroughly investigated, including their function in bacterial adaptive
immunity (e.g., phage defense) and their potential as genetic engineer-
ing tools [119,120]. Among these, the diversity of CRISPR arrays and
their systematic classification (e.g., types I-B, I-C, I-E, II-A, and III-A)
have been extensively studied, providing a foundation for designing
customized CRISPR editing tools [121,122]. Furthermore, multiple en-
hanced editing tools based on CRISPR/Cas have been developed, includ-
ing the pLbCas9 (for Lactobacillus genome manipulation) and CRISPRi
systems. These upgraded versions exhibit high robustness, versatility,
and efficiency, enabling gene deletion, insertion, point mutation, and
chromosomal integration with success rates exceeding 80 % [103,123-
126]. For example, in L. lactis, seamless genome editing was achieved
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Table 2

Advantages of engineered LAB.

Ref

Engineered LAB

Native LAB

Performance Dimension

[271,272]
[273,274]

Enhanced environmental adaptability and improved stability through genetic modification
Customizable enhancement of antimicrobial activity, immunomodulatory capacity, etc.

Precise on/off switching of functional expression via genetic regulation

High environmental sensitivity; susceptible to temperature and pH fluctuations

Stability

Narrow antimicrobial spectrum; functionality limited by inherent metabolic pathways

Efficacy

[243,275,276]
[277,278]

Uncontrolled functional expression; easily influenced by microbial interactions

Applicable only to specific environments and hosts

Controllability

Adaptable to diverse aquaculture scenarios and requirements through engineering design

Application Flexibility
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through CRISPR-Cas9-assisted double-stranded DNA (dsDNA) recombi-
neering. This method successfully achieved single-gene deletion and in-
sertion without requiring antibiotic markers or exogenous genes, with
an editing efficiency of up to 91 % [127,128]. Kamilla et al. utilized an
inducible dual-plasmid CRISPR/Cas9 system to efficiently insert expres-
sion cassettes of approximately 800-1300 bp in length into the chro-
mosomes of Lactiplantibacillus plantarum WCFS1, significantly enhanc-
ing the flexibility of gene editing [129]. Collectively, these examples
demonstrate the substantial potential of CRISPR/Cas systems in LAB en-
gineering.

However, despite significant research progress in CRISPR/Cas sys-
tems, their application in engineering LAB still faces multiple challenges,
primarily concerning tool feasibility, operational efficiency, and trans-
lational applications. The effectiveness of the CRISPR/Cas system varies
among LAB species. For instance, many Lactobacillus species (e.g., Lac-
tobacillus reuteri) lack efficient editing tools, which complicate their en-
gineering. Moreover, current food-grade gene-editing systems remain
preliminary and lack suitable antibiotic markers and expression vec-
tors, which restricts their use in industrially safe strains [127,129,130].
CRISPR/Cas engineering operations rely on specific components (e.g.,
single-guide RNA [sgRNA] and Cas proteins); however, the reliability
and flexibility of constructing these component systems in LAB are low,
thereby limiting their overall operability. For example, CRISPR/Cas9-
assisted recombination faces constraints in LAB owing to potential in-
terference from endogenous systems with targeting activity and dif-
ficulty in identifying suitable protospacer adjacent motif (PAM) se-
quences [124,128,131].

The second aspect involves the insufficient stability and scalability of
CRISPR/Cas editing efficiency, owing to the vast and diverse LAB pop-
ulation. Most species possess their own CRISPR/Cas systems, resulting
in the inconsistent efficiency of specific CRISPR/Cas components across
different LAB strains. The diversity of CRISPR/Cas systems in LAB neces-
sitates the development of customized tools that address multiple chal-
lenges. For instance, the rarity of type II-C systems in certain strains and
the sequence diversity of Cas proteins increase design complexity. This
complicates standardized tool construction and impedes cross-species
application [121,131,132]. Although selection mechanisms such as re-
combinant screening can enhance CRISPR/Cas efficiency, this process is
often time-consuming and not universally applicable across species. Fur-
thermore, challenges in high-throughput screening engineering limit the
industrial-scale deployment of CRISPR/Cas systems in LAB [133-135].

The third and the most critical challenge is biosafety. Strains edited
using CRISPR/Cas that are used for food and pharmaceutical applica-
tions must meet stringent safety standards. Current CRISPR/Cas tools
face limitations in probiotic applications owing to uncertainties regard-
ing their effectiveness in complex in vivo environments and host adapt-
ability [120,130,136]. Consequently, current systems cannot fully sat-
isfy biosafety requirements. Additionally, the overall lag in the devel-
opment of LAB genetic engineering tools relative to their industrial and
medical significance has resulted in a lack of efficient genetic manip-
ulation methods, further restricting the application of CRISPR/Cas in
LAB metabolic engineering and the production of innovative therapies
[82,129,137]. Currently, the application of the CRISPR/Cas system in
LAB aquaculture is at its early stages. Although the editing efficiency of
this system has been validated in model strains (e.g., L. lactis), there are
only limited cases of its application in aquaculture-specific LAB strains,
such as L. sakei isolated from fish intestines. Furthermore, only a few
studies have successfully used the CRISPR/Cas system to regulate the
expression of antimicrobial peptides in fish-derived LAB. However, ow-
ing to its low transformation efficiency and strain diversity, the large-
scale application of this technology still faces challenges. Future studies
should address the compatibility of CRISPR tools with non-model LAB
strains relevant to aquaculture.
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3.1.2. CRISPRI editing technology

CRISPRi technology was developed to address the limitations of
CRISPR/Cas systems. CRISPRi is a variant of the CRISPR/Cas system
that does not cleave the DNA. Instead, it employs a catalytically inac-
tive Cas9 variant (dCas9) bound to a guide RNA (gRNA) to specifically
bind to target DNA sequences, physically blocking the action of the tran-
scriptional machinery (e.g., RNA polymerase). This process reversibly
suppresses the mRNA synthesis of the target gene without damaging
the genome, thus serving as a reversible transcriptional regulation tool
[138]. Compared to traditional CRISPR/Cas9 cleavage systems, CRISPRi
offers the advantages of reversibility and specificity, avoiding genomic
damage, and being suitable for studying essential genes or achieving
precise metabolic engineering [139]. In CRISPR/Cas systems, Cas pro-
teins often exhibit toxicity by causing genomic damage through their
nuclease activity, which can inhibit host growth and reduce gene-editing
efficiency [140]. CRISPRi was developed as a transcriptional regulation
tool only after recognizing the potential of dCas9—removing Cas9’s nu-
clease activity to avoid cell death risks from DNA cleavage [141,142].
The development of CRISPRi arose from the need for efficient gene
regulation tools, especially in LAB, where traditional genetic manipu-
lation methods suffer from low efficiency and time-consuming limita-
tions, severely hindering their application in biomanufacturing and as
probiotics [127,143]. CRISPRi can target single or multiple genes simul-
taneously by designing single or multiplex gRNAs, thereby significantly
enhancing gene-editing efficiency [144-146].

However, although CRISPRi has been applied to various bacteria,
its use in LAB remains under development, primarily focused on small-
scale engineering and foundational validation studies [123]. The core
components of CRISPRi are dCas9 and sgRNAs. sgRNAs are designed
with sequences complementary to the target DNA (typically including
a PAM sequence), guiding dCas9 to bind to specific gene loci and form-
ing a steric blockade that prevents transcription initiation or elongation
[138]. Thus, the simultaneous expression of dCas9 and sgRNA is essen-
tial for CRISPRi functionality. In LAB, this is often achieved using engi-
neered plasmid systems. In L. lactis, researchers have developed a dual-
plasmid system in which dCas9 was heterologously imported from Strep-
tococcus pyogenes and expressed under an inducible promoter, whereas
sgRNA transcription was driven by a constitutive promoter, significantly
reducing target gene expression levels [144]. This dual-plasmid system,
which combines inducible and constitutive promoters to regulate dCas9
and sgRNA expression, enables spatiotemporally tunable gene silenc-
ing. Currently, multiple endogenous CRISPR/Cas-based gene interfer-
ence plasmid systems have been constructed in LAB to achieve efficient
self-interference. This has expanded the application of CRISPRi in LAB
from the initial focus on L. lactis model strains to various genera, includ-
ing Leuconostoc, Lactobacillus, and Pediococcus [103,123,147].

Although CRISPRi demonstrates efficient gene silencing capabilities
in metabolic engineering, its application in the aquaculture of LAB re-
mains confined to laboratory validation. For instance, in regulating the
expression of lactate dehydrogenase genes in LAB to optimize acid tol-
erance, the stability and effectiveness of the CRISPRi system within the
fish intestinal environment have not yet been fully verified [144,145].
The primary obstacles to transferring this technology to real-world aqua-
culture settings include significant variations in the expression effi-
ciency of CRISPRi components across different aquaculture LAB strains
[147,148], the impact of complex aquatic environments on the stabil-
ity of the CRISPRi system [144], and the lack of CRISPRi optimiza-
tion strategies tailored to the needs of specific aquaculture applications
[103,128]. Overall, CRISPRI is a vital emerging tool for LAB engineer-
ing; however, overcoming the obstacles we identified is essential for its
future advancement.

3.1.3. Red/ET recombineering

Red/ET homologous recombination technology, also known as
Red/ET recombination, is a natural recombination system originating
from bacteriophages. Its development addresses the inefficiencies and

Engineering Microbiology 6 (2026) 100275

complexities of traditional genetic engineering methods. This technol-
ogy mimics the homologous recombination mechanism of bacterio-
phages, enabling efficient recombination of linear DNA fragments with
target chromosomes mediated by short homologous arms (30-50 bp),
thereby facilitating targeted gene modification [149]. Red/ET comprises
two recombinase systems: Reda/f/y and RecET. Reda and RecE func-
tion as 5'—3’ exonucleases, degrading one end of dsDNA to generate
single-stranded regions; Redf and RecT act as single-stranded DNA-
binding proteins, stabilizing the single-stranded structure to promote
homologous pairing. Meanwhile, Redy inhibits host nucleases to pro-
tect the linear DNA substrate and enhance recombination efficiency.
The Red system primarily mediates recombination between linear sub-
strates and linear target genes, whereas the ET system facilitates re-
combination between linear substrates and circular target sequences
[150-152]. In cells expressing Red/ET recombinases, exogenous DNA
substrates precisely pair with chromosomal regions via their homolo-
gous arms. Recombinase-mediated strand exchange and recombination
then enables gene replacement, deletion, or insertion. This process does
not rely on traditional vectors or antibiotic selection markers, allow-
ing the identification of recombination events using screening tools.
Thus, Red/ET recombineering enables site-directed mutagenesis, seam-
less gene deletion, and gene tagging [153,154]. Compared to traditional
homologous recombination methods which depend on the RecA protein
and suicide vectors, Red/ET recombination is more flexible, precise, and
efficient [155,156]. Consequently, Red/ET recombineering has been de-
veloped as a highly efficient alternative that is particularly suitable for
hard-to-transform LAB strains.

The Red/ET system has also been used to engineer several typical
LAB strains to optimize industrial and probiotic-related traits. In L. lactis,
where traditional RecA-dependent homologous recombination is cum-
bersome and inefficient, Red/ET-dependent homologous recombination
has been developed as a novel gene-editing tool [127]. Metabolic en-
gineering has also been achieved for L. plantarum using recombineer-
ing tools [157]. However, the efficiency of cross-species Red/ET engi-
neering is often significantly reduced because of the species-specificity
of these recombinases. Nevertheless, genes encoding Red/ET recombi-
nases are relatively conserved in the prophages of most bacteria, indi-
cating that homologous Red/ET recombinases can be found in bacte-
riophages of nearly all bacteria [158,159]. For example, in Lactobacil-
lus casei BL23, a Red A-like recombinase operon (LCABL_13,040-50-60)
identified from its prophage demonstrated recombination functionality
by replacing the galK gene fragment with a chloramphenicol resistance
gene; this operon exhibited high recombination efficiency in other L.
casei strains [160]. Guo et al. successfully performed gene knockout
in L. lactis using RecT-mediated homologous recombination, confirm-
ing the feasibility of the Red/ET system for gene editing in LAB [161].
Red/ET recombineering has also been applied to enhance the tolerance
of LAB strains to harsh environmental conditions and to improve their
industrial attributes. For instance, the overexpression of recT in L. lac-
tis NZ9000 significantly increased its acid tolerance [162]. To overcome
the limitations of the Red/ET system in specific strains, researchers have
combined it with CRISPR systems to form CRISPR/Cas9-assisted recom-
bineering, which provides double-strand breaks to enhance recombina-
tion efficiency [128,135].

However, despite the simplification of traditional homologous re-
combination processes via Red/ET recombination, their application in
aquaculture LAB remains limited. Currently, Red/ET technology is pri-
marily used in LAB for gene knockout and stress-related modifications in
model species such as L. lactis and L. casei [127,128]. This is mainly due
to the generally low transformation efficiency and species-specific vari-
ations observed among aquaculture LAB strains. Additionally, the lack
of efficient screening systems and existing regulatory constraints remain
significant challenges that must be overcome for large-scale industrial
applications of Red/ET in LAB engineering [163]. Therefore, future ef-
forts should focus on developing optimized Red/ET systems tailored to
aquaculture LAB to enhance editing efficiency and general applicability.
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3.1.4. Other gene-editing technologies

Base editing is a derivative of the CRISPR/Cas system designed to
overcome the inefficiency associated with dsDNA breaks (DSBs) and ho-
mology directed repair(HDR) in traditional gene editing. Base editing
utilizes a CRISPR/Cas-nucleobase deaminase fusion system that com-
bines cytidine or adenosine deaminase with the Cas9 protein [148]. The
Cas9 component targets a specific genomic locus (dependent on PAM),
whereas the deaminase catalyzes base conversion without introducing
DSBs or relying on HDR [164,165]. Significant progress has been made
in base editing in microbial engineering. Researchers have expanded
the targeting scope by engineering Cas9 variants, such as those that rec-
ognize broader PAM sequences [166]. For example, relaxing the PAM
requirement from NGG to NG increased the number of targetable sites
in C. glutamicum by 3.9-fold [166]. More importantly, base-editing tools
have been adapted for LAB-specific systems. For instance, the Target-
AID system, a technology specifically developed for LAB, enables donor
DNA-free point mutation and has achieved a high editing efficiency (>
90 %) in Lactobacillus [167]. However, because this technology is pri-
marily limited to single-nucleotide variant correction, has a narrow edit-
ing window (approximately 4-5 bases), and supports only specific base
conversions (e.g., C-to-T or A-to-G), its application in LAB remains in its
early stages [168].

Prime editing, as an innovation of the CRISPR system, aims to over-
come the limitations of base editing (e.g., restriction of single-base con-
versions) and the high off-target rates of traditional methods [169].
Prime editing combines the Cas9 nickase with reverse transcriptase
guided by prime editing guide RNA (pegRNA). Unlike base editing,
prime editing is less constrained by strict PAM requirements and sup-
ports a broader range of editing types [170]. In the probiotic engineer-
ing of LAB, prime editing is used to create strains with novel function-
alities. Customized systems (e.g., prime editing tools tailored for pro-
biotics) have been developed for the seamless integration of antibiotic
resistance genes. For instance, a streamlined prime editing system was
used in Lactobacillus for chromosomal insertions and point mutations
to enhance host colonization or vaccine delivery [171]. To date, deep
learning models (e.g., DTMP-Prime) have been developed to predict
pegRNA efficiency [170], while fluorescence-based screening systems
(e.g., PINE-TREE) have been established to enrich edited cells [172].
Prime editing provides a high-precision engineering framework for LAB
and is applicable to the design of health-promoting probiotics, including
integration with native CRISPR-Cas systems for cell surface engineering
or metabolic pathway reconstruction [107]. However, its editing effi-
ciency in LAB is often low and unstable, which is attributed to the com-
plexity of pegRNA design and host cell factors [173], posing challenges
for industrial-scale application in LAB.

Recombinase technology, a traditional gene-editing tool, has re-
gained attention in the CRISPR era to overcome its shortcomings (e.g.,
avoiding DSB-associated toxicity). This technology aims to create effi-
cient multigene-edited probiotic strains for industrial fermentation or
health applications, such as by enhancing their colonization ability
[134,174]. When combined with CRISPR, it provides a DSB-free edit-
ing strategy suitable for large-scale genome engineering [175]. Pro-
grammable recombinases hold promise for customized DNA integra-
tion [176,177]. However, recombinase technology faces several hur-
dles: the scarcity of inducible systems (making spatiotemporal control
difficult), recombination efficiency being affected by strain specificity,
and homology arm design, which is often reliant on empirical opti-
mization [178]. Furthermore, recombinases may introduce non-specific
events, recombinase tool development lags behind other technologies,
and the insertion efficiency for large DNA fragments is relatively low
[160]. In the future, integrating multiple technologies (e.g., prime
editing with recombinases) and advancements in protein engineering
are expected to propel the development of LAB as next-generation
probiotics.

In conclusion, although gene-editing technologies provide power-
ful tools for engineering LAB, their application in aquaculture-related
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LAB still faces multiple challenges, including tool compatibility, edit-
ing efficiency, and biosafety concerns. Future research should focus on
overcoming these bottlenecks and developing multifaceted engineering
strategies tailored to aquaculture needs.

3.2. Functional engineering strategies

Functional engineering strategies aim to endow LAB with enhanced
biological functions or novel traits through precise genetic modifica-
tion, thereby transforming them into high-performance “cell factories”
or living biotherapeutics. Transcending conventional genetic manipu-
lation procedures, this approach focuses on the deep customization of
strain phenotypes and physiological functions through the rational de-
sign of metabolic networks and genetic circuits [179,180]. By leveraging
advanced genome editing technologies, such as CRISPR/Cas9, to seam-
lessly integrate gene fragments or block inefficient metabolic pathways,
researchers can overcome the limitations of traditional methods and
achieve the directed evolution of specific functional traits [128,181].
Consequently, current research in this field has shifted from the devel-
opment of tools to the optimization of specific functional phenotypes,
primarily focusing on efficient metabolite synthesis, enhanced adapt-
ability to complex environmental stresses, and the biosynthesis and de-
livery of bioactive molecules.

Functional engineering has significantly increased the production ca-
pabilities of LAB in microbial cell factories. Researchers have success-
fully achieved a substantial accumulation of target products by remodel-
ing the central carbon metabolic pathways. For instance, fine-tuning the
expression of lactate dehydrogenase genes and their associated regula-
tory elements significantly reinforced glycolytic efficiency and substrate
conversion rates. Yongda et al. engineered Lactobacillus sporogene CICC
23,843 to achieve an impressive L-lactic acid yield of 130.5 g/L in a 5-L
bioreactor, demonstrating immense potential for industrial applications
[182]. Furthermore, by introducing heterologous synthetic pathways or
amplifying endogenous metabolic fluxes, LAB have been engineered to
produce high-value chemicals such as polylactic acid precursors and
caproic acid, providing novel solutions for sustainable biomanufactur-
ing [183].

With regard to environmental adaptability and stress tolerance, en-
hancing the survival capacity of strains during industrial fermentation
and gastrointestinal transit is a critical objective of functional engineer-
ing. Using multi-omics analyses and synthetic biology tools, researchers
have identified and modified key genes associated with stress responses,
thereby significantly improving LAB tolerance to acids, bile salts, oxida-
tive stress, and osmotic pressure [184]. This enhanced robustness not
only guarantees high efficiency and stability during fermentation, but
also improves the colonization and biological efficacy of LAB as pro-
biotics in the host. Through functional modifications in various gen-
era such as Leuconostoc, strains can maintain stable metabolic activities
even within complex food matrices or dynamic gut microenvironments
[184].

Engineered LAB can synthesize therapeutic molecules and functional
factors for bioactive substance synthesis and medical applications. By
constructing artificial promoters and genetic circuits, these strains can
control the expression and secretion of antimicrobial peptides (e.g., bac-
teriocins), antioxidants, and anti-inflammatory cytokines, thereby play-
ing vital roles in food preservation and host immunomodulation [184-
186]. In the healthcare sector, functionally modified LAB serve as live
delivery vectors for the targeted release of tumor antigens or therapeutic
proteins, showing broad prospects for cancer therapy and mucosal vac-
cine development [187,188]. Moreover, engineered strains with specific
surface modifications or metabolic pathways are used to reduce purine
levels in foods or improve skin barrier function, demonstrating clini-
cal value in managing metabolic syndromes and enhancing skin health
[189-191].

Despite these promising prospects, functional engineering still faces
significant challenges. The primary challenge is the lack of engineer-
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ing tools and methods. Many LAB species lack efficient genetic ma-
nipulation tools, which limit their editing efficiency and strain appli-
cability [156,192]. Moreover, technologies like CRISPR/Cas9 exhibit
constrained efficiency and success rates in lactobacilli. Second, indus-
trial applications still have bottlenecks: low biomass formation reduces
biomanufacturing efficiency [193], and their poor environmental toler-
ance makes their bioactivity susceptible to external factors. In addition,
there remains a lack of universal gene engineering strategies. Variations
in metabolic pathways and functional contributions across species com-
plicate the design of broadly applicable engineering approaches [194].
Other challenges include safety and stability concerns, as engineered
strains may lose functionality in production environments or the human
body, and genetic instability may cause the uncontrolled expression of
certain genes [108]. Finally, the absence of standardized methods (e.g.,
simple techniques for LAB cell quantification) impedes quality control
and hinders the implementation of efficient and unified evaluation stan-
dards [195,196].

In summary, there has been significant progress in the development
of functional engineering strategies, optimizing and innovating the func-
tions of LAB through genetic modification; however, they are still con-
strained by tool limitations and various application challenges. Future
efforts require the integration of multidisciplinary technologies such as
synthetic biology and artificial intelligence-driven technologies to over-
come technical barriers and promote the efficient application of engi-
neered LAB across broader domains.

3.3. Security optimization strategies

As a category of microorganisms that are widely used in fermen-
tation, probiotics, and industrial biotechnology applications, the safety
of LAB is paramount for genetic engineering strategies. With the ad-
vancements in genetic and metabolic engineering, safety optimization
strategies aim to systematically engineer LAB strains that are non-toxic,
avirulent, and compliant with international safety standards. The prin-
ciples of LAB safety optimization are primarily based on genome editing
and metabolic engineering combined with rigorous phenotypic assess-
ments to eliminate potential risks. The goal of genetic modification is
to precisely alter the genome of bacteria to reduce the expression of
harmful genes, such as those encoding toxins or antibiotic resistance,
and to enhance overall safety by strengthening beneficial metabolic
pathways [109,134,181]. For instance, CRISPR/Cas-assisted dsDNA re-
combination technology enables seamless genome editing to delete po-
tential virulence factors or introduce safe marker genes, allowing ef-
ficient screening without relying on antibiotics [128,179]. Metabolic
engineering primarily mitigates risks by optimizing the acid-producing
capacity or environmental tolerance of LAB. For example, pH-adaptive
evolution enhances strain survival under low-pH conditions, reduc-
ing the likelihood of toxic byproduct formation during fermentation
[197,198].

Strain safety assessment is another core principle that requires
strict adherence to the FAO/WHO guidelines. Comprehensive analy-
ses, including antibiotic resistance testing, detection of toxin produc-
tion, and hemagglutination activity assays, ensure that the strain is
non-pathogenic [199,200]. These principles collectively emphasize a
“design-build-test” cycle, involving rational strain design, construction
using engineering tools, and rigorous safety validation through in vitro
and in vivo experiments.

In recent years, significant progress has been made in LAB safety op-
timization in areas such as genome engineering technologies, metabolic
engineering modifications, and enhanced environmental tolerance. In
the field of genome engineering, the advancement of tools, such as
CRISPR/Cas systems, has significantly enhanced biological safety by en-
abling marker-free editing. By eliminating the reliance on antibiotic re-
sistance genes for selection, these technologies can mitigate the crit-
ical risk of horizontal gene transfer for resistance to environmental
microbes or gut microbiota. Furthermore, the precision of these sys-
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tems allows for the targeted deletion of specific virulence factors, en-
suring the genetic non-pathogenicity of the strain [201]. Concurrently,
metabolic engineering strategies bolster safety by optimizing metabolic
fidelity. Model-guided rational design not only increases lactic acid
yield, but also strictly suppresses the biosynthesis of harmful byprod-
ucts, such as biogenic amines. Additionally, enhancing environmental
tolerance through pH-adaptive evolution prevents cellular lysis and ge-
netic instability under stress conditions, thereby minimizing the release
of potential endotoxins or undesirable metabolites during fermentation
[182,202]. Phenotypic screening technologies have also matured, im-
proving the efficiency of evaluating acid and bile salt tolerance, hemag-
glutination activity, gelatinase activity, and autoaggregation capacity
relevant to LAB safety. Combining resistance and functional analyses en-
ables the rapid identification of non-toxic and avirulent probiotic candi-
date strains [203-206]. Furthermore, advanced synthetic biology tools
have been used to construct stable and safely engineered LAB strains,
ensuring that they pose no adverse effects during therapeutic appli-
cations [108,207]. These studies are shifting LAB safety optimization
strategies from single-gene modifications to systematic safety-by-design
approaches, although the overall efficiency of these strategies still re-
quires improvement.

LAB safety optimization strategies have broad prospects in food,
pharmaceutical, and industrial biotechnology applications. In the food
industry, engineered safe strains can enhance the safety of fermented
foods and reduce the risk of biotoxins. Studies have shown that
safety-optimized engineered LAB strains can reduce the counts of to-
tal mesophilic aerobic bacteria, other LAB, and enterobacteria in food,
improving their sensory attributes and shelf life, which are beneficial
for developing safer traditional fermented foods [86,208,209]. In the
pharmaceutical field, engineered LAB are primarily used to express spe-
cific therapeutic proteins or inhibit inflammatory factors, developing
safe “cell factories” for disease treatment. For example, Lactobacillus
strains constructed with safe genetic circuits can serve as live deliv-
ery vectors for the targeted therapy of gastrointestinal diseases. These
engineered bacteria have great potential for immunomodulatory and
therapeutic applications, facilitating the commercialization of synthetic
probiotics [190,210]. In industrial biotechnology, safety-optimized LAB
strains play a key role in sustainable manufacturing. The use of highly
tolerant strains can reduce the need for neutralizing agents and solid
waste generation during production, thereby enhancing economic ben-
efits [184,195,211]. Therefore, with further tool refinement, safe LAB
strains are expected to become eco-friendly alternatives that can domi-
nate green biomanufacturing processes.

Currently, the safety optimization of LAB faces several bottlenecks.
Technically, the application of genetic engineering tools in LAB is lim-
ited, and CRISPR/Cas-assisted recombination often suffers from inef-
ficiency owing to the lack of suitable vectors and antibiotic selection
markers, hindering large-scale strain development. Engineered strain
stability is a prominent issue that leads to inconsistent characteristics
in long-term applications, and affects the safety of both the strains
themselves and their derived products [207]. Second, safety assessment
itself presents bottlenecks: complex experiments are time-consuming
and costly, and animal models cannot fully predict human risks. More-
over, certain strain metabolic activities might produce unexpected side
effects, necessitating more precise in vitro modeling [199]. Regula-
tory hurdles also pose major challenges. International safety standards
from bodies such as the FAO/WHO are stringent; however, data on
the long-term effects of genetically engineered probiotics are insuffi-
cient. Moreover, regulatory frameworks are not yet mature, increas-
ing the difficulty of commercialization [183,212]. Furthermore, pub-
lic acceptance and ethical issues have impeded the application of en-
gineered LAB. Therefore, future efforts are required to integrate syn-
thetic biology and artificial intelligence tools to develop rapid screening
platforms and multi-omics analysis methods to ensure the robust de-
velopment of safety optimization strategies for genetically engineered
LAB.
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4. Application of LAB in farming aquatic products

The application of LAB in aquaculture operates on a spectrum
ranging from the utilization of naturally occurring, wild-type strains
to the deployment of precisely engineered variants. The functional-
ity of wild-type LAB is constrained by their inherent metabolic path-
ways and environmental adaptability. Engineering approaches can over-
come these bottlenecks by introducing exogenous genes or regulat-
ing metabolic pathways. The selection of engineering strategies must
be closely aligned with the practical needs of aquaculture, enabling
a deep integration between engineering design and application out-
comes. For instance, to meet the demand for fish immunoprotection,
CRISPR/Cas systems can be employed to edit LAB genomes to express
specific pathogen antigens. For environmental remediation purposes,
Red/ET recombineering can be utilized to regulate metabolic pathways
in LAB to enhance their pollutant degradation capabilities. This chap-
ter systematically reviews applications across major aquaculture sectors
(fish, shrimp, shellfish, and recirculating aquaculture systems [RAS]),
employing a comparative lens to highlight how engineering strategies
transform LAB from passive probiotic agents into active biotherapeutics
and biocontrol tools.

4.1. Application of LAB in fish farming

Because most fish-derived LAB lack established genetic manipulation
systems, the efficient introduction of exogenous genes into LAB remains
challenging [179]. Many wild-type LAB originating from freshwater fish
hold significant application potential, primarily for improving fish im-
munity and promoting growth and nutrition. For instance, in O. niloticus,
wild-type LAB (such as L. plantarum and W. confusa) significantly en-
hance resistance to the pathogen A. hydrophila by strengthening intesti-
nal barrier function and immune-related gene expression. After feeding
with diets containing these wild-type LAB, significant increases in serum
IgM levels and phagocytic activity were observed in the fish [40,213].
Similarly, supplementing the feed of bighead carp (Hypophthalmichthys
nobilis) with L. sakei YLD10 (isolated from the intestine of L. crocea) re-
sulted in multiple probiotic benefits, including optimization of the gut
microbiota structure, reduction in pathogenic bacterial abundance, and
enhancement of innate immunity via activation of the Toll-like receptor
pathway [65].

In terms of probiotic efficacy, there was no significant difference be-
tween LAB derived from marine fish and those from freshwater fish. For
instance, LC 32,183, which is isolated from the intestine of S. maximus,
significantly inhibits the growth of common aquatic pathogens, such
as Staphylococcus aureus, Vibrio parahaemolyticus, and Escherichia coli.
When added to the feed of S. maximus, it not only enhanced immune
capacity but also significantly improved growth performance. Further-
more, when LC 32,183 was introduced into the culture water, the pH,
chemical oxygen demand, and nitrite concentration were significantly
reduced, indicating its additional role in improving farming environ-
ments [214]. Similarly, L. sakei L3 from L. crocea intestines and LAB
(Enterococcus durans, E. faecium, E. faecalis, and L. lactis) from Sparus
aurata and Merlangius merlangus also possess probiotic effects, such as
enhancing fish immunity and promoting growth performance [49,65].
However, owing to the significant compositional differences between
seawater and freshwater, marine fish-derived LAB exhibit greater tol-
erance to high-salinity and low-pH environments than freshwater fish-
derived LAB, making them more suitable as feed additives for marine
fish and providing a broader application range [215]. Nevertheless, the
efficacy of wild-type marine fish-derived LAB is highly dependent on
the host source, and their antimicrobial spectrum is limited, making it
difficult to use these strains to treat mixed infections.

In recent years, the application of engineered LAB in fish farming
has become a key area in aquatic probiotic research. This review aimed
to discuss how genetic engineering can enhance the targeted delivery
capacity and immunomodulatory functions of LAB, thereby replacing
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antibiotics, improving disease control, and promoting fish health. These
modifications primarily involve the use of recombinant LAB to express
specific antigens or immune molecules for oral vaccines or as probiotic
vectors, thereby enhancing disease resistance, growth performance, and
intestinal microecological balance in freshwater fish, such as tilapia, big-
head carp, grass carp, and common carp.

Engineered LAB can also achieve targeted functional enhancements
through specific gene-editing technologies. For example, to control the
infectious pancreatic necrosis virus (IPNV), Kexin et al. constructed an
engineered L. casei strain (strain 393 pPG-612-VP2) expressing the IPNV
capsid protein VP2. Oral immunization of rainbow trout (O. mykiss)
with this strain induced mucosal immune responses and elevated lev-
els of both mucosal (IgT) and systemic (IgM) antibodies, providing a
new strategy for controlling IPNV transmission in salmonid aquacul-
ture [216]. This engineering strategy directly addresses the need for the
prevention and control of viral diseases in fish and closely integrates ge-
netic engineering design with practical aquaculture applications. Simi-
lar technologies have also been applied in the development of oral vac-
cine vectors against viral and bacterial diseases such as Viral Hemor-
rhagic Septicemia (VHSV), A. hydrophila infection, and saprolegniasis
in tilapia, grass carp, and common carp [217].

Engineered LAB can overcome the functional limitations of natural
strains through precise genetic editing. Their core advantages are as fol-
lows. First, LAB can be administered orally at a low cost, effectively
avoiding injection stress, making them broadly suitable for large-scale
immunization, including fish fry [218]. Secondly, engineered LAB can
have enhanced colonization ability in the fish intestinal tract through
surface protein modifications, addressing the issue of low colonization
rates observed in natural LAB [22]. Furthermore, strategies, such as
promoter optimization, can enhance the specificity of antigen expres-
sion in LAB. For instance, using fish intestine-adapted promoters to
improve antigen delivery efficiency can significantly increase the tar-
geted modification potential of engineered LAB [108] (specific exam-
ples are listed in Table 3). Engineered LAB can also be constructed by
expressing virulence genes of certain antigens or enhancing the expres-
sion levels of antimicrobial peptides in wild-type LAB; however, their
safety and post-engineering stability must be ensured [219]. Future ef-
forts should integrate host specificity and environmental adaptability to
develop composite probiotic systems combining “wild screening + tar-
geted modification” to promote the efficient application of fish-derived
LAB.

4.2. Application of LAB in shrimp farming

The application of wild-type LAB in shrimp farming is relatively ma-
ture. It is primarily achieved through feed supplementation or water
application to exert probiotic effects. Multiple studies have shown that
wild-type LAB can significantly improve shrimp growth. For instance,
supplementing the feed of Litopenaeus vannamei with an L. plantarum
strain significantly increased the weight gain of shrimp after a 45-day
feeding trial and enhanced their survival capability under low-salinity
stress [220]. These effects often stem from the ability of LAB to regulate
the intestinal microbiota, which increases the abundance of beneficial
bacteria and inhibits the growth of pathogenic bacteria. Concurrently,
wild-type LAB also exert protective effects by activating the innate im-
mune system of shrimp (e.g., by enhancing physical barriers, cellular
immunity, and humoral immunity). For example, in L. vannamei, the
combination of L. plantarum CMT1 and Morinda citrifolia (noni) fruit
extract enhanced resistance to pathogens such as V. alginolyticus and
significantly increased the expression of immune-related genes, includ-
ing those in the Toll-like receptor pathway [221]. Furthermore, wild-
type LAB help reduce the reliance on antibiotics in farming environ-
ments. In marine-farmed shrimp, naturally enriched Lactobacillus mod-
ulates intestinal microbial structure, reduces heavy metal pollution and
accumulation, and alleviates intestinal microbiota dysbiosis caused by
environmental stress [222]. Although wild-type LAB are safe and their
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Table 3
Applications of LAB in different aquaculture categories.

LAB Strain Experimental Subject Is it Engineering  Efficacy = Ref
L. plantarum Shabot fish NO 1 [213]
Lactobacillus delbrueckii Shabot fish NO 1 [213]
W. confusa N17 Misgurnus anguillicaudatus ~ NO 1 [279]
L. sakei YLD10 L. crocea NO 1 [65]
L. lactis HNL12 Cromileptes altivelis NO 1 [280]
L. casei Crucian carp Yes 1 [218]
L. casei Common carp Yes 1,2 [281]
L. casei W56 Mice Yes 1 [282]
L. acidophilus AC Danio rerio No 1,2 [87]
W. cibaria C-10 Carassiu auratus No 1 [48]
L. casei Carp Yes 1 [283]
L. plantarum Ep-M17 L. vannamei No 1,2 [16]
L. mesenteroides

KS-TN11 O. niloticus No 1 [284]
L. casei O. mykiss Yes 1 [216]
L. sakei LC 32,183 Sebastes schlegelii No 1,2,3 [214]
Pediococcusa clactici LC 32,184 S. schlegelii No 1,2,3 [214]
L. mesenteroides Salmo trutta No 1 [240]
L. plantarum LL11 A. japonicus No 1 [42]
Weissella confuse LS13 A. japonicus No 1 [42]
L. lactis LH8 A. japonicus No 1 [42]
E. faecalis LC3 A. japonicus No 1 [42]
L. rhamnosus Zebrafish No 1,2 [253]
L. plantarum P. yannamei No 1 [285]
L. plantarum L. vannamei No 1,2 [220]
Lactobacillus pentosus BD6 L. vannamei No 1,2 [286]
L. reuteri P. yannamei No 1,2 [287]
Pediococcus acnictici P. vannamei No 1,2 [287]
L. johnsonii KD1 P. vannamei No 1 [288]
L. plantarum CMT1 P. yannamei No 1,2 [221]
L. plantarum SGLABO1 L. vannamei No 1 [289]
L. lactis SGLAB02 L. vannamei No 1 [289]
L. pentosus HC-2 L. vannamei Yes 1,2 [225]
L. plantarum 7-40 L. vannamei No 1,2 [290]
E. faecium HL7 C. gigas No 1,2 [226]
Planococcus maritimus ML1206 C. gigas No 1,3 [227]
L. plantarum R. philippinarum No 1 [229]
Lactobacillus Bioantai-02 Haliotis diversicolor No 1,2 [230]
L. paracasei GV17 Fish No 3 [237]
Lactococcus lactes GV103 Fish No 3 [237]

Note: 1, enhancing immunity; 2, promoting growth and nutrition; 3, improving the breeding en-

vironment.

application for fish farming is mature, their effectiveness is often limited
by significant strain heterogeneity.

Engineered LAB, endowed with enhanced functions through tar-
geted genetic modifications, are still in the early stages of application in
shrimp farming, but have shown unique advantages. Engineering strate-
gies are often used to improve the antibacterial capacity of LAB. For
example, by overexpressing the luxS gene in L. plantarum AB-1, the
quorum-sensing system is activated, leading to a 40-50 % increase in
the transcriptional level of bacteriocin regulatory operons and enhanc-
ing its inhibitory activity against shrimp pathogens [223]. This engi-
neering strategy directly addresses the issue of antibiotic resistance in
shrimp farming and achieves disease control through reinforced antibac-
terial activity. Promoter engineering is a core technology for enhancing
the functions of LAB. Constructing constitutive or inducible promoters
allows the precise regulation of gene expression. For instance, applying
engineered promoter libraries to LAB enhances the expression stability
of heterologous proteins (such as antimicrobial peptides or antigens),
thereby improving their bioavailability as shrimp probiotics [224]. Ad-
ditionally, surface protein engineering can enhance the interaction effi-
ciency between LAB and shrimp intestines. For example, after the sur-
face proteins of L. pentosus HC-2 were stripped using lithium chloride,
shrimp intestinal immunity and digestive enzyme activities were sig-
nificantly decreased, indicating that surface proteins are key mediators
of probiotic effects [225]. Although this technological direction lacks
large-scale field trials in shrimp, it demonstrates the potential of this
engineering strategy.

12

However, although engineered LAB can provide precise functional
enhancements through gene editing, current examples of applications
are few and focus primarily on in vitro or mechanistic studies. Fu-
ture studies should involve field trials to validate the safety and cost-
effectiveness of engineered strains and deepen our mechanistic under-
standing through multi-omics technologies, ultimately promoting the
sustainable application of LAB in healthy shrimp farming.

4.3. Application of LAB in shellfish farming

Shellfish, an economically important species in global aquaculture,
face challenges such as pathogen infection, environmental stress, and
growth limitations. Wild-type LAB isolated directly from shellfish in-
testines or aquatic environments are widely used in shellfish farming
because of their safety, accessibility, and environmental adaptability,
offering “local adaptation” advantages. After isolation from shellfish or
the environment, wild-type LAB exhibit significant antibacteria activ-
ity, which is used to control common pathogens and reduce the risk
of disease outbreaks. For instance, 26 LAB strains isolated from Cras-
sostrea gigas were screened as probiotic candidates, demonstrating in-
hibitory effects against various pathogens and aiding in the develop-
ment of probiotic supplements for marine aquaculture [226]. More-
over, an L. sakei strain isolated from wild shellfish intestines possessed
strong acid and bile salt tolerance and was shown to protect shellfish
from Vibrio spp.-related damage in vivo [227]. These examples indicate
that wild-type LAB can act as “biological barriers,” effectively reducing
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pathogen transmission and disease risks in shellfish farming [228]. Con-
currently, wild-type LAB administered orally or added to the environ-
ment significantly enhanced non-specific immune responses and growth
performance in shellfish. In a study on Ruditapes philippinarum, oral ad-
ministration of L. plantarum improved the gut microbiota and immune
system; gene expression analysis showed the upregulation of key im-
mune genes, increasing clam survival and health status [229]. Overall,
wild-type LAB stabilize the intestinal microecology, thereby improving
nutrient absorption and production efficiency in shellfish [230]. Fur-
thermore, shellfish farming is susceptible to climate change, and wild-
type LAB demonstrate good environmental buffering capacity. Marine-
derived LAB, which are often protective probiotic microbes, can miti-
gate the negative effects of environmental stress on mollusks, enhancing
stress resistance in shellfish [85]. For example, adding the Lactobacillus
acidophilus AC strain to culture water improves water quality and re-
duces stress responses in zebrafish (Danio rerio) [87]. In summary, the
advantage of wild-type LAB is their direct environmental origin, which
facilitates their integration into shellfish farming systems. They are pri-
marily applied through local isolation and screening, require no com-
plex modifications, and incur low costs, although their activities may
be limited.

The performance of engineered LAB strains can be directionally en-
hanced through biotechnology. These strains can be used in shellfish
farming to develop highly active vaccine vectors, improve the expres-
sion of therapeutic proteins and antigens, and address specific health
issues. Engineering methods have broadened the scope of LAB ap-
plications, particularly in immune regulation and targeted therapies.
Engineered LAB can serve as vaccine vectors and immunoenhancers
by expressing foreign antigens or immune molecules and providing
specific protection against shellfish pathogens. Engineering techniques
have also been used to control the molecular functions of LAB and en-
hance their stability in shellfish environments. Notably, the develop-
ment of engineered promoter libraries (including constitutive and in-
ducible promoters) allows the precise regulation of gene expression in
LAB strains, offering optimized potential for expressing anti-pathogen
proteins or enzymes in shellfish farming [224]. For instance, engi-
neering the NADH oxidase of L. rhamnosus significantly increases en-
zyme activity at near-neutral or alkaline pH, aiding the coupling of
NAD-dependent dehydrogenases; this helps maintain high enzyme ac-
tivity in shellfish environments and improves metabolic efficiency and
stress resistance [231]. In conclusion, the overall advantage of engi-
neered LAB lies in achieving targeted protection and high bioactivity
through customized design, thus addressing the limitations of wild-
type strains in shellfish farming. However, the challenges include po-
tential off-target effects, genetic instability, and high research and de-
velopment costs. Therefore, future research should develop synthetic
promoter libraries and optimize engineering strategies to ensure the
safety and long-term efficacy of engineered LAB for shellfish farming
applications.

4.4. Application of LAB in recirculating aquaculture systems

RAS are efficient and environmentally friendly farming modes that
achieve sustainable production through water recirculation, biofiltra-
tion, and waste treatment [232,233]. In RAS, microbial communities
effectively remove ammonia and nitrite via nitrification and denitri-
fication, thereby mitigating the accumulation of water pollutants. Al-
though specialized heterotrophic nitrifiers and certain Bacillus strains
are known for their direct nitrogen removal capabilities, they often func-
tion most effectively when integrated into LAB-based strategies to op-
timize biofiltration [234,235]. The nitrifying biofilm is central to the
RAS operation, where bacteria facilitate the conversion of ammonia ni-
trogen derived from fish protein decomposition [236]. Consequently,
LAB are often used in conjunction with other functional strains such
as Bacillus to leverage synergistic interactions that strengthen nitrifica-
tion/denitrification functions, optimize biofilm systems, and improve
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overall water treatment efficiency. For example, native LAB strains L.
paracasei GV17 and L. lactis GV103 applied individually or combined
with commercial bioremediation agents, can stably reduce the levels
of ammonia and nitrite in water, enhancing the overall RAS efficiency
[237]. Moreover, co-administration of LAB (e.g., L. paracasei PXN 37 and
L. acidophilus La-5) and Bacillus strains (e.g., Bacillus subtilis PXN 21 and
B. coagulans GBI30 6086) can enhance the stability of probiotic prop-
erties within feed matrices, thereby providing a more comprehensive
microbial management solution for RAS. These strains assist the nitro-
gen cycle by converting organic nitrogen into ammonia or nitrate via
their nitrification functions [238]. Combined probiotics in RAS can also
promote biofilm formation. For instance, inoculating mature biofilms
can accelerate the start-up of nitrification reactors, thereby reducing the
time required for ammonia accumulation. This involves the optimiza-
tion of biofilm architecture, thereby improving system performance and
waste treatment capacity [239]. This demonstrates the potential of LAB
as biological control agents in RAS to regulate the microbial commu-
nity balance, reduce water pollution, and maintain good environmental
conditions.

Screening for indigenous LAB is closely related to RAS compatibil-
ity. For example, LAB isolated from salmonids, as potential probiotic
candidates, exhibited antagonistic activity against pathogens under sim-
ulated RAS conditions, particularly inhibiting the growth of S. aureus,
V. parahaemolyticus, and E. coli; this was attributed to their secretion of
natural antimicrobial substances, thereby reducing the pathogen trans-
mission risk within the system [240]. Similarly, L. sakei from the in-
testines of cold-water fish has been evaluated as a probiotic additive
that efficiently inhibits pathogen growth and enhances water cleanli-
ness in RAS environments [241]. These examples show that wild-type
LAB function in the RAS through multiple mechanisms: first, as wa-
ter quality improves, they adsorb heavy metals and degrade organic
waste; second, they reduce pathogen colonization through competi-
tive exclusion; and finally, they act as immunomodulators to enhance
fish health, thereby achieving system stability without using chemical
additives.

In RAS, wild-type LAB primarily function by producing organic acids,
such as lactic acid, to reduce pH and ammonia levels, and by antago-
nizing pathogens through the production of antimicrobial substances,
such as bacteriocins. However, this indirect involvement is relatively
inefficient in nitrification and denitrification functions and has certain
limitations [51,242]. Genetic engineering of LAB is regarded as an effec-
tive strategy for enhancing their biotechnological application potential,
including improving their nitrogen removal efficiency. Owing to their
genetic heterogeneity and history of safe use in food, LAB are considered
ideal candidates for engineering, enabling the optimization of relevant
functions through the heterologous expression of specific genes [243].
For instance, through gene editing, L. lactis can be engineered to produce
recombinant proteins that may enhance its efficacy in nitrogen man-
agement [187]. Furthermore, engineered LAB can have their metabolic
pathways modified to enhance acid production or ammonia metabolism
capacity, thereby indirectly or directly influencing the degradation or
metabolism of nitrogen compounds, respectively [244,245]. Compared
with the random effects of wild-type LAB, the advantage of engineered
LAB lies in their functional programmability. For instance, engineered
LAB strains, through modified promoters controlling gene expression,
enhance antimicrobial peptide production and purify water more effec-
tively in a RAS environment [108]. Simultaneously, as a sustainable so-
lution, they reduce reliance on non-native probiotics and address com-
patibility issues with imported strains [108]. However, there remain
fewer examples of engineered LAB applications in RAS than those of
wild-type LAB, and research trends show their potential in addressing
antibiotic resistance issues. Therefore, in future research, wild-type and
engineered LAB can complement each other in RAS applications, provid-
ing stable environmental regulation and expanding functional bound-
aries, jointly promoting efficient and green development in recirculating
aquaculture.
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5. Future development trends of engineered LAB in aquaculture

Although engineered LAB have currently achieved significant devel-
opment progress, their large-scale adoption and widespread application
still require milestone breakthroughs in the following aspects.

5.1. Multi-omics-driven precision strain design

Integrating multi-omics data, such as metagenomics, proteomics,
and metabolomics, enables the targeted optimization of functional
gene combinations in engineered strains. Machine-learning models con-
structed from metagenomic and metabolomic data can predict the most
suitable functional gene combinations for specific aquaculture species.
Analysis of fish intestinal microbiota metabolic profiles showed that spe-
cific strains significantly enhance host nutrient absorption and growth
performance by synthesizing short-chain fatty acids and digestive en-
zymes [28,246]. Moreover, machine-learning models can predict op-
timal gene combinations (e.g., carbohydrate metabolism-related en-
zymes and immunomodulatory genes) to adapt to the intestinal envi-
ronments of different fish species. Utilizing multi-omics learning mod-
els also enables species-specific design. For instance, L. sakei isolated
from cold-water fish possesses unique low-temperature adaptation genes
[241]. Constructing strain design models based on metagenomic data
can specifically enhance colonization capacity in low-temperature aqua-
culture environments. Furthermore, while current research often relies
on single-strain screening [108], integrating multi-omics data to estab-
lish predictive algorithms in the future will effectively address the com-
plexity of microbe-host-environment interaction mechanisms in aqua-
culture.

5.2. Controllable genetic circuit design

Controlling the expression of exogenous genes in engineered LAB is
a crucial parameter for the assessment of strain safety. Introducing en-
vironmental sensing switches to achieve spatiotemporally specific gene
expression is a core strategy for reducing ecological risks. This approach
can effectively realize the targeted expression and risk control of heterol-
ogous antigen genes. Engineered LAB can carry viral antigen genes; how-
ever, there is a potential risk of horizontal gene transfer in non-target
environments [218]. Designing pH/salinity-sensing promoters can re-
strict targeted antigen expression in the fish digestive tract, effectively
avoiding ecological risks caused by leaky antigen gene expression. The
incorporation of environmental sensing switches enables the construc-
tion of fully automated dynamic sensing gene expression circuits. For
instance, supplementation with Lactobacillus curvatus alleviates physio-
logical stress caused by cadmium/lead exposure in fish [247]. Building
on this, future designs could include heavy metal sensing/metal-binding
protein expression circuits to achieve on-demand activation of stress
protection factors in fish. However, current cases have not yet incor-
porated environment-sensing switches; thus, it is urgent to validate the
circuit stability and leakage risks in RAS to advance the application of
a controllable genetic circuit design in these scenarios.

5.3. Synergistic use with other vaccines/immunomodulators

Certain native LAB can induce “non-classical trained immunity,”
significantly enhancing the protective efficacy of vaccines against
pathogens. This trained immune system can activate the innate immune
memory and improve vaccine effectiveness. Engineered LAB can simul-
taneously deliver antigens and immunomodulatory molecules, forming
a “dual-delivery system” that enhances mucosal immune responses in
fish and improves protective efficacy [248]. If engineered LAB are co-
administered with other immunoenhancers, they are expected to form
a “triple delivery system (co-delivering antigens, immunomodulatory
molecules, and exogenous immunoenhancers),” further boosting their
immune efficacy. Engineered LAB can also enhance the immune signal
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crosstalk between dendritic cells, natural killer cells, and T cells, thereby
improving the tumor microenvironment. Their extracts, combined with
chemotherapeutic drugs (e.g., 5-fluorouracil), can increase the expres-
sion levels of anti-tumor cytokines (IL-17A, IFN-y, TNF-«) and enhance
overall immune responses in fish [249,250]. Furthermore, combining
immunomodulatory adjuvants such as manganese oxide nanoparticles
with engineered LAB carriers can enhance the immunomodulatory ca-
pacity of vaccines and provide a platform for novel vaccine design. In
summary, engineered LAB have demonstrated potential as “live adju-
vants” or delivery vectors capable of significantly enhancing the efficacy
of traditional vaccines or immunomodulators in aquaculture through
multiple pathways.

5.4. Life cycle assessment

Currently, the safety assessment system for engineered LAB is incom-
plete, necessitating the urgent establishment of a closed-loop safety as-
sessment framework spanning research and development up to the treat-
ment of environmental residues. After administering engineered LAB to
an RAS, strains may be excreted into the water via feces, affecting the
microbial community [251,252]. Therefore, the primary step is to con-
struct an ecological risk tracing system to quantify the residue degrada-
tion cycle in sediments [253]. Most existing studies have focused on the
efficacy of engineering and lack a standardized assessment of horizon-
tal gene transfer. Thus, fostering awareness of “safety-by-design” path-
ways for engineered strains is also necessary to compensate for these
gaps in regulatory frameworks. Additionally, interdisciplinary integra-
tion, which combines environmental toxicology and big data modeling
[254], enables multilevel and comprehensive assessment and supervi-
sion of the ecological risks posed by engineered LAB. This approach
aims to establish a complete environmental safety assessment system
that covers strain development, product formulation, administration,
and residue degradation to meet the ecological regulatory requirements
in aquaculture.

5.5. Industrialization and development of standardization processes

The genetic and metabolic diversity of LAB makes their classification
and functional standardization challenging [255]. Unifying industrial
standards for strain screening, fermentation processes, and safety as-
sessment procedures is essential to ensure the stability and safety of en-
gineered strains. First, the standardization of production processes and
biosafety regulatory frameworks is the top priority for standardization
in the LAB industry. LAB strain screening should incorporate genomic
annotation to comprehensively evaluate the adaptability of strains to
environmental stresses in aquaculture. The fermentation process param-
eters should also be optimized through response surface methodology
experiments to achieve production scale-up, thereby ensuring produc-
tion stability [256]. Simultaneously, it is crucial to gradually establish
unified biosafety assessment standards and regulatory protocols cover-
ing the genetic stability of gene-edited strains, environmental release
risks, and clinical safety to ensure compliance from laboratory to indus-
trial production [257]. Second, the practices for engineered LAB across
different aquaculture application scenarios must be standardized. For
example, the probiotic mechanisms of engineered LAB can be catego-
rized based on the engineering strategies used. Delivery systems also re-
quire standardized material selection, encapsulation efficiency, in vivo
release stability, and the establishment of a standardized efficacy evalu-
ation system [258]. Furthermore, the future development path for stan-
dardizing engineered LAB must vigorously promote cross-disciplinary
technology integration and the refinement of international cooperation
norms. Leveraging big data processing capabilities and high-throughput
technologies, as well as introducing blockchain and digital twin tech-
nologies, can achieve the standardized management of production data
and enhance transparency in the aquaculture industry chain [259]. Re-
ferring to the FAO/WHO standard system will also help promote the



X. Huang, X. Sun, X. Dong et al.

establishment of a globally unified nomenclature system, testing meth-
ods, and regulatory framework for engineered probiotics.

6. Recommendations and conclusions

As natural probiotics, LAB have multiple benefits in aquaculture, in-
cluding growth promotion, immunity enhancement, and water quality
improvement. However, wild-type LAB possess inherent limitations such
as limited functionality, poor environmental adaptability, and weak col-
onization capacity, which significantly restrict their application. Ge-
netic engineering has overcome these bottlenecks through gene-editing
technologies, transforming LAB from “single-function” agents to “mul-
tifunctional integrated” solutions. In conclusion, this review demon-
strated that the transition from wild-type to engineered LAB represents a
paradigm shift necessary for sustainable aquaculture. This shift is char-
acterized by a shift from exploratory screening to rational design aimed
at creating multifunctional, resilient, and safe microbial agents.

Engineered LAB can be applied to the farming of various aquatic
species, including fish, shrimp, and shellfish. In freshwater fish, oral
LAB vaccines expressing the IPNV VP2 protein can induce mucosal im-
munity, and in shrimp farming, strains engineered with quorum-sensing
systems exhibit a 40-50 % increase in antibacterial activity. In RAS, en-
gineered bacteria enable synergistic effects of dynamic water purifica-
tion and disease prevention. Current research on engineered LAB has
achieved three major breakthroughs: (1) the design of genetic circuits
to construct intelligently responsive strains, such as pH-sensing antimi-
crobial peptide expression systems; (2) cross-species functional integra-
tion by introducing exogenous genes into LAB vectors to develop novel
products, such as oral vaccines and nutritional enhancers; and (3) the
development of safety optimization strategies that significantly improve
the environmental adaptability of engineered strains, i.e., by enhancing
acid and heat tolerance while reducing the risk of horizontal gene trans-
fer.

Nonetheless, the current application of engineered LAB in aquacul-
ture still faces multiple challenges. (1) Bottlenecks in genetic engineer-
ing tools: some LAB (particularly newly classified genera) lack effi-
cient gene-editing tools, and CRISPR system applications remain lim-
ited. Moreover, low vector transformation efficiency and the difficulty
of homologous recombination restrict the precise modification of com-
plex functions. (2) Safety controversies surrounding engineered strains:
recombinant DNA may undergo horizontal transfer to environmental
microorganisms or the host gut microbiota. Moreover, the ecological
behavior (e.g., colonization persistence) and long-term safety of engi-
neered strains require rigorous evaluation. (3) Host specificity and effi-
cacy stability: the intestinal environments of different fish and shellfish
vary significantly, leading to the host-dependent probiotic effects of en-
gineered LAB that are prone to instability under long-term subculturing
or environmental stress. (4) Metabolic limitations and large-scale pro-
duction: LAB rely on glycolysis, resulting in slow proliferation and a
narrow substrate spectrum. Lactic acid accumulation during large-scale
fermentation inhibits their growth, necessitating optimized cultivation
strategies (e.g., pH control, two-stage cultivation). (5) Regulatory and
industrial barriers: the application of genetically modified probiotics in
the food/feed sector faces stringent approval processes, and low public
acceptance and regulatory uncertainties hinder commercialization.

The future development trend of engineered LAB in aquaculture
should focus on five dimensions: (1) from single-omics analysis to multi-
omics-driven precision design, utilizing machine learning to predict op-
timal gene combinations; (2) from constitutive expression to environ-
mentally responsive genetic circuits enabling spatiotemporally specific
gene expression through intelligent biosensors; (3) from standalone pro-
biotics to synergistic combination therapies with nano-adjuvants and
traditional vaccines; (4) from preliminary safety checks to comprehen-
sive life cycle assessment systems covering laboratory experiments to
environmental residue degradation; (5) from lab-scale prototypes to
standardized industrial processes. These advancements will propel en-
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gineered LAB from being mere laboratory tools to becoming the corner-
stones of precision green aquaculture.

Although engineered LAB demonstrate significant application poten-
tial, their industrialization still faces multiple challenges that limit their
promotion and application. Therefore, future research on engineered
LAB requires synergistic breakthroughs in multi-omics design, environ-
mentally responsive regulation, and standardized systems to achieve a
leap from laboratory innovation to commercial application.
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