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Abstract

Gamma-aminobutyric acid (GABA) is a non-proteinogenic amino acid that acts as a major
inhibitory neurotransmitter in the central nervous system and plays multiple physiological roles,
including mediation of gut-brain axis signalling. Although the precise pathways linking
intestinal GABA production to central effects remain incompletely resolved, vagal and enteric
nervous system routes have been proposed. GABA is used clinically to alleviate stress and
anxiety, yet conventional production methods are costly and environmentally demanding; some
lactic acid bacteria (LAB) synthesize GABA spontaneously during fermentation, offering a
potentially sustainable production route. The primary objective of this thesis was to isolate and
characterize a microbial strain with high GABA-producing efficiency and probiotic potential.
Only after confirming its functional properties, including GABA biosynthesis and probiotic
traits, the strain was employed in fermentation trials using agrifood byproducts as substrates.
This strategy enabled the development of a GABA-enriched nutraceutical while promoting the
valorisation of nutrient-rich industrial waste streams. Additionally, an in vitro fermentation gut
model was employed to evaluate the impact and efficacy of the probiotic strain and the GABA
enriched prototype on intestinal functionality, particularly in relation to disorders such as
irritable bowel syndrome (IBS), where reduced GABA levels are associated with symptom
severity and depression. Thirteen LAB isolates were obtained from organic tomato and
identified by 16S rRNA sequencing, PCR screening was targeted to gadB, the gene encoding
for glutamate decarboxylase. Strains tested positive were cultivated under optimized conditions
(4% monosodium glutamate - MSG, initial pH =5.0, 10% inoculum, 48 h at 32°C) and assayed
for GABA production by HPLC. The best producer was Levilactobacillus brevis CRAI (GABA
179 mM and 75% yield); whole genome sequencing showed the absence of virulence and
antibiotic resistance genes. Genomic analysis revealed two GABA related genes, gad4 within
the gad operon, and gadB outside the operon; transcriptional analysis showed that MSG
supplementation induced a ~52fold and ~4-fold upregulation of gadA and gadB, respectively,
correlating with enhanced GABA synthesis. L. brevis CRAI was functionally characterized and
exhibited potent antimicrobial activity against enteropathogens, anti-inflammatory effect, and
efficient adhesion to intestinal Caco2 cells. Fermentation trials on several fruit and vegetable
byproducts identified tomato pomace as the most supportive matrix for L. brevis CRAI growth
and GABA production. Central composite design (CCD) optimization (2% MSG, 1% yeast
extract, matrix pH 5.08) led to the production of 93 mM GABA with 79% conversion in the

laboratory matrix. Volatile profiling identified organic acids and alcohols conferring fruity



aromatic notes to the fermented product. Scale-up using a standardized dehydrated tomato
substrate supplied by our industry partner DEPOFARMA under the previously determined
optimal conditions, yielded 80 mM GABA with a 67% conversion efficiency. The fermented
product was freeze-dried to develop the GABA-enriched nutraceutical prototype. Functional
testing in an in vitro fermentation gut model simulating healthy and dysbiosis conditions
(irritable bowel syndrome, IBS) compared the L. brevis CRAI, the GABA-enriched prototype,
and the mixture composed by L. brevis CRAI + MSG + dehydrated tomato. All treatments
increased the production of short chain fatty acids (acetate, propionate, butyrate), metabolites
implicated in intestinal homeostasis with anti-inflammatory property. The mixture supported de
novo GABA production, while the prototype maintained stable GABA levels over time, an
outcome of potential relevance for IBS management. Microbiome analyses confirmed baseline
dysbiosis in IBS samples (reduced alpha diversity and elevated Ruminococcus); treatments
partially mitigated dysbiosis by increasing beneficial taxa, such as Collinsella, and preserving
Lachnospiraceae and Oscillospiraceae, and the prototype notably increased Bifidobacteriaceae
in IBS conditions. Regulatory assessment determined that the probiotic strain and the related
prototype do not qualify as novel food given the documented use of L. brevis and its fermented
products prior to 1997. The L. brevis CRAI strain was patented for its GABA producing
capacity and probiotic properties (Patent No. 31.D1066.12.1T.4). Overall, this work
demonstrates that L. brevis CRAI is a safe and effective GABA producer with strong probiotic
properties; biotechnological fermentation on a valorised tomato matrix enables scalable, cost
and resource efficient GABA production. The viable strain and the resulting GABA-enriched
nutraceutical prototype modulate gut microbial composition and metabolite profiles in vitro in
ways that support the translational potential of the novel probiotic for targeting gut—brain axis

dysfunction in IBS.
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Chapter 1

1. GABA and the gut-brain axis

1.1. y-aminobutyric acid and its role in the central nervous system

Gamma-aminobutyric acid (GABA) was initially discovered in plants [1] and later in the
mammalian brain by Eugene Roberts and Sam Frankel in the 1950 [2]. GABA is a non-protein
amino acid and its biosynthesis pathway, known as the "GABA shunt," begins with the
production of glutamate from a-ketoglutarate through a transamination reaction catalysed by
glutamate dehydrogenase. Subsequently, glutamate undergoes decarboxylation to form GABA
by glutamate decarboxylase (GAD) enzyme. This step is irreversible and involves the
consumption of a proton and the release of CO> [3]. GAD genes play a crucial role in the brain,
their expression is regulated at transcriptional and post-translational levels, and they play a key
role in maintaining the balance between glutamate and GABA [4]. GABA is predominantly
located in the brain, where it explains its function as one of the most important inhibitory
neurotransmitters. Upon its synthesis in the neurons, GABA is stored in membrane-bound
vesicles at the terminal part of the axon, that is known to be the vesicular compartment. Each
vesicle contains thousands of GABA molecules (Figure 1) and upon release, these vesicles fuse
with the neuronal membrane and GABA is released via exocytosis. At this point after being
released, GABA diffuses across the synaptic cleft to bind to receptors located in the post-
synaptic neurons. GABA exerts the inhibition of neural activity by binding to specific receptors,
this binding is responsible for the opening of ion channels, allowing potassium ions to flow out
of the cell and chloride ions to flow in [5]. This ion exchange results in a negative shift in the
transmembrane potential, causing hyperpolarization and a reduction in neuronal excitability
(Figure 1). GABA interacts with various receptor subtypes, some of which are in the endocrine
system and peripheral tissues, where GABA also plays a role in oxidative metabolism. The
GABA receptors are classified into types A, B, and C, which are located on the post-synaptic
membrane. GABA-A and GABA-C receptors are ligand-gated ion channels, while GABA-B
receptors are coupled with G proteins. GABA-A receptors mediate fast synaptic responses,
whereas GABA-B receptors are involved in slower synaptic transmission, while the role of
GABA-C receptors remains less well defined [6]. GABA that does not bind to receptors is either
degraded by enzymes or actively reabsorbed into the presynaptic terminal by GABA
transporters (GAT1 or GAT3). This reuptake is the first mechanism that stops synaptic



inhibitory neurotransmission and thus plays a crucial role in maintaining the balance between

excitation and inhibition in the nervous system [7].
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Figure 1. Mechanism of action of GABA in the neurons [7].

1.2. Neuromicrobiology: the gut microbiota as a modulator of neurotransmission

In recent years, the gut microbiome has emerged as a key player in human health. Increasingly,
it is being studied in its entirety, including microbial structure, metabolite production, mobile
genetic elements, and the diverse microbial communities that coexist and interact within the
same ecological niche [8]. This shift in focus has led to a redefinition of the microbiome’s role,
which is no longer considered limited to metabolic functions such as digesting nutrients,
producing short-chain fatty acids (SCFAs), or maintaining intestinal barrier integrity. Instead,
it is now recognized as a central regulator of human physiology and health [9]. A growing body
of evidence supports the emergence of a new interdisciplinary field known as
neuromicrobiology, which investigates the complex bidirectional interactions between the gut
microbiome and central nervous system (CNS) [10]. This line of research highlights the

importance of neurometabolic communication pathways and reveals how microbial



populations can influence brain function and behaviour [11]. Understanding these mechanisms
holds significant implications for both mental and neurological health. Indeed, numerous
studies have demonstrated that alterations in the gut microbiome, commonly referred to as
dysbiosis, are associated with various psychiatric and neurological disorders, including
depression, anxiety, autism spectrum disorders, and neurodegenerative diseases [12]. Central
to this discussion is the concept of the gut-brain axis (GBA), a bidirectional communication
system linking the gastrointestinal tract (GIT) and the brain. This system plays a pivotal role
in several physiological processes, including brain development, cognitive function, emotional
regulation, mental state, and overall cerebral activity. Communication along the GBA occurs
through multiple, interconnected pathways involving the nervous system (particularly the
vagus nerve and the enteric nervous system, ENS), the immune system, and the endocrine
system. The activity of the GBA can be modulated in two primary directions: top-down
communication, where the brain influences the gut microbiota; bottom-up communication,
where the gut microbiota sends signals to the brain [13]. In top-down regulation, the central
nervous system modulates the composition and function of the gut microbiome primarily via
the hypothalamic—pituitary—adrenal (HPA) axis. Activation of the HPA axis leads to the release
of cortisol, a glucocorticoid hormone that acts on immune cells both locally (in the gut) and
systemically. Cortisol also affects intestinal barrier function, modulating permeability, and
consequently, microbiota composition [14]. Conversely, in bottom-up signalling, the gut
microbiota can influence brain function through several mechanisms: activation of immune
responses, leading to the production of cytokines; microbial-derived neuroactive metabolites,
including neurotransmitters or their precursors; direct stimulation of the vagus nerve and the
ENS. One key example involves tryptophan, an essential amino acid and precursor of
serotonin. Both host metabolism and microbiota contribute to systemic tryptophan levels, and
it is well known that certain microbial species can produce or modulate tryptophan, which in
turn can activate the vagus nerve, allowing signals to reach the brain [15]. Recent studies have
provided robust evidence for the ability of gut microbiota to produce neuroactive compounds,
this highlights the critical role of the neuroendocrine system in mediating microbial-neural
interactions [16], reinforcing the notion that the gut microbiome is an integral component of
the gut-brain axis and a potential target for therapeutic intervention in neurological and

psychiatric disorders.

It has been widely demonstrated that the gut microbiota plays a crucial role in the synthesis of

several neurotransmitters, including GABA, serotonin, dopamine, norepinephrine, and other



microbial-derived neuroactive metabolites that exert significant influence on brain function
[12]. These bioactive compounds are not exclusively synthesized by the CNS, rather, they are
also produced by enteroendocrine cells (EECs), a specialized subset of intestinal epithelial cells
capable of producing neurotransmitters in response to intestinal peptides and signals from the
gut microbiota itself [17]. Although EECs comprise only approximately 1% of the intestinal
epithelial cell population, they play a fundamental role in the gut-brain axis [18]. EECs detect
the presence of luminal nutrients, such as carbohydrates, triglycerides, and proteins, and
respond by secreting a variety of peptides and neurotransmitters that regulate gut motility,

intestinal secretion, and food intake.

Dopamine is a key neuromodulator that plays a crucial role not only in CNS but also in the
peripheral nervous system (Dopamine receptors: from structure to function). It is involved in
fundamental processes such as learning and memory, pain modulation, and behavioral
regulation. Dysregulation of dopaminergic signaling is a hallmark of several neurological and
neuropsychiatric disorders, including Parkinson’s disease (PD), schizophrenia, and autism
spectrum disorders [19]. In addition to its central functions, dopamine exerts important
regulatory actions within the gastrointestinal tract. Through the enteric nervous system,
dopamine contributes to the maintenance of intestinal mucosal integrity and regulates gut
motility, secretion, absorption, and other essential physiological processes, underscoring its role
in gut-brain communication. Dopamine biosynthesis occurs via the phenylalanine—tyrosine—L-
DOPA—dopamine pathway, which is active both in the brain and in peripheral tissues, including
the intestine. Phenylalanine, an essential dietary amino acid, is converted into tyrosine primarily
in the liver and subsequently released into circulation. Tyrosine is then converted into L-DOPA
by tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis and a widely
used marker of dopaminergic function. Both tyrosine and L-DOPA can cross the blood—brain
barrier; however, L-DOPA is rapidly decarboxylated to dopamine in the small intestine due to
its limited stability [19]. Probiotic-based modulation of the gut microbiota has been shown to
exert neuroprotective effects in experimental models of Parkinson’s disease. In particular,
treatment of Parkinsonian mice with Clostridium-based probiotics increases the relative
abundance of bacterial taxa such as Akkermansia, Enterorhabdus, and Helicobacter, thereby
preventing the loss of tyrosine hydroxylase (TH) expression in dopaminergic neurons. This
microbial shift is associated with an improvement in motor impairments and synaptic
dysfunctions that are characteristic of Parkinson’s disease [20]. Beyond its indirect effects on

host neurobiology, the gut microbiota is also capable of directly contributing to dopamine
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biosynthesis. Evidence indicates that berberine administration enhances intestinal L-DOPA and
dopamine production by activating bacterial tyrosine hydroxylase and DOPA decarboxylase in
dopamine-producing species, including Enterococcus faecalis and Enterococcus faecium. This
microbiota-driven activation leads to increased dopamine availability in the brain and
contributes to the amelioration of Parkinsonian phenotypes [21]. In addition to influencing
dopamine synthesis, the gut microbiota plays a role in dopamine metabolism and signaling
regulation. Elevated fecal levels of Bacteroides uniformis have been significantly correlated
with increased expression of dopamine transporters in the brain, which are responsible for
dopamine reuptake and synaptic clearance, suggesting that microbial composition can modulate
synaptic dopamine homeostasis [22]. The gut microbiota also influences reward-related
behaviors, including feeding, drinking, and addictive behaviors, through its impact on
dopaminergic receptor signaling. In a model of compulsive alcohol-seeking behavior, an
imbalance in striatal dopamine receptor expression has been observed, characterized by
increased dopamine D1 receptor expression relative to dopamine D2 receptors in the dorsal
striatum. Notably, D2 receptor mRNA levels were positively correlated with a reduced relative
abundance of Firmicutes, whereas D1 receptor expression was negatively associated with the
genera Veillonella and Gemella, members of the Ruminococcaceae family. Together, these
findings further support a mechanistic link between gut microbial composition and

dopaminergic signalling pathways underlying compulsive and addictive behaviours [23]

Norepinephrine exhibits structural similarity to epinephrine and is synthesized during states of
arousal; it is also implicated in behavioural regulation and cognitive processes, including
memory formation, learning, and attentional mechanisms. Furthermore, it participates in
inflammatory pathways and modulates autonomic nervous system responses [24].
Norepinephrine shares functional attributes with autoinducer 3, a quorum-sensing molecule that
enhances virulence and motility in Escherichia coli. Specific bacterial species, such as Bacillus
mycoides, Bacillus subtilis, E. coli K12, Proteus vulgaris, and Serratia marcescens, produce
norepinephrine at concentrations ranging from 0.045 to 2.13 mM, with evidence indicating its
utilization in quorum-sensing processes [25]. Although direct modulation of norepinephrine by
the human gut microbiota in vivo has not been definitively established, accumulating data
suggest its involvement in host biosynthesis and catabolism. For instance, a recent investigation
in germ-free mice revealed diminished norepinephrine levels in the cecal lumen and tissues
compared to conventionally raised controls; these deficits were ameliorated following

administration of a consortium comprising 46 Clostridium species [26]. This work highlights
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the microbiota's capacity to influence luminal norepinephrine concentrations, raising questions
about whether bacteria directly synthesize the catecholamine or indirectly regulate its host-

derived production.

Serotonin, also referred to as 5-hydroxytryptamine (5-HT), plays a pivotal role in behavioral
regulation and gastrointestinal physiology, exhibiting a close association with the intestinal
microbiota that carries profound implications for the gut-brain axis. This biogenic amine
contributes to the orchestration of diverse physiological processes, encompassing
gastrointestinal secretion and peristalsis, respiratory control, vasoconstriction, behavioural
modulation, and neural signalling [27]. The homeostasis of 5-HT levels is governed by the
enzymes tryptophan hydroxylase 1 (TPH1) and TPH2 [28]. Although ENS neurons synthesize
5-HT, over 90% of bodily 5-HT is generated peripherally in the gastrointestinal tract by
enterochromaffin cells (ECCs) [29]. Although various bacterial strains have been documented
to synthesize serotonin, such biosynthetic capacity has not been observed within the resident
gut microbiota. In germ-free models, circulating and colonic serotonin concentrations are
markedly diminished relative to conventionally housed counterparts, a deficit that can be
rectified through microbial recolonization or introduction of a spore-forming bacterial
consortium [30]. Multiple investigations have substantiated these observations [31], providing
robust evidence that host 5-HT production is modulated by microbial influences rather than
direct bacterial synthesis. Instead, perturbations in serotonin homeostasis are primarily driven
by microbial-derived small molecules, such as short-chain fatty acids (SCFAs) or secondary
bile acids—that activate enterochromaffin cells to upregulate TPH expression and thereby
enhance serotonin biosynthesis. Reigstad et al. demonstrated that sodium acetate at
concentrations of 10-50 mM substantially elevated TPHI mRNA levels in a human
enterochromaffin cell line (BON cells). Similarly, butyrate at 0.5 and 1.0 mM induced over
threefold increases in TPHI1 expression; however, at 2.0 mM, butyrate elicited no significant
change. Conversely, higher butyrate doses (8.0 and 16.0 mM) profoundly downregulated TPH1
expression by 13.5- and 15.7-fold, respectively, falling below baseline levels in untreated cells.
These results underscore the stimulatory effect of gut microbiota-derived SCFAs on
enterochromaffin cells, thereby promoting 5-HT production [32]. Dysregulation of 5-HT
signaling is also implicated in inflammatory bowel disease (IBD). In cohorts with ulcerative
colitis (UC) and Crohn’s disease (CD), colonic biopsies reveal a substantial proliferation of
serotonin-immunoreactive cells [33]. A contemporary analysis posits that certain

neurotransmitters may function as metabolic substrates for gut bacteria, with elevated 5-HT
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potentially fostering microbial growth. Excessive 5-HT may reinforce gut epithelial barrier
integrity by reducing permeability, whereas deficient levels suppress occludin expression,
compromising the mucosal barrier and predisposing to heightened permeability and "leaky gut"

syndrome [34].

Histamine is synthesized from the amino acid L-histidine via oxidative decarboxylation
mediated by histidine decarboxylase, an enzyme present in numerous mammalian cell types
[35]. These enzymes are predominantly expressed in mast cells and basophils, though they can
also be detected in lymph nodes, the thymus, and gastrointestinal chromaffin cells [36].
Histamine serves as a key modulator of immune responses, including those involved in allergies
and inflammation; it additionally influences gastrointestinal tract motility, enhances intestinal
mucosal permeability, and affects mucosal ion secretion. Histamine metabolism primarily relies
on histamine-N-methyltransferase (HNMT) and diamine oxidase (DAO) [35]. Furthermore,
histamine is produced by neurons in the posterior hypothalamus, with axons projecting
throughout the brain to function as a neurotransmitter. In addition to host cells, histamine can
be generated by certain microbial strains, such as Escherichia coli and Morganella morganii.
Notably, some bacteria regulate histamine production by expressing histidine decarboxylase
(HDC), which converts histidine to histamine [37]. Recent proposals suggest that histamine
receptor agonists used in allergy treatment may also alleviate visceral hypersensitivity, immune
activation, and symptoms in patients with irritable bowel syndrome (IBS) [38]. Certain
investigations indicate that histamine-intolerant individuals exhibit reduced a-diversity in the
gut microbiota, along with altered abundances of Proteus and Bifidobacterium species.
Histamine engages its G protein-coupled receptors, which feature seven transmembrane
domains, including H1, H2, H3, and H4; these are expressed on both presynaptic and
postsynaptic neuronal membranes. Research has identified H1 and H4 as the primary histamine
receptors implicated in gastrointestinal processes, whereas H2 is linked to gastric acid secretion

[39].

IBS patients who respond favorably to H1 antagonists differ from non-responders, indicating
potential hyperstimulation of the histaminergic system in IBS [40]. Emerging evidence shows
that histamine enhances sensitivity of mouse dorsal root ganglion neurons and human rectal
submucosal neurons to TRPV1 via activation of the HI receptor (HRH1). Moreover,
supernatant from IBS biopsy tissue similarly potentiated dorsal root ganglion neuron

sensitization in mice through HRH1. Given their upregulated expression in the colonic mucosa
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of colitis patients, HI and H4 receptors may play a significant role in colitis pathogenesis and

visceral hypersensitivity.

The findings described above collectively indicate a strong association between a healthy gut
microbiome architecture and balanced neurotransmitter levels in the host. Consistent with this
relationship, substantial evidence demonstrates that alterations in gut microbial communities
markedly influence neurotransmitter synthesis, as observed in both germ-free and antibiotic-
treated mouse models. Multiple studies have reported significant changes in fecal and serum
concentrations of neurotransmitters, including y-aminobutyric acid (GABA), serotonin, and
acetylcholine, as well as their metabolic precursors such as tryptophan and choline, in the
absence of microbial colonization (i.e., germ-free mice) [41]. Similarly, antibiotic-induced
depletion of the gut microbiota results in altered levels of neurotransmitters and their precursors
in both intestinal contents and systemic circulation [42]. Notably, shifts in intestinal microbial
abundance have also been shown to modulate the expression of neurotransmitter receptors in

the brain [41].

Importantly, alterations in dietary patterns and environmental conditions can drive changes in
gut microbial composition, thereby affecting neurotransmitter biosynthesis. For instance, to
cope with limited food availability, certain animals such as voles engage in coprophagic
behavior to fulfill their nutritional requirements. However, voles deprived of fecal consumption
exhibit reduced intestinal microbiome alpha diversity, altered relative abundance of key
bacterial taxa (including Firmicutes and Bacteroidetes), decreased cecal concentrations of
short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate, and reduced levels of
tyrosine hydroxylase and neurotransmitters, including dopamine and serotonin, in the
hippocampus and hypothalamus [43]. Additionally, other environmental factors, including
high-fat or carbohydrate-rich diets and temperature fluctuations, significantly influence gut
microbial composition and contribute to changes in neurotransmitter levels in feces, blood, and

the central nervous system [44,45].

This multilayered system, encompassing enteroendocrine signalling, immune modulation, and
microbial activity, is essential for maintaining gut microbiota homeostasis and overall
physiological balance. Looking forward, probiotic-based vagal nerve stimulation represents a
promising therapeutic avenue for neurological and psychiatric conditions, including

depression, anxiety, inflammatory bowel disease (IBD), and irritable bowel syndrome (IBS).
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The potential to modulate brain function through targeted microbiome interventions opens new

perspectives in the field of psychobiotics and microbiota-driven neuromodulation [13].
1.3. Gut microbiota: composition, function and the impact on dysbiosis

The gut microbiota represents a highly complex and diverse community of microorganisms
residing within the human GIT. Among the various microbial niches found in the human body,
the gut harbours both the highest number and the greatest diversity of microbial species. This
ecosystem comprises approximately 10'* microbial cells, and minimal estimates suggest that an
individual harbors between 2,200 and 3,600 distinct bacterial species over an eight-month
period [46]. The gut microbiota is a dynamic system that evolves throughout the human
lifespan, indeed the relationship between the host and its gut microbiota is mutualistic and
commensal, contributing significantly to host physiology and health. Several intrinsic and
extrinsic factors influence the composition and function of this microbial community, including
host genetics, diet, age, mode of delivery at birth, and exposure to antibiotics [47]. The human
gut microbiota plays a crucial role in host health, and diet is one of the most significant
modulators of its composition and function. The microbial metagenome, in the early stage of
life, is enriched in genes responsible for the digestion of oligosaccharide present in breast milk,
and solid foods are introduced during weaning, there is a notable shift toward microbial genes

involved in the metabolism of complex polysaccharides and vitamins [48].

Aging is another critical factor that has an impact on gut microbiota composition. Initial
colonization begins at birth and is strongly influenced by the mode of delivery: vaginal or
caesarean. Immediately after birth, the gut is colonized by oxygen-tolerant bacteria, primarily
belonging to the phylum Proteobacteria, at this point these bacteria reduce oxygen levels in the
gut environment, creating favourable conditions for the expansion of strict anaerobes such as
Firmicutes and Bacteriodetes [49]. In preadolescents, the gut microbiome is characterized by
functional profiles potentially involved in developmental processes, including the biosynthesis
of folate and vitamin B12. At this stage, the abundance of Bifidobacteria and Clostridium
genera belonging to Actinobacteria and Firmicutes phylum is significantly higher compared to
that observed in adults. In contrast, the gut microbiota of the elderly is often marked by a decline
in Firmicutes and Bacteriodetes. This shift may be attributed to reduced dietary diversity and a

rise in systemic inflammatory factors commonly associated with aging [50].

15



Different regions of the gastrointestinal tract are colonized by distinct microbial populations, in
fact the colon contains the highest density and diversity of microbial species, while the stomach
and small intestine are colonized by fewer and more specialized microbes. Notably,
approximately 99% of the bacterial population in the gut consists of anaerobic organisms,
adapted to the low-oxygen environment of the distal gut [51]. The gut microbiota performs a
wide range of essential functions within the human body including the fermentation of non-
digestible carbohydrates such as cellulose, hemicellulose, pectin, oligosaccharides, and lignin
into short-chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate. These
metabolites are predominantly produced by anaerobic microorganisms, particularly members
of the Firmicutes and Bacteroidetes phyla [52]. In addition to its role in energy metabolism, the
gut microbiota exerts beneficial effects on the host because contributes to the synthesis of
essential micronutrients, including biotin, thiamine, cobalamin, and riboflavin, these microbial-
derived vitamins play a key role in maintaining metabolic homeostasis and supporting overall
host health [53]. Gut microbiota contributes to host defense by occupying mucosal surfaces,
thereby preventing the colonization of pathogenic microorganisms through two mechanisms:
the production of antimicrobial compounds on one hand and the strengthen of the mucosal
barrier on the other hand; in this way, it plays a critical role in the development and modulation
of the immune system [54]. Beyond its local functions within the gastrointestinal tract, the
microbiota exerts effects also on distant organs, in fact acts as an endocrine-like organ because
modulates satiety signalling, influences hormonal secretion, and has been shown to impact
mood and behaviour. Importantly, the gut microbiota plays a central role in the gut-brain axis,
affecting neural, endocrine, and immune pathways that influence host neurological function

[55].

A complex symbiotic relationship exists between the human body and its gut microbiota, and
disruption of this balance can have profound effects on both. The disruption of this equilibrium
leads to a state known as dysbiosis, characterized by an altered composition of the microbial
community, which has been linked to the onset and progression of various diseases. Indeed, the
presence or absence of specific bacterial species has been associated with a range of
pathological conditions [56]. Gut microbiota dysbiosis has implications not only in
gastrointestinal disorders, but also in systemic diseases. The gastrointestinal tract dysbiosis is
strongly associated with conditions such as inflammatory bowel disease (IBD), irritable bowel
syndrome (IBS), and colorectal cancer (CRC). Studies conducted on IBD mouse models have

shown a gut microbiota enriched in Bacteroides species such as Sutterella when compared to
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healthy controls. Other taxa, including Peptostreptococcaceae and Enterobacteriaceae, have
been identified in patients with ulcerative colitis, while Crohn's disease (CD) is characterized
by reduction in microbial diversity while genera such as Faecalibacterium and
Methanobrevibacter increase [57]. Intestinal microbiota dysbiosis also affects the gut—brain
axis, with growing evidence supporting its involvement in various neurological and psychiatric
disorders. These include stress-related conditions such as anxiety and depression, as well as
neurodevelopmental and neurodegenerative diseases such as Alzheimer's and Parkinson's
disease. For instance, an increased abundance of pro-inflammatory bacterial species, including
Enterobacteriaceae and Desulfovibrio, has been observed in patients with anxiety and
depressive disorders and recently has been also reported a reduction in short-chain fatty acid
(SCFA)-producing bacteria, such as Faecalibacterium [58]. Recent studies in patient affected
by Alzheimer’s disease (AD), have highlighted the role of the gut microbiome in amyloid
deposition. The analyses of faecal sample from individuals with Alzheimer’s disease (AD),
revealed a marked decrease in microbial diversity, with a reduced presence of Firmicutes and
Bifidobacteria, alongside an increased abundance of Bacteroides. These microbial alterations
underline the strong connection between gut dysbiosis and the pathophysiology of

neurodegenerative disorders [59].

Given the growing recognition of the gut microbiome's pivotal role in maintaining systemic
health and its association with a range of inflammatory and neurodegenerative diseases, several
therapeutic strategies have increasingly focused on the use of probiotics. Probiotics are defined
as live microorganisms which, when administered in adequate amounts, confer health benefits
to the host [60]. Their influence on human health can be exerted directly and indirectly, through
the modulation of the gut microbiota composition and, consequently, its metabolic output,
including the production of bioactive compounds. Probiotics are non-pathogenic microbial
strains that exert a range of beneficial effects, including immune system support, modulation of
blood pressure and cholesterol levels, and potential preventive roles in cancer and
gastrointestinal disorders [61]. These microorganisms can be introduced through dietary
supplements or via fermented foods, which naturally contain microbial populations, in fact the
consumption of such fermented products is thus considered a viable strategy to promote gut and

overall health [62].

17



1.3.1. Irritable Bowel Syndrome: a functional gastrointestinal disorder from gut-brain

axis to microbial imbalance

Irritable Bowel Syndrome (IBS) is a chronic functional gastrointestinal disorder characterized
by recurrent abdominal pain and altered bowel habits in the absence of identifiable organic
pathology. The condition significantly impairs quality of life. IBS predominantly affects women
and is frequently associated with other pathologies, contributing to a substantial socioeconomic
burden [63]. The global prevalence of IBS varies considerably across countries, likely due to
differences in dietary habits, cultural factors, and diagnostic criteria. While the exact ethology
remains unclear, increasing evidence implicates disruptions in the microbiota-gut-brain axis as

central to IBS pathogenesis [64].

Alterations in gut microbiota composition, known as dysbiosis, appear to trigger immune
responses that exacerbate gastrointestinal symptoms. This has led to the conceptualization of
IBS as both a microbiome disorder and a gut-brain axis dysfunction. However, the directionality
of the gut-brain interaction remains under debate. It remains unclear whether alterations in the
central nervous system led to imbalances in the gut microbiota, or whether changes in the
microbiota are the primary event, influencing the brain through pathways such as the vagus
nerve. There is also evidence of clinical overlap between IBS and Inflammatory Bowel Disease
(IBD), despite distinct biomarkers being used to differentiate the two. Patients exhibiting
features of both conditions tend to present with persistent abdominal pain and diarrhea, and are
more susceptible to post-infectious IBS, typically following enteric infections [65]. From a
symptomatic perspective, abdominal pain and disrupted bowel function, including diarrhea,
constipation, or alternating patterns, are the hallmarks of IBS. These symptoms are closely
linked to visceral hypersensitivity, abnormal gastrointestinal motility, and dysregulation of the
enteric nervous system. In IBS, significant alterations have been observed in key functions of
the large intestine, which are closely associated with changes in microbial diversity, immune
responses, barrier integrity, and gut-brain signalling. On the microbial level, significant
alterations in fecal microbiota composition have been documented in IBS patients. Notably,
reduced abundance of beneficial taxa such as Bifidobacterium, Lactobacillus, Collinsella, and
Escherichia coli has been observed, alongside an increase in potentially pro-inflammatory or
opportunistic genera like Enterobacteriaceae, anaerobic bacteria, and Ruminococcus gnavus.

These microbial imbalances may contribute not only to gastrointestinal symptoms, but also to
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broader neurological and behavioural changes. In conclusion there is a decrease in microbial

diversity, an increase of pathogenic species and a decrease of probiotic species [66].

In healthy individuals, the presence of inflammatory cells within the lamina propria that
colonize the mucosa, alongside the preservation of epithelial integrity, reflects a mutually
beneficial relationship between the host and its microbiota. In irritable bowel syndrome (IBS),
however, a low-grade mucosal inflammation is observed, which contributes to visceral
hypersensitivity as well as epithelial and neuromuscular dysfunction, ultimately leading to
altered gut motility [67]. The immune system expresses a series of pattern recognition receptors
capable of distinguishing pathogenic microbes from harmless commensals. Among these, toll-
like receptors (TLRs) are found on immune cells, enteroendocrine cells, and neurons of the
enteric nervous system (ENS). These receptors are known to promote epithelial cell
proliferation and enhance barrier function by upregulating the expression and assembly of tight
junction proteins and the zonula occludens. Recent studies have demonstrated that in IBS, there
is an upregulation and increased activation of TLRs, along with enhanced epithelial
permeability as indicated by altered expression of tight junction components. This increased
permeability is thought to contribute to the chronic inflammatory state [68]. This inflammatory
state may further influence the CNS through the circulation of pro-inflammatory cytokines. In
addition to TLRs, muscularis macrophages, immune cells distributed within the various layers
of the intestinal wall, also play a key role. These macrophages are involved in the regulation of
gut motility through the secretion of cytokines and other inflammatory mediators [69].
Altogether, these findings suggest that immune system activation is one of the factors that
contribute to the pathogenesis of IBS. Moreover, psychological factors have been identified as
significant contributors to immune activation, further highlighting the complex interplay

between the gut and brain in functional gastrointestinal disorders [70].

Furthermore, elevated baseline levels of anxiety and depression are significantly associated
with the development and severity of IBS symptoms, further supporting the gut-brain
connection. Neuroimaging studies have shown that rectal stimulation activates multiple brain
regions, including the anterior cingulate cortex, prefrontal cortex, insula, thalamus, and
cerebellum. These activations are more pronounced in IBS patients, indicating a heightened

pain processing response [71].

Diet plays a crucial role in the manifestation and modulation of symptoms in IBS, indeed

between 64% and 89% of the patients report that specific foods trigger symptoms such as
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abdominal pain and bloating. Fermentable Oligosaccharides, Disaccharides, Monosaccharides
And Polyols (FODMAPs), that are fermentable carbohydrates found in many common foods,
have been identified as key dietary contributors. A low-FODMAP diet has shown significant
efficacy in reducing symptoms and improving quality of life in up to 70% of patients [72].
However, this diet requires professional supervision due to the risk of nutritional deficiencies
and excessive dietary restriction, in addition to the fact that it has been associated with a
reduction in beneficial gut bacteria, including Bifidobacteria. In IBS patients, high-FODMAP
intake increases gas production and microbial imbalance, while healthy individuals appear
unaffected, probably because the individual microbiota composition seems to influence
response to the diet [73]. More research is needed to compare its effectiveness with other dietary
strategies. Variability in FODMAP content across foods and regions complicates dietary

standardization.

During visceral inflammation, cytokines and other neurotransmitters mediate pain signals to
the central pathways in the spinal cord where increased nociceptive activity and central
sensitization are translated into the experience of pain. GABA, particularly through GABA-B
receptors, plays a role in modulating visceral pain and gastrointestinal (GI) functions like
motility and sensation. GABA-B receptor agonists act as spinal anti-nociceptive agents, may
also act on peripheral receptors. They can modulate responses of vagal afferents innervating the
GI tract. GABA-B receptor agonists, such as baclofen, act as anti-nociceptive agents by
inhibiting substance P release and modulating vagal responses, but their clinical use is limited
because of the CNS side effects. GABA analogs like gabapentin and pregabalin have shown
promising results in the treatment of visceral hypersensitivity in preclinical models [74]. The
gut microbiota, especially certain Lactobacillus and Bifidobacterium strains can produce
GABA, representing a potential therapeutic approach for alleviating IBS symptoms. However,
the clinical impact of this strategy remains under investigation [75]. New therapeutic targets for
IBS may include GABA-B modulators and other endogenous systems like cannabinoid, opioid,

and neurokinin receptors.

1.4. The complexity of GABA’s role in gut-brain axis

Recent studies highlight the correlation between the gut microbiota and the brain, supporting
the hypothesis of the existence of the microbiota-gut-brain axis [76—78], and disruption of this
axis has been implicated in the pathophysiology of neurodegenerative diseases [79]. The

bidirectional communication between the GIT, including the resident microbiota, and the brain
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defines the microbiota-gut-brain axis, although the exact mechanisms underlying this
interaction remain poorly understood [80]. One of the method used to demonstrate the
interaction between the gut and the brain, has relied on germ-free animal models, in fact, Sudo
N. et al (2004) showed that the germ-free mice exhibit altered behaviour, including an increased
stress response, this impairment can be reversed upon reintroducing a healthy microbiota [81].
Other studies conducted on mice suggest that fecal microbiota transplantation from aged mice
to younger ones results in cognitive impairments and in a reduced expression of neurotrophic
factors in brain, these cognitive deficits are completely reversed when the authors reintroduce
the healthy microbiota in the mice [82]. Beyond germ-free animal models used to investigate
the relationship between the central nervous system and the gut microbiota, clinical follow-up
trials have also been conducted in humans. Indeed, recent studies have shown that diet-induced
modulation of the gut microbiota is associated with effects on the central nervous system,
influencing not only cognitive functions but also stress- and anxiety-related outcomes [44,45].
These studies confirm and establish the correlation between gut microbiome and the nervous
system, but still the exact mechanisms of this correlation remain unclear. There are some
hypotheses about the pathways involved, such as the hypothalamic-pituitary-adrenal axis, vagal
nerve stimulation [83], or the ability of gut microbiota to modulate neurotransmitters through
their biosynthesis (Figure 2) [84]. Another key player in this interaction is the enteric nervous
system (ENS) that is a complex network of neurons and glial cells embedded in the walls of the
gastrointestinal (GI) tract. The ENS reach the gut microbiota through 100 to 500 million
neurons, these neurons are located in the myenteric and submucosal plexuses along the GI tract,
from the oesophagus to the anus [85]. The ENS is composed of independent sensory and motor
neurons that regulate intestinal muscle activity, gut wall motility, fluid secretion, mucosal blood
flow, and barrier function. In the frame of this complexity of interactions the vagus nerve serves
as a bridge that connects the brain and the ENS [83]. The afferent fibres of the ENS are
distributed throughout the intestinal wall but do not traverse the epithelial layer, meaning they
are not in direct contact with the microbiota residing in the gut [86]. However, they can
indirectly sense signals from the microbiota, leading to changes in electrical activity in the brain
regions through the vagus nerve [86]. Compounds and metabolites from the microbiota are
detected by other cells in the epithelium, such as endocrine cells, which interact with the vagal
afferents, creating a gut chemiosensing system [87]. Notably, GABA receptors are widely
distributed along the ENS, in fact GABA plays a role in regulating intestinal motility through
both GABA-A ionotropic and GABA-B metabotropic receptor activation [88]. It is well
established that gut-resident bacteria are capable to produce GABA, indeed studies have shown
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that germ-free mice exhibit significantly reduced peripheral GABA levels compared to the
healthy colonized control [84]. Moreover, the ability of the microbiota to mediate
improvements through GABA production has been widely demonstrated. Such as in the study
of Janik R. et al., 2016 the author treats the BALB/c mice with strains belonging to the
Lactobacillus genus that rises GABA levels in the hippocampus and prefrontal cortex, and this
increase result in a reduction of behaviours associated to anxiety and depression symptoms [89].
Furthermore, it has been seen that certain microorganisms are also capable of modulating the
expression of GABA receptors in the brain, resulting in reduced anxiety and depressive

symptoms [90].
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Figure 2. Pathways of gut microbiota-to-brain communication. The gut microbiota interacts with the central
nervous system through multiple routes: (1) the direct synthesis or modulation of host neurotransmitter metabolism
by microbiota that alter neurotransmitter levels. (2) The signaling through the vagus nerve, and (3) the activation
of the hypothalamic—pituitary—adrenal (HPA) axis. While these mechanisms are commonly associated with
microbiota—brain communication, similar processes are also involved in more localized signaling between the

microbiota and the enteric nervous system [84].
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1.5. Lactic acid bacteria and their role in GABA production

Lactic acid bacteria (LAB), including various Lactobacillus species, are widely recognized as
the primary microbial producers of gamma-aminobutyric acid (GABA). This capacity is due to
the presence of the gad gene within their genomes, which encodes the GAD enzyme responsible
for the conversion of glutamate into GABA. Several LAB species have been identified as
GABA producers, including Levilactobacillus brevis, Lentilactobacillus buchneri,
Lactobacillus delbrueckii subsp. bulgaricus, Limosilactobacillus fermentum, Lactobacillus
helveticus, Lacticaseibacillus paracasei, Lactiplantibacillus plantarum, and Lactococcus
lactis, among others [91]. Fermented foods rich in L-glutamate serve as important sources of
GABA-producing LAB; one of these is cheese that, due to its high casein content, can generate
significant amounts of glutamate during fermentation. The ability to produce GABA varies
significantly among LAB species, but as reported in multiple studies, strains belonging to L.
brevis species have shown the highest capacities for GABA production compared to other
strains [92-94], however also strains belonging to other Lactobacillus species have shown a
notable GABA-producing ability [95]. In LAB, GABA biosynthesis occurs via the GAD
pathway, which is composed by gadC gene that encode for a glutamate/GABA antiporter, that
is responsible for the imports of glutamate, or its salt form monosodium glutamate (MSG), into
the bacterial cell. The GAD enzyme, with pyridoxal 5'-phosphate (PLP) as a cofactor, catalyses
the decarboxylation of glutamate into GABA, releasing CO-. Subsequently, GABA is exported
to the extracellular environment through the same antiporter. Notably, this decarboxylation
reaction consumes one intracellular proton per cycle, thereby generating a proton motive force,
which facilitates GABA export (Figure 3) [96]. GAD is an intracellular enzyme that plays a
pivotal role in acid stress resistance, it reduces cytoplasmic proton concentration in the presence
of L-glutamate, contributing to the so-called glutamate-dependent acid resistance (GDAR)
system. This system is crucial for LAB survival in acidic environments, such as fermented
foods, and for their colonization of the gastrointestinal tract [97]. The GDAR system comprises
glutamate decarboxylase encoded by gadB (and in some strains belonging to L. brevis species
also gadA) and the antiporter gadC. These genes are typically expressed during the stationary
phase in nutrient-rich media, regardless of environmental pH. The organization of the gad
operon in LAB is highly variable. It includes gadR, a transcriptional regulator that plays a
fundamental role in the expression of gadB/A and gadC; in fact experimental deletion of gadR
in L. brevis ATCC 367 has been shown to a significant reduction in the expression of these

genes and consequently lower GABA production [98]. Not only gadR but all components of
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the GAD operon are essential for both GABA production and acid resistance; in fact, it has been
seen that deletion of gadA, gadB, or gadC results in complete loss of GABA biosynthesis and

increase sensitivity to acidic conditions [99].
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Figure 3. Glutamate-dependent acid resistance (GDAR) mechanism. Glutamate, which carries no net charge, is
transported into the cell by the electrogenic L-glutamate/GABA antiporter GadC, a protein located in the inner
membrane. Once inside the cell, glutamate is decarboxylated by GadA/B, a reaction that consumes one
intracellular proton per cycle and supports the establishment of a proton motive force through the export of GABA,
which has a net positive charge. Reproduced from De Biase D, et al 2012 [100].

Numerous lactic acid bacteria (LAB) species possess the ability to synthesize gamma-
aminobutyric acid (GABA); however, production levels vary not only between species but also
according to specific cultivation conditions. Key environmental factors such as pH,
temperature, growth medium composition, and incubation time significantly influence GABA
biosynthesis [101]. Among these, pH and temperature are particularly critical, as they directly
modulate the activity of GAD, indeed shifts in pH can activate the GAD pathway as part of the
cell’s adaptive response to maintain intracellular homeostasis. Several studies have
demonstrated that the initial pH of the fermentation medium has a substantial impact on GABA
synthesis [94]. In general, LAB strains capable of producing GABA tend to perform better

under acidic growth conditions [102,103]. Temperature is another determining factor in GABA

24



production, with the optimal working temperatures of GAD enzymes varying across species.
For example, GAD from Lactobacillus sakei exhibits optimal activity at 55°C, while that of
Lactiplantibacillus plantarum functions best at around 40°C. Overall, the optimal temperature
range for GAD activity in LAB lies between 30°C and 60°C [101]. In addition to physical
parameters, the nutrient composition of the culture medium plays a crucial role in enhancing
GABA production, for example the supplementation of MSG, which serve as GABA
precursors, has been shown to stimulate biosynthesis. Since many LAB strains are unable to
generate enough glutamate endogenously to produce GABA, exogenous addition of MSG is
often required. However, excessive concentrations of MSG may inhibit bacterial growth and
consequently reduce GABA yield. The optimal MSG concentration for GABA synthesis is
strain dependent, for instance, L. plantarum Taj-Apis362 achieved maximum GABA
production at 400 mM MSG [104], in contrast, L. brevis CRL 1942 achieves maximum GABA
production with a lower concentration of MSG, specifically at 270 mM [105]. Another critical
factor is pyridoxal 5'-phosphate (PLP), which serves as a cofactor for GAD enzyme, indeed
supplementation with PLP has been shown to enhance GAD activity, thereby increasing GABA
synthesis. Additionally, the presence of nitrogen and carbon sources such as glucose and yeast
extract can further support bacterial metabolism and promote GABA production [106], however
the optimal concentrations of these nutrients also vary depending on the specific LAB strain

employed [107].

2. Gut microbiota in focus: in vitro models and clinical perspectives

2.1. Invitro fermentation: model system ad methodology to study gut microbiota

A comprehensive understanding of how the gut microbiota contributes to human health and
disease requires the disentanglement of complex microbial interactions. In this context, in vitro
human gut microbiota (HGM) models have become essential tools in microbiome research,
particularly in medical and nutritional sciences [108]. These models, when properly designed
and applied, allow researchers to isolate and investigate microbe-microbe interactions, and also
they are valuable for assessing the impact of environmental (abiotic) and biological (biotic)
components of the exposome on microbial communities [109]. Importantly, in vitro
fermentation systems offer an ethical and cost-effective alternative to animal testing, aligning
with societal demands to reduce animal use in research. Moreover, they enable the preliminary
evaluation and optimization of dietary compounds or pharmaceutical interventions prior to in

vivo studies, thereby improving the efficiency and relevance of subsequent animal or human
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trials [110]. A wide range of in vitro HGM model configurations exists, from simple batch
cultures under anaerobic conditions to advanced, multi-stage, and continuously operated

bioreactor systems.

The small and large intestines differ substantially in their physiological and microbial
environments. The small intestine is the primary site for nutrient digestion and absorption by
the host and is characterized by steep spatial and temporal gradients of both biotic and abiotic
factors. These dynamic and heterogeneous conditions, such as fluctuating pH, oxygen levels,
and rapid transit time (2—5 hours), represent a significant challenge for replicating this region
in in vitro models [111]. Current models are predominantly used to simulate digestive and
absorptive processes but often lack incorporation of microbial communities [112]. In contrast,
the colon harbours a dense and diverse microbial community, and due to its functional
relevance, most human gut microbiota (HGM) research has focused on modelling this region
[113]. Culturing complex colonic microbial consortia remains challenging due to the labour-
intensive process of isolating and maintaining fastidious anaerobes. Therefore, in vitro models
capable of supporting stable and diverse microbial ecosystems are essential. These models rely
on cross-feeding interactions among community members and require the inclusion of
appropriate growth factors in fermentation media. Critically, the physicochemical conditions of
in vitro systems must closely mimic the anaerobic environment of the donor’s colon to ensure
relevant outcomes [114]. The metabolic activity of HGM models can be evaluated through
classical metabolite analysis, as well as advanced multi-omics approaches such as
metatranscriptomics and metaproteomics. Chromatographic techniques are also commonly
used to quantify fermentation end-products like short-chain fatty acids (SCFAs), which are
indicative of microbial degradation of carbohydrates and proteins [115]. These metabolites

serve as key markers for assessing the functional performance of the in vitro gut ecosystem.

The quality of the microbial inoculum is another critical factor influencing model outcomes.
Several studies have demonstrated that fresh faecal samples are superior to frozen or
cryopreserved ones in preserving the viability and compositional variability of the original
microbiota [116]. In vitro HGM systems range from simple deep-well plates to highly
sophisticated, fully controlled bioreactor setups that can operate in batch, semi-continuous, or
continuous modes. These can be configured as single-stage or multi-stage systems depending
on the experimental objectives [117]. Following inoculation, the microbial community must

undergo a period of ecological adaptation to the artificial in vitro environment. The design and
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operational parameters of the HGM model significantly influence community composition and
metabolic output. Therefore, careful selection of culture media and experimental conditions is
crucial to prevent the overgrowth of fast-replicating taxa at the expense of more sensitive
species, which could compromise the ecological balance and functional integrity of the system

[118].

Experiments based on batch fermentation models, also referred to static colonic fermentation
systems, involve incubating human gut microbiota under strictly anaerobic conditions in a
nutrient-rich medium that mimics the composition of colonic contents, typically for short
durations [119]. These models can vary widely in scale, ranging from small-volume multi-well
plates (2-5 mL) to larger bioreactors of 50 mL. Despite the technical complexity, these systems
allow for tight control over critical environmental parameters, including pH, temperature,
anaerobiosis, and mixing, which is essential to ensure reproducibility and relevance of the
experimental data (Figure 4). Bioreactors used in such models generally operate at 37 °C, under
continuous stirring, and maintain a stable pH (commonly pH 7) through automated regulation
[120]. Batch fermentation models are widely employed, particularly in screening studies aimed
at evaluating microbial growth dynamics or the bioconversion potential of specific substrates.
For example, Amaretti et al. (2020) utilized a batch model to investigate the prebiotic effect of
a long-chain dextran produced by Weissella cibaria on gut microbiota composition and their
metabolite production [121]. However, batch systems present certain limitations, such as
nutrient depletion, accumulation of fermentation by-products, pH reduction, and inhibition of
microbial growth due to metabolite buildup. Consequently, the fermentation period in batch
models is typically restricted to 24 hours. In contrast, dynamic colonic models offer a more
advanced simulation of the human colon environment. These systems involve the continuous
or semi-continuous input of fresh nutrients and the simultaneous removal of fermentation

effluents, thereby maintaining a constant working volume.
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Figure 4. In static in vitro fermentation models commonly used in nutritional studies, a 5-10% anaerobic faecal
slurry is employed as a microbial inoculum. The fermentation substrate typically consists of enzymatically digested
food, prepared in combination with simulated digestive fluids (including PBS — phosphate-buffered saline; SGF —
simulated gastric fluid; SIF — simulated intestinal fluid; and SSF — simulated salivary fluid), along with a growth
medium that supports microbial proliferation at 37 °C. During fermentation, samples are incubated under agitation
(e.g., on a shaker) to ensure homogeneous nutrient distribution and microbial contact. Sampling can be performed

at various time points depending on the experimental design [122].

In models such as SHIME (Simulator of the Human Intestinal Microbial Ecosystem), fresh
nutrients are introduced semi-continuously [123], whereas in systems like the Gibson model
[124] or PolyFermS [125], nutrients are supplied continuously to the system, while, through the
same flow, metabolites containing metabolic waste products and microorganisms are removed,
thereby maintaining a constant and steady-state flow. These dynamic systems are designed to

simulate the physiological process of digestion and microbial metabolism more accurately.
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Figure 5. Schematic overview of the SHIME (Simulator of the Human Intestinal Microbial Ecosystem), a dynamic
in vitro model that mimics the human gastrointestinal tract. The system consists of a series of interconnected
vessels with dual outlets. Each vessel simulating different compartments of the GI tract, including the stomach,
small intestine, and the three main regions of the colon. All vessels are maintained at 37 °C under anaerobic
conditions, ensured by a daily flush of nitrogen gas introduced into the headspace of each reactor. The colon
compartments are designed to host complex microbial communities. In its standard configuration, referred to as
L-SHIME, the system models the luminal environment, which is predominantly colonized by planktonic
microorganisms. In the M-SHIME configuration, an additional mucosal compartment is included, allowing for the
colonization of mucin-covered microcosms, thereby enabling the study of both luminal and mucosa-associated

microbiota [126].

The TIM-2 model further mimics metabolite absorption via an integrated dialysis system [127].
Dynamic models may be configured as either single-stage or multi-stage systems, depending
on the study's objectives. Single-stage setups typically simulate only one section of the colon
(e.g., the proximal colon) [128], whereas multi-stage systems replicate the three major regions
of the colon, ascending, transverse, and descending, such as the pioneering three-stage Gibson
model, thereby allowing for a more comprehensive reproduction of the spatially distinct

environmental conditions present in vivo [129].
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Despite their advantages, dynamic systems are sensitive to several variables, including pH
control, anaerobic stability, and flow regulation. As a result, the microbial community typically
requires a stabilization period of 7 to 14 days before experimental treatments can be applied, to
ensure a steady-state microbial composition and function [132]. Ideally, and as is the case for
all in vitro models, treatments should be applied to a microbiota community that has reached a
stable state, in order to clearly distinguish treatment-induced effects from natural community
fluctuations. However, this is often impractical due to the time required for 16S rRNA gene
sequencing. As a result, model stability is commonly assessed using a day-to-day variation

threshold, typically ranging from 10% to 20% [132].
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Chapter 2

1. Microbial fermentation with lactic acid bacteria: valorising waste streams into GABA
supplements
1.1. Lactic acid bacteria fermentation as a sustainable approach to agri-food by-product

valorisation

Fermented foods have long been recognized not only for their improved preservation, safety,
and sensory qualities but also for their remarkable health-promoting potential. Numerous
studies have demonstrated that these benefits largely derive from the metabolic activity of
microorganisms, primarily lactic acid bacteria (LAB) and yeasts, capable of transforming raw
substrates into complex matrices rich in bioactive compounds [133,134]. Fermentation
typically involves the microbial conversion of carbohydrates, proteins, and lipids naturally
present in food matrices. The fermentation process leads to the generation of multiple bioactive
molecules with documented health-promoting properties, such as pathogen inhibition,
modulation of immune responses, anti-inflammatory and anti-allergenic activity, and enhanced
bioavailability of vitamins and minerals. Furthermore, the biochemical transformations that
occur during fermentation induce profound changes in the nutritional and functional profile of
foods, often resulting in increased antioxidant capacity, improved digestibility, and reduced
content of anti-nutritional compounds [135]. The production of specific microbial enzymes, for
instance, facilitates the breakdown of complex polysaccharides and oligosaccharides, thereby
improving nutrient accessibility and supporting the growth of beneficial gut microbiota [136].
Among the diverse metabolic pathways involved, four primary types of fermentation can be
distinguished: alcoholic, acetic, alkaline, and lactic acid fermentation, depending on the

microbial species and dominant biochemical conversions [137].

Alcoholic fermentation, which usually takes place in wine and beer, is driven by yeasts (i.e.
Saccharomyces cerevisiae) that convert sugars into ethanol and CO-, while acetic fermentation,
mediated by Acetobacter spp., oxidizes ethanol to acetic acid, producing vinegar and
kombucha. Alkaline fermentation, performed by Bacillus spp. and related bacteria, promotes
proteolysis and generates amino acids and peptides, with an associated rise in pH and
development of distinct umami and aromatic notes. Eventually, lactic acid fermentation,
predominantly conducted by LAB, is the most common in food systems and can proceed via
homofermentative or heterofermentative pathways, yielding products such as yogurt, kefir,

sauerkraut, and kimchi [138]. Most LAB species used in food fermentation are considered
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Generally Recognized as Safe (GRAS) or possess Qualified Presumption of Safety (QPS)
status, ensuring their suitability for human consumption [133]. LAB encompass genera such as
Lactobacillus, Lactococcus, Pediococcus, Enterococcus, and Streptococcus, which are
recurrently identified in a wide variety of fermented products. These microorganisms synthesize
a broad spectrum of metabolites, including organic acids, ethanol, antimicrobial peptides,
bacteriocins, and short-chain fatty acids (SCFAs), that not only contribute to food safety and
stability but also exert beneficial physiological effects on the host [133,137]. Beyond their
technological significance, LAB and their metabolites are increasingly regarded as functional
bioactive. LAB-fermented foods are known to contain viable and non-viable cells capable of
exerting probiotic (living cells), postbiotic (metabolites), and paraprobiotic (dead cells) effects
[139]. Their consumption has been associated with improved intestinal homeostasis, regulation
of the immune system, enhanced resistance to pathogens, and production of SCFAs that act as

key modulators of host metabolism [133].

Over the past decade, sustainability has become a central concern in the food sector, driven by
increasing environmental pressures and the growing awareness of finite natural resources.
According to the United Nations Environment Programme [140], approximately one-third of
all food produced for human consumption, equivalent to nearly 1.3 billion tonnes per year, is
wasted globally. The food industry, as a major contributor to this waste, faces an urgent need to
implement innovative strategies for resource recovery and reuse, thereby reducing
environmental impact and promoting the transition toward a circular economy [141]. For
instance, fruits and vegetables are widely consumed both in their fresh form and as processed
products, including juices, jams, pulps, syrups, and concentrates. However, these industrial
transformations generate a considerable number of solid residues, such as peels, pomace, seeds,
and pulps, that represent up to 50-60% of the original raw material [142]. Improper
management or disposal of such by-products not only imposes significant economic and
logistical burdens but also contributes to environmental pollution and the loss of valuable
nutrients and bioactive compounds [143]. Although fruit and vegetable by-products can be rich
in proteins, amino acids, fibres, pectins, and bioactive phytochemicals (polyphenols,
carotenoids, flavonoids, anthocyanins, and phenolic acids), their effective reuse is hindered by
technological barriers. In particular, the high proportion of insoluble fibres reduces the
extractability and bioavailability of functional compounds, often compromising the sensory
quality of derived food products in terms of texture, colour, and flavour [144]. Consequently,

their valorisation through microbial fermentation has emerged as a sustainable and promising
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strategy to recover these bioactive compounds and convert waste materials into high-value
ingredients for use in the food, nutraceutical, and biotechnology sectors [145,146]. For instance,
fermentation of brewer’s spent grains with Rhizopus oligosporus has been shown to degrade
insoluble fibres, enhance the accessibility of phenolic and protein fractions, and improve
antioxidant activity as well as sensory quality in enriched bakery products [147]. Similarly,
mixed microbial fermentation of grape pomace has been reported to double total polyphenol
and anthocyanin content, intensify antioxidant and anti-inflammatory properties, and mitigate
off flavours in fermented beverages. Blueberry pomace was fermented with the probiotic strain
Lactobacillus casei. The fermented product exhibited markedly increased antioxidant capacity,
modulation of the fecal microbiota, and elevated production of SCFAs in an in vitro gut
fermentation model [148]. Similarly, tomato, melon, and carrot residues have been employed
as fermentation substrates for several Lactobacillus species, including L. plantarum, L. casei,
and L. paracasei. Extracts derived from these fermented materials showed significant
antimicrobial activity against foodborne pathogens such as Listeria monocytogenes, Salmonella
spp., Escherichia coli, Staphylococcus aureus, and Bacillus cereus, highlighting their potential
application as natural biopreservatives [149]. Furthermore, fermentation of tomato processing
by-products, such as purees and juices, using Pediococcus acidilactici and Lactobacillus
rhamnosus was reported to substantially increase total polyphenol content and antioxidant
activity, further supporting the role of fermentation as a sustainable means to enhance the
functional value of agro-industrial residues [150]. Collectively, these findings reinforce the
concept that microbial fermentation represents a versatile and eco-efficient tool to upcycle
plant-based by-products into nutritionally enriched, bioactive ingredients, bridging the gap
between food sustainability and human health. In addition, Valle Vargas et al. (2024) [151]
demonstrated that agro-industrial by-products such as sugarcane molasses and palm kernel cake
can be effectively used as low-cost substrates for the cultivation of Lactococcus lactis A12 and
other bacterial strains. The optimized formulation supported bacterial growth comparable to
that obtained in commercial synthetic media, while reducing medium costs by nearly 87%,
highlighting the potential of by-product-based media as a sustainable and economically viable

alternative for microbial biomass production.
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1.2. Fermentative production of GABA supplements using lactic acid bacteria on

substrate-based media

GABA is the principal inhibitory neurotransmitter in the CNS, plays a crucial role in regulating
a wide range of physiological processes. Its therapeutic efficacy has been demonstrated across
multiple clinical areas. For instance, GABA has been shown to lower blood pressure, making
it a promising agent in the management of hypertension, anxiety, and arrhythmias. It also
contributes to liver function improvement, cardiac health, and insulin regulation, thus being
investigated for potential use in the treatment of diabetes [152]. Due to its direct action on the
CNS, GABA is additionally employed in the management of sleep disorders, depression, and
epilepsy [152]. The expanding application of GABA as a nutraceutical and dietary supplement
stems from the progressive elucidation of its diverse biological functions. GABA receptors have
not only been identified in the CNS but also in the peripheral nervous system (PNS) and
endocrine tissues, supporting its role as a potent analgesic and modulator of hormonal activity
[153]. Historically, GABA was primarily obtained through chemical synthesis. While this
method yields high-purity GABA, it is associated with high production costs, environmental
concerns, and challenges related to process control. Moreover, chemically synthesized GABA
is not suitable for direct incorporation into foods or use as a natural additive. Alternatively,
GABA enrichment in plants has been explored, but the concentration of GABA is typically low,
and purification processes remain technically demanding and inefficient. Biological synthesis
offers a more sustainable alternative that could be the microbial transformation [154]. During
fermentation, GABA is produced as a result of spontaneous enzymatic reactions, with lactic

acid bacteria (LAB) playing a central role in this process.

Precision fermentation has emerged as a key trend within the framework of the fourth industrial
revolution in the agri-food sector [155]. Advances in biotechnology and synthetic biology have
enabled the genetic modification of microorganisms for the tailored biosynthesis of complex
organic molecules [156]. However, the commercialization of genetically modified organisms
(GMOs) for food applications continues to face considerable challenges. These are largely
attributable to public scepticism, limited consumer understanding of GMO safety and risk
profiles, and ongoing debates surrounding labelling and regulatory frameworks [154]. Precision
fermentation is increasingly recognized as a transformative approach for the sustainable
production of key food macronutrients such as proteins, lipids, and carbohydrates. Its potential

is driven by growing global demands for environmentally responsible and resource-efficient
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food systems. Importantly, these fermentation strategies are not limited to the production of
bulk nutrients, they are also being applied to synthesize high-value bioactive compounds, such
as GABA, which is of interest for its functional and nutraceutical properties. The successful
integration of precision fermentation into modern food systems depends on several critical
technological factors that span the entire value chain. These include: the selection of suitable
fermentation substrates, the optimization of downstream processing techniques to efficiently
isolate the target food component, the scale-up of microbial fermentation processes from
laboratory to industrial scale, and the development of end products that meet consumer

expectations in terms of quality, safety, and sensory appeal.

Given the growing market demand for natural and functional food ingredients, microbial
fermentation has emerged as the preferred method of GABA production due to its cost-
effectiveness, safety, and reduced environmental impact [154]. When it comes to GABA
synthesis by LAB species, production is strongly strain-dependent and influenced by
fermentation conditions. Factors such as pH, temperature, time, carbon and nitrogen source
could be optimized in order to maximize GABA production [157]. Several studies have focused
on the use of agro-industrial by-products as substrates for GABA production. For example,
Thongruck K. et al. (2023) investigated the application of low-cost raw materials and by-
products from the agri-food sector to enhance the biosynthesis of GABA by Lactobacillus
Sfutsaii CS3. In this study optimal culture conditions were determined using response surface
methodology with a central composite design (CCD) and batch and fed-batch fermentation
techniques were employed [158]. On going advancements in microbial biotechnology continue
to improve and optimize fermentation processes to meet industrial needs, however, several
knowledge gaps remain. These include limited understanding of GABA biosynthetic pathways
in non-model organisms, the influence of environmental conditions on GABA yield, and the
need to develop novel, large-scale biotechnological strategies capable of producing high yields

at low cost and with minimal ecological footprint.

2. Regulatory landscape of GABA-based supplements
2.1. Regulatory framework governing the development and commercialization of dietary

supplements

The growing trend of marketing food products containing concentrated nutrients in recent years,
revealed the need for a unified regulatory framework within the European Union. For this

reason, in 2002 the European Parliament and the Council adopted a directive aimed at
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harmonizing the Member States' legislation on food supplements. This directive represents the
primary regulatory framework for the marketing of GABA-based food supplements within the
EU, including formulations obtained through controlled fermentation processes, such as the one
formulated in this study based on tomato by-products fermented by L. brevis CRAI, and
subsequently formulated in conventional dosage forms (e.g., capsules, tablets, or sachets). The
directive defines food supplements as products intended to complement the regular diet, as they
represent a concentrated source of nutrients or other substances that exert a nutritional or
physiological effect, like GABA supplements [159]. According to the directive, food
supplements must not pose any risk to human health and must be marketed with clear and
appropriate labelling. The vitamins and minerals included are required to meet the established
quality and safety standards, and the nutritional or physiological effects of each ingredient must
be clearly defined. Additionally, to further safeguard costumers, a list of chemical substances
authorized as sources of vitamins and minerals has been drawn up. Moreover, maximum intake
levels must be defined, as excessive consumption of certain nutrients may lead to adverse health
effects. The initial list of approved vitamins and minerals was later updated by Regulation (EC)
No 1170/2009. In addition to vitamins and minerals, other substances with a nutritional or
physiological effect, such as GABA, are subject to comparable quality and safety requirements,
and their effects must be clearly defined in relation not only to the substance itself but also to
the production process used to obtain it. In this context, GABA is generally considered safe at
appropriate intake levels, its safety also depends on the purity of the final product. When
obtained from fermentation of tomato by-products, careful control of potential impurities is

essential.

In Italy, lactic acid bacteria have long been utilized in the dietary supplement sector within
fermentation-based processes aimed at the production of functional ingredients. Over time, the
term “lactic acid bacteria” was gradually replaced by “probiotic”. Microorganisms employed
in food and dietary supplements are required to meet several essential criteria to ensure their
safety and efficacy. These criteria, documented history of safe use, recognition as safe for
human consumption, demonstrated intestinal activity, and ability to proliferate in the gut. To be
classified as probiotics, these microorganisms must be accurately identified both at the species
level, through 16S rRNA gene analysis, and at the strain level, through specific genetic
identification methods, strain-level identification remains important for process traceability.
Both criteria must be fulfilled for the probiotic designation to be valid. In the case of GABA

supplements produced via fermentation, the safety assessment is closely linked to the
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taxonomic identification of the production strain. In this context, Lactobacillus brevis CRAI
has been identified at the strain level and belongs to a species included in the EFSA list of
Qualified Presumption of Safety (QPS), thereby supporting its safe use in food-related
applications. Regarding prebiotics, their definition is based on the FAQO’s Technical Meeting on
Prebiotics, which describes them as a non-viable food component that confer a health benefit

to the host by modulating the microbiota [160].

In 2015, Regulation (EU) 2015/2283 was introduced to govern the marketing of so-called
“novel foods” within the European Union. The regulation emphasizes the importance of free
circulation of safe and healthy food throughout the internal market, as this directly promotes
European citizens’ health and well-being. The same safety standards defined for traditional
foods equally apply to novel foods. A food is considered "novel" under EU legislation, if it was
not consumed to a significant degree within the EU prior to 15 May 1997, and if it falls into at
least one of the following categories: foods with a new or intentionally modified molecular
structure; foods derived from microorganisms, fungi, algae, mineral materials, plants, or
animals; foods obtained from cell cultures; foods produced through novel production processes;
or foods containing engineered nanomaterials. To gain authorization to market a novel food,
applicants must submit a detailed application to the competent authorities. This document must
include the name and address of the applicant, a description and identification of the novel food,
and a detailed explanation of the production process, highlighting the waste valorisation
approach, as well as the complete composition of the food, with particular emphasis on GABA
purity and potential by-products, validated methods of analysis, and a proposed set of
conditions for use and labelling. The labelling proposal must ensure that the consumer is not
misled and, if necessary, should include a justification for any special indications presented on

the product [161].

3. Biotechnological production of GABA using lactic acid bacteria: from strain isolation

to nutraceutical development

In the current industrial context, the chemical synthesis of y-aminobutyric acid (GABA) for use
as a dietary supplement remains a costly process. The primary aim of this research is to reduce
GABA production costs by optimizing a biotechnological approach that harnesses the natural
ability of selected microorganisms to biosynthesize this bioactive compound. To achieve this,
lactic acid bacteria (LAB) were isolated from a biologically derived tomato matrix, with the

goal of identifying a novel strain exhibiting high GABA conversion efficiency. The new isolated
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strain Levilactobacillus brevis CRAI was selected based on its high ability to produce GABA
and then subjected to a comprehensive screening of its probiotic properties, including
antagonistic activity against common enteropathogens, anti-inflammatory potential, and
adhesion capacity to an intestinal epithelial cell line. Given the intended use of this strain within
a GABA-enriched nutraceutical formulation, its complete genome was sequenced to ensure
safety, with particular attention to the absence of genes associated with antibiotic resistance and
virulence factors. Simultaneously, considering the large volume of nutrient-rich by-products
generated by the agri-food industry, which pose both environmental and economic disposal
challenges, this work also aims to contribute to the valorisation of agro-industrial waste. We
sought to develop a cost-effective and eco-friendly production strategy by integrating the
microbial ability to produce GABA with the sustainable use of food processing by-products as
fermentation substrates. To this end, the selected LAB strain was cultivated in various agro-
industrial matrices (e.g., tomato pulp, peach, apricot, grape, and apple pulp) to determine which
substrate best supported microbial growth and GABA production. Following this selection,
fermentation parameters were further optimized using a central composite design (CCD),
testing key variables such as pH, yeast extract concentration, and matrix dilution. The predictive
model was subsequently validated by verifying that the optimized conditions yielded maximal
GABA conversion. Once chosen the best conditions, the industrial partner, Depofarma
company provided a batch of lyophilized tomato extract (an industrial by-product), which was
used as a substrate under the previously defined optimal conditions. The fermentation process
was subsequently scaled up to assess GABA production at a larger volume. This step was
necessary because, in larger-scale systems, the non-homogeneous distribution of nutrients may
compromise consistent GABA synthesis. Once GABA production was quantified and
confirmed at scale up, a GABA-enriched nutraceutical prototype was developed. Regulatory
frameworks governing the commercialization of food supplements were assessed, with
particular attention to determining whether the product would be classified as a novel food,
which would require extensive safety and toxicity testing prior to market approval. Finally, the
prototype was evaluated in in vitro gut models, that mimic conditions of eubiosis and dysbiosis,
to assess its impact on gut microbiota composition and on the production of key microbial
metabolites such as short-chain fatty acids (SCFAs), thereby exploring the potential health

benefits associated with the final nutraceutical product.
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3.1. From laboratory to market: safety, novel food evaluation, and patent protection of L.

brevis CRAI

We addressed the regulatory and commercial aspects required for the potential market
introduction of the probiotic strain L. brevis CRAI and the derived GABA-enriched product.
These products are proposed as probiotic/nutraceutical dietary supplements. In the European
Union, the commercialization of any food product must comply with strict safety and regulatory
requirements to ensure consumer safety. A critical step in this process is determining whether
the product qualifies as a "novel food." According to Regulation (EU) 2015/2283, a novel food
is defined as any food that was not consumed to a significant degree within the EU before 15
May 1997 and falls into one or more specific categories, including foods with a new or
intentionally modified molecular structure, or those produced using genetically modified
organisms introduced after that date [161]. In our case, the new strain Levilactobacillus brevis
CRALI, was employed to ferment a dehydrated tomato matrix, resulting in the biosynthesis of
GABA. To assess whether our product falls under the novel food classification, we conducted
a thorough literature review to verify the historical use of L. brevis in food prior to 1997.
Multiple studies confirmed the presence and use of L. brevis in fermented foods such as
vegetables, fruits, and cereals well before the regulatory cutoff date. For instance, L. brevis was
identified in fermented maize dough [162], high-moisture corn silage [163], sourdoughs [164],
and brined cucumbers [165], among others. These findings support the conclusion that L. brevis
specie, has a documented history of safe use in food products prior to 1997, thereby exempting
our formulation from novel food classification. An additional milestone in the project was the
successful patenting of the L. brevis CRAI strain. This strain, originally isolated from tomatoes,
was granted patent protection (Patent No. 31.D1066.12.1T.4) based on its unique functional
properties. Specifically, L. brevis CRAI was recognized for its ability to produce high levels of
GABA and for its probiotic activities, including inhibition of pathogenic microorganisms’
growth and anti-inflammatory effects. The patent not only secures the intellectual property
associated with the strain but also validates its biotechnological potential as a functional
ingredient in nutraceutical applications. Taken together, these regulatory and intellectual
property achievements strengthen the translational relevance of our findings and support the
feasibility of introducing the probiotic strain L. brevis CRAI and the GABA-enriched prototype

into the functional food market.
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Chapter 3

1. Characterization of a GABA-producing Levilactobacillus brevis CRAI isolated from
organic tomato: a new probiotic candidate
1.1. Material and methods

1.1.1. Isolation of lactic acid bacteria from tomatoes

Lactic acid bacteria (LAB) were isolated from different varieties of organic tomatoes harvested
from agricultural areas in the Bologna region (Italy). The tomato pulp was first homogenized
and then combined with de Man, Rogosa and Sharpe (MRS) broth (Difco, Detroit, MI, USA),
enriched with 0.05% (w/v) L-cysteine (Merck, Milan, Italy). The resulting suspension was
subjected to serial dilutions, which were subsequently plated on MRS agar. Plates were
incubated at 37 °C for 72 hours under anaerobic conditions, by using anaerobic jars with
GasPak™ systems (BD GasPak™ EZ Anaerobe Container System, Sparks, MD, USA). After
incubation, bacteria whose colonies exhibiting different morphologies were examined under a
light microscope. Colonies consisting of rod-shaped cells were selected for further analysis.
These isolates were preserved in MRS broth supplemented with 10% (v/v) glycerol and stored
at —80 °C. Prior to experimental use, the isolates were revived and cultivated in MRS broth

supplemented with 0.05% L-cysteine, incubated at 37 °C under anaerobic conditions.

1.1.2. 16S rRNA gene sequencing and taxonomic identification of tomato-derived

1solates

The pellet from each bacterial isolate was collected after overnight cultures by centrifugation
at 10,000 x g for 10 minutes. Genomic DNA was extracted using the DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol for “Pretreatment for
Gram-positive bacteria” [166] The 16S ribosomal RNA (rRNA) gene was amplified using the
universal primers 27F and 1492R [167]. PCR products were subsequently sequenced. The
resulting sequences were compared against those available in the BLASTn database

(https://blast.ncbi.nlm.nih.gov, accessed on 15 January 2024) to taxonomically identify the

bacterial isolates based on sequence similarity.
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1.1.3. Detection of gadB gene via PCR in lactic acid bacteria

Following genomic DNA extraction from the isolated LAB, DNA was used to assess the
presence of the gadB gene, which encodes glutamate decarboxylase. Highly conserved regions

of the gadB gene were used to design specific primers.

For Lactiplantibacillus plantarum and Levilactobacillus brevis strains, the primers used were:
Forward 5'-CCTCGAGAAGCCGATCGCTTAGTTCG-3;

Reverse 5'-TCATATTGACCGGTATAAGTGATGCCC-3' [168].

For Lactococcus lactis, the primers were:

Forward:5-CAACATGATCGCTGACCTTTGG-3";
Reverse:5'-GCCATTCCACCAAGCATACAAG-3' [169].

1.1.4. LAB cultivation and Quantitative evaluation of GABA using High-Performance
Liquid Chromatography (HPLC)

To maximize GABA yield, LAB strains positive for the gadB gene were cultured under
optimized fermentation conditions, as described in literature [ 170—174]. Specifically, the strains
were grown in MRS broth supplemented with 0.05% L-cysteine at 32 °C for 48 hours under
anaerobic conditions. The medium was further enriched with increasing concentrations of
monosodium L-glutamate (MSG; ThermoFisher, Kandel, Germany) as follows: 0 mM (0%);
59.1 mM (1%); 118.2 mM (2%); 177.3 mM (3%); 236.5 mM (4%). The initial pH of the
medium was adjusted to 5.0, and the starting inoculum was standardized to 1x10” CFU/mL.
After 48 hours of incubation, cultures were centrifuged at 5,000 x g for 10 minutes at 4 °C to
separate cells from the supernatants. The supernatants were collected and then filtered through
0.22 pm membrane filters and used for GABA quantification. GABA was derivatized by mixing
1.75 mL of 1 M borate buffer (pH 9), 750 uL of methanol, 1 mL of sample, and 20 pL of diethyl
ethoxymethylenemalonate (DEEMM). The mixture was subjected to ultrasonic treatment for
30 minutes [175] to complete the derivatization reaction. Derivatized GABA was subsequently
analysed using an Agilent Infinity 1290 HPLC-DAD system (Agilent Technologies,
Waldbronn, Germany), following the binary gradient method described by Gomez-Alonso et
al. (2007) [176]. The mobile phases consisted of phase A, 25 mM acetate buffer (pH 5.8)
containing 0.02% sodium azide; and phase B, an 80:20 (v/v) mixture of acetonitrile and
methanol. The flow rate was set to 0.9 mL/min. The protocol reported in Gémez-Alonso et al.

(2007) was followed with minor modifications, the injection volume was reduced to 1 pL, and
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the total chromatographic run time was shortened to 40 minutes (instead of 80 minutes),
including a 5-minute isocratic phase with eluent A to allow for column re-equilibration between
samples. Quantification of GABA was based on the peak area corresponding to the GABA
derivative, compared with a standard calibration curve. The calibration curve was generated
using commercial GABA (Merck Millipore, Darmstadt, Germany), derivatized and analysed
under the same conditions. The concentration range of the calibration standards was from 0.96

t0 29.09 mM, with a correlation coefficient of R? = 0.999.

1.1.5. Genomic characterization of L. brevis CRAI: sequencing and data analysis

The genomic DNA of Levilactobacillus brevis CRAI previously extracted as described, was
quantified using the Qubit dsDNA BR assay kit with the Qubit 2.0 fluorometer (Life
Technologies, Monza, Italy). Whole-genome sequencing (WGS) was then performed using
Oxford Nanopore technology. Briefly, the genomic library was prepared using the SQK-
LSK109 and EXP-NBD196 kits (Oxford Nanopore Technologies, Oxford, UK), and the
sequencing was carried out on an R9.4.1 flow cell (MIN106D, Oxford Nanopore Technologies,
Oxford, UK) using the GridION X35 platform (Oxford Nanopore Technologies, Oxford, UK).
De novo genome assembly was performed using Canu assembler version 2.2 [177] and genome
annotation was carried out with Bakta version 1.4.1 [178] resulting a genome coverage of
39.47%. The L. brevis CRAI genome was screened for the presence of genes related to antibiotic
resistance and virulence wusing three different tools: AMR  Finder Plus
(https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/, version

4.0.15, updated on 15 September ~ 2024), ResFinder  (version  4.6.0,

https://cge.food.dtu.dk/services/ResFinder/, accessed on 15 September 2024; identity

threshold: 90.0%, minimum length: 60.0%) and the Resistance Gene Identifier (RGI version
6.0.3) using the Comprehensive Antibiotic Resistance Database (CARD, version 3.3.0;
https://card.mcmaster.ca/, accessed on 15 September 2024). Amino acid sequences of GAD
system proteins from L. brevis ATCC367, L. brevis CRL2013, L. brevis NCL912, L. brevis
CDO0817, and L. brevis YSJ3 were retrieved from the NCBI database. These sequences were

then aligned using BLASTp (https://blast.ncbi.nlm.nih.gov, accessed on 15 June 2025) to assess

sequence similarity.
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1.1.6. RT-PCR-based expression analysis of gadA and gadB genes

As described in Section 6.1.4., L. brevis CRAI was cultured under optimized conditions, with
the addition of 0% and 4% (0 and 236.53 mM) monosodium glutamate (MSG) to the medium.
Total RNA was extracted after 48 hours of incubation using the RNeasy kit (Qiagen, Hilden,
Germany), following the “Enzymatic Lysis, Proteinase K Digestion and Mechanical Disruption
of Bacteria” protocol [179]. 1 ng of extracted RN A was used for reverse transcription using the
QuantiTect® Reverse Transcription Kit (Qiagen, Hilden, Germany). The resulting cDNA was
then used as a template for quantitative Real-Time RT-PCR analysis, performed with the
LightCycler 2.0 instrument (Roche, Mannheim, Germany) and the LightCycler® FastStart
DNA Master SYBR Green I reagent (Roche, Mannheim, Germany). Amplicon specificity was
verified at the end of each reaction through first-derivative melting curve analysis, and the
integrity of the PCR products was confirmed by agarose gel electrophoresis. Relative
expression levels of the gadA gene (primers: 5'-CAGGTTACAAGACGATCATGC-3" and 5'-
ATACTTAGCCAGCTCGGACTC-3' [180]) and the gadB gene (primers: Core F and Core R)
were normalized using the 16S rRNA gene as reference (primers: HDAIL 5'-
ACTCCTACGGGAGGAGGCAGCAGT-3' and HDA2 5'-
GTATTACCGCGGCTGCTGGCAC-3'[181] based on the crossing point (CT) values. The fold
change in the expression of gadA and gadB was calculated using the 2"—AACT method [182]

1.1.7. Evaluation of antagonistic activity of L. brevis CRAI toward pathogenic bacteria

L. brevis CRAI was cultured overnight, and the cell-free supernatant (CFS) was obtained by
centrifugation of the culture at 5000xg for 10 minutes at 4 °C. The resulting supernatant was
then filtered through a 0.22 um pore-size membrane filter. The pH of the CFS was measured
using a digital pH meter. The antimicrobial activity of the CFS was evaluated against the
following enteropathogenic strains: Escherichia coli ETEC H10407; Salmonella choleraesuis
serovar Typhimurium, both cultured twice in Nutrient Broth (NB; Difco, Detroit, MI, USA);
and Yersinia enterocolitica, cultured twice in Trypticase Soy Broth (TSB; Difco, Detroit, MI,
USA) prior to each experiment. For the assay, 100 puL of L. brevis CRAI CFS was distributed
into the wells of flat-bottom 96-well microtiter plates, followed by inoculation with 100 uL of
each pathogen suspension (1x10° CFU/mL). As a growth control, 100 uL of sterile MRS
medium was added to 100 uL of the same pathogen suspension in separate wells. The plates
were incubated at 37 °C for 24 hours. Pathogen growth was monitored by measuring

absorbance at 600 nm using an EnSpire Multimode Plate Reader (PerkinElmer Inc., Waltham,
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MA, USA). Residual growth in the presence of the CFS was calculated as a percentage of the
absorbance measured in the corresponding growth control wells. Each experiment was
conducted in duplicate and repeated at least six times to ensure reproducibility. To further assess
the antagonistic potential of L. brevis CRAI cells against the same intestinal pathogens, the
overlay assay was performed following the protocol described by Siroli et al. (2017) [183].
Briefly, 5 pL of an overnight culture of L. brevis CRAI (approximately 1x10% CFU/mL) was
spotted onto the surface of MRS agar plates (1.5% agar) and incubated under anaerobic
conditions at 37 °C for 24 hours. After incubation, 0.1 mL (corresponding to 1x10® CFU/mL)
of an overnight culture of each pathogen was inoculated into 10 mL of soft agar (0.7% agar)
prepared with NB for E. coli ETEC H10407 and S. choleraesuis, or with TSB for Y.
enterocolitica. The soft agar medium inoculated with pathogens was gently poured over the
surface of the MRS plates previously seeded with L. brevis CRAI Plates were incubated at
37 °C for an additional 24 hours, after which inhibition zones were examined. Growth
inhibition halos were measured by determining the radius from the edge of the inhibition zone
toward the center of the L. brevis CRAI spot in four different directions. The mean radius was
calculated and used to classify the level of antagonistic activity as follows: +: inhibition radius

between 14—18 mm; ++: inhibition radius greater than 18 mm.

1.1.8. Evaluation of anti-inflammatory activity of L. brevis CRAI in LPS-induced
RAW 264.7 cells

The murine macrophage cell line RAW 264.7 was cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (EuroClone, Pero, Italy), supplemented with 10% fetal bovine serum (Gibco
Life Technologies Corporation, Segrate, MI, Italy) and 1% L-glutamine (Merck, Saint Louis,
MO, USA). For each experiment, cells were incubated at 37 °C in a humidified atmosphere
containing 5% CO2. The presence of nitrites in the culture medium was assessed using the
Griess Reagent Nitrite Measurement Kit (Cell Signaling Technology, Inc., Trask Lane, Danvers,
MA, USA) [184]. The Griess assay provides an indirect method for the detection of nitric oxide
(NO) by quantifying nitrite, nitrate, and nitrosating species. For each assay, RAW 264.7 cells
were seeded in 24-well plates at a density of 1 x 107 cells/well and cultured in complete medium
for 48 hours. The inflammatory response was induced by stimulation with bacterial
lipopolysaccharide (LPS from E. coli, Enzo Life Sciences, Serotype TLRGRADE) at a final
concentration of 1 pg/mL. Selected wells were treated either with viable L. brevis CRAI cells

or with its corresponding cell-free supernatant (CFS), using a ratio of 1:100 (eukaryotic cell:
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bacterial cells), and incubated for 24 hours. After the incubation period, 100 pL of culture
medium were mixed with 100 pL of Griess reagent in a 96-well plate. Absorbance was then
measured at 550 nm using a spectrophotometer (EnSpire Multimode Plate Reader, PerkinElmer
Inc., Waltham, MA, USA). The level of inflammation was calculated as a percentage relative
to the absorbance of the positive control, consisting of RAW 264.7 cells stimulated with LPS
alone (defined as 100% inflammation). Each experiment was performed in two independent

trials, with a minimum of three technical replicates per trial.

1.1.9. In vitro adhesion capacity of L. brevis CRAI to intestinal epithelial Caco-2 cell

line

To evaluate the adhesion ability of the L. brevis CRAI strain, the human epithelial colorectal
adenocarcinoma Caco-2 cell line was used, as it exhibits morphological and functional
characteristics similar to those of intestinal colonocytes, the protocol used was described by
Giordani B. et al 2018 [185]. Glass coverslips were used as support for the seeding of Caco-2
cells at a density of 5 x 10* cells/mL in Dulbecco’s Modified Eagle Medium (DMEM)
(EuroClone, Pero, Italy), supplemented with 10% fetal bovine serum and 1% L-glutamine. The
cells were incubated at 37 °C in a humidified atmosphere containing 5% CO: for 48 hours. At
approximately 70% confluence, the cell monolayers were washed twice with sterile phosphate-
buffered saline (PBS) to remove non-adherent cells or residual medium components. An
overnight culture of L. brevis CRAI was centrifuged and washed twice in PBS, then
resuspended in complete medium to reach a final concentration of 1x10® CFU/mL. For the
bacterial treatment, Caco-2 cells were exposed to the bacterial suspension at a ratio of 1:100
(epithelial cell: bacteria cells) and incubated for 3 hours at 37 °C in a 5% CO: atmosphere.
Following incubation, non-adherent bacteria were removed by multiple washes with PBS. The
cell monolayers were subsequently fixed and stained with Giemsa solution. Bacterial adhesion
was assessed by light-microscopy (1000x). The number of L. brevis CRAI cells attached to 200
randomly selected Caco-2 cells was counted, and the mean number of adherent bacteria per cell

was calculated as a measure of adhesion capability.
1.1.10. 16S rRNA sequences and L. brevis CRAI genome accession numbers

The 16S rRNA gene sequences of the isolated strains have been submitted to the GenBank
database and assigned the following accession numbers: PV620908 for Lactococcus lactis

CRAC; PV620909 for Levilactobacillus brevis CRAIL; PV620910 for Levilactobacillus brevis
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CRAR; PV620911 for Levilactobacillus brevis DRBA2; PV620912 for Levilactobacillus brevis
DVBA2; PV620913 for Lactococcus lactis IBA; PV620914 for Lactococcus lactis 1BB;
PV 620915 for Lactococcus lactis PBMC; PV620916 for Lactococcus lactis PBMD; PV620917
for Lactiplantibacillus plantarum PRA; PV620918 for Lactiplantibacillus plantarum DRBAI,;
PV620919 for Lactiplantibacillus plantarum DVBAL; and PV620920 for Levilactobacillus
brevis DVB22. Additionally, the whole genome sequence of L. brevis CRAI has been deposited
in the NCBI GenBank repository under accession number SAMN48404542. The L. brevis
CRALI strain itself is preserved in the DSMZ microbial culture collection with the accession

number DSM 35345.

1.1.11. Statistical and data analysis

Data obtained from HPLC quantification of GABA are reported as the mean values of two
independent experiments, accompanied by their respective standard deviations (SD). Both
antimicrobial and anti-inflammatory activities are expressed as mean + SD derived from two
independent experimental replicates. Statistical significance was assessed using one-way
analysis of variance (ANOVA) with subsequent Bonferroni post hoc correction for multiple
comparisons. Differences were considered significant at a threshold of p < 0.05. All statistical
analyses were conducted using GraphPad Prism software, version 9.5.1 for the Windows

operating system.

1.2. Results
1.2.1. Isolation and taxonomic profiling of LAB from tomato and molecular detection

of gadB gene

A total of six different tomato varieties were used as the source for bacterial isolation. In total,
29 distinct colonies were detected on MRS agar plates incubated under selective anaerobic
conditions. To perform a preliminary screening and select colonies of interest, cell morphology
was examined under light microscopy, only those exhibiting a rod-shaped (bacillary)
morphology were selected, reducing the number of isolates from 29 to 23 for further analyses.
The selected isolates were subjected to taxonomic classification by sequencing the 16S rRNA
gene. Sequence alignment and species identification were carried out using the BLASTn tool
against the NCBI nucleotide database. Based on these analysis, 13 isolates were identified as
lactic acid bacteria (LAB). Specifically, five isolates were assigned to the species

Levilactobacillus brevis (DRBA2, DVBA2, DVBA22, CRAI, CRAR), three to
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Lactiplantibacillus plantarum (DRBA1, DVBAI1, PRA), and five to Lactococcus lactis
(CRAC, IBA, IBB, PBMD, PBMC), as detailed in Table 1. Following taxonomic identification,
the isolates were screened for the presence of the gadB gene to identify strains with potential
y-aminobutyric acid (GABA) biosynthetic capacity. PCR amplification was performed using
specific primers targeting gadB, and the gene was successfully detected in all 13 LAB isolates

(Table 1).

Table 1. Characterisation of LAB strains isolated form different varieties of tomatoes based on 16S rRNA sequence

analysis and PCR detection of the gadB gene.

Tomato variety Species Strain gadB gene
Levilactobacillus brevis DRBA2 +
Grape Red
Lactiplantibacillus plantarum DRBA1 +
Lactiplantibacillus plantarum DVBA1 +
Grape Green Levilactobacillus brevis DVBA2 +
Levilactobacillus brevis DVBA22 +
Levilactobacillus brevis CRAI +
Cherry Red Levilactobacillus brevis CRAR +
Lactococcus lactis CRAC +
Lactococcus lactis IBA +
Plum
Lactococcus lactis IBB +
Lactococcus lactis PBMD +
Beefsteak
Lactococcus lactis PBMC +
Roma Lactiplantibacillus plantarum PRA +

1.2.2. Screening of LAB for GABA production via HPLC and Selection of L. brevis
CRAI

All 13 isolates tested positive for the presence of the gadB gene based on PCR results,
consequently, all strains were subjected to GABA production analysis. For quantification, the
isolates were cultured under conditions reported in the literature as optimal for GABA synthesis,
specifically the supplementation of the growth medium with 236.53 mM (equivalent to 4%)
MSG. GABA concentration was determined using HPLC. As shown in Table 2, all isolates
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could produce quantifiable amounts of GABA, although the production levels varied

significantly among strains, ranging from 0.73 mM to 179.15 mM. Notably, strains belonging
to the species L. brevis exhibited the highest GABA production, with CRAI and CRAR strains

reaching concentrations of 179.15 mM and 165.24 mM, respectively. In contrast, lower GABA

levels were observed in strains belonging to L. plantarum and L. lactis species. Furthermore, L.

brevis CRAI and CRAR displayed the highest glutamate-to-GABA conversion efficiencies,
calculated at 75.75% and 69.88%, respectively (Table 2). These findings highlight L. brevis

CRALI as the most efficient GABA producer among the tested isolates, making it a promising

candidate for further investigation in GABA-enriched functional food applications.

Table 2. GABA production measured by HPLC and conversion rate in LAB strains cultured with 236.53 mM

MSG.
Species strain GABA mM Conversion
yield %

CRAI 179.15 75.75
CRAR 165.24 69.88

Levilactobacillus brevis DVBA2 7.10 3.00
DVBA22 4.71 1.99
DRBA2 0.73 0.31
DRBAI1 291 1.23

Lactiplantibacillus plantarum DVBALI 2.25 0.95
PRA 3.32 1.40
CRAC 8.24 3.49
IBA 36.21 15.31

Lactococcus lactis IBB 1.99 0.84
PBMD 0.97 0.41
PBMC 34.59 14.63
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1.2.3. Effect of MSG concentrations on GABA production by L. brevis CRAI

Levilactobacillus brevis CRAI strain was selected based on its superior GABA production
capacity and subsequently evaluated for GABA biosynthesis under optimal culture conditions.
The media was supplemented with different concentrations of MSG, ranging from 0% to 4%.
GABA production was shown in Table 3 and seemed to be dependent on the concentration of
MSG in the growth medium. Notably, the strain produced 6.94 + 0.48 mM of GABA even in
the absence of MSG. However, a significant increase in GABA levels was observed when 236.5
mM (4%) MSG was added, reaching a maximum production of 179.15 + 15.14 mM (Table 3).
The net GABA yield ranged between approximately 60% and 73%, with the highest value
observed at 4% MSG.

Table 3. Quantitative analysis of GABA production by L. brevis CRAI in the presence of different MSG

concentrations. Results are shown as mean + SD from two independent experiments.

Strain MSG mM (%) GABA mM Net GABA yield %
0 6.94+0.48
59.1 (1%) 48.324+5.98 70.0+10.1
Levilactobacillus brevis CRAI 118.2 (2%) 77.66+16.46 59.8+13.9
177.3 3%) 116.29+£13.96 61.6+£7.8
236.5 (4%) 179.15+15.14 72.8+6.4

1.2.4. Comprehensive genome analysis of L. brevis CRAI

The genome sequence of L. brevis CRAI has been deposited in GenBank under the accession
number SAMN48404542. This strain possesses a circular chromosome comprising 2,550,312
base pairs, with an average GC content of 45.9%. Annotation data reveal the presence of two
distinct genes encoding glutamate decarboxylase, namely gadA4 and gadB, which produce two
isoforms of the GAD enzyme [181]. These genes share 64% sequence identity and are in
separate loci on the chromosome. The gadA gene is part of a gene cluster that includes multiple
functionally related genes. Upstream of gadA lies gadR, a transcriptional regulator.
Downstream, the cluster includes gadC, encoding a glutamate/y-aminobutyric acid (GABA)
antiporter, followed by gadA itself, and gadX, which encodes a glutamyl-tRNA ligase. In

contrast, the gadB gene is not part of this operon-like structure and is located approximately 1.7
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Mb away from the gadA locus on the chromosome (Figure 7). The gadA4 gene of L. brevis CRAI
exhibits a high degree of amino acid sequence identity with GABA-related proteins from other
L. brevis strains described in the literature (Figure 7). In particular, the gadA4 sequence of L.
brevis CRAI closely resembles that of L. brevis ATCC 367 and L. brevis CRL2013. However,
the organization of the gad gene cluster varies among these strains. In L. brevis CRAI as well
as in L. brevis NCL912, L. brevis ATCC 367, and L. brevis CD0817, the gadA gene is located
within the gad operon. In contrast, in L. brevis CRL2013 and YSJ3, the gadB gene is
incorporated into the operon structure [181,186,187]. Despite this difference, the amino acid
sequence of gadB of these strains shows 99% identity with that of L. brevis CRAIL Moreover,
L. brevis YSJ3 displays a high degree of sequence conservation across all GAD cluster proteins
when compared to L. brevis CRAIL On the other hand, L. brevis NCL912 and CD0817 show
lower amino acid identity for the GAD-related proteins. Specifically, the gadA-encoded
proteins in both L. brevis NCL912 and L. brevis CD0817 share only 91% identity with the

corresponding protein in L. brevis CRAL

gadR gadC gadA gitX gadB

L. brevis NCL912
L. brevis CD0817

L. brevis ATTC367

L. brevis CRL 2013

L. brevis YS]3

Figure 7. Gene organization of the GAD operon in Levilactobacillus brevis CRAI and comparison with other L.
brevis strains.
The diagram illustrates the arrangement and orientation of genes within the operon. Amino acid sequence identity
percentages between each gene product and the corresponding L. brevis CRAI protein are indicated within the
arrows. The operon includes: gadR (a transcriptional regulator), gadC (encoding the glutamate/GABA antiporter),
gadA and gadB (coding for glutamate decarboxylases A and B, respectively), and gltX (encoding the glutamate-

tRNA ligase). Arrows represent the direction of transcription for each gene.
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Further genome annotation of L. brevis CRAI revealed the presence of genes involved in
riboflavin biosynthesis. Specifically, the 7ib operon comprises the genes ribG, ribB, ribA, ribE,
and ribH, which collectively participate in the biosynthetic pathway for riboflavin. At the
terminal region of the operon, a regulatory element belonging to the RFN family was also
identified [188]. Additionally, genes associated with potential health-promoting functions were
detected. Among them, the bsh gene, encoding bile salt hydrolase (BSH), was identified. This
enzyme catalyses the hydrolysis of the amide bond in conjugated bile salts such as
cholylglycine, contributing to cholesterol reduction through its deconjugation activity [189].
The safety profile of the strain was further evaluated using multiple bioinformatics tools,
including AMRFinderPlus, ResFinder, and the Comprehensive Antibiotic Resistance Database
(CARD). Both AMRFinderPlus and ResFinder did not detect any genes linked to antibiotic
resistance or virulence factors. However, CARD analysis identified the presence of vanT and
nimA genes potentially associated with resistance mechanisms. The vanT gene encodes an
alanine racemase enzyme, while nimA4 encodes a protein belonging to the pyridoxamine 5'-
phosphate oxidase superfamily, which is involved in vitamin B6 metabolism. However, neither
of these genes is associated with antibiotic resistance. Whole-genome analysis of L. brevis
CRALI also revealed the presence of two plasmids. According to annotation performed with the
RAST platform, these plasmids carry genes implicated in potassium homeostasis and bile salt
hydrolase activity. Importantly, no virulence factors or antibiotic resistance genes were

identified on either plasmid.
1.2.5. Expression profile of gad4 and gadB genes in L. brevis CRAI

Total mRNA was extracted from L. brevis CRAI to evaluate the expression levels of the gad4
and gadB genes under varying concentrations of MSG. This analysis, conducted using RT-PCR,
aimed to assess the impact of MSG concentration on GABA biosynthesis. Cultures grew under
optimal conditions such as initial inoculum of 1x10” CFU/mL, pH adjusted to 5.0, incubation
at 32 °C for 48 hours. MSG was supplemented at a concentration of 236.53 mM (4%), and gene
expression in this condition was compared to that observed in a control culture with no MSG
supplementation (0%). The results indicate a significant induction of gene expression in
response to MSG. Specifically, the presence of 4% MSG led to a 52.52-fold increase in gadA
mRNA levels and a 4.44-fold increase in gadB mRNA levels, relative to the baseline condition

(figure 8).

51



60—

Fold Change
F-N
T

N
o
|

0 T T
gadA gadB

Figure 8. Relative expression levels of gadA and gadB in L. brevis CRAI after 48 h of growth in MRS medium
supplemented with 4% MSG. Gene expression was quantified by RT-qPCR and normalized to the reference gene
(16S). Results are expressed as fold change relative to the 0% MSG condition.

1.2.6. Inhibitory effects of L. brevis CRAI on the growth of enteropathogenic bacteria

The probiotic potential of L. brevis CRAI was further evaluated considering the growing
scientific interest in beneficial bacteria capable of exerting multifunctional roles, including the
modulation of the gut-brain axis through the production of bioactive compounds. In this
context, the strain's ability to counteract gastrointestinal infections was investigated, thereby
highlighting its health-promoting properties [189]. To assess this, three representative
enteropathogenic bacteria were selected: enterotoxigenic Escherichia coli (ETEC), Salmonella
choleraesuis serovar Typhimurium, and Yersinia enterocolitica. Both the cell-free supernatant
(CFS) and viable cells of L. brevis CRAI were tested for antimicrobial activity. The CFS was
used to evaluate the inhibition of planktonic growth, while the antimicrobial action of viable
cells was assessed through an overlay assay. The results demonstrated a strong inhibitory effect
of the CRAI-derived CFS on pathogen growth. Specifically, planktonic growth was reduced by
97.24 +1.53% for E. coli ETEC, 97.53 +0.74% for S. choleraesuis, and 99.12 £ 0.67% for Y.
enterocolitica, compared to the untreated control (Table 4). Viable cells of L. brevis CRAI also
exhibited antimicrobial activity, forming inhibition zones around 16 mm against E. coli ETEC

and S. choleraesuis, and approximately 20 mm against Y. enterocolitica (Table 4).

Table 4. Inhibitory effect of Lactobacillus brevis CRAI cell-free supernatant (CFS) and viable cells against enteric
pathogens. The tested enteropathogens included FEscherichia coli ETEC, Salmonella enterica serovar
Typhimurium (S. choleraesuis), and Yersinia enterocolitica. Inhibitory activity of the CFS was quantified by
measuring the reduction in optical density at 600 nm (OD600) in treated cultures compared to the untreated control,

set as 0% inhibition =SD. Antimicrobial activity exerted by viable cells of L. brevis CRAI was evaluated through
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the measurement of inhibition zones and categorized as follows: +, inhibition radius between 14 and 18 mm; ++,

inhibition radius greater than 18 mm.

L. brevis CRAI E. coli ETEC 8. choleraesius typhimurium Y. enterocolitica
CFS (%) 97.24+1.53 97.53+0.74 99.12+0.67
Viable cells (mm) + + ++

1.2.7. Characterization of the anti-inflammatory potential of L. brevis CRAI

Inflammation is often associated with dysbiosis, a condition characterized by an imbalance in
the gut microbiota, which is frequently implicated as an indirect contributor to the inflammatory
process. Based on this, we aimed to investigate the anti-inflammatory potential of L. brevis
CRAI, with the broader goal of restoring intestinal homeostasis through probiotic
supplementation [188]. In the context of inflammation, the murine macrophage cell line RAW
264.7 is commonly employed to assess inflammatory responses. In our study, we evaluated
inflammation by quantifying nitric oxide (NO), a key pro-inflammatory mediator.
Lipopolysaccharide (LPS) was used to stimulate the release of cytokines and mediators such as
NO. To determine NO production by macrophages, we employed the Griess assay. RAW 264.7
cells were stimulated with LPS and treated either with the cell-free supernatant or the bacterial
cells of L. brevis CRAIL NO levels were then quantified and compared to control conditions. As
illustrated in Figure 9, LPS-stimulated RAW 264.7 cells showed a significant reduction in NO
production when treated with L. brevis CRAI. Specifically, treatment with the bacterial
supernatant resulted in a 16.50 £ 1.24% reduction, while treatment with bacterial cells led to a

32.33 £ 2.69% decrease in NO levels, compared to the LPS-stimulated control.
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Figure 9. Anti-inflammatory effects of L. brevis CRAI CFS and viable cells. RAW264.7 macrophage cells were
stimulated with LPS and subsequently treated with either the CFS or viable cells of L. brevis CRAL Nitric oxide
(NO) production is presented as a percentage relative to the untreated control group (set at 100%). Statistical

significance was indicated by **** (p <0.0001).

1.2.8. Evaluation of L. brevis CRAI adhesion to human intestinal epithelial cell line

Caco-2

The human intestinal epithelial cell line Caco-2 was employed as an in vifro model to assess
the adhesion capacity of L. brevis CRAI bacterial cells. A quantitative approach based on the
enumeration of adherent viable cells was utilized. The results demonstrated that L. brevis CRAI
could adhere to Caco-2 cells, with a ratio of viable adherent L. brevis cells to Caco-2 cells

calculated at (3.06 + 0.71):1.
1.3. Discussion

GABA is one of the most important inhibitory neurotransmitters in the central nervous system
(CNS), playing a key role in various physiological processes, including the regulation of the
sleep—wake cycle, motor function, and vascular tone. Beyond its neurological function, GABA
also contributes to brain metabolism by providing energy and enhancing resistance to hypoxia
and other stress conditions [190]. Due to its analgesic, antihypertensive, and antidepressant

properties, GABA is widely used in the food and pharmaceutical industries [191]. It is well

54



established that lactobacilli residing in the gastrointestinal tract can synthesize GABA, and this
metabolic activity is associated with beneficial effects on host health [97]. The first goal of the
project was to identify a bacterial strain capable of efficient GABA production while also
exhibiting multiple functional properties. To achieve this, six different tomato varieties were
used as the source for the isolation of LAB. The isolated strains were then taxonomically
characterized by 16S rRNA gene sequencing, leading to the identification of 13 distinct LAB
strains belonging to the species Levilactobacillus brevis, Lactiplantibacillus plantarum, and
Lactococcus lactis. The ability of LAB strains to produce GABA is due to the presence of the
gad gene in their genome, which encodes the key enzymes involved in this biosynthetic
pathway [186]. Specifically, gadA and gadB genes encode for two homologous forms of the
glutamate decarboxylase (GAD) enzyme, and LAB strains may carry one or both genes [170].
In this study, PCR analysis was conducted to detect the presence of the gadB gene, which is
considered the most conserved and widespread among LAB [192], with the objective of
selecting potential GABA-producing strains. The PCR results confirmed the presence of the
gadB gene in all thirteen isolates, thereby supporting their potential for GABA biosynthesis.

GABA production is influenced by multiple factors, indeed Wu CH et al. (2018) [193]
demonstrated that the GABA synthesis efficiency of L. brevis RK03 varies according to
fermentation parameters such as temperature, pH, and glutamate concentration. Based on this,
fermentations were conducted under optimized conditions to evaluate the capacity of the
isolated LAB strains to convert glutamate into GABA. The GABA synthesis pathway,
commonly referred to as glutamate-dependent, has also been associated with the ability of
bacterial strains to survive under acidic conditions [194]. In fact, the regulation of the pH in the
culture medium is a key factor influencing GABA production. Another important variable is
the availability of MSG, which serves as the precursor for GABA synthesis. However,
excessively high concentrations of MSG (ranging from 6% to 15%) have been shown to inhibit
GABA production [195]. Therefore, the LAB strains were cultured under optimal conditions,
based on data reported in previous studies [170,172—-174]. GABA production was then
quantified via HPLC, allowing us to identify the strains with the highest glutamate to GABA
conversion capacity. All tested LAB strains demonstrated the ability to produce GABA, though
with variable efficiencies. Among them, the strain identified as the most efficient GABA
producer was L. brevis CRAI, which starting from an initial MSG concentration of 236.53 mM
(4%), achieved a conversion yield of 75.75% and a final GABA concentration of 179.15 mM.

These results are consistent with recent findings indicating that, among lactic acid bacteria, L.
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brevis is the species with the highest efficiency in GABA biosynthesis [196—-198]. As
highlighted by Li H. (2010) [195], GABA production can be enhanced by optimizing various
culture parameters. For instance, the initial concentration of glutamate in the medium
significantly affects both the growth of L. brevis NCL912 and its ability to synthesize GABA.
In line with this, the present study tested different MSG concentrations, and GABA production
was then quantified. The results showed in Table 3 demonstrate that the highest GABA yield
was obtained with 236.53 mM (4%) of MSG. Since GABA biosynthesis is modulated by
numerous factors, comparing production levels across different studies is challenging due to
variation in experimental protocols. Nevertheless, the culture conditions employed in this study
closely resemble those used by Villegas J. et al. (2016) in which L. brevis CRL1942 achieved
GABA concentration of 255 mM in the presence of 4.5% MSG. This level of productivity is
comparable to that observed in our experiments, however, the probiotic properties of L. brevis

CRL1942 were not characterized in that study [105].

L. brevis CRAI had been selected as the best GABA producer, which prompted us to undertake
a deeper characterization by sequencing its genome, with the aim of predicting its functional
traits and elucidating the organization of genes involved in GABA biosynthesis. Genome
annotation revealed that L. brevis CRAI harbours both gadA and gadB genes. The gadA gene
is embedded within the gad operon, whereas gadB is located separately. A similar gene
arrangement is observed in L. brevis ATCC367, where gadA resides in the operon, distantly
from gadB [199]. This arrangement differs from most L. brevis strains, in which the gadCB
operon configuration is more commonly observed [200]. Despite this divergent genomic
placement, the gadA and gadB proteins in various L. brevis isolates exhibit a high degree of
amino acid sequence identity, reflecting high degree of sequence conservation. In addition,
genomic analysis revealed the presence of genes potentially linked to probiotic and functional
activities, including those involved in bile salt hydrolysis and riboflavin biosynthesis. Notably,
the gene encoding the choloylglycine hydrolase (BSH) enzyme, a bile salt hydrolase, was
detected; this enzyme catalyses the deconjugation of bile salts. Such enzymatic activity is
associated with bacterial tolerance to bile salts, as it allows liberated amino acids to serve as
carbon and nitrogen sources, thereby aiding detoxification of the intestinal environment and
possibly exerting hypocholesterolemic effects [200]. It has been proposed that BSH produced
by the gut microbiota and beneficial microbes may influence host—microbiota crosstalk by
modulating bile acid profiles [201]. Many LAB strains are capable of producing a diverse array

of metabolites, including water-soluble B vitamins (such as riboflavin and folate) and low-
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calorie sugars like exopolysaccharides, which have potential applications in the food and dairy
sectors [202]. The biosynthesis of riboflavin from guanosine triphosphate (GTP) and ribulose
5-phosphate requires the activity of five enzymes encoded by ribG, ribB, ribA, ribE, and ribH
genes, as described by Perkins et al. (1999) [203]. Interestingly, the arrangement of these genes
within the operon does not reflect the sequential order of enzymatic steps in the riboflavin
biosynthetic pathway. In the genome of L. brevis CRAI, we identified the complete operon
along with the upstream regulatory region RFN, which controls transcription of the biosynthetic
genes. The capacity of a probiotic strain to synthesize riboflavin is especially relevant, given
that it is an essential metabolite that humans cannot biosynthesize. In situ production of
riboflavin by beneficial gut bacteria may confer direct advantage to the host, while also
supporting the stability of commensal populations like bifidobacteria [204]. Hence, the
combination of bile salt stress tolerance with the ability to produce B vitamins comprises a
functional trait set that strengthens the probiotic potential of the strain. To further characterize
the safety profile of L. brevis CRAI, various bioinformatic approaches were employed. Using
the RGI (Resistance Gene Identifier) software integrated within the CARD database, two
putative antimicrobial resistance (AMR) genes were detected, vanT and nimA, both showing
low sequence identity (32% and 48%, respectively). These same genes have been found in L.
brevis CRL 2013, where vanT, a member of the racemase family, was deemed essential for LAB
growth and not associated with the vanG cluster known to confer vancomycin resistance. In the
same study, nimA was identified as encoding an enzyme implicated in vitamin B6 metabolism
[205]. The genome sequencing also revealed the presence of two natural plasmid related
sequences, previously observed in other L. brevis strains [206,207]. Functional annotation of
the plasmid-borne genes disclosed involvement in potassium homeostasis and bile salt
hydrolysis, whereas no virulence factors or antibiotic resistance genes were identified. Based
on these results, L. brevis CRAI can be regarded as genetically safe, because of the absence of

known virulence determinants or antimicrobial resistance genes.

The genomic analysis of L. brevis CRAI revealed, as already mentioned, the presence of two
genes, gadA and gadB, implicated in the biosynthesis of GABA. To assess whether the
differences observed in GABA production could be associated with variations in gene
expression, we evaluated the transcriptional levels of these genes under two culture conditions,
with and without the addition of MSG at 236.53 mM (4%). Our results demonstrated a
significant upregulation of gadA4 and gadB mRNA, with increases of approximately 52.5-fold

and 4.4-fold, respectively, in the presence of 4% MSG compared to the absence of the precursor.
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These findings indicate that the expression of both genes is induced by extracellular glutamate.
Notably, the gadA4 gene exhibited a considerably stronger induction, which is likely attributable
to its location within an operon preceded by a regulatory element, referred to as gadR. Previous
studies in L. lactis strains have shown that the transcriptional regulator gadR activates
downstream gene expression in response to glutamate availability in the growth medium.
Similarly, disruption of the gadR gene in L. brevis ATCC367 significantly impaired GABA
synthesis due to diminished expression of gadC and gadA [208]. Based on these observations,
it can be postulated that the regulatory sequence gadR, positioned upstream of the operon, is

activated by glutamate presence, thereby strongly promoting the transcription of gadA.

LAB thanks to their notable functional traits, are regarded as promising probiotic candidates.
The assessment of probiotic features typically includes their antagonistic activity against
pathogenic microorganisms, anti-inflammatory effects, and the ability to adhere to epithelial
cells [209]. In this part of the project, we evaluated the inhibitory capacity of L. brevis CRAI
against Escherichia coli ETEC, Salmonella choleraesuis, and Yersinia enterocolitica. Initially,
we demonstrated that CFS of L. brevis CRAI significantly suppressed the planktonic growth of
these enteropathogens. Subsequently, the effect of viable L. brevis CRAI cells on the viability
of the pathogens was assessed. Both bacterial CFS and viable cells exhibited antimicrobial
activity against the tested enteropathogens, with a more pronounced effect observed against Y.
enterocolitica. This antimicrobial effect is likely attributable to the production of organic acids,
hydrogen peroxide, bacteriocins, and other bioactive compounds, consistent with observations

reported for other L. brevis strains [210].

Among the diverse probiotic traits exhibited by functional strains, anti-inflammatory activity is
of particular interest [51]. Macrophages, which play a central role in the inflammatory response,
detect foreign stimuli through specific receptors and subsequently trigger inflammation.
However, excessive production of pro-inflammatory mediators, such as nitric oxide (NO), can
lead to hyperactivation of macrophages, potentially resulting in chronic inflammatory
conditions including inflammatory bowel disease and arthritis [211]. Within this framework,
the present study investigated the modulatory effects of L. brevis CRAI on the inflammatory
response of RAW264.7 macrophages. Our results demonstrated a marked attenuation of
lipopolysaccharide (LPS)-induced inflammation, with inflammation levels reduced to 16% and
32% upon treatment with CFS and viable L. brevis CRAI cells, respectively. Supporting these

findings, previous research reported that L. brevis KU15147 suppresses nitric oxide and
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prostaglandin E2 production by downregulating inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) expression, without exerting cytotoxic effects [212]. Thus, our data

further supports the anti-inflammatory potential of L. brevis CRAI.

The ability to adhere to and colonize the intestinal epithelium is widely recognized as a
desirable characteristic for probiotic bacteria [213]. Liu et al. (2022) have demonstrated that
adhesion efficiencies of various L. brevis strains to Caco-2 cells range from 1.98% to 8.53%
[198]. Consistent with these observations, our results indicate that L. brevis CRAI exhibits a
considerable adherence capacity to the Caco-2 cell line, with an approximate ratio of three

bacterial cells per epithelial cell.

Chapter 4

1. Optimizing GABA-enriched fermentations using tomato and peach pomace with L.
brevis CRALI: a circular bioeconomy perspective
1.1. Material and methods

1.1.1. Microbial isolates and experimental reagents

The Levilactobacillus brevis CRAI strain, preserved at the Department of Pharmacy and
Biotechnology (FABIT) of the Alma Mater Studiorum — University of Bologna, was selected
based on its demonstrated ability to synthesize GABA [214]. The strain was maintained at —
80°C in glycerol stocks and, prior to experimental use, was first plated onto MRS (Difco,
Detroit, MI, USA) agar 1,5%, enriched with 0.05% (w/v) L-cysteine (Merck, Milan, Italy)
incubated at 37°C for 24 hours in anaerobiosis to ensure optimal revival and metabolic activity.
Monosodium glutamate (MSG), supplied by SIGMA, was prepared by dissolving the
compound in distilled water to a final concentration of 467 g/L. The solution was then sterilized

through filtration using a 0.2 pm pore-size membrane to ensure sterility.

1.1.2. Preparation and screening of agro-industrial by-products for L. brevis CRAI

fermentation

To investigate the fermentative capacity of L. brevis CRAI and its potential for GABA
production, various agri-food by-products were selected as alternative substrates. Pomace
materials derived from peach, apple, tomato, grape, and apricot were obtained by processing
fresh fruits sourced from a local market. The fruits were manually juiced, and only the residual

solid fraction (pomace) was retained for further use. The pomace samples were homogenized
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and adjusted to pH 5.0 using either 5 M sodium hydroxide (NaOH) or 5 M hydrochloric acid
(HCI), depending on the initial pH of the matrix. Each sample (35 g) was transferred into sterile
50 mL Falcon tubes and subjected to a short thermal pre-treatment at 75 °C for 10 minute to
reduce native microbial load. Once cooled to room temperature, the samples were divided into
two experimental groups: 1) substrate alone (control); 2) substrate inoculated with L. brevis
CRAL To prepare the inoculum, an overnight culture of L. brevis CRAI was harvested by
centrifugation at 5000 x g for 10 minutes, followed by two washes with sterile physiological
saline (0.9% NacCl) solution. The resulting pellet was resuspended in 10 mL of saline solution
and added to the substrate at 10% (v/w), reaching an approximate final microbial concentration
of 1x107 CFU/mL. Fermentation trials were conducted at 32°C, and samples were collected at
0, 24, 48, and 72 hours to monitor microbial growth and pH variations. Microbial enumeration
was performed by preparing serial decimal dilutions in sterile saline, followed by plating on
MRS agar. Plates were incubated at 37 °C for 48 hours, and colony-forming units (CFU) were
counted and expressed as CFU per gram of sample. For pH analysis, | mL of each fermented
sample was analysed using a calibrated pH meter (Mettler Toledo). This allowed for monitoring

the acidification profile of each fermentation over time.

1.1.3. Optimization of GABA biosynthesis by L. brevis CRAI in tomato and peach
pomace substrates using Response Surface Methodology (RSM)

1.1.3.1. Experimental procedure

Tomato and peach pomace substrates were prepared following the previously described
protocol. Prior to fermentation, the substrates were sterilized at 121 °C for 15 minutes. After
cooling, MSG was added at a concentration of 2%, along with a bacterial inoculum
corresponding to 10% (v/w). The Central Composite Design (CCD) allows for a substantial
reduction in the number of experimental trials by selecting only a subset of all possible factor
combinations. This approach, referred to a statistical methodology as confounding (Gacula,
1988), enables efficient and robust experimental planning. Although a standard CCD typically
involves 17 runs, in our study the design was extended by incorporating five additional
experimental points (runs 18 through 22) (Table 5). These supplementary runs were
strategically included to improve model prediction accuracy, particularly at the lower and upper
bounds of the three independent variables under investigation in accordance with Box et al.
(1978) [215] and as recommended by Belletti et al. (2010) [216]. Samples were collected at the

start (O hour) and at the end (48 hour) of fermentation for microbial enumeration and pH
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measurement, performed as described in Section 7.1.2. Remaining samples were stored at -20

°C for subsequent analyses, including GABA quantification and volatile compound profiling.

Table 5. Levels of independent variables used in the Central Composite Design*.

Run Yeast extract (%) pH  Matrice Dilution (%)

1 0.25 4 25
2 0.75 4 25
3 0.25 6 25
4 0.75 6 25
5 0.25 4 12,5
6 0.75 4 12,5
7 0.25 6 12,5
8 0.75 6 12,5
9 0.50 5 16,6
10 0.50 5 16,6
11 0 5 16,6
12 1 5 16,6
13 0.50 3 16,6
14 0.50 7 16,6
15 0.50 5 50
16 0.50 5 10
17 0.50 5 16,6
18 0 3 50
19 1 7 10
20 0 4 25
21 0.25 3 25
22 0.25 4 50

*The CCD was supplemented with five extra combinations (18, 19, 20, 21, and 22) to improve prediction accuracy

at the extreme low and high levels of the three independent variables.
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1.1.3.2. High-Performance Liquid Chromatography (HPLC) quantification for
GABA production

Frozen samples were first thawed, then vortexed for 1 minute, followed by centrifugation at
15,000 rpm for 10 minutes. The resulting supernatant was collected and utilized for GABA
quantification analysis. The determination of GABA concentration was performed according to
the protocol described by Pizzi et al. (2025), with modifications applied to the initial extraction
step of the compound [214]. For GABA quantification, the samples collected during the
fermentation were defrosted then vortexed for 1 min and centrifugated at maximum speed for

10 minutes. The supernatant was collected and used for GABA quantification analysis.

1.1.3.3. Volatilome profile assessment using Solid Phase Microextraction (SPME)
coupled with Gas Chromatography (GC)- Mass Spectrometry (MS)

The volatilome profiles of peach and tomato pomace substrates, analysed both prior to and
following fermentation, were evaluated using solid-phase microextraction (SPME) coupled
with gas chromatography—-mass spectrometry (GC-MS), according to the methodology
described by Siroli et al. [217]. Briefly, 3 grams of each sample were placed into sterile vials,
and 6 pL of an internal standard solution (4-methyl-2-pentanol) was added to achieve a final
concentration of 20 mg/kg. Samples were preheated at 45 °C for 10 minutes to facilitate
equilibration of volatile compounds. Volatile compounds were extracted from the headspace
using an 85 pm Carboxen/polydimethylsiloxane (Carboxen/PDMS) fiber (StableFlex, Supelco,
Bellefonte, PA, USA) exposed for 30 minutes. The fiber was then desorbed for 10 minutes in
the GC injector. Analytical separation was performed using an Agilent 7890A GC system
coupled with an Agilent 5975C quadrupole mass spectrometer (Agilent Technologies, Santa
Clara, CA, USA), equipped with a Chrompack CP-Wax 52 CB capillary column (Chrompack,
Sdo Paulo, Brazil), under the chromatographic conditions described by Siroli et al. [217].
Compound identification was achieved by matching the acquired mass spectra against reference
libraries, including the NIST/EPA/NIH Mass Spectral Library (version 1.6, 2011) and the
WILEY Library (6th edition, 1995, New York, NY, USA). The relative abundance of each
identified compound was calculated as a percentage of the total area of all detected peaks within

the chromatogram.
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1.1.3.4. Development of the response surface model from CCD data

Data obtained from the Central Composite Design (CCD) were analysed using multiple
regression analysis performed with Statistica 6.1 software (StatSoft Italy srl, Vigonza, Italy).
The influence of yeast extract concentration, initial pH, and substrate dilution on GABA
production after 48 hours of fermentation was evaluated. Model optimization was carried out
using a backward stepwise elimination approach, progressively removing non-significant terms
(p > 0.05) and incorporating them into the residual error. Consequently, only statistically
significant main effects and quadratic terms (p < 0.05) were retained in the final predictive
model. Model fit and adequacy were assessed through analysis of variance (ANOVA) and by
calculating determination coefficients (R*> and adjusted R?), following the methodology

described by Patrignani et al. (2016) [218].

1.1.4. Statistical analysis

Microbiological data were statistically analysed using two-way ANOVA followed by multiple

comparison tests in Prism software. Results are presented as mean values + standard deviation.

The Central Composite Design (CCD) was applied to model GABA production as a function
of the selected independent variables. Data analysis and model fitting were carried out using
Statistica for Windows (StatSoft, Tulsa, USA), which was employed to generate a second-order
polynomial regression model based on the experimental data. The general form of the model is

expressed as:

y = 2By + 2By’ + 2By

where y represents the response variable (i.e., GABA concentration), B;, Bi;, and B;; denote the
coefficients for the linear, quadratic, and interaction effects respectively, and y; and y; are the
coded values of the independent variables. Terms that did not reach statistical significance (p >
0.05) were excluded from the final model to improve predictive reliability and reduce
overfitting. The fitted model enabled the quantitative assessment of the individual (linear),
squared (quadratic), and combined (interaction) contributions of the variables to the response.
To visualize the influence of these effects, three-dimensional response surface plots were
generated, allowing for a clearer interpretation of the interactions among factors and their

impact on GABA production.
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1.2. Results
1.2.1. Evaluation of agri-industrial by-products as fermentation substrates for L. brevis

CRAI

We investigated the growth capacity of L. brevis CRAI in five different by-product substrates:
tomato, grape, peach, apricot, and apple pomace. As shown in Figure 10, tomato proved to be
the most suitable substrate for supporting bacterial proliferation. In this matrix, an increase in
viable cell counts was observed after just 24 hours of fermentation, reaching approximately 10%
CFU/g, compared to the initial count at time 0. Bacterial growth significantly increases over
the fermentation period, achieving 10° CFU/g after 72 hours. In peach pomace, a similar
increase in viable cells was observed at 24 hours, with also reaching 10® CFU/g. However, in
contrast to tomato, no further significant growth occurred beyond this time point, with cell
concentrations remaining stable until 72 hours. In the remaining substrates, apple, apricot, and
grape pomace, L. brevis CRAI exhibited limited proliferation. Viable cell counts showed only
minimal increases over time, with no statistically significant differences from the initial levels
during the entire 72-hour fermentation period. Supporting these microbial growth trends, Figure
11 presents pH measurements taken throughout the fermentation process. A marked decrease in
pH was observed in both tomato and peach matrices, indicating active acidification driven by
the metabolic activity of L. brevis CRAI This drop in pH further validates the higher microbial

activity in these two substrates compared to the others.

To further investigate the basis for the observed differences in bacterial performance, the
macronutrient composition of the tested substrates was summarized in Table 6 [219-222]. As
reported in Table 6, the protein content of tomato pomace was substantially higher than that of
the other tested matrices, ranging from 10.5 to 25 g per 100 g of product, depending on the
cultivar and source. This markedly elevated protein level is consistent with the well-
documented nutrient profile of tomato-based substrates, which are rich in amino acids and
peptides that support the metabolic requirements of lactic acid bacteria. In contrast, the protein
content of the other by-products, such as apple, peach, and apricot pomaces, was significantly
lower, typically between 0.7 and 5.6 g per 100 g, thereby offering a more limited nitrogen
supply for microbial growth and enzyme synthesis. Surprisingly, grape pomace which exhibited
relatively higher protein content than apple, apricot and apple pomace did not resulted as a
promising substrate for the growth of L. brevis CRAI. Compared to tomato, all the other

substrates presented higher amount of carbohydrates, especially grape which can play a role in
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microbial growth. The overall composition, the presence of naturally present inhibitors and their
ratios may restrict or promote the efficient LAB proliferation. GABA content was then
measured in all fermented matrices; however, the levels detected were below the quantification
limit of the HPLC method employed. Therefore, a series of optimization experiments aimed at
enhancing GABA biosynthesis were carried out using a Central Composite Design (CCD)
approach, applied exclusively to the matrices in which L. brevis CRAI was able to grow (tomato

and peach pomace).

Table 6. Macronutrient composition (carbohydrates, proteins, and lipids) of tomato, peach, apricot, apple, and
grape pomace. Values are reported per 100 grams of fresh weight (FW) for fruit pomaces and per 100 grams of
dry weight (DW) for grape pomace. Where applicable, value ranges indicate variability among different cultivars

or data reported in multiple studies.

Tomato Peach Apricot Apple Grape
(g/100g) (g/100g) (g/100g) (g/100g) (g/100g)

Total

Carbohydrates  3.9-8.0 10.8-15.7  9.3-94 48.0-62.0 1.4-77.5
Proteins 10.5-25.03 0.7-1.5 1.1-4.9 2.9-5.6 5.4-14.2
Fats 3.6-5.9 0.2-0.8 0.2-3.1 1.2-3.9 8.2-11.9

L. brevis CRAI growth

i By-products:
-~ Apple
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Figure 10. L. brevis CRAI cell load (logio CFU/g) during fermentation in five different fruit-based substrates:
apple, tomato, grape pomace, apricot, and peach. Cell concentrations were determined at 0, 24, 48, and 72 hours
of fermentation at 32°C. Different lowercase letters indicate statistically significant differences among substrates

at the same time point (p < 0.05).
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Figure 11. pH reduction in fruit-based substrates (peach, tomato, apple, grape pomace, and apricot) during
fermentation with L. brevis CRAI over 72 hours at 32°C. pH decrease is expressed as the difference between the

pH at each time point (24, 48, and 72 h) and the initial pH (0 h) for each substrate.

1.2.2. Optimization of fermentation parameters for GABA production by L. brevis
CRAI

The effect of yeast extract concentration, initial pH, and matrix dilution on GABA production
by L. brevis CRAI in tomato pomace was analysed using a central composite design (CCD).
The design comprised 22 runs, including factorial, axial, and central points. Experimental,
predicted, and residual values are reported in Table 7 wich presents the polynomial equation
representing the linear, interaction, and quadratic effects of the independent variables on GABA
production. Yeast extract was selected as the nitrogen source and was added at concentrations
ranging from 0% to 1%, since higher levels could negatively affect the organoleptic properties

of the final product.

66



Table 7. The predictive models for GABA production in tomato and peach pomace include only those variables
that exhibited statistical significance (P < 0.05). The resulting best-fit equations are provided. YE: yeast extract,

R: regression coefficient; F: F-value; SE: standard error of residuals.

Substrate Equation R F SE

Tomato

pomace  70.849 [YE] + 149.857 [pH] — 14.755 [pH]*— 320.488 0.781 9.36 682.37
Peach

pomace  94.834 [pH] —10.200 [pH]*>+ 19.732 [pH] [YE] - 190.654 0.876 14.06 478.56

Backward stepwise regression retained yeast extract, pH, and pH? as significant predictors of
GABA production (p < 0.01) in tomato pomace, while dilution and interaction terms were
pooled into the residual error. ANOVA confirmed the adequacy of the model (F = 9.36; p =
0.0006), with an R? of 0.609 and an adjusted R? of 0.544, and a standard error of estimate of
26.1. Parameter estimates revealed that yeast extract (B = 70.8 = 23.8; p = 0.008) and pH (B =
149.9 + 37.3; p = 0.0008) exerted significant positive effects on GABA biosynthesis, while the
quadratic effect of pH (B =-14.8 £ 3.8; p =0.001) described the concave relationship observed.
The response surface derived from the regression equation predicted optimal conditions at pH
~5.1 with 1% yeast extract, yielding a maximum concentration of approximately 130.8 mM
GABA (=13.5 g/L) after 48 h fermentation. Also, in peach pomace some discrepancies were
noted between observed and predicted concentrations, especially under extreme conditions.
Backward stepwise regression retained pH, pH?, the yeast extract x pH interaction, and the pH
x dilution interaction as significant predictors of GABA production (p < 0.05), whereas other
terms were pooled into the residual error. ANOVA confirmed the model adequacy (F = 14.06;
p < 0.001), with R? = 0.768, adjusted R? = 0.713, and a standard error of estimate of 21.9.
Parameter estimates indicated that pH (f = 98.9 £ 31.6; p = 0.006) had a strong positive effect
on GABA synthesis, counterbalanced by a significant quadratic term (B = —-10.2 £ 3.3; p =
0.006), which described the curvature of the response. The yeast extract x pH interaction ( =
19.7 +£4.1; p < 0.001) further emphasized the synergistic role of yeast extract under favourable
pH conditions, while the pH x dilution interaction (f =—0.24 + 0.10; p = 0.021) suggested that
substrate concentration modulated the pH effect. According to the response surface model,

optimal conditions for GABA production in peach pomace were predicted around pH ~5.6 with
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0.75% yeast extract, resulting in a maximum concentration of approximately 123 mM GABA

(=12.7 g/L) after 48 h fermentation (Figure 12).

Peach
Tomato

W RO
W) RO

Figure 12. Response surface plots illustrating the effects of initial pH and yeast extract concentration (%) on GABA
production (mM) by L. brevis CRAI in tomato (left) and peach (right) pomace after 48 hours of fermentation. The
model indicates a significant positive linear effect of yeast extract concentration and a quadratic effect of initial
pH on GABA yield. One of the three independent variables was not shown in the graphs, a constant value (the

central points of the interval considered) was imposed on it.

Overall, the models highlight that the critical factors influencing GABA biosynthesis are both
pH and yeast extract, while matrix dilution played a secondary role. Although the regression
model for peach showed slightly higher predictive performance, the tomato model predicted

higher GABA production.

To validate the model predictions, a confirmatory trial was performed under the optimized
conditions. As shown in Table 8, GABA production reached 93.60 = 5.39 mM in tomato
pomace, corresponding to a glutamate conversion yield of 79.15 + 4.56%. In contrast, the peach
pomace supported significantly lower production, with 26.33 = 1.90 mM GABA and a
conversion yield of 22.27 £ 1.60%. Thus, the highest GABA concentration was achieved in the
tomato substrate. Although the experimental results were broadly consistent with the predicted
trends, the absolute values showed some discrepancies, likely reflecting the intrinsic complexity

and variability of by-products, whose composition may differ slightly across trials. In addition
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to GABA quantification, bacterial growth and pH changes were monitored throughout
fermentation. After 48 h, L. brevis CRAI reached 108 CFU/mL in tomato pomace and 1x10°
CFU/mL in peach pomace (Table 8). Moreover, a slightly lower final pH was measured in peach

pomace compared to the tomato one, indicating a more pronounced acidification of this matrix.

Table 8. Predicted values for matrix dilution, yeast extract concentration (%), and initial pH (pH;), along with the
corresponding GABA production (mM) and glutamate conversion rates (%) in tomato and peach matrices. The

table also reports the viable cell counts (CFU/mL) of L. brevis CRAI and the final pH (pHy) after 48 hours of

fermentation in MRS-based medium.

Matrice dilution (%) Yest extract (%) pH;i pHs GABA (mM) Yied (%) CFU/mL
Tomato
50 1.00 5.08 4.8 93.60+£5.39  79.15+4.56 108
pomace
Peach
50 0.75 5.75 4.4 26.33 £1.90 2227+ 1.6 10°
pomace

1.2.3. Volatile compound profiling of tomato and peach pulp fermented by L. brevis
CRALI after 48 hours

After 48 hours of fermentation, 52 volatile organic compounds (VOCs) were detected in the
tomato pomace, while only 23 compounds were identified in the peach pomace. The VOCs
found in both tomato and peach samples belong to the chemical classes of alcohols, acids,
esters, ketones, aldehydes, and other compounds. As shown in Figure 13, the analysis of the
volatile reveals a general increase in the total number of VOCs after fermentation, indeed in
fermented tomato and peach pomace there is a rise of the total VOC area compared to the initial

time point (TO).

In tomato pomace, the total area at TO was 76.5x10° arbitrary units (a.u.), which increased to
231.8x10° a.u. after fermentation. From a qualitative point of view, the TO sample contained
several compounds, including methyl isobutyl ketone, 2-furanmethanol, (Z)-3-hexen-1-ol,
phenylethyl alcohol, and acetic acid. Following fermentation, a substantial increase in the
alcohol fraction was observed (from 31.7x10° to 172.2x10° a.u.), primarily due to the
production of ethanol, phenylethyl alcohol, and benzyl alcohol. This trend was accompanied by

a marked increase in acids, particularly acetic acid, which increased nearly tenfold (from
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4.6x10° to 41.0x10° a.u.), reflecting the acidification typical of the heterofermentative
metabolism of L. brevis species, to which the CRAI strain belongs. In contrast, aldehydes,
especially 3-methylbutanal, decreased during fermentation. There is also a reduction of esters

and ketones over time, thus contributing less to the final aroma profile.

In peach pulp, only 19 compounds were identified, but a similar fermentation trend was
observed. Fermentation induced significant changes in the volatile composition: aldehydes such
as 3-methylbutanal and benzaldehyde, which were abundant at TO, disappeared entirely after
48 hours, indicating their active conversion through microbial metabolism. At the same time,
alcohols emerged as the most abundant class, increasing from 73.8x10° to 211.1x10° a.u.,
mainly due to the strong accumulation of ethanol (from 5.1x10° to 143.0x10° a.u.), 1-butanol,
3-methyl-1-butanol, 1-hexanol, and benzyl alcohol. Acids also played a key role at T48, with
acetic acid reaching 104.0x10° a.u., along with the formation of butanoic and 3-methylbutanoic
acids, which were not detected at TO. Conversely, esters such as ethyl acetate decreased, while
ketones (methyl isobutyl ketone and camphor) remained stable. Interestingly, compounds such

as estragole increased from 7.1x10° to 12.1x105 a.u.

Volatile compounds are presented by chemical class in Table 9, whereas the individual

identified compounds are listed in detail in Appendix 1.
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Figure 13. Volatile compound profiles generated during the 48-hour fermentation of two matrices: tomato pomace
(A) and peach pomace (B). The graphs present the total signal areas of volatile compounds, categorized by
chemical class (aldehydes, ketones, esters, alcohols, acids, and others). Data are expressed in arbitrary units and

represent the mean of two biological replicates (n = 2).

Table 9. The table reports the peak area values obtained by GC—MS analysis of volatile compounds detected in
fermented tomato and peach substrates at the initial time point (TO) and after 48 hours of fermentation (T48).
Volatile compounds were grouped into chemical classes (aldehydes, ketones, esters, alcohols, acids, and other

compounds), and for each class the total chromatographic peak area is presented.

Peak Area Tomato Peak Area Peach

TO T48 TO T48
Aldehydes 12.23267 1.045423 17.52375 0
Ketones 10.6813 4.850643 14.90346 16.53673
Esters 2.25547 1.119545 11.03815 6.60193
Alcohols 31.68772 172.1818 73.82776 211.1369
Acids 9.09648 43.22227 0 134.5068
Others 10.54041 9.37099 21.66544 14.92216
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1.3. Discussion

According to the Food and Agriculture Organization (FAQO), nearly one-third of all food
produced globally for human consumption, approximately 1.3 billion tonnes per year, is either
lost or wasted [223]. These losses have a significant environmental impact, particularly in terms
of greenhouse gas emissions and pollution [224]. In response to this challenge, the European
Circular Economy Action Plan [225] has emphasized the urgent need to minimize food waste
by promoting strategies that retain food resources within the food chain for as long as possible.
Among the various stages of the supply chain, the fruit and vegetable sector is the most critical,
accounting for approximately 45% of total losses and waste [226]. These discarded food
materials still contain valuable bioactive compounds, including dietary fibers, antioxidants,
amino acids and micronutrients. The valorisation of such waste refers to the transformation of
these by-products into new resources with added nutritional value and potential health and
economic benefits [227]. In this context, microbial fermentation is emerging as a promising
strategy to recover beneficial compounds from food waste. It can serve not only to make these
nutrients available for microbial metabolism but also to generate new bioactive molecules, such
as GABA [223]. In the present study, we investigated the potential for developing a GABA-
enriched product by exploiting the ability of the L. brevis CRAI strain to biosynthesize GABA,
using food industry by-products as substrates for fermentation. This approach aims to reduce
production costs by optimizing the GABA fermentation process, while simultaneously adding
value to agro-industrial waste, thus contributing to the development of a GABA-enriched

nutraceutical.

We first evaluated the ability of the L. brevis CRAI strain to grow and ferment in various agro-
food by-products, including peach, tomato, grape, apple, and apricot pomace all sourced from
local farmers. The tomato and peach substrates were the most supportive of L. brevis CRAI
growth, with tomato resulting best. An increase in cell counts was observed in peach and
tomatoes pomace, in particular there is a significant increase of growth at 24 hours in the tomato
substrate that reaches approximately 10° CFU/mL at 72 hours. In the peach pomace substrate,
bacterial counts reached 10 CFU/mL at 24 hours and remained relatively stable thereafter. In
contrast, no substantial or statistically significant growth was recorded in the other substrates
throughout the fermentation process. The use of fruit and vegetable by-products for lactic
fermentation is well supported in literature, primarily due to their high content of fermentable

sugars, polyphenols, and essential nutrients. For instance, Bujna et al. (2018) employed apricot
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juice for fermentation using both monocultures and mixed probiotic cultures, demonstrating an
enhancement in the antioxidant properties of the final product [228]. Similarly, Simdes et al.
(2022) reported that fermentation of unripe tomato with a consortium of lactic acid bacteria
(LAB) and yeasts led to an increase in ascorbic acid content and antioxidant capacity in the

fermented product [229].

Further evidence of successful fermentation, particularly in the tomato and peach substrates, is
provided by pH measurements. A marked decrease in pH was observed in both matrices,
indicating increased acidification consistent with the metabolic activity of LAB. These results
suggest that tomato and peach offer a more favourable environment for the fermentation of L.
brevis CRAI, both in terms of microbial proliferation and acidification potential. We
hypothesize that the enhanced growth observed in the tomato substrate, where L. brevis CRAI
exhibited the highest growth performance, could be attributable to the fact that tomato
represents the original isolation matrix for this strain [214]. This observation aligns with
previous findings in which two Bacillus megaterium strains, originally isolated from saline
soils, demonstrated a more pronounced expression of twelve plant growth-promoting (PGP)
traits, including phytohormone production and nitrogen fixation, when cultivated in saline soils
from which they were originally isolated, as opposed to non-saline conditions [230]. Similarly,
twelve strains including Pseudomonas, Acinetobacter, and Comamonas spp., isolated from
wheat fields under different tillage systems, maintained optimal growth and consistent
phosphate, potassium, and zinc solubilization activity under pH, salinity, and temperature

conditions that mirrored their native habitats [231].

Beyond its origin as an isolation source, the superior growth performance of L. brevis CRAI in
tomato pomace, compared to other fruit- and vegetable-derived by-products, can be ascribed to
the comprehensive nutritional profile of this substrate. Tomato-based matrices are widely
recognized for their ability to support the proliferation of lactic acid bacteria (LAB), primarily
due to the presence of key nutrients such as fermentable sugars, organic acids, pantothenic acid,
amino acids, and proteins. Historically, tomato juice has served as one of the earliest substrates

for LAB cultivation and continues to be included in selective media [232].

In relation to the compositional profiles of the tested substrates, tomato pomace contains the
highest protein content among all matrices evaluated. While simple carbohydrates function as
immediate energy sources, the availability of nitrogen, particularly in the form of amino acids,

peptides, or proteins, is indispensable for the biosynthesis of cellular components, enzymatic
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machinery, and overall metabolic activity in LAB. A substantial body of literature supports the
notion that nitrogen-rich environments significantly enhance both the growth rate and metabolic
performance of LAB strains. For example, Lactobacillus helveticus CRL 1062 exhibited
increased growth and proteolytic activity when cultivated under nitrogen-enriched conditions,
underscoring the essential role of amino acid availability in LAB metabolism [233]. Similarly,
Lactobacillus delbrueckii subsp. bulgaricus demonstrated improved viability and biomass
accumulation when supplemented with alternative nitrogen sources such as complex peptides
or protein hydrolysates, reinforcing the concept that carbon availability alone is insufficient to
sustain optimal microbial proliferation [234]. Further supporting this observation, a study
conducted on Lactobacillus plantarum RPR42 revealed that the addition of protein-rich
substrates to a sugar-based molasses medium resulted in a marked increase in biomass
production, highlighting the critical importance of a balanced carbon-to-nitrogen (C/N) ratio in
promoting LAB growth [235]. Interestingly, despite its relatively high sugar and protein
content, grape pomace did not support the growth of L. brevis CRAL This lack of proliferation
may be attributed to the presence of inhibitory compounds, particularly polyphenols with
known antimicrobial activity. These phenolic substances have been reported to interfere with
microbial physiology by disrupting membrane integrity, inhibiting key enzymatic processes,
and altering intracellular metabolic pathways [236-238]. Peach-based substrates, in contrast,
have frequently been used in beverage formulation of probiotic products due to their capacity
to support the growth of various functional activity of LAB strains [239,240]. On the other
hand, Kalinowska et al. (2023) observed that some LAB strains were able to growth in apple
pomace, while others do not [241], for instance, growth in apple, apricot and peach pomace,
which are substrates that possess similar nutritional profiles, may be species and strain
dependent. These findings suggest that the enhanced growth of L. brevis CRAI in tomato,
followed by peach pomace, is likely driven by the complex nutrient composition of these
substrates, which creates a more favourable environment for cellular metabolism, biosynthesis,
and replication. Based on this observation, a targeted optimization strategy was subsequently
developed to enhance GABA biosynthesis. To this end, a Central Composite Design (CCD)
approach was employed, focusing exclusively on the matrices that supported the viable growth

of L. brevis CRAI: tomato and peach pomace.

In addition to evaluating microbial growth, GABA levels were quantified in all fermented
matrices. However, concentrations across all samples fell below the detection limit of the

employed HPLC method. As a result, a targeted optimization strategy was implemented with
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the goal of enhancing GABA biosynthesis. This was achieved by applying a Central Composite
Design (CCD) approach, which was restricted to the matrices that supported viable growth of
L. brevis CRAI: tomato and peach pomace. Through the modulation of key fermentation
parameters, including the addition of different carbon and nitrogen sources, the CCD enabled
systematic assessment of both individual effects and interactions among variables, ultimately

facilitating the identification of optimal conditions for maximizing GABA production.

To enhance GABA production, previous studies have highlighted the importance of modulating
growth conditions by supplementing the fermentation matrix with specific ingredients (e.g.,
monosodium glutamate, yeast extract, vitamins, or certain cofactors), which can stimulate
microbial metabolism and increase GABA yield [94,208,242]. In the present study, the variables
selected for the CCD-based optimization of GABA production included yeast extract
concentration, matrix dilution, and initial pH. Due to the complexity of food by-products
matrices and the potential presence of fermentation inhibitors, matrix dilution has been
evaluated as a critical strategy to enhance microbial activity and optimize overall fermentation
performance [243]. In the tomato-based matrix, the optimal conditions predicted by the
response surface methodology were a pH of approximately 5.1 and 1% yeast extract, while
optimal conditions for GABA production in peach pomace were predicted around pH ~5.6 with
0.75% yeast extract, furthermore, in both matrices the model highlight that matrix dilution did
not affect GABA biosynthesis under the tested conditions. The model predicted condition was
validated through confirmatory trial in which GABA yield conversion reached 79.15 + 4.56%
in tomato pomace, in contrast in peach pomace fermentation leads to a lower GABA conversion
yield and production. The experimental results were aligned with the predicted trends, even if
some deviations in the absolute values were observed. These differences are likely attributable
to the inherent complexity and compositional variability of agro-industrial by-products, which
may fluctuate slightly across trials. In comparison with the study conducted by Cho et al.
(2012), which focused on the fermentation of tomato paste enriched in GABA using L. brevis
B3 20, the yields obtained in our research were comparatively lower. This variation is likely
attributable to differences in the composition of the fermentation media and the time of
fermentation; we obtained a lower concentration of MSG (2%) and time of incubation (48h).
In contrast, Cho et al 2012 utilized a medium supplemented with 3% MSG and 0.5% yeast
extract, the fermentation was carried out for 72 hours at 30 °C, achieving a final GABA
concentration of 143.4 mM [244]. More recent work by Nakatani et al. (2022) reported the
production of GABA-enriched tomato juice fermented with L. plantarum KB1253 under
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conditions of 20 °Brix and pH 4, which yielded 41.0 = 1.1 mM GABA starting from ~ 0.6% of
glutamate naturally present in the tomato juice [245], comparable to the concentrations
observed in our peach-based substrate but still lower than those reached in tomato pomace. In
addition to tomato-based substrates, various fruit-derived matrices have been explored for their
potential to support GABA production through microbial fermentation. For example, Kanklai
et al. (2020) obtained approximately 32 mM GABA in mulberry juice inoculated with 5% (w/v)
of L. brevis FO64A, supplemented with 2% MSG and incubated for 48 hours at 37 °C [196].
Similarly, Cataldo et al. (2020) reported significantly higher GABA levels, up to 262 mM, using
L. brevis CRL 2013 in strawberry juice. However, the experimental conditions included
extended fermentation times (up to 168 hours) and elevated MSG concentrations (up to 4.5%),
in addition to supplementation with 1% yeast extract [246]. These comparisons underscore the
relevance of the GABA concentrations achieved in our study, particularly in tomato pomace,
even in the absence of high MSG supplementation or prolonged fermentation. Despite
differences in microbial strains, processing conditions, and substrate formulations across
studies, our findings support the suitability of tomato pomace as an effective and promising
matrix for the development of GABA-enriched functional food products. Together with GABA
quantification we also monitored bacterial growth and pH changes during fermentation and
results showed that peach pomace supported slightly higher L. brevis CRAI proliferation with
a stronger acidification compared to tomato pomace, although this did not correlate with
increased GABA production. These findings suggest that the peach pomace matrix provides a
more favourable environment for bacterial growth, potentially promoting greater organic acid
production and a more pronounced pH decrease, although this occurs in parallel with reduced
GABA biosynthesis. Beyond acid generation, fermentation processes can also modify other
volatile compounds, which may influence the sensory and functional properties of the final
product [247]. Fermentation process could improve the organoleptic and sensory characteristics
of the final product. However, depending on the microorganism applied and time of
fermentation, undesired volatile molecules can be produced and accumulated [248]. In this
study the volatile organic compound (VOC) profiles of tomato and peach pomace fermented by
L. brevis CRALI exhibited significant changes after 48 hours. Tomato fermentation yielded a
greater diversity of VOCs (52 compounds) compared to peach (23 compounds). After
fermentation both substrates showed increased total VOC abundances, with a marked rise in
alcohols and acids, particularly ethanol and acetic acid, reflecting the metabolic activity of L.
brevis CRAI Fermentation significantly altered the volatile compound profiles of both tomato

and peach pomaces, exhibiting unique changes that correspond to the intrinsic differences in
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their compositions. The results suggest that both substrates evolve toward volatile profiles
dominated by alcohols and acids during fermentation, consistent with observations reported by
Liuetal. (2018) [247]. Tomato pomace preserves compounds associated with green and vegetal
aromas while peach matrix exhibits a more pronounced fruity and floral character. Alcohols
were identified as the predominant class of volatiles, aligning with multiple studies that describe
their formation primarily through glucose metabolism or the breakdown of amino acids
[249,250]. In particular, the tomato matrix exhibited a marked rise in alcohol content, with
ethanol emerging as the main fermentation product which could derived by sugars via the
phosphoketolase pathway [251], alternatively, ethanol formation can occur via the activity of
alcohol dehydrogenase, which reduces acetaldehyde to ethanol. This mechanism was observed
during tomato pomace fermentation, where an increase in alcohol levels was accompanied by
a concurrent decrease in aldehyde concentrations. These findings are in line with the results of
Liu et al. (2018), where L. plantarum and L. casei reduced the content of aldehyde of 25%
during tomato juice fermentation ([247]. In peach fermentation, benzaldehyde was the only
aldehyde detected initially and was completely depleted by the end of the process. This
observation is consistent with previous studies reporting a decrease in benzaldehyde levels in
fruits fermented with lactic acid bacteria [252]. In addition to an increase in alcohols, peach
pomace exhibited a more pronounced rise in acids, notably acetic acid, which is a major
fermentation metabolite. Acetic acid production is primarily driven by heterofermentative LAB
such as L. brevis CRAI, which metabolize sugars through the phosphoketolase pathway to
generate acetyl phosphate then converted to acetic acid via the action of acetokinase [251].
Although a slight reduction in ketones was observed in both tomato and peach substrates, this
can be attributed to the common microbial conversion of unstable aldehydes and ketones into
primary and secondary alcohols during monoculture fermentations, in line with previous
findings [253]. In conclusion, aldehydes, ketones, and esters generally decreased, indicating
their transformation or consumption during fermentation. These shifts in VOC composition
highlight the dynamic biochemical modifications imparted by fermentation, which likely
influence the sensory and functional properties of the final products [249,254].

With this study, we were able to select tomato pomace as the optimal fermentation substrate
and thanks to the CCD approach we found the best conditions that maximize GABA production
by L. brevis CRAIL The tomato pomace by-products and conditions can be applied for the
formulation of a GABA-enriched nutraceutical prototype, with potential for large-scale

production.
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Chapter 5

1. Impact of GABA-enriched nutraceutical on gut microbiota and metabolite modulation
in an in vitro fermentation model
1.1. Materials and methods

1.1.1. Bacterial Strain and freeze-drying process

Levilactobacillus brevis CRAI strain belongs to the Department of Pharmacy and
Biotechnology (FABIT) of the Alma Mater Studiorum University of Bologna. The strain was
freeze-dried using an optimized cryoprotective medium designed to enhance survival during
the lyophilization process. Prior to lyophilization, the strain was cultivated in MRS broth in
anaerobic conditions at 37 °C for 24 hours. Then the culture was centrifuged at 10,000 x g for
10 minutes. The pellet was washed with sterile saline solution (0.9% NaCl) and 10'! CFU of L.
brevis CRAI were resuspended in 10 mL of lyophilization medium to obtain a final
concentration of 10 CFU/mL. The lyophilization medium consisted of 10% (w/v) skim milk,
0.5% (w/v) yeast extract, and 0.5% (w/v) lactose. An ascorbic acid solution was prepared and
filter-sterilized, it was then added to the autoclaved lyophilization medium to reach a final
concentration of 0.1% (w/v). For freeze-dried samples, the cell suspensions were put at —20 °C
overnight and then freeze-dried (Alpha 1-2 LSCbasic, Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) at 0.4 mbar and —60 °C for 24 h; the freeze-dried CRAI

were stored at +4—8 °C until use.
1.1.2. Development of GABA-enriched prototype fermentation process and scale-up

The formulation of a nutraceutical prototype enriched in GABA was developed by fermenting
L. brevis CRAI in a tomato by-product substrate, under the optimal conditions defined in the
previous chapter. The strain was inoculated in a dehydrated tomato powder (DTP) provided by
the company DEPOFARMA. Fermentations were initially performed on a small scale and later
scaled up. The dehydrated tomato powder was weighed and rehydrated with distilled water at
a 1:10 (w/v) powder-to-water ratio. The resulting matrix was sterilized by autoclaving at 121
°C for 15 minutes and then cooled to room temperature. Optimal fermentation conditions
identified in preliminary experiments were maintained: MSG was added to a final concentration
of 2% (w/v), yeast extract to 1% (w/v), and the pH was adjusted to 5.08 using 5 M NaOH. The
L. brevis CRAI strain, previously propagated, was harvested by centrifugation at 10,000 x g for

15 minutes, washed with sterile saline solution, resuspended, and inoculated into the tomato
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matrix at a final concentration of 1x107 CFU/mL. Fermentation was carried out at 32 °C for
72h, samples for cell count, GABA quantification, and pH measurement were collected at 48
and 72h. GABA quantification was performed as described in 7.1.3.2. section. At the end of the
incubation period, fermentation was stopped, and the fermented product was then frozen at —80

°C and subsequently lyophilized for further use.

1.1.3. In vitro colonic fermentation

1.1.3.1. Composition of basal media

The basal medium was prepared by combining yeast extract 2 g/L, peptone water 2 g/L, KH2PO4
0.04 g/L, K:HPO4 0.04 g/L, MgSO4-7H-0 0.01 g/L, NaCl 0.1 g/L, CaCl.-6H-0 0.01 g/L, and
NaHCO:s 2 g/L. Additional components included Tween 80 (2 mL/L), hemin 0.05 g/L dissolved
in a few drops of 1M NaOH, vitamin K 10 pL/L, L-cysteine HCI1 0.5 g/L, and bile salts 0.5 g/L.
A redox indicator, resazurin solution (0.025 g/100 mL), was added at 4 mL/L. The pH was
adjusted to 7.0. The medium was then heated, allowed to cool, dispensed into Duran bottles,

sterilized by autoclaving, and stored under appropriate conditions until further use.

1.1.3.2.  Set up of the in vitro batch culture fermentation experiments

Faecal samples were obtained from eight participants: 2 healthy females (F) and 2 healthy males
(M) (aged 18-65 years old), and 4 females (F) with irritable bowel syndrome (IBS) (aged 18-
65 years old). The higher number of females’ participants with gut dysbiosis reflected the
greater prevalence of IBS among women in the general population. All donors have provided
written informed consent and filled in a standard questionnaire to collect information regarding
health status, drug use, clinical anamnesis, and lifestyle factors. The University of Roehampton
Research Ethics Committee (L24/399) approved this study in accordance with the Declaration
of Helsinki. All faecal samples were placed in an anaerobic jar (AnaeroJarTM 2.5 L, Oxoid
Ltd.) including a Gas-Generating Kit (AnaeroGenTM, Oxoid Ltd.) in order to reproduce

anaerobic conditions inside the chamber.

An in vitro dynamic gut model simulating colonic conditions [255] was used to assess the
impact on human gut microbiota composition and metabolic profile of 3 different samples: 1)
L. brevis CRALI strain in the lyophilized form, i1) GABA-enriched prototype obtained by the
fermentation of L. brevis CRAI in dehydrated tomato powder and iii) the mixture comprising
of L. brevis CRAI, MSG and dehydrated tomato powder (DTP). Each sample was inoculated in
a different vessel pre-filled with 45 mL of sterile basal medium heated to 60°C. An aliquot of 5

79



mL of fresh faecal slurry was diluted (1:10 w/v) in PBS, pH 7.4, and homogenized (Stomacher
400, Seward, UK) for 2 min at 240 paddle beats per min. Samples were added to anaerobic
fermenters within 15 min of voiding. Batch cultures were run in four donors (n = 4) over a
period of 24 h, and samples were collected from each vessel at 0, 4, 8 and 24 h for SCFAs,

amino acid quantification and microbiome analysis.

1.1.4. Sample processing for SCFAs analysis trough Ultra-High-Performance Liquid
Chromatography

Samples collected during the fermentation processes were centrifuged at 15,000 x g for 5
minutes. The resulting supernatants were used for the quantification of SCFAs and amino acids,
while the pellets were resuspended in PBS containing 50% (v/v) glycerol (1:1 ratio) and stored
at -20 for subsequent DNA extraction. For SCFA analysis, the supernatants were further filtered
using Microcon 30 kDa centrifugal filter units with Ultracel-30 membranes (Merck, Darmstadt,
Germany) by centrifugation at 19,000 x g for 30 minutes to remove any remaining particulates.
20 uL of the filtered samples were mixed with 20 pL of an internal standard solution (10 mM
13C;, acetic acid, 10 mM '*C; propionic acid and 10 mM '3C, butyric acid) and 20 pL of LC-
MS grade water. Derivatisation was achieved by addition of 20 uL of 200 mM 3-
nitrophenylhydrazine hydrochloride prepared in 50% v/v acetonitrile in water, and 20 pL of 120
mM N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) prepared in 6%
(v/v) pyridine in ethanol solution. The plate was covered with an aluminium mat and agitated
at 1400 rpm for 10 s before heating at 40°C for 30 min. The derivatization reaction was
quenched by adding 150 pL 0.1% formic acid solution in LC-MS grade water, again agitating
for 10 s at 1400 rpm. A total of 100 pL of the supernatant was transferred to a high-recovery
LC-MS plate for UHPLC-MS analysis.

Chromatographic separation was carried out using a Waters Acquity UHPLC system equipped
with a Waters CSH C18 analytical column (100 mm x 2.1 mm, 1.7 um particle size, 130 A pore
size) [256]. A binary solvent system was employed, with mobile phase A consisting of LC-MS
grade water containing 0.1% formic acid, and mobile phase B comprising LC-MS grade
acetonitrile with 0.1% formic acid. The separation was performed using a gradient elution
program initiated at 20% B, for 2 minutes, followed by a linear increase to 55% B over 6
minutes. At 8.1 minutes, the mobile phase composition was abruptly shifted to 99% B and
maintained for 1.4 minutes. The system was then returned to 20% B for column re-equilibration

from 9.5 to 10.5 minutes. During this sequence, the flow rate was maintained at 0.35 mL/min,
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except between 8.1 and 9.1 minutes, during which it increased to 0.4 mL/min. The column
temperature was maintained at 40°C throughout the run. Detection of SCFAs was performed
using a Waters Xevo TQ-Sp triple quadrupole mass spectrometer operated in negative
electrospray ionization (ESI) mode. Multiple reaction monitoring (MRM) transitions were
selected based on previously reported parameters [257]. Instrument settings included a capillary
voltage of 2.4 kV, a cone temperature of 150°C, desolvation gas flow at 550 L/h, and a
desolvation temperature of 350°C. Raw mass spectrometric data were converted using
MSConvertGUI and subsequently processed using a custom in-house analytical pipeline

developed previously and based on Behrends et al. 2011 [258].

1.1.5. LC-MS analysis for amino acid quantification

Sample collected, filtered and used for SCFAs analysis were also used for amino acid
quantification, which were quantified using the AccQ Tag quantification kit according to
manufacturer’s instructions. Briefly, a volume of 10 pL of each sample was transferred to a 96-
well plate, and proteins were precipitated using 40 pL of cold (-20°C) isopropanol (plus 1%
formic acid (v/v)). After 20 minutes at room temperature (RT), samples were centrifuged (2000
rpm, 5 minutes, RT), and 10 pL of the supernatant were transferred to a new 96-well plate for
derivatization. The derivatization reagent was mixed with 1 mL of reagent diluent and activated
by heating to 55°C for 15 minutes. Samples in each well were mixed with 70 uL of borate buffer
(pH 8.6) and 20 pL of AccQTag Ultra derivatizing reagent solution, then transferred to a high
recovery well plate and diluted 1:10 with Optima grade water for analysis. The samples were
then injected into UPLC-MS system for analysis. Pooled biological quality control samples
(pbQCs) were prepared by combining equal aliquots from representative biological specimens.
These pbQCs were processed using the same protocol as the study samples and injected at
regular intervals, specifically after every eighth injection, to monitor instrument stability and
analytical reproducibility throughout the run. Mass spectrometric analyses were conducted in
positive ionization mode using a Waters Xevo TQ-Sp triple quadrupole mass spectrometer
coupled to an Acquity UPLC system (Waters, Milford, MA, USA). Chromatographic separation
was achieved on an HSS T3 reversed-phase column (Waters) maintained at a controlled
temperature. The mobile phase consisted of (A) LC-MS grade water with 0.1% formic acid
(v/v) and (B) LC-MS grade acetonitrile containing 0.1% formic acid (v/v). The
chromatographic gradient was initiated at 4% B and maintained for 0.5 minutes, followed by a

linear increase to 10% B over 2.0 minutes. The gradient was then ramped to 28% B over the
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next 2.5 minutes, and subsequently to 95% B, held for 1 minute. The system was then re-
equilibrated to the initial conditions (4% B) over 1.3 minutes. The flow rate was kept constant
at 0.6 mL/min throughout the run. MS data acquisition was performed using a capillary voltage
of 3.5 kV and a sheath gas flow rate of 450 L/h. Multiple reaction monitoring (MRM) transitions
were optimized based on previously validated conditions and applied for compound
identification and quantification. Raw data were processed using a custom in-house workflow

(based on [258]) designed to ensure consistency and accuracy across all analytical runs.
1.1.6. DNA extraction

Total DNA was extracted from the bacterial pellets obtained as described in paragraph 8.1.4.
DNA extraction was carried out following a protocol incorporating chemical, mechanical, and
thermal lysis [259]. Briefly, 0.5 g of zirconia glass beads were added to each pellet along with
1 mL of lysis buffer (500 mM NacCl, 50 mM Tris—HCI pH 8, 50 mM EDTA, and 4% SDS).
Samples were subjected to 3 rounds of mechanical disruption using a FastPrep instrument
(Qiagen Tissuelyser LT 85600) at 5.5 movements/s for 1 minute, followed by placement on ice.
Subsequently, samples were heated at 95 °C for 15 minutes, with mixing by inversion every 5
minutes. After incubation, tubes were centrifuged at 4 °C for 5 minutes at maximum speed. The
supernatant was carefully transferred to a new tube, and 260 pL of 10 M ammonium acetate
was added. Samples were vortexed and incubated on ice for 5 minutes, followed by
centrifugation at 4 °C for 10 minutes at full speed. The resulting supernatant was transferred to
a new eppendorf, and an equal volume of absolute ethanol (98%) was added. After vortexing,
samples were incubated on ice for 30 minutes, then centrifuged at 4 °C for 15 minutes. The
supernatant was discarded, and the pellet was washed (without resuspension) with 300 pL of
70% ethanol. Residual ethanol was removed, and pellets were allowed to air-dry completely.
Dried pellets were resuspended in 100 pL of TE buffer and incubated on ice for 30 minutes. To
remove RNA, 2 uL of RNase (10 mg/mL) was added, and the mixture was incubated at 37 °C
for 15 minutes. For protein digestion, 15 pL of proteinase K and 200 pL of Buffer AL were
added, followed by vortexing and incubation at 70 °C for 10 minutes. Subsequently, 200 uL of
98% ethanol was added and vortexed. From this point onward, the DNA purification protocol
followed the QIAamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. DNA concentration and quality were evaluated using a NanoDrop

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

82



1.1.7. 16S rRNA gene amplification and sequencing

The hypervariable V3-V4 regions of the 16S rRNA gene were amplified using primers 341F
and 785R, which included Illumina adapter overhang sequences, as previously reported [260].
Amplicons were purified using a magnetic bead-based cleanup system (Agencourt AMPure XP,
Beckman Coulter, Brea, CA, USA). Indexed libraries were then prepared through limited-cycle
PCR with Nextera technology, followed by an additional purification step. The libraries were
pooled at an equimolar concentration of 4 nM, denatured, and diluted to a final concentration
of 5 pM for sequencing. Sequencing was performed on an Illumina MiSeq platform (Illumina,

San Diego, CA, USA) using a 2 x 250 bp paired-end run.

1.1.8. Bioinformatics

Raw sequencing reads were processed using PANDASeq [261] for read merging, followed by
quality filtering and length trimming within the QIIME 2 framework [262]. Amplicon sequence
variants (ASVs) were inferred using the DADA?2 algorithm [263], and taxonomic assignment
was performed using the VSEARCH method [264,265]. Alpha diversity was assessed through
multiple indices, including number of observed features, Shannon entropy, and Faith’s

phylogenetic diversity.

1.1.9. Statistical analysis

For SCFAs and amino acid analysis was used GraphPad Prism 8.0.2, amino acids were showed

as mean of the different healthy (n=4) and IBS (n=4) donors.

For microbiome data, statistical analyses were conducted using RStudio 1.0.44 with R software
version 3.3.21, employing packages such as stats, made4 and vegan (https:/cran.r-

project.org/web/packages/vegan/vegan.pdf, accessed on 10 september 2025). Kruskal-Wallis

test, along with Wilcoxon tests (paired or unpaired as required), was employed for assessing
differences in alpha diversity and relative abundances of taxa. To account for multiple
comparisons, p values were adjusted using the false discovery rate (FDR) method. p values <

0.05 were considered statistically significant.
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1.2. Results
1.2.1. Development and scale-up of a GABA-enriched prototype by L. brevis CRAI

fermentation in a dehydrated tomato powder

Previous experiments enabled the optimization of GABA production using a tomato pomace
substrate. Through a Central Composite Design (CCD), optimal fermentation conditions were
identified, including the addition of 1% yeast extract and acidification to an initial pH of 5.08.
After confirming the strain efficiency under these conditions, we applied the same parameters
to a matrix composed of dehydrated tomato powder supplied by the company DEPOFARMA.
In this setup, we modified the dilution of the matrix, reducing it to 10% instead of the previously
used 50%. This decision was based on prior results indicating that dilution level does not
significantly influence GABA production, allowing us to minimize the dilution percentage
without compromising yield. Fermentations were conducted initially on a small scale and
subsequently scaled up, with GABA quantification performed at 48 and 72 hours, as shown in
Table 10. In small-scale fermentations, GABA production reached 16.7 + 4.3 mM after 48-
hour, with a conversion yield of 14.2 £+ 3.6%. The substrate supported microbial growth up to
1x10° CFU/mL, final pH was 4.25. Extending the fermentation to 72 hours resulted in a
substantial increase in GABA concentration, reaching 83.0 + 5.5 mM, and a conversion yield
of 70.3 + 4.7%. Microbial growth remained stable at 1x10° CFU/mL, and the final pH was 4.6.
For large-scale fermentations, the working volume is scaled up to 1 liter. Considering the
increased volume the process was conducted directly for 72 hours. Under these conditions,
GABA production reached 80 +4.11 mM, with a conversion yield of 67.7 + 3.48 %. Microbial
growth was maintained at levels comparable to the small-scale setup, and the pH was similarly
acidified to 4.6. These results demonstrate that the scaled-up process effectively replicated the
performance observed in small-scale fermentations at 72 hours. Having confirmed that GABA
production can occur on a large scale, we lyophilized the fermented product and used it as a

prototype of a GABA-enriched nutraceutical.
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Table 10. GABA production using dehydrated tomato powder (DTP) fermented with L. brevis CRAI in the
presence of 2% (w/v) MSG. The table summarizes the fermentation conditions, including matrix dilution, yeast
extract concentration (%), initial pH (pH;) final pH (pHs), and viable cell count at the end of fermentation. It also
reports the resulting GABA concentrations and conversion yields. Fermentations were performed at small scale
for 48 and 72 hours. In large-scale trials (1 L volume), the same conditions were applied, and fermentation was

monitored up to 72 hours. Values are shown as mean + SD of n=3.

Matrice Yest extract

DTP dilution (%) (%) pHi pHf  GABA (mM) Yied (%) CFU/mL
Small scale

48h 10 1.00 508 4.5 16.7+4.3 14.243.6 1x10°
Small scale

72h 10 1.00 508 4.6 83.0 £5.5 70.3+4.7 1x10°
Large scale

72h 10 1.00 508 4.6 80.0 +4.11 67.7+ 3.48 1x10°

1.2.2. In vitro gut model fermentation, bacterial metabolite profile

An in vitro fermentation gut model was employed to simulate the physiological conditions of
the distal colon. This system utilizes vessels, sealed bottles maintained under strictly controlled
anaerobic conditions, temperature, and pH, to replicate the colonic environment. Within these
fermenters, fecal slurry was inoculated, followed by the administration of various substrates. In
this study, fecal samples were obtained from both healthy donors and individuals diagnosed
with IBS. Three distinct treatments were evaluated: (i) viable cells of L. brevis CRAIL (ii) a
GABA-enriched prototype, and (iii)) a mixture comprising of L. brevis CRAI + MSG +
dehydrated tomato powder (DTP). The objective was to investigate the impact of these
treatments on gut microbiota composition, short-chain fatty acid (SCFA) production, and amino
acid profiles over time, under both eubiotic and dysbiotic conditions. Fecal samples used in the
gut model provide a rich and diverse microbial ecosystem along with a complex array of
metabolic by-products, offering a non-invasive and representative means of assessing intestinal
health. Comprehensive analysis of microbial community structure and metabolite production

enables the evaluation of dietary and microbial interventions on intestinal homeostasis.

85



1.2.3. SCFAs profiling in an in vitro colonic fermentation model

Short-chain fatty acids are the main metabolic products of the gut microbiota. In this study,
SCFAs were quantified from supernatants obtained through in vitro fecal fermentations as
described in 8.2.2. Fermentation supernatants were collected at multiple time points, and SCFAs
concentrations were measured via gas chromatography. As shown in Figure 14, the quantified
SCFAs included acetate, butyrate, and propionate. Acetate production showed a consistent
upward trend across all treatments and donors at the 24-hour time point. The highest
concentration was observed in healthy DONOR 3 following treatment with L. brevis CRAI, the
highest value among IBS donors was also recorded under the same treatment (Figure 14, panel
A). This trend was evident in both healthy and IBS donors, suggesting a comparable acetate
production pattern across groups. A significantly higher increase in butyrate at 24-hour
compared to 0 hour was observed in DONOR 3 following treatment with L. brevis CRAIL. We
also observed among IBS donors an increased butyrate levels at 24 hours, when stool was
treated with the three samples compared to the untreated stool. As shown in Figure 14, panel B,
butyrate concentrations are low at 24 hours. Treatment with L. brevis CRAI or the GABA-
enriched prototype led to markedly higher butyrate levels, for example, in DONOR 5. A similar
trend was observed for propionate, with production increasing at 24 hours in nearly all donors,

regardless of health status or treatment condition.
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Figure 14. Quantification of short-chain fatty acids (SCFAs) acetate, propionate, and butyrate (mM) during in vitro
gut fermentation. SCFAs concentrations were measured at 0, 4, 8, and 24 h of fermentation in an in vitro gut model

inoculated with fecal microbiota from healthy donors (panel A) and donors with IBS (panel B). Each fermentation
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was carried out in the presence of: (i) untreated stool samples, (ii) stool treated with L. brevis CRAI, (iii) GABA-

enriched prototype, and (iv) L. brevis CRAI + MSG + DTP (dehydrated tomato powder).

1.2.4. Amino acid profiling and GABA quantification in an in vitro gut fermentation

model

Certain gut microbiota strains can produce metabolites such as the previously discussed SCFAs,
as well as other biologically relevant compounds like amino acids. In this study, selected amino
acids produced during fermentation were quantified, with a particular focus on GABA. As
shown in Figure 15, several amino acids including threonine, serine, tryptophan, and, to a lesser
extent, asparagine, were consumed during fermentation at the 24h time point. This trend was
consistently observed across all donors, both healthy and IBS, and under all treatment
conditions. Conversely, amino acids such as proline and tyramine were produced over time in
both healthy and IBS donors, specifically in fermentations treated with L. brevis CRAI Other
amino acids, including isoleucine/leucine, phenylalanine, valine, and aspartate, remained stable
throughout the fermentation period. Notably, the relative abundance of GABA in untreated
samples from healthy donors was higher than in those from IBS donors. This deficiency in IBS
samples was compensated in all treated conditions, as GABA levels increased at 24 hours. As
expected, GABA concentrations were the highest in fermentations supplemented with the
GABA-enriched prototype, confirming that the system accurately detected the added compound
in both healthy and IBS donors. High GABA levels were also observed in 24-hour samples
treated with L. brevis CRAI + MSG + DTP, which exceeded those of treatment with L. brevis
CRALI alone or the untreated conditions. In samples where GABA was externally added
(GABA-enriched prototype treatment), glutamate, already present and not supplemented, was
not consumed. In contrast, in fermentations treated with L. brevis, GABA production was
accompanied by a corresponding decrease in glutamate levels, a trend that was more

pronounced in IBS donors.
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Figure 15. Relative abundance of amino acids quantified in in vitro gut fermentation models. Amino acid profiles
were obtained from different time point (0, 4, 8, 24h) of in vitro fermentations inoculated with fecal microbiota
from healthy donors (panel A) and donors with IBS (panel B). Each fermentation was performed under different
conditions, including: (i) untreated stool samples, (ii) stool treated with L. brevis CRAI, (iii)) a GABA-enriched
prototype, and (iv) L. brevis CRAI + MSG + DTP. Amino acids are expressed as % of relative abundance of the
total amino acids detected. Data represent the mean values and 4 different healthy donors (n=4) and 4 different

IBS donors (n=4).

Given that GABA is the metabolite of primary interest in this study and the L. brevis CRAI was
selected for its ability to produce this amino acid, we focused our analysis on GABA production
in different donors. As shown in Figure 16, the sample supplemented with the GABA-enriched
prototype exhibited a higher relative abundance of GABA already at time point 0 hour
compared to the other treatments, and this level remained stable over time. This trend was

observed consistently in both healthy and IBS donors. Regarding GABA production in healthy

91



individuals, except for DONOR 1, the highest GABA levels at 24 hours was detected in the
system treated with the mixture of L. brevis CRAI + MSG + DTP, with the most pronounced
production for DONOR 4 (Figure 16, panel A). In contrast, GABA production among IBS
donors did not follow a uniform pattern (Figure 16, panel B). For instance, in DONOR 6, a
marked increase in GABA levels at 24h was observed in the sample treated with L. brevis CRAI,
exceeding the levels detected in the untreated stool. Similarly, in DONOR 8, GABA levels
increased at 24 hours when the system was treated with the L. brevis CRAI + MSG + DTP

formulation.
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Figure 16. Relative abundance of GABA produced during in vitro gut fermentation. GABA levels were quantified
at different time points (0, 4, 8, 24h) during fermentations using fecal inoculum from healthy donors (A) and IBS
donors (B). Each fermentation was conducted under different treatment conditions: (i) untreated stool, (ii) stool
treated with L. brevis CRAI, (iii)) GABA-enriched prototype, and (iv) L. brevis CRAI + MSG + DTP. GABA

concentrations are expressed as % of the total quantified amino acid.

1.2.5. Gut microbiome profile

Microbiome analysis was performed to assess the impact of different treatments on the
microbial composition. First, the gut microbiome of IBS donors was compared to that of healthy
donors. As shown in Figure 17, right panel, IBS donors were characterized by lower alpha

diversity (P =0.03), consistent with previous studies [266]. Taxonomically, the gut microbiome
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of IBS donors was depleted in the genera Collinsella, Fusicatenibacter, and several members

within the Oscillospiraceae family, while enriched in Mediterraneibacter (P <0.05) (Figure 17,

left panel).
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Figure 17. Gut microbiome of IBS donors compared to healthy donors. Boxplots showing the distribution of alpha
diversity, estimated with the number of observed features, in the gut microbiome of IBS donors and healthy donors
(right). Heatmap showing Ward-linkage clustering based on Pearson's correlation coefficients of the relative

abundance of gut microbiota genera differentially represented between study groups (P < 0.05) (left).

Next, changes in fecal-derived microbial communities of IBS and healthy donors were
monitored over time under in vitro gut fermentation conditions, the treatments tested on both
donor groups were L. brevis CRAI, GABA-enriched prototype, and L. brevis CRAI combined
with MSG and DTP (dehydrated tomato), collected at different time points throughout the
fermentation process. Timepoint 24h was excluded from the analysis due to system saturation
by members of the Enterobacteriaceae family (with relative abundance up to 50%). As shown
in Figure 18, panel A, all samples, regardless of health status, treatment and timepoint, were
dominated by the phyla Bacillota, Pseudomonadota, Bacteroidota and Actinomycetota.
However, Bacillota tended to decrease over time, paralleled by an increase in Pseudomonadota
and Bacteroidota. Furthermore, fecal-derived microbial communities of IBS donors were
enriched in Verrucomicrobiota (mucus lovers) compared to the microbial communities of
healthy donors. At the family level (Figure 18, panel B) the ecosystem was dominated by a few
highly  abundant families, including Lachnospiraceae,  Peptostreptococcaceae,
Burkholderiaceae, and Enterobacteriaceae, which constituted the core microbial community
throughout the fermentation process. Bifidobacteriaceae and Coriobacteriaceae showed a

progressive increase over time in fecal-derived microbial communities of IBS donors, which
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exhibited lower baseline levels of these taxa compared to the microbial communities of healthy
donors. Notably, a shift in the microbial community structure was observed at 4h in IBS donors
treated with the combination of L. brevis CRAI, MSG and DTP. This intervention led to an
enrichment of the Bifidobacteriaceae family, whose relative abundance increased from 0% to
4%. Conversely, Lachnospiraceae, Ruminococcaceae, and Oscillospiraceae (families that
typically dominate adult gut microbial ecosystems) generally decreased across conditions,
except in fecal-derived microbial communities of healthy donors treated with L. brevis and the
GABA-enriched prototype at 8h, and in those of IBS donors across all treatments.
Peptostreptococcaceae showed an upward trend at 4h and 8h in healthy donors across all
treatments compared to baseline (0 hour); this increase was also observed in IBS donors, with
higher relative abundance in treated groups. Similar results were observed at the genus level,
with Bifidobacterium and Collinsella increasing at 4h in IBS donors treated with L. brevis CRAI
+ MSG + DTP. In contrast, Roseburia (Lachnospiraceae), Oscillospiraceae UCG-002 and
UCG-005, and Faecalibacterium (Ruminococcaceae) generally declined in healthy donors, but
not in IBS groups treated with L. brevis CRAI and the GABA-enriched prototype, the levels of

which were maintained or slightly increased (Figure 18, panel C).
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Figure 18. Fecal-derived microbial communities of IBS and healthy donors in 24-h fermentation experiments in
the presence of stool (i.e., faecal slurry without any substrate addition), L. brevis CRAI, GABA-enriched prototype,
L. brevis CRAI + MSG + DTP. Bar plots showing the major phyla (panel A) and families in faecal-derived

microbial communities of 4 healthy donors and 4 IBS donors at 0, 4, 8 and 24 h of fermentation in the presence of
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stool (i.e., faecal slurry without any substrate addition), L. brevis CRAI, GABA-enriched prototype, L. brevis
CRAI + MSG + DTP. Heatmap showing Ward-linkage clustering based on Pearson's correlation coefficients of the
relative abundance of genera differentially represented between study groups (p < 0.05), across different time
points and donor types (panel C). Samples include stool (i.e., faecal slurry without substrate addition), L. brevis

CRAI, GABA-enriched prototype, and L. brevis CRAI + MSG + DTP.

1.3. Discussion

Numerous GABA-based supplements are commercially available, several traditional and
functional foods, including kimchi are commonly enriched with GABA [267,268]. The health-
promoting properties of GABA have been extensively discussed in previous sections.
Accordingly, the optimized GABA production from tomato pomace served as a foundational
step for the development of a GABA-enriched food prototype intended for industrial-scale
production. Building on this objective, a dehydrated tomato powder was selected as the
fermentation substrate for L. brevis CRAI under previously established optimal conditions for
GABA Dbiosynthesis. Experimental data confirmed that the substrate provided by
DEPOFARMA supported bacterial growth at both 48 and 72 hours, with GABA production
reaching its peak at 72 hours. The results clearly indicate that fermentation time is a critical
parameter in optimizing GABA production. Extending the process to 72 hours resulted in a
marked increase in yield, with conversion rates rising from 14% at 48 hours to 67% at 72 hours.
This observation guided our decision to prolong the fermentation period, particularly in view
of scale-up considerations, where time becomes a key factor in ensuring metabolic efficiency.
The strain appears to require extended incubation to reach its full biosynthetic potential. This
approach is consistent with findings from other bioprocess optimization studies. For instance,
in the work by Xie et al. (2025), the authors demonstrated that extending fermentation time
during the scale-up of cellulase production in Trichoderma sp. KMF006 significantly improved
both yield and performance, highlighting the importance of temporal parameters in industrial

bioreactor operations [269].

Subsequently, fermentation volumes were scaled up while maintaining the same operational
parameters and extending the process to 72 hours. As expected, the transition from laboratory
to industrial scale introduced several challenges. Fermentation scale-up is inherently complex
and often relies on empirical adjustments, leading to inconsistencies in yield and conversion
efficiency across scales [270]. In our case, both GABA concentration and conversion
percentage were slightly reduced during the scale-up. This outcome is consistent with literature

reports indicating that nutrient distribution becomes less homogeneous in larger bioreactors,
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potentially affecting microbial performance and metabolite production. Takors et al. (2012)
demonstrated that industrial-scale fermentations involving Escherichia coli, Saccaromices
cerevisiae, and Corynebacterium glutamicum are particularly sensitive to mixing inefficiencies,
which can compromise productivity and yield [271]. Similar findings have been reported in
more recent studies; for example Hoang et al. (2023) demonstrated that compartmentalized
bioreactors, characterized by zones of poor mixing, can significantly affect L-phenylalanine
production by E. coli [272]. Likewise, Arauzo-Aguilera et al. (2023) and Junker (2004)
underscored how variations in strain performance and reactor design, particularly in terms of
nutrient and oxygen distribution, can lead to substantial differences in productivity under
industrial-scale conditions [273,274]. The possibility of producing GABA-enriched foods using
agro-industrial substrates has been explored in a lot of studies, for instance, Del Toro-Barbosa
et al. (2025) developed a fermented whey beverage enriched with raspberry juice, in which a
consortium of LAB produced 1.5 mM of GABA. This formulation was proposed as a
psychobiotic dietary intervention, highlighting the dual benefit of valorizing food industry
waste while promoting public health [275]. Similarly, Redruello et al. (2021) isolated GABA-
producing L. lactis strains from camel’s milk and employed them as starter cultures for GABA-
enriched cheese. Their process achieved a GABA concentration of 4.43 mM (equivalent to 457
mg/kg), demonstrating the potential of microbial fermentation in dairy matrices for functional
food innovation [276]. Overall, the outcomes of our study are consistent with previous reports
demonstrating that microbial fermentation using agro-industrial substrates can yield substantial
amounts of GABA under optimized conditions. Despite the expected challenges associated with
scale-up, our results confirm the possibility of producing GABA-enriched food matrices on an
industrial scale, aligning with recent literature that highlights both the biotechnological

potential and the nutritional relevance of such functional formulations.

The prototype developed in this study was evaluated using an in vitro gut fermentation model
to assess its impact on microbiota modulation and metabolite production. In addition to the
prototype, we tested the strain responsible for GABA synthesis to determine whether its
administration alone could confer health benefits. Furthermore, we investigated a formulation
composed of L. brevis CRAI combined with MSG, as well as a substrate based on dehydrated

tomato powder to enhance GABA production.

We utilized a static in vitro gut fermentation model to perform preliminary screening of the L.
brevis CRAI, GABA-enriched prototype, L. brevis CRAI + MSG + DTP, assessing their effects

on microbiome composition and metabolite profiles in fecal microbial communities from IBS
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donors. The static in vitro gut model was selected for its proven utility in simulating colonic
fermentation processes under controlled conditions. This system allows to test dietary
supplements and microbial modulation prior to in vivo validation. Several studies have
demonstrated its effectiveness in evaluating microbiota composition and associated metabolic
products, including short-chain fatty acids and neurotransmitter precursors [121]. Its capacity
to isolate specific variables, such as microbial community structure, nutrient availability, and
fermentation kinetics, makes it a valid system to investigate microbiome-modulating strategies.
We focused our investigation on fecal-derived microbial communities from donors with
irritable bowel syndrome (IBS), a disorder characterized by both gastrointestinal and
neuropsychological symptoms. IBS is commonly associated with gut dysbiosis, including
reduced microbial diversity and altered abundance of key taxa involved in mucosal integrity
and metabolite production [74]. In addition to its intestinal manifestations, IBS is frequently
comorbid with anxiety and depression, suggesting a disruption of the gut—brain [277]. Emerging
evidence indicates that patients with IBS exhibit reduced levels of GABA, a key inhibitory
neurotransmitter involved in mood regulation and visceral sensitivity [74]. Given this context,
we hypothesized that supplementation with a GABA-producing strain, L. brevis CRAI and its
GABA-enriched prototype could beneficially modulate the microbial ecosystem and enhance
GABA biosynthesis. The inclusion of MSG and dehydrated tomato powder (DTP) in the
administered mixture was intended to assess whether these components could replicate the

effects of the prototype, by providing precursors and substrates for GABA synthesis.

Initially, we assessed the concentration of short-chain fatty acids (SCFAs), which are low-
molecular-weight organic acids characterized by a carbon backbone of six atoms or fewer.
These metabolites are predominantly generated through the anaerobic breakdown of non-
digestible carbohydrates, such as dietary fibres and resistant starches, by the microbiota residing
in the colon [278]. The majority of SCFAs are represented by acetate, propionate, and butyrate.
SCFAs are absorbed by colonocytes via proton- or sodium-dependent transporters (MCTs and
SMCTs). While some SCFAs are metabolized locally, others enter the portal circulation and
fuel liver cells, except acetate, which bypasses hepatic oxidation. Only a small portion of SCFAs
reaches systemic circulation [279]. SCFAs support gut health by exerting various local actions,
including strengthening the intestinal barrier, enhancing mucus secretion, modulating
inflammatory responses, and potentially lowering the risk of developing colorectal cancer
[280]. Their physiological roles are exerted through multiple pathways, including the

stimulation of G-protein-coupled receptors, interaction with free fatty acid receptors, and
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regulation of gene expression via epigenetic mechanisms [278]. SCFAs influence systemic
physiology by blocking histone deacetylase (HDAC) enzymes, which enhances lysine
acetylation on histones across diverse cell types. This molecular signalling has been identified
not only in the gut and immune-related tissues, but also in the peripheral and central nervous
systems. These effects suggest a broader role for SCFAs beyond local intestinal functions [281].
Despite limited systemic circulation, SCFAs exert broad effects at systemic level, notably
modulating immune responses through butyrate-induced Treg differentiation and inflammation
control. They also influence gut health, energy metabolism, liver function, and neurobehavioral
aspects like appetite and sleep [282]. Microbial metabolites can either improve or aggravate

conditions such as inflammatory bowel disease [283].

SCFAs have been shown to alleviate stress-induced behavioral alterations, modulate intestinal
permeability, and exert antidepressant and anxiolytic effects [284]. In our study, we detected
high concentrations of acetate, followed by propionate and butyrate, with ratios consistent with

those reported in the literature (acetate:propionate:butyrate = 60:20:20) [283,285].

SCFA production increased significantly at 24 hours across all donors with some differences
across the different treatments, with levels exceeding those observed in untreated stool controls.
This increase was particularly pronounced in samples from IBS donors. These findings are in
line with previous studies, such as Mousavi et al. (2022), who used a dynamic gut fermentation
model inoculated fecal samples obtained from two healthy adult donors. The authors
demonstrated that co-administration of three GABA-producing strains (two Lactobacillus spp.
and one Streptococcus spp.) led to elevated SCFA levels at 12 hours post-treatment compared
to the untreated control [286]. In our study, we observed a general increase in SCFA levels as
early as 8 hours across conditions, indicating a rapid onset of microbial metabolic activity.
These findings suggest that the introduction of GABA-producing strains, such as L. brevis
CRAI, may promote the enrichment of microbial communities involved in SCFA synthesis.
SCFAs play a crucial role in maintaining intestinal barrier integrity, protecting against
inflammation, and facilitating gut-brain communication [287]. Acetate has been shown to
suppress appetite, reduce body weight, and lower serum cholesterol and triglyceride levels
[288]. Propionate enhances epithelial barrier function and gut integrity, and influences glucose
and lipid homeostasis [289], in addition to modulating gene expression through
immunomodulatory pathways [287]. Among SCFAs, butyrate is considered the most
functionally significant. It serves as a primary energy source for colonocytes, promotes tight

junction expression, and supports barrier integrity, thereby preventing pathogen invasion [290].
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Butyrate also exhibits anti-inflammatory and antitumor properties by inhibiting
proinflammatory cytokine release and tumor cell proliferation [291,292]. Moreover, SCFAs are
directly involved in neuroendocrine signalling along the microbiota—gut—brain axis,

contributing to brain physiology and neuroprotection [293].

Our analyses revealed that untreated fecal-derived microbial communities from IBS donors
exhibited reduced or absent SCFA production over time compared to treated samples. This
observation is consistent with studies that demonstrate low intestinal SCFA concentrations in
dysbiosis conditions [293—-296]. The administration of probiotics capable of restoring SCFA
levels may represent a promising strategy for managing these conditions and alleviating
associated symptoms. Our findings suggest that L. brevis CRAI, the GABA-enriched
formulation, and the mixture of all three components (L. brevis CRAI + MSG + dehydrated
tomato powder) due to their ability to increase SCFA levels may serve as potential
biotherapeutic adjuvants, not only for mental health disorders but also for conditions

characterized by SCFA depletion, such as IBD, IBS, and colorectal cancer [297].

In addition to the quantification of SCFAs, we also investigated amino acid production during
the fermentation period across all treatment conditions in both healthy individuals and those
with IBS. Dietary proteins are primarily metabolized in the small intestine, with approximately
5-10% of ingested proteins escaping absorption and reaching the colon [298]. These proteins
are catabolized into amino acids, which can enter systemic circulation and act as key
intermediates in the complex host—microbiota interactions. It is well established that the gut
microbiota contributes to the energetic metabolism of host-derived proteins and peptides,
generating SCFAs and indoles, but also potentially toxic nitrogenous and sulfur metabolites,
such as ammonia, amines, nitrates, nitrites, hydrogen sulphide, and phenolics [299]. In our
study, amino acid profiling revealed notable trends, particularly a progressive depletion of
tryptophan over time. This reduction was observed in all treatments among healthy subjects and
was especially pronounced in IBS samples treated with the GABA-enriched prototype and L.
brevis CRAI + MSG + DTP compared to untreated controls. Tryptophan is an essential amino
acid that influences the production of several key metabolites, including indoles, kynurenine,
and serotonin [300]. In particular, it is a precursor of serotonin, which is synthesized in the gut
and plays a critical role in regulating motility, visceral sensitivity, and mucosal secretion. It also
contributes to central nervous system physiology and neurobiological functions [301]. The gut
microbiota has been shown to play a central role in tryptophan metabolism. Alterations in

microbial metabolism of tryptophan have been linked to changes in mood and cognitive
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function via the central nervous system, as well as to enteric nervous system activity, including
secretion, motility of the GI tract, and sensory perception [302]. Probiotic strains belonging to
the genera Lactobacillus and Bifidobacterium are known to positively modulate tryptophan
metabolism. These microbes can either directly convert tryptophan into serotonin [303] or
indirectly enhance colonic serotonin synthesis [304]. Our findings are in line with existing
literature, supporting the hypothesis that the observed reduction in tryptophan, particularly in
treated samples, may reflect its utilization for the synthesis of serotonin or other microbial-
derived metabolites such as indoles. Zelante et al. (2013) demonstrated that certain probiotic
strains are capable of degrading tryptophan into indole derivatives, which act as ligands for the
aryl hydrocarbon receptor (AhR) [305]. AhR signalling is a key component of mucosal
immunity, contributing to epithelial renewal, barrier integrity, and immune cell regulation
[306]. Impaired microbial capacity to convert tryptophan into AhR ligands has been associated
with gastrointestinal disorders characterized by disrupted AhR pathways [307]. Based on our
data, the administration of the GABA-enriched prototype may help restore this metabolic
pathway, particularly in IBS patients, but potentially also in healthy individuals.

The amino acid of particular interest in this study is GABA, which plays a crucial role in
modulating neuronal excitability and contributes to the regulation of sleep and anxiety by
counterbalancing excitatory processes triggered by stress and mood disorders [308]. GABA is
involved not only in CNS signalling but also in GI tract regulation, facilitating communication
along the gut-brain axis. It contributes to the homeostasis of the enteric nervous system
influencing processes such as gastric acid secretion, gastric emptying, intestinal motility, and
visceral pain perception [309]. GABA has been shown to regulate emotional stress responses,
aiding the brain in processing and reacting to stress-related signals, thereby impacting GI
symptoms. Emotional stress can alter gut motility, increase visceral hypersensitivity, and disrupt
nervous system function, collectively exacerbating IBS symptoms such as abdominal pain,
bloating, diarrhea, and constipation [310]. Notably, reduced GABA levels have been reported
in IBS patients and are associated with comorbid anxiety and depressive symptoms [311].
Enhancing GABAergic activity may therefore help mitigate these symptoms by modulating
excessive Gl responses and alleviating abdominal discomfort and related manifestations [312].
Quantitative analysis of GABA in our in vitro model revealed that treatment with the GABA-
enriched prototype maintained stable GABA levels up to 24 hours. Furthermore, when the
system was supplemented with the components required for GABA biosynthesis (L. brevis

CRAI+MSG+DTP), GABA was actively produced. A lower but detectable level of GABA was
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also observed when only the GABA-producing strain L. brevis CRAI was administered. These
findings are consistent with recent work by Casertano et al. (2024), in which 13 LAB strains
belonging to Levilactobacillus brevis, Lactiplantibacillus plantarum, Lacticaseibacillus
paracasei, Ligilactobacillus salivarius, and Streptococcus thermophilus were tested in the
SHIME system. That study demonstrated the ability of these strains to modulate microbiota
composition, specifically increasing the relative abundance of taxa associated with anti-
inflammatory effects, and to promote GABA production [313]. Additional evidence supports
the role of GABA-producing probiotics in modulating CNS function. Long-term administration
of Lactobacillus rhamnosus JB—1 has been shown to alter GABA receptor expression in the
brain, resulting in reduced anxiety-like and depressive behaviours [314]. Similarly, oral
supplementation with GABA-producing species such as Bifidobacterium dentium has
demonstrated efficacy in reducing visceral hypersensitivity and abdominal pain in animal
models [315]. Taken together, these findings suggest that the GABA-enriched prototype tested
in our study holds promise as a potential therapeutic supplement for IBS, a condition
characterized by GABA deficiency. Its ability to sustain GABA levels over time may contribute
to symptom relief. Moreover, the mixture containing L. brevis CRAI + MSG + DTP also
showed notable GABA production, indicating its potential as an alternative GABA-enhancing

supplement.

Changes in microbial communities were monitored over time to assess the dynamics of the in
vitro fermentation system. At 24 hours, a notable overgrowth of Enterobacteriaceae was
observed, accompanied by a drop in alpha diversity. This trend is consistent with previous
reports showing that Enterobacteriaceae are opportunistic taxa that proliferate under conditions
of high nutrient availability and limited microbial competition, typical of static, low-density in
vitro gut models [316]. Similar findings have also been reported in other in vitro studies,
including those evaluating lignan metabolism [317]. Based on this, our analysis focused
primarily on earlier time points, which better reflect physiologically relevant microbial
interactions. For this reason, microbiome analyses in our study were limited to the first 8 hours
of fermentation. First, we confirmed that the gut microbiome of IBS patients is dysbiotic,
characterized by reduced alpha diversity and lower relative abundance of taxa that are typically

represented in a healthy gut microbiome [318].

Across all samples, in healthy donors and IBS donors, in untreated and treated condition, the
microbial ecosystem was consistently dominated by the phyla Bacillota, Pseudomonadota,

Bacteroidota, and Actinomycetota. Notably, IBS-derived communities exhibited a distinct
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enrichment in Verrucomicrobiota, a phylum associated with mucin degradation, potentially
reflecting altered mucosal interactions typical of IBS pathology in line with litterarure [319].
At the family level, Lachnospiraceae, Peptostreptococcaceae, Burkholderiaceae, and
Enterobacteriaceae formed the core microbiota across conditions. A progressive increase in
Bifidobacteriaceae and Coriobacteriaceae was observed in IBS donors, particularly following
treatment with L. brevis CRAI + MSG + DTP. This mixture induced a marked shift at 4 hours,
elevating Bifidobacteriaceae from undetectable levels to 4%, indicating a potential prebiotic
effect. This shift is likely linked to enhanced SCFAs production, especially acetate, which was
notably elevated [320]. Additionally, our data showed that Lachnospiraceae maintained
consistently high relative abundance across all samples. This is a favourable outcome, as
members of this family are associated with several health-promoting activities in the gut and

beyond, mainly mediated by SCFAs [321].

Conversely, families traditionally dominant in adult gut ecosystems, Ruminococcaceae, and
Oscillospiraceae, showed a general decline across conditions. Exceptions were noted in healthy
donors treated with the GABA-enriched prototype at 8 hours and in IBS donors across all
treatments, where these families, were maintained or slightly increased. This preservation may

suggest a stabilizing effect of L. brevis CRAI formulations on key SCFAs-producing taxa [322].

Interestingly, previous studies have reported a reduction in Collinsella aerofaciens in the fecal
microbiota of IBS patients compared to healthy controls, with lower abundance of this genus
being associated with increased symptom severity [323,324]. In our study, we observed a
notable increase in Collinsella and Bifidobacterium (Bifidobacteriaceae family) at 4 hours in
IBS donors treated with L. brevis CRAI + MSG+ DTP, suggesting that this formulation may
help restore beneficial taxa typically depleted in IBS. Moreover, Faecalibacterium, a well-
known butyrate producer belonging to the Ruminococcaceae tamily, is frequently found to be
reduced in IBS and other intestinal and metabolic disorders [325,326]. Although in our study
we saw a slight increase in Faecalibacterium (even though did not reach statistical significance)
and its levels were maintained or slightly elevated in IBS donors treated with L. brevis CRAI
and the GABA-enriched prototype. This is particularly relevant given the role of
Faecalibacterium in producing butyrate [327], a key metabolite, and its positive association

with improved stool consistency, as measured by the Bristol Stool Scale [328].

Overall, the treatments tested in this study appear to impact the fecal-derived microbial

communities of both healthy and IBS donors. In particular, the treatments partially reversed
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IBS-related dysbiosis, by increasing the proportion of healthy taxa in IBS donors. These
findings suggest that the L. brevis CRAI strain and the GABA-enriched prototype may exert a
stabilizing effect on the health-related taxa and on SCFA-producing microbial communities in
dysbiotic environments, potentially contributing to both intestinal and neurological symptom
relief in IBS. Further studies are needed to explore the functional consequences of these

compositional shifts and validate their relevance in vivo.

Several limitations should be acknowledged. First, the study involved a limited number of
donors, which may have contributed to substantial inter-individual variability in microbiota
composition and treatment response. Second, the use of a closed in vitro fermentation system
does not fully replicate the dynamic and absorptive processes of the human gastrointestinal
tract. Consequently, the substrates in this model remain confined within the glass system or are
metabolized without systemic uptake, unlike in vivo conditions. Despite these constraints, the
findings offer valuable preliminary evidence supporting the potential of the L. brevis CRAI and
the derived GABA-enriched nutraceutical to modulate the gut microbiota. Future studies should
aim to translate these in vitro observations into in vivo contexts, including animal models and
clinical trials, to further assess the efficacy and physiological relevance of the

probiotic/nutraceutical under real-life conditions.
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Conclusions

This study began with the screening of lactic acid bacteria isolated from tomato, aiming to
identify strains with high GABA production potential. The isolates were taxonomically
identified through 16S rRNA gene sequencing, initial selection was based on molecular
screening for the presence of the gadB gene, which encodes glutamate decarboxylase, an
enzyme responsible for the conversion of glutamate into GABA. Only strains that possess gadB
gene were tested for GABA production. To enhance GABA biosynthesis, optimal fermentation
conditions in MRS were established, including the addition of 4% MSG and acidification of the
initial pH at 5. Quantification of GABA production revealed that the selected L. brevis CRAI
strain was the most efficient producer with GABA production of 179 mM. This strain was
further characterized for its functional properties, demonstrating strong inhibitory activity
against pathogenic bacteria and notable anti-inflammatory potential, as well as a good adhesion
capacity to intestinal epithelial cells. Whole-genome sequencing of L. brevis CRAI confirmed
the absence of genes associated with virulence or antibiotic resistance, supporting its safety for
human consumption. Genomic analysis revealed the presence of two genes involved in GABA
production: gadA, located within an operon, and gadB, positioned downstream and outside the
operon. Notably, the addition of MSG led to a significant increase in glutamate availability,
which was associated with a 52-fold up-regulation of gad4 mRNA expression, suggesting a key
role of this operon in enhancing GABA synthesis. Following strain selection, a GABA-enriched
prototype was developed by fermenting L. brevis CRAI in a tomato-based by-product. This
approach aimed to valorise nutrient-rich waste streams. Among various fruit and vegetable
substrates tested, tomato pomace, also the strain’s original isolation source, proved most
effective in supporting bacterial growth. Fermentation conditions were optimized using a
central composite design (CCD), resulting in a GABA 93 mM and a production efficiency of
79%. To further characterize the sensory profile of the fermented product, the volatile aromatic
compounds were analysed. The fermentation process led to the production of acids and
alcohols, contributing fruity notes to the final product. These findings support the potential for
consumer acceptability and sensory appeal of the GABA-enriched formulation. For industrial
scalability and matrix standardization, the fermentation process was transferred to a dehydrated
tomato substrate provided by partner company DEPOFARMA. Fermentations were first
conducted at laboratory scale and subsequently scaled up, following the previously optimized
conditions. The results confirmed that GABA production and yield remained consistent across

volumes (GABA 80 mM and 67% conversion yield), demonstrating the robustness of the
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process for industrial application. To evaluate its functional impact on the gut microbiota and
associated metabolites, L. brevis CRAI, the GABA-enriched prototype, and a combination of
L. brevis CRAI + MSG + dehydrated tomato were tested in an in vitro intestinal fermentation
model simulating both healthy and dysbiosis (IBS) conditions. All treatments promoted the
production of SCFAs, including acetate, propionate, and butyrate. The combination treatment
supported de novo GABA production, while the GABA-enriched prototype maintained stable
GABA levels over time, an important finding given the reported GABA deficiency in IBS
patients and its association with symptom severity. Taxonomic analysis revealed that the
treatments differentially supported an increase in the relative abundance of beneficial taxa such
as Collinsella, Lachnospiraceae, and Oscillospiraceae. Notably, the mixture of L. brevis CRAI
+ MSG + tomato dehydrated significantly increased the abundance of Bifidobacteriaceae in
IBS samples, where this family is typically depleted. After confirming the in vitro health-
promoting properties of the L. brevis CRAI strain and the relative prototype, regulatory
considerations were addressed. Based on historical evidence of food use prior to 1997, the strain
and the GABA-enriched prototype were not classified as novel food. Furthermore, the L. brevis
CRALI strain was patented (Patent No. 31.D1066.12.1T.4) for its GABA-producing capacity and

its probiotic properties, including antimicrobial and anti-inflammatory activities.

In conclusion, this study demonstrates not only the safety and intestinal efficacy of the L. brevis
CRAI strain and the derived GABA-enriched prototype, but also their potential as sustainable
probiotic/nutraceutical products. By utilizing an agro-industrial by-product as a fermentation
substrate, this approach offers an environmentally and economically advantageous strategy for
the development of functional foods aimed at supporting gut health, particularly in individuals
with dysbiosis-related conditions such as IBS. As this is a preliminary study, future perspectives
include optimizing the formulation of probiotic/nutraceutical products and evaluating the
efficacy of the bioactive molecules through animal models or clinical trials, to validate the

potential health benefits and support the application in nutrition strategies.
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Appendix 1

Table Al. reports the individual volatile compounds identified in the tomato substrate by GC—MS analysis at the
initial time point (TO) and after 48 hours of fermentation (T48). For each compound, the corresponding

chromatographic peak area is presented as detected by GC-MS.

Peak Area Tomato

TO T48
Butanal, 3-methyl- 4,30E+05 0,00E+00
Benzaldehyde 3,84E+05 0,00E+00
Benzaldehyde, 2-methyl- 0,00E+00 1,05E+05
2-Octenal, 2-butyl- 4,09E+05 0,00E+00
Methyl Isobutyl Ketone 6,81E+05 4,21E+05
3-Penten-2-one, 4-methyl- 8,32E+04 0,00E+00
5-Hepten-2-one, 6-methyl- 1,30E+05 2,13E+04
2-Buten-1-one, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)-, (E)- 5,81E+04 4,27E+04
5,9-Undecadien-2-one, 6,10-dimethyl- 1,16E+05 0,00E+00
Ethanol 0,00E+00 1,03E+07
1-Butanol 1,14E+05 1,10E+06
1-Butanol, 2-methyl- 425E+05 1,34E+06
2-Penten-1-ol, (Z)- 4,05E+04 0,00E+00
Cyclobutanemethanol, .alpha.-methyl- 0,00E+00 1,30E+04
1-Pentanol, 3-methyl- 0,00E+00 2,17E+05
1-Hexanol 4,32E+05 3,78E+05
4-Penten-1-ol, 3-methyl- 2,81E+04 0,00E+00
3-Hexen-1-ol, (Z)- 5,33E+05 4,14E+05
5-Hepten-2-ol, 6-methyl- 2,85E+05 1,29E+06
2-Nonen-1-ol 1,27E+04 0,00E+00
1,6-Octadien-3-ol, 3,7-dimethyl- 1,40E+05 1,91E+05
1,3-Benzenediol, 4-ethyl- 1,26E+04 1,91E+04
2-Furanmethanol 5,84E+05 3,30E+05
5-Octen-2-ol, 5-methyl- 0,00E+00 3,87E+03
Benzyl alcohol 0,00E+00 1,81E+05
Phenylethyl Alcohol 4,85E+05 1,34E+06
5,9-Undecadien-2-ol, 6,10-dimethyl- 7,60E+04 9,35E+04
Bicyclo[3.1.1]hept-2-ene-2-methanol, 6,6-dimethyl- 0,00E+00 1,71E+04
Acetic acid 4,56E+05 4,10E+06
Propanoic acid, 2-methyl- 6,29E+04 2,75E+04
Butanoic acid 2,89E+05 1,46E+05
Pentanoic acid, 3-methyl- 7,13E+04 0,00E+00
Octanoic acid 3,04E+04 5,18E+04
Acetic acid, 2-phenylethyl ester 0,00E+00 1,71E+04
Acetic acid, methoxy-, 2-phenylethyl ester 1,07E+05 9,48E+04
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Hexadecanoic acid, methyl ester 5,85E+04 0,00E+00
9,12-Octadecadienoic acid, methyl ester, (E,E)- 5,97E+04 0,00E+00
Phenol, 2-methoxy- 3,30E+05 2,92E+05
Phenol, 3-methyl-5-(1-methylethyl)-, methylcarbamate 2,13E+04 4,64E+04
Phenol, 2,4-bis(1,1-dimethylethyl)- 1,14E+05 0,00E+00
Benzyl nitrile 7,59E+04 7,26E+04
2-Isobutylthiazole 1,80E+05 1,18E+05
Dodecane 5,35E+04 1,29E+05
Pyrazine, 2,5-dimethyl- 1,34E+05 1,01E+05
Pyrazine, 2-ethyl-3,5-dimethyl- 6,66E+04 2,87E+04
cis-3-Hexenyllactate 0,00E+00 1,24E+04
Benzoic acid, 2-(2-methylpropyl)oxy-, methyl ester 0,00E+00 1,18E+04
Benzofuran, 2,3-dihydro- 0,00E+00 4,33E+04
(+)-2-Bornanone 2,38E+04 4,12E+04
.alpha.-Terpineol 3,48E+04 1,50E+04
trans-Isoeugenol 2,11E+04 2,67E+04
Table A2. presents the detailed list of volatile compounds identified in the peach substrate by GC-MS
analysis at TO and T48. For each compound, the detected chromatographic peak area is reported.
Peak Area Peach
TO T48
Ethyl Acetate 1,10E+06  6,60E+05
Butanal, 3-methyl- 1,10E+06  0,00E+00
Benzaldehyde 6,49E+05 0,00E+00
Methyl Isobutyl Ketone 8,00E+05 9,19E+05
Camphor 6,91E+05 7,34E+05
Ethanol 5,09E+05 1,43E+07
1-Butanol 0,00E+00 1,07E+06
1-Butanol, 3-methyl- 0,00E+00 9,49E+05
1-Hexanol 0,00E+00 8,08E+05
2-Hexen-1-ol, (Z)- 1,27E+06  8,37E+05
1,6-Octadien-3-ol, 3,7-dimethyl- 4,92E+06 1,68E+06
1-Nonanol 6,84E+05 7,15E+05
Benzyl alcohol 0,00E+00 5,84E+05
Phenylethyl Alcohol 0,00E+00 1,27E+05
Acetic acid 0,00E+00 1,04E+07
Butanoic acid 0,00E+00 6,47E+05
Butanoic acid, 3-methyl- 0,00E+00 2,36E+06
Cyclohexane, 2-butyl-1,1,3-trimethyl- 1,46E+06 2,85E+05
Estragole 7,09E+05 1,21E+06
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