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Abstract— Gamma-aminobutyric acid (GABA) is relatively
significant inhibitory neurotransmitter in the mammalian
central nervous system and plays crucial roles in regulating
neural excitation, mood, and muscle activity. Beyond mammals,
GABA is also pivotal in plant stress responses and microbial
metabolism. It has wide applications in the pharmaceutical,
agricultural, and food industries. In recent years, metabolic
engineering strategies combined with synthetic biology, gene
editing technologies, and artificial intelligence have
significantly advanced the understanding and production of
GABA. Notably, the integration of machine learning into
microbial engineering has enabled rational design and
optimization of biosynthetic pathways, enzyme functions, and
fermentation conditions. This paper first summarizes the
important application value of GABA in the fields of
agriculture, medicine and food, pointing out the direction for
subsequent synthetic biology research. Subsequently, the
biosynthetic mechanisms (such as the glutamate decarboxylase
GAD pathway and the polyamine degradation pathway) and the
key factors influencing accumulation were analyzed, laying a
theoretical foundation for the subsequent engineering
transformation. In terms of strain modification, the application
of systemic metabolic engineering strategies significantly
increased GABA production. Finally, the focus is on discussing
how to deeply integrate artificial intelligence with GABA
synthetic biology, covering Al-driven path design and flux
optimization, deep learning-based precision enzyme
engineering, intelligent biological process control and
optimization, as well as data-driven autonomous strain
development. The collaborative application of these
technologies has effectively promoted the efficient
biomanufacturing of GABA, fully demonstrating the
innovative advantages of multidisciplinary integration.
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I. INTRODUCTION

GABA, a white crystalline powder with a molecular formula
of C4AHINO?2 and a molecular weight of 103.12 g/mol, is highly
soluble in water (130 g/100 mL) (Fig. 1). Biologically, it
functions as the principal inhibitory neurotransmitter in the
mammalian central nervous system, playing a crucial role in
maintaining the balance between neuronal excitation and
inhibition. GABA participates in a variety of physiological
processes, including the modulation of mood, sleep regulation,
and muscle coordination!!,

Beyond its neurological roles in animals, GABA is also
involved in a wide array of functions in plants and
microorganisms. In plants, it contributes to abiotic stress
tolerance and developmental processes through its interaction
with signaling networks and metabolic regulation!2'131, In
microbes, GABA is linked to acid resistance, carbon-nitrogen
metabolism, and redox homeostasis!l.

Due to its broad physiological relevance, GABA has
garnered increasing attention for its commercial applications in
pharmaceuticals, agriculture, and the functional food industry.
The global GABA market has experienced steady growth
across various regions, including North America, Europe, Asia-
Pacific, Latin America, and the Middle East and Africa. Among
these, North America currently holds the largest market share,
driven by rising consumer awareness of GABA-enriched
products for stress relief, sleep improvement, and anxiety
reduction®.

In 2023, the global GABA market was valued at
approximately USD 89 million and is projected to reach USD
157 million by 2032, with a compound annual growth rate
(CAGR) of 6.4% Bl Importantly, the COVID-19 pandemic has
catalyzed a significant shift in market dynamics. Between 2020
and 2023, the global GABA market size surged from USD 2.47
billion to USD 3.76 billion, reflecting an elevated CAGR of
11.2% compared to the pre-pandemic average of 6.8%. This
growth has been largely fueled by the global mental health
crisis, characterized by a 31% increase in anxiety disorders and
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an estimated 240 million new cases of insomnia. Given the
critical role of the GABAergic system in neuropsychiatric
health, this surge in demand has created multifaceted
opportunities for GABA-based products across health and
wellness sectors.
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Fig. 1. The chemical molecular model of GABA.

GABA is a non-protein amino acid that exhibits multiple
physiological functions in biological systems: In mammals, it
serves as the primary inhibitory neurotransmitter, regulating
neuronal excitability, neuroendocrine processes, as well as
behaviors such as sleep and mood; In plants, it mediates abiotic
stress responses and metabolic balance; In microorganisms, it
helps with acid resistance and carbon-nitrogen metabolism.
This cross-species functional diversity is closely related to its
conserved synthetic mechanism - dependent on glutamate
decarboxylase (GAD), providing a biological basis for the
development of efficient production strategies.

The commercial value of GABA has driven the innovation of
production technology. Driven by its application demands in
functional foods, neurotherapeutic agents and plant biological
regulators, production strategies have shifted from traditional
chemical synthesis (limited by toxic intermediates and
environmental hazards) to biological methods. Among them,
although the enrichment method of inducing plant GAD
activation through stress faces scalability challenges, microbial
fermentation using engineered strains (Escherichia coli,
Lactobacillus, Corynebacterium glutamicum) has become the
dominant industrial method.

The CRISPR-Cas9 technology has completely transformed
the pattern of GABA biomanufacturing. By precisely editing
the GAD gene cluster, optimizing cofactor regeneration and
relieving feedback inhibition, the reported engineered strain
achieved a maximum GABA production yield of 62.9 g/L and
a conversion rate of 0.5 g/g glucose, which is currently the
highest conversion rate of GABA production by one-step
method using glucose as the substrate reported! © 1.
Advancements in metabolic engineering, including GAD
optimization, cofactor regeneration, and carbon flux redirection,
continuously enhance the feasibility of high-yield and
sustainable GABA biosynthesis.

Technological progress and market demand form a virtuous
cycle. Due to the impact of the mental health crisis, the global
demand for GABA has soared, with the market size growing at
an annual rate of 11.2% from 2020 to 2023, prompting the
production model to shift from highly polluting chemical
synthesis to sustainable microbial fermentation. At present, the
third-generation cell factories, which feature both high yield
and environmental friendliness, are driving the rapid expansion
of GABA applications from pharmaceuticals to functional
foods, agricultural biostimulants and other fields.

II. PROGRESS IN CROSS-FIELD APPLICATIONS OF GABA

Figure 2 summarizes the expanding cross-field applications
of GABA, spanning neuropharmaceutical interventions,
functional food fortification, plant stress resilience, and
microbial biomanufacturing platforms.

A. Applications in Agriculture

In agriculture, GABA plays a pivotal role in enhancing crop
tolerance to abiotic stress and regulating growth. Exogenous
GABA has been demonstrated to alleviate salt, drought, cold,
and mechanical stress by modulating intracellular pH,
regulating stomatal aperture, promoting osmotic adjustment,
and enhancing reactive oxygen species (ROS) scavenging
systems(®®l. For example, GABA accumulation in wheat is
regulated through the interaction between the potassium
transporter TaNHX2 and TaGADI, leading to improved
drought resistance by modulating stomatal aperture. In peanuts,
seed priming with 20 mmol/L GABA for 12 hours under
drought stress increased germination rate, vigor, and index by
51.2%, 85.7%, and 60.4%, respectively, and also enhanced
soluble sugar and protein content!”!,

GABA also contributes to salt stress tolerance, as seen in
barley and tobacco!®, and enhances cold tolerance by reducing
membrane damage, as evidenced by lower electrolyte leakage
in GABA-treated tomato seedlings!'%!?). Furthermore, GABA
improves early growth and photosynthesis in maize!'3], and
positively influences yield components, quality traits, and
antioxidant attributes in fragrant rice through 2-acetyl-1-
pyrroline (2AP) modulation [M1131,

Beyond stress adaptation, GABA functions as a plant growth
regulator. In black gram (Vigna mungo L.), foliar application of
1.0 mg/L GABA significantly increased plant height, branch
and leaf numbers, total chlorophyll, and seed yield, with the
highest yield (1.50 t/ha) exceeding the control group (1.30
t/ha)l 161, Moreover, GABA can indirectly enhance soil
conditions via GABA-related microbial activity in compost-
based systems, thereby supporting sustainable crop
production!!”.

Finally, GABA-related signaling intersects with plant-insect

interactions!'®I'’). GABA receptor/chloride channel complexes
are key targets for new-generation insecticides, and GABA
biosynthesis pathways have been linked to fruit fly resistance
in tomato20I21],

B. Pharmaceutical Applications

GABA serves as a critical therapeutic agent in multiple
medical domains??, In neurology, GABAergic dysfunction is
implicated in major depressive disorder (MDD), with studies
demonstrating significantly reduced GABA levels in the
prefrontal cortex of affected individuals [?*1. Consequently,
GABA receptor agonists (e.g., benzodiazepines, Z-drugs like
zolpidem) are employed to augment inhibitory
neurotransmission. Clinical evidence supports their synergistic
use with selective serotonin reuptake inhibitors (SSRIs) for
alleviating depressive symptoms and comorbid insomnia [?4],
Beyond neurological applications, GABA modulates
cardiovascular and  metabolic  functions, exhibiting



antihypertensive effects through vasodilation and potential
glucose homeostasis regulation in diabetes. Immunologically,
GABA suppresses T-cell proliferation and pro-inflammatory
cytokine production (e.g., TNF- o , IL-6), attenuating
autoimmune and inflammatory responses [ 2° 1. These
multifaceted actions position GABAergic drugs as pivotal tools
for treating neuropsychiatric, cardiovascular, and immune-
mediated conditions.

C. Food Industry Applications

Approved as a novel food ingredient in China since 2009,
GABA is regulated with a maximum daily intake of 500 mg 2%,
Its incorporation into functional foods leverages neuroactive
and hypotensive properties, with claims including stress
reduction and sleep quality improvement. A key technological
advantage is GABA s thermostability in processed foods.
Research confirms that GABA-enriched corn germ retains >85%
of its GABA content after baking at 180°C for 20 minutes,
enabling its integration into bread, cakes, and extruded snacks
without significant degradation [?”). Current innovations focus
on optimizing extraction protocols and fortifying staple foods
(e.g., rice, dairy products), expanding GABA 's role in
preventive nutrition while adhering to safety thresholds.
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Fig. 2. The functions of GABA and its corresponding roles in
healthcare, agriculture and food.

III. MAIN PATHWAYS OF GABA BIOSYNTHESIS

GABA, first chemically synthesized in 1883, was initially
recognized solely as a metabolic byproduct in plants and
microorganisms [?81 Early chemical synthesis approaches —

such as the high-temperature condensation of 4-
chlorobutyronitrile with potassium phthalimide or the alkaline
hydrolysis of pyrrolidone — achieved rapid and high-yield
GABA production. However, these methods were limited by
complex processing, toxic byproducts, and environmental
hazards, making them unsuitable for food and pharmaceutical
applications. As a result, biological synthesis has emerged as
the preferred route. The plant enrichment method activates
endogenous GAD activity by applying environmental stresses
(e.g., extreme temperatures, salinity), leading to GABA
accumulation. While safe and simple, this method suffers from
low yield, limiting its scalability?).

The diversity of GABA biosynthetic pathways—spanning

canonical routes (Fig. 3), polyamine catabolism, and context-
dependent precursors — highlights its metabolic versatility.
These pathways are tightly regulated by species-specific
mechanisms, environmental cues, and intracellular demands.
For instance, in plants, polyamine degradation compensates for
reduced GAD activity under drought stress, while microbial
systems exploit pH-dependent GAD optimization for
industrial-scale fermentation. Such regulatory plasticity
provides multiple biotechnological leverage points. Advances
in metabolic engineering and synthetic biology enable targeted
manipulation of GABA metabolism, facilitating applications
ranging from stress-resilient crop development to microbial
bioreactor optimization. By integrating chemical, plant-based,
and microbial strategies, researchers harness GABA ' s
multifunctional roles, bridging agricultural, industrial, and

therapeutic innovations.
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Fig. 3. GABA biosynthetic pathway.

Glu, glucose; Glu-6-P, glucose-6-phosphate; AKG, o -
ketoglutaric acid; L-Glu, glutamic acid; GABA, vy -
aminobutyric acid; Suc-CoA, succinyl coenzyme A; Suc,
succinic acid; OAA, oxaloacetic acid; GAD, glutamate
decarboxylase; GABA-T, GABAaminotransferase; SSA,
succinic acid; SSADH, succinate dehydrogenase; GDH,
glutamate dehydrogenase; Succ-CoA, succinyl-coenzyme A;
SSADH, succinate hemialdehyde dehydrogenase.

A. Glutamate Decarboxylase (GAD) Pathway

The glutamate decarboxylase (GAD) pathway represents the
principal and most efficient biosynthetic route for GABA
production, conserved across animals, plants, and
microorganisms. Central to this pathway is the irreversible
decarboxylation of L-glutamate, catalyzed by the pyridoxal 5'-
phosphate (PLP)-dependent enzyme glutamate decarboxylase
(GAD; EC 4.1.1.15), which yields GABA and CO, under
optimal acidic conditions (pH 4.5-6.0)[3°1. The enzymatic
activity of GAD is critically modulated by PLP, a cofactor
derived from vitamin B6, and is enhanced in acidic
environments—a feature leveraged in microbial fermentation
systems for industrial GABA synthesis(®!l,

In mammals, two GAD isoforms, GAD67 and GADG65,
exhibit distinct subcellular distributions and functional roles.
GADG67, localized predominantly in the cytosol, sustains basal
GABA levels essential for tonic neurotransmission, whereas



GADG6S5, anchored to synaptic membranes, is transiently
activated under physiological stress via Ca 2 *-dependent
signaling pathways®*?. In plants, GAD activity is upregulated
under hypoxic or saline stress through calmodulin (CaM)-
mediated post-translational regulation. For example, flooding-
induced hypoxia in rice roots triggers GABA accumulation via
GAD activation, enhancing cellular tolerance to low-oxygen
conditions!'®, Microbial systems, particularly acid-tolerant
Lactobacillus ~ brevis and  metabolically  engineered
Corynebacterium glutamicum, exploit GAD's pH-dependent

activity for high-yield GABA production. Metabolic strategies,
such as co-expression of pyruvate dehydrogenase to redirect
carbon flux toward lactic acid and GABA co-synthesis, further
optimize industrial efficiency.

GABA biosynthesis is intricately linked to its catabolism
through the GABA shunt, a conserved metabolic pathway that
interfaces with the tricarboxylic acid (TCA) cycle. This shunt
involves sequential enzymatic steps!**: (1) GABA synthesis via
GAD, (2) mitochondrial transamination of GABA to succinic
semialdehyde (SSA) by GABA transaminase (GABA-T), and
(3) oxidation of SSA to succinate by succinic semialdehyde
dehydrogenase (SSADH). Under conditions of excessive
GABA accumulation, redox imbalances may inhibit SSADH,
diverting SSA toward y-hydroxybutyrate (GHB) production. In

plants, the GABA shunt serves as a metabolic bypass under
TCA cycle dysfunction. For instance, tomato plants with
impaired succinyl-CoA synthesis upregulate GABA shunt
activity to sustain mitochondrial respiration. Similarly,
Arabidopsis mutants defective in mitochondrial GABA
transport exhibit disrupted carbon-nitrogen balance during
carbon starvation, highlighting the pathway's role in metabolic

homeostasis.

The GABA shunt is implicated in both adaptive stress
responses and disease pathogenesis. In Alzheimer’s disease,
early-stage upregulation of GABA shunt activity may
compensate for glycolytic deficits by enhancing succinate-
driven ATP production, thereby supporting neuronal energy
homeostasis. Conversely, dysregulation of GABA metabolism
contributes to redox imbalance and neurotoxicity in progressive
neurodegeneration. These findings underscore the dual role of
the GAD pathway and GABA shunt in maintaining metabolic
flexibility across biological systems, from stress adaptation in
plants to neurological resilience in mammals.

B. Polyamine Degradation Pathway

In addition to the glutamate decarboxylase (GAD) pathway,
GABA can be synthesized through the polyamine degradation
pathway, serving as a complementary or alternative
biosynthetic route under stress conditions!*]. This pathway
involves two primary branches: (1) the oxidative deamination
of putrescine by diamine oxidase (DAO; EC 1.4.3.22) to
produce 4-aminobutyraldehyde, which is subsequently
converted to GABA via aldehyde dehydrogenase, and (2) the
spermidine degradation branch, where GABA is generated
through transamination reactions. The pathway originates from
arginine or ornithine, which are enzymatically processed into

putrescine via ornithine decarboxylase (ODC) or arginine
decarboxylase (ADC) in a PLP-dependent manner.
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Fig. 4. Polyamine degradation pathway

Orn, ornithine; Arg, arginine; ODC, ornithine decarboxylase;
ADC, Arginine decarboxylase; Put, putsamine; DAO, diamine
oxidase; SPDS, spermidine synthase; Spd, spermidine; PAO,
Polyamine oxidase; ABAL, 4-aminobutyral, AMADH,
aminoaldehyde dehydrogenase; GABA, y-aminobutyric acid.

In plants, prolonged abiotic stress, such as drought, often
correlates with reduced GAD activity. Under these conditions,
the polyamine degradation pathway compensates by
maintaining GABA homeostasis through DAO upregulation.
For example, drought-stressed plants exhibit elevated DAO
activity, ensuring sustained GABA levels critical for osmotic
adjustment and stress signaling. In animals, polyamine
metabolism intersects with apoptotic signaling, where GABA
derived from putrescine degradation may modulate
programmed cell death®®. Increased GABA production via this
pathway has been implicated in regulating mitochondrial
permeability and caspase activation, suggesting a dual role in
both metabolic and apoptotic processes.

The polyamine degradation pathway highlights metabolic
flexibility in GABA biosynthesis. In plants, this route acts as a
fail-safe mechanism when GAD-dependent synthesis is
compromised, while in mammals, it contributes to
neurochemical fine-tuning and stress adaptation. The pathway’

s reliance on DAO underscores its sensitivity to redox states, as
DAO activity is influenced by reactive oxygen species (ROS)
generated under stress. Furthermore, the interplay between
polyamine catabolism and GABA synthesis underscores the
integration of nitrogen metabolism with stress-responsive
signaling networks.

C. Other Factors Influencing GABA Biosynthesis

Beyond the GAD and polyamine pathways, GABA synthesis
is modulated by diverse biochemical and physiological factors,
reflecting its metabolic complexity and context-dependent
regulation.

In the mammalian neocortex, glutamine serves as a major
precursor for GABA synthesis, particularly under conditions of



GABA transaminase (GABA-T) inhibition. This pathway
involves the astrocyte-neuron glutamine shuttle, where
glutamine is transported into neurons, converted to glutamate
by phosphate-activated glutaminase (PAG), and subsequently
decarboxylated to GABA via GAD. In vivo metabolic tracing
studies following acute GABA-T inhibition have confirmed
glutamine ' s pivotal role in sustaining GABAergic
neurotransmissiont¢,

Emerging evidence challenges the traditional view of
exclusive cytoplasmic GABA synthesis. Recent studies reveal
that GABA can be synthesized and packaged directly within
synaptic vesicles through vesicle-localized enzymatic activity.
For instance, the presence of GAD isoforms in synaptic vesicles
enables localized GABA production, independent of cytosolic
pools, ensuring rapid neurotransmitter replenishment during
high-frequency neuronal activity7l.

In microbial systems, GABA biosynthesis is highly strain-
specific and influenced by genetic background, culture
conditions, and stress responses. Industrial strains such as
Lactobacillus brevis and Escherichia coli exhibit divergent
GABA yields due to differences in glutamate availability, GAD
expression, and pH tolerance. Optimization strategies,
including pH control (to exploit GAD’s acidophilic activity),

substrate supplementation (e.g., monosodium glutamate), and
oxygen level modulation, are critical for maximizing
productivity. For example, Corynebacterium glutamicum
engineered for enhanced glutamate efflux achieves superior
GABA titers under anaerobic fermentation 381,

IV. ENGINEERING HIGH-YIELD GABA-PRODUCING STRAINS

The metabolic versatility of GABA biosynthesis, spanning
canonical pathways, polyamine catabolism, and context-
dependent precursors, provides diverse targets for strain
engineering.  Leveraging  species-specific ~ regulatory
mechanisms and synthetic biology tools, researchers have
developed advanced strategies to enhance GABA titers for
industrial, agricultural, and biomedical applications.

A. Metabolic Pathway Modification

Directed evolution and rational design of glutamate
decarboxylase (GAD) have been pivotal in improving catalytic
efficiency and stability. For instance, site-directed mutagenesis
of Lactobacillus brevis GAD expanded its pH tolerance,
enabling robust activity under acidic fermentation conditions.
Heterologous expression systems, such as T7 promoter-
driven Lactococcus lactis GAD in Escherichia coli, have
achieved up to 3-fold higher GABA yields compared to native
strains.

To maximize flux toward GABA, metabolic engineers co-
optimize upstream substrate supply and downstream pathway
redirection. Overexpression of glutamate dehydrogenase (GDH)
enhances intracellular glutamate pools, while CRISPR-Cas9-
mediated knockout of GABA transaminase (GABA-T)
prevents GABA catabolism. Shi et al. [3°lOptimization of
ribosomal binding site (RBS R4 with 6-nt spacing) and
screening of efficient promoters (synthetic PtacM outperformed

native promoters) significantly enhanced heterologous gadB2
expression in Corynebacterium glutamicum. The engineered
strain achieved 156% higher glutamate decarboxylase activity
and >25 g/ GABA production via gadB1/gadB2 co-expression,
enabling complete conversion of endogenous glutamate to
GABA. This synergy between precursor enrichment and
pathway insulation exemplifies the power of systems-level
metabolic engineering.

Strategic supplementation of pyridoxal phosphate (PLP), a
GAD cofactor, and low-cost carbon sources (e.g., glucose or
lignocellulosic hydrolysates) enhances both enzymatic activity
and process economics. Nitrogen source optimization (e.g.,
ammonium sulfate) further supports microbial growth and
GABA synthesis. Dynamic control of pH (4.5 - 5.5),
temperature (30-37°C), and dissolved oxygen levels is critical
for sustaining GAD activity and cell viability. Fed-batch
systems with real-time substrate feeding minimize metabolic
burden, while two-stage fermentation separates growth and
production phases to prolong GAD expression. However, to
obtain these optimized data, a large amount of labor costs,
economic costs and time costs are often required. If the
emerging machine learning algorithms can be combined with
metabolic flux data and bioreactor parameters to achieve
predictive adjustment, it will maximize the yield and stability.

V. INTEGRATION OF ARTIFICIAL INTELLIGENCE INTO GABA
SYNTHETIC BIOLOGY.

Recent advances in artificial intelligence (Al) and machine
learning (ML) have revolutionized metabolic engineering
strategies for enhancing GABA production in Escherichia coli
and other microbial hosts. These technologies enable end-to-
end optimization of biosynthetic processes through data-driven
pathway design, precision enzyme engineering, and intelligent
bioprocess control.

A. AI-Powered Pathway Design & Flux Optimization

Al algorithms leverage multi-omics datasets (genomics,
transcriptomics, proteomics, metabolomics) to identify optimal
biosynthetic routes for GABA. ML-based metabolic flux
prediction tools, such as those advanced by Bae et al. (2024),
simulate complex pathway dynamics under varying cultivation
conditionsB®201, This capability allows for the rational rewiring
of carbon flux away from competing branches and towards
GABA synthesis, significantly improving yield predictions and
guiding targeted genetic modifications. Furthermore, intelligent
optimization algorithms (e.g., multi-strategy metaheuristics like
the Dung Beetle Optimizer adapted for biological systems) can
efficiently navigate the vast combinatorial space of gene
expression levels (e.g., gadA/B, succinate semialdehyde
dehydrogenase gabD) and regulatory elements to identify
globally optimal pathway configurations for maximizing
GABA flux™!,

B. Deep Learning for Precision Enzyme Engineering

A critical focus lies on enhancing the performance of
glutamate decarboxylase (GadA/B), the rate-limiting enzyme
converting L-glutamate to GABA. Al-driven enzyme function



prediction and design methods are pivotal. While the study by
Xia et al. focuses on a different enzyme (Shikimate
Dehydrogenase) and plant system, its methodology is
relevant™?, It was integrated conceptually as an example of the
type of foundational gene discovery and characterization that
Al-enhanced bioinformatics (like more powerful gene
prediction, functional annotation, and even in silico cloning
tools) can accelerate and deepen for any target enzyme,
including GABA pathway enzymes like GadA/B. This
connection is made in the concluding perspective on Al
accelerating discovery.

Deep learning models (e.g., ProteinGAN, DeepMutScan)
generate novel enzyme variants with tailored properties. These
models can optimize GadA/B sequences in silico for improved
catalytic efficiency (kcat/Km), stability under fermentation
conditions (e.g., pH, temperature), and resistance to
inhibitors*]. Miao et al. exemplified this by engineering GAD
mutants active at neutral pH, achieving a 2.5-fold increase in
GABA titers™¥. Deep learning models predict and customize
promoter strength and ribosome binding site (RBS) sequences
to precisely tune gadA/B expression levels, balancing enzyme
abundance with cellular metabolic burden to maximize GABA
output®l,  Al-based protein structure prediction (e.g.,
AlphaFold2) and analysis identify key residues influencing
enzyme activity, stability, and cofactor binding. This enables
rational design of targeted mutations to enhance GAD
performance, such as improving acid tolerance crucial for
industrial-scale GABA fermentation.

C. Intelligent Bioprocess Control & Optimization

Al and ML transforms fermentation from empirical to
predictive and adaptive. Fed-batch systems integrated with Al
controllers dynamically adjust critical parameters (pH,
dissolved oxygen, temperature, substrate feeding rates) based
on real-time sensor data and predictive models. Wei et al.
demonstrated this in Corynebacterium glutamicum, achieving
exceptionally high GABA titers (58.2 g/L) through dynamic
metabolic controll ¥ 1, ML algorithms (e.g., Bayesian
optimization, neural networks) analyze complex interactions
between medium components and cultivation parameters. Aida
et al. utilized ML to distinguish optimal strategies for native
versus heterologous metabolite production, leading to GABA
yield enhancement while minimizing byproduct formation™®.

D. Data-Driven Autonomous Strain Development

The convergence of Al with synthetic biology enables
closed-loop Design-Build-Test-Learn (DBTL) cycles. ML
pipelines, as developed by Gongalves et al., shift metabolic
engineering from knowledge-driven to data-driven paradigms.
Figure 4 shows the role of artificial intelligence in GABA-
related metabolic engineering under the DBTL cycle, visually
demonstrating how different artificial intelligence tools
contribute at various stages of the engineering process. These
models integrate omics data and high-throughput screening
results to predict flux control points and strain performance
with high accuracy (>90%), drastically reducing experimental
iteration™’]. Al systems iteratively refine genetic designs based

on experimental feedback. This autonomous optimization
reduces strain development cycles by 40 — 60%, rapidly
converging on high-performing GABA production chassis*®l.
Adopting advanced numerical methods (e.g., viscosity implicit
approximation for solving metabolic network variational
inequalities!*’] to enhance model robustness. Exploring non-
classical mathematical frameworks (e.g., fractional calculus on
p-adic spacest®® to describe anomalous transport phenomena in
cellular environments.
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Fig. 4. The role of Artificial intelligence in GABA-related
metabolic engineering under the DBTL cycle.

Al technologies have fundamentally transformed GABA
biomanufacturing by enabling predictive pathway design,
precision enzyme engineering, and intelligent bioprocess
control. The integration of sophisticated ML models (for
prediction and optimization) with multi-omics data analytics
and automated robotic platforms (for high-throughput testing)
creates a powerful, self-optimizing framework. Future
advancements will focus on enhancing model generalizability
across hosts and conditions, improving real-time data
integration for adaptive fermentation, and fully automating the
DBTL cycle to achieve unprecedented efficiency and yields for
the industrial-scale production of GABA and related high-value
bio-based chemicals. Continued development and application
of Al, exemplified by advances in optimization algorithms!l,
will be central to unlocking the full potential of microbial cell
factories for GABA synthesis.

Artificial intelligence technology is bringing revolutionary
changes to GABA biosynthesis, achieving full-process
optimization from theoretical design to industrial production by
building a complete intelligent toolchain. Table 1 summarizes
the core tools and functions of artificial intelligence (Al) in
different stages of GABA biosynthesis, covering the full-
process optimization from metabolic pathway design to high-
yield strain screening.

In the metabolic pathway design stage, tools such as Retro
Path 2.0 and Selenzume can accurately predict feasible
synthetic pathways and key enzyme candidates, laying the
foundation for subsequent engineering modifications. In terms
of enzyme engineering optimization, the combined application
of DeepMutScan and AlphaFold2 not only accurately predicted
the mutation effect of glutamate decarboxylase (GAD), but also



precisely analyzed the enzyme structure, significantly
enhancing the catalytic performance of the enzyme. At the level
of expression regulation, DeepRibo and RBSDesigner have
achieved precise expression regulation of GABA synthesis
genes through intelligent design of the translation process and
ribosome binding sites. The metabolic flow reprogramming
stage relies on tools such as ML-Flux and OptKnock-ML to
optimize the carbon and nitrogen metabolic flow through
machine learning and maximize the synthesis efficiency of
GABA. Finally, algorithms such as XGBoost and random
Forest conduct in-depth mining of high-throughput screening
data to quickly identify the key genotype characteristics of
high-yield strains. These Al tools together form a complete
intelligent closed-loop system, from path design, enzyme
modification, expression optimization, metabolic regulation to
strain screening, creating a set of efficient and precise GABA
biomanutrition solutions, providing strong technical support for
industrial production. This intelligent R&D model not only
significantly enhances R&D efficiency but also shortens the
traditional R&D cycle that would take months or even years to
just a few weeks, demonstrating the huge application potential
of artificial intelligence in the field of synthetic biology.

TABLE I
REPRESENTATIVE APPLICATIONS OF Al IN GABA-RELATED
METABOLIC ENGINEERING
Ap[:ilrceaatmn Repr;ieol;;atlve Description
Predicts feasible
Metabolic RetroPath2.0, synthetic routes
pathway design | Selenzyme and enzyme
candidates
Predicts
Enzyme DeepMutScan, erllr(llc;}[?lrll(?tlui?l‘eas
engineering ProteinGAN, consequences of
AlphaFold2 . )
mutations 1n
GAD
Designs
Expression DeepRibo, promoter/RBS
optimization RBSDesigner sequences for
improved
expression
Suggests gene
Metabolic flux | ML-Flux, ];liiCkoutS and
modeling OptKnock-ML redistribution
strategies
Analyzes
High- genotype-
throughput data f{(gl]?lg?rftl’?ores ¢ phenotype links
analysis and predicts
high-yield strains

U M. Watanabe, K. Maemura, and K. Kanbara, “GABA and G
ABA receptors in the central nervous system and other organs,”
Prog. Brain Res., 2002.

VI.CONCLUSION AND FUTURE PERSPECTIVES

The biosynthesis of GABA has evolved from pathway
elucidation to systematic, interdisciplinary engineering. While
conventional strategies have relied on synthetic biology and
metabolic pathway modification, the integration of machine
learning opens a new chapter in intelligent strain design. Future
work should focus on developing hybrid Al-assisted metabolic
platforms to dynamically model, predict, and optimize GABA
production at both molecular and process levels. Combining
high-throughput screening with Al algorithms will further
accelerate strain development cycles. These advances will
enable the broader industrial application of GABA in
neuroscience, agriculture, and green chemistry.
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of bio-based GABA monomers, and smart agricultural
fertilizers. To realize this vision, it is necessary for
interdisciplinary teams to collaborate to establish an open
innovation platform, formulate unified AI model testing
standards, and promote data sharing in the industrial sector,
thereby accelerating the industrialization process of Al-driven
GABA biomanufacturing and making it a benchmark
application in the field of synthetic biology.

REFERENCES

21 L. Li, N. Dou, H. Zhang, and C. Wu, “The versatile GABA i
n plants,” Plant Signal. Behav., vol. 16, no. 3, p. 1862565, 202
1.



131 M. Seifikalhor, S. Aliniaeifard, B. Hassani, and V. Niknam,
“Diverse role of y-aminobutyric acid in dynamic plant cell
responses,” Plant Cell Rep., vol. 38, pp. 1161-1171, 2019.

41 R. Dhakal, V. K. Bajpai, and K. H. Baek, “Production of GA
BA (y-aminobutyric acid) by microorganisms: a review,” Braz.
J. Microbiol., vol. 43, no. 4, pp. 1230-1241, 2012.

151 Business Research Insights, “GABA market report,” 2025. h
ttps://www.businessresearchinsights.com/jp/market-reports/ga
ba-market-111179

) Wang S, Zhu J, Zhao Y, Mao S, He Y, Wang F, Jia T, Cai D,
Chen J, Wang D, Chen S. Developing a Bacillus licheniformis
platform for de novo production of y-aminobutyric acid and ot
her glutamate-derived chemicals. Metab Eng. 2025 Mar;88:12
4-136. doi: 10.1016/j.ymben.2024.12.010. Epub 2024 Dec 28.
PMID: 39736386.

I N. Zhao, “Effects of y-aminobutyric acid on peanut seed ger
mination under drought stress,” Agric. Technol. Serv., vol. 42,
no. 1, pp. 55-59, 2025. (in Chinese)

81 J. Li et al., “The potassium transporter TaNHX2 interacts wi
th TaGAD] to promote drought tolerance via modulating stom
atal aperture in wheat,” Sci. Adv., 2024.

PI'S. N. Islam et al., “Gamma-aminobutyric acid interactions w
ith phytohormones and its role in modulating abiotic and biotic
stress in plants,” Stress Biol., vol. 4, 2024.

(191 B, J. Shelp, M. S. Aghdam, and E. J. Flaherty, “y-Aminobu
tyrate (GABA) regulated plant defense: Mechanisms and oppo
rtunities,” Plants, vol. 10, no. 9, p. 1939, 2021.

1 B, Igbal et al., “Physiology of gamma-aminobutyric acid tre

ated Capsicum annuum L. (Sweet pepper) under induced droug
ht stress,” PLoS One, vol. 18, no. 1, €0289900, 2023.

[I2IN. K. Dubey, V. B. Yadav, and K. D. Singh, “GABA and w
ounding stress in plants,” Wiley Online Library, 2025. https://d
01.0rg/10.1002/9781394217786.ch8

131, R. M., M. F. Bedair, H. Li, and S. M. G. Duff, “Phenoty
pic effects from the expression of a deregulated AtGADI trans
gene and GABA pathway suppression mutants in maize,” PLo
S One, vol. 16, no. 12, ¢0259365, 2021.

(41 7. Gao et al., “Exogenous y-aminobutyric acid (GABA) a
pplication at different growth stages regulates 2-acetyl-1-pyrro
line, yield, quality and antioxidant attributes in fragrant rice,” J.
Crop Improv., vol. 34, no. 4, pp. 511-528, 2020.

US1' W, Xie et al., “Enhancement of 2-acetyl-1-pyrroline (2AP)
concentration, total yield, and quality in fragrant rice through e
xogenous y-aminobutyric acid (GABA) application,” Postharv
est Biol. Technol., vol. 163, p. 111120, 2020.

[16] M. Islam, A. Prodhan, M. Islam, and M. Uddin, “Effect of p
lant growth regulator (GABA) on morphological characters an
d yield of black gram (Vigna mungo L.),” J. Agric. Res. (Pakist
an), 2010.

U7 K. Sita and V. Kumar, “Role of gamma amino butyric acid
(GABA) against abiotic stress tolerance in legumes: A review,”
Plant Physiol. Rep., 2020.

181 J. R. Plimmer and D. W. Gammon, “Insecticides: Overview
and introduction,” 2003. https://www.semanticscholar.org/pa
per/ae00de8efd3dd3210653045567748906f41dalf3

(191 J, E. Casida and K. A. Durkin, “Novel GABA receptor pest
icide targets,” Pestic. Biochem. Physiol., vol. 121, pp. 22-30, 2
015.

(201 P, Gramazio, M. Takayama, and H. Ezura, “Challenges and
prospects of new plant breeding techniques for GABA improv
ement in crops: Tomato as an example,” Front. Plant Sci., vol.

11, p. 577980, 2020.
(211 H. Li et al., “The nitrogen-dependent GABA pathway of to

mato provides resistance to a globally invasive fruit fly,” Front.
Plant Sci., vol. 14, p. 1252455, 2023.

(221 K. Gajcy, S. Lochynski, and T. Librowski, “A role of GAB
A analogues in the treatment of neurological diseases,” Curr.
Med. Chem., vol. 17, no. 22, pp. 2338-2347, 2010.

(231'Y. Teng and B. Wang, “Recent advances in the mechanism
of ketamine for treating depression,” J. Dalian Med. Univ., vol.
46, no. 6, pp. 481-487, 2024. (in Chinese)

241J. Q. Fu, Q. H. Yu, and C. H. Lu, “Clinical study on zolpide
m combined with paroxetine in treatment of depression and ins
omnia,” Chin. J. Mod. Drug Appl., vol. 31, no. 8, pp. 126412

67, 2016. (in Chinese)
(251 W. Froestl, “An historical perspective on GABAergic drug

s,” Future Med. Chem., vol. 3, no. 5, pp. 619-631, 2011. doi: 1

0.4155/fmc.10.285
261 R. J. Xu, C. Jiang, M. C. Liu, et al., “Research progress on

detection method and functional food of y-aminobutyric acid,”
The Food Industry, vol. 46, no. 2, pp. 150-155, 2025. (in Chin

ese)
[27IN. Li, Q. Peng, Z. Y. Song, L. Wang, S. Zhang, and G. Yan
g, “Study on application of corn germ rich in y-amino-butyric

acid and GABA extraction,” Food Res. Dev., no. 4, pp. 63-67,
2008. (in Chinese)

(281 R. J. Roth, J. R. Cooper, and F. E. Bloom, The Biochemica
1 Basis of Neuropharmacology, 8th ed. Oxford: Oxford Univ. P
ress, 2003, p. 106. ISBN: 978-0-19-514008-8

(281 C. S. Pinal and A. J. Tobin, “Uniqueness and redundancy in
GABA production,” Perspect. Dev. Neurobiol., vol. 5, no. 2-3,
pp- 109-118, 1998.

2TL. Li, N. Dou, H. Zhang, et al., “The versatile GABA in pla
nts,” Plant Signal. Behav., vol. 163, no. 3, p. 12, 2021.

30T R. Dhakal, V. K. Bajpai, and K. H. Baek, “Production of G
ABA (y-aminobutyric acid) by microorganisms: A review,” Br
az. J. Microbiol., vol. 43, no. 4, pp. 1230-1241, 2012.

B1J. D. Braga, M. Thongngam, and T. Kumrungsee, “Gamma
-aminobutyric acid as a potential postbiotic mediator in the gut
—brain axis,” npj Sci. Food, vol. 8, no. 16, 2024.

321 S, H. Bae et al., “Intracellular flux prediction of recombinan
t Escherichia coli producing gamma-aminobutyric acid,” J. Mi
crobiol. Biotechnol., vol. 34, no. 4, pp. 978-984, 2024.



(33 M. Takayama and H. Ezura, “How and why does tomato ac
cumulate a large amount of GABA in the fruit?,” Frontiers in P
lant Science, vol. 6, p. 612, 2015.

41 M. Xu, Q. Yang, G. Bai, P. Li, and J. Yan, “Polyamine path
ways interconnect with GABA metabolic processes to mediate
the low-temperature response in plants,” Frontiers in Plant Sci
ence, vol. 13, p. 1035414, 2022.

1331 7. Kovacs, S. N. Skatchkov, R. W. Veh, Z. Szabo, K. Ném
eth, P. T. Szabd, J. Kardos, and L. Héja, “Critical role of astroc
ytic polyamine and GABA metabolism in epileptogenesis,” Fr
ontiers in Cellular Neuroscience, vol. 15, p. 787319, 2022.

(361 A, B. Patel, D. L. Rothman, G. W. Cline, and K. L. Behar,
“Glutamine is the major precursor for GABA synthesis in rat n
eocortex in vivo following acute GABA-transaminase inhibitio
n,” Brain Res., vol. 919, no. 2, pp. 207-220, 2001.

[371 C. Buddhala, C. C. Hsu, and J. Y. Wu, “A novel mechanism
for GABA synthesis and packaging into synaptic vesicles,” Ne
urochem. Int., vol. 55, no. 1-3, pp. 9-12, 2009, doi: 10.1016/j.
neuint.2009.01.020.

[38] R. Dhakal, V. K. Bajpai, and K. H. Baek, “Production of G
ABA (y-aminobutyric acid) by microorganisms: a review,” Br
az. J. Microbiol., vol. 43, no. 4, pp. 1230-1241, 2012.

[3TF. Shi, M. Luan, and Y. Li, “Ribosomal binding site sequen
ces and promoters for expressing glutamate decarboxylase and
producing y-aminobutyrate in Corynebacterium glutamicum,”
AMB Express, vol. 8, no. 1, p. 61, 2018.

401 A, Kugler and K. Stensjd, “Machine learning predicts syste
m-wide metabolic flux control in cyanobacteria,” Metabolic En
gineering, vol. 82, pp. 171-182, 2024.

11 H. Xia, L. Chen, and H. Xu, "Multi-Strategy Dung Beetle
Optimizer for Global Optimization and Feature Selection," Int
ernational Journal of Machine Learning and Cybernetics, vol.
16, no. 1, pp. 189-231, 2025.

(421 H. Xia and J. Huang, "In Silico Cloning and Analysis of Sh
ikimate Dehydrogenase Gene from Panicum virgatum," J. Fuji
an Normal Univ. (Nat. Sci. Ed.), vol. 41, no. 3, pp. 97-102, 20
25.

431 F. Tang, M. Ren, X. Li, Z. Lin, and X. Yang, “Generating
Novel and Soluble Class II Fructose-1,6-Bisphosphate Aldolas
e with ProteinGAN,” Catalysts, vol. 13, no. 12, p. 1457, 2023.
(4L, Miao, Y. Zheng, R. Cheng, J. Liu, Z. Zheng, H. Yang, an
d J. Zhao, “Efficient synthesis of y-aminobutyric acid from mo
nosodium glutamate using an engineered glutamate decarboxy
lase active at a neutral pH,” Catalysts, vol. 14, no. 12, p. 905, 2
024.

451 L. Wei, J. Zhao, Y. Wang, et al., “Engineering of Coryneba
cterium glutamicum for high-level y-aminobutyric acid produc
tion from glycerol by dynamic metabolic control,” Metab Eng,
vol. 69, pp. 134-146, 2022.

(6] H. Aida, K. Uchida, M. Nagai, T. Hashizume, S. Masuo, N.
Takaya, and B. W. Ying, “Machine learning-assisted medium
optimization revealed the discriminated strategies for improve
d production of the foreign and native metabolites,” Computati
onal and Structural Biotechnology Journal, vol. 21, pp. 2654-2
663, 2023.

71 D. M. Gongalves, R. Henriques, and R. S. Costa, “Predictin
g metabolic fluxes from omics data via machine learning: Mov
ing from knowledge-driven towards data-driven approaches,”
Computational and Structural Biotechnology Journal, vol. 21,
pp- 4960-4973, 2023.

81 A. Su, Q. Yu, Y. Luo, J. Yang, E. Wang, and H. Yuan, “Me
tabolic engineering of microorganisms for the production of m
ultifunctional non-protein amino acids: y-aminobutyric acid an
d 0-aminolevulinic acid,” Microbial Cell Factories, vol. 14, no.
6, pp. 2279-2290, 2021.

49T L. Sun, H. Xu, and Y. Ma, "A New Viscosity Implicit Appr
oximation Method for Solving Variational Inequalities over th
e Common Fixed Points of Nonexpansive Mappings in Symm
etric Hilbert Space," Symmetry, vol. 15, no. 5, p. 1098, 2023.
B9Y. Chang, L. Yu, L. Sun, and X. Zheng, "L log L Type Esti
mates for Commutators of Fractional Integral Operators on the
*p*-Adic Vector Space," Complex Analysis and Operator The
ory, vol. 18, no. 4, p. 79, 2024.

BITH. Xia, Y. Ke, R. Liao, and X. Zheng, "Fractional Order Ca
lculus Enhanced Dung Beetle Optimizer for Function Global O
ptimization and Multilevel Threshold Medical Image Segment
ation," J. Supercomput., vol. 81, no. 1, p. 90, 2025.



