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ABSTRACT 

This study aimed to isolate and characterize in-vitro and under simulated colonic 

conditions, probiotic candidates isolated from food environment producing γ-aminobutyric acid 

(GABA), a major inhibitory neuromediator of the enteric nervous system with a potential role in 

modulating the immune system in many health disorders. Several lactic acid bacteria were 

isolated and detected for the presence of the gadB gene using PCR and GAD enzymatic assay. 

The most active strains with high and fast production kinetics were identified,characterized, and 

included Streptococcus thermophilus, Lactiplantibacillus plantarum, and Lactobacillus 

delbrueckii subsp. bulgaricus. The biological safety (i.e., sensitivity to antibiotics and the 

presence of virulence factors) and probiotic potential (i.e., resistance to gastrointestinal 

conditions and whole-genome sequencing) of identified bioactive strains was also confirmed in 

vitro. The growth, GABA production, and competitiveness of selected probiotic candidates (B. 

animalis, S. thermophilus, and L. bulgaricus) were investigated in the presence of human gut 

microbiota ex vivo in a model of a proximal colon mimicking physiological and microbiological 

conditions of the human large intestine. Supplementation with GABA-producing probiotic 

candidates did not affect the overall gut microbiota diversity over 48 h of treatment. However, 

we observed modulation of the microbiome composition, especially change of Bacteroides 

population, a key gut microbe associated with anti-depressive and anti-inflammatory activities. 

The level of microbiota-generated butyrate within 12 h of treatment was significantly increased 

compared to control. Results from this study demonstrated the probiotic potential of tested 

GABA-producing bacteria and their impact on gut microbiota structure and metabolism, 

suggesting their suitability for gut health-promoting application. 

Keywords: lactic acid bacteria, γ-aminobutyric acid, probiotic potential, gut microbiota. 
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RÉSUMÉ 

Cette étude visait à isoler et à caractériser in vitro et dans des conditions coliques 

simulées, des candidats probiotiques isolés de l'environnement alimentaire produisant de l'acide 

γ-aminobutyrique (GABA), unimportant neuromédiateur inhibiteur du système nerveux entérique 

qui pourrait jouer un rôle dans la modulation du système immunitaire dans de nombreux 

troubles de santé. Plusieurs bactéries lactiques ont été isolées et détectées pour la présence du 

gène gadB à l'aide de la PCR et du test enzymatique GAD. Les souches les plus actives avec 

une cinétique de production élevée et rapide ont été identifiées, caractérisées et comprennent 

Streptococcus thermophilus, Lactiplantibacillusplantarum, et Lactobacillusdelbrueckii 

subsp.bulgaricus. La sécurité biologique (c'est-à-dire la sensibilité aux antibiotiques et la 

présence de facteurs de virulence) et le potentiel probiotique (c'est-à-dire la résistance aux 

conditions gastro-intestinales et le séquençage du génome entier) des souches bioactives 

identifiées ont également été confirmés in vitro. La croissance, la production de GABA et la 

compétitivité des candidats probiotiques sélectionnés (B. animalis, S. thermophilus et L. 

bulgaricus) ont été étudiées en présence de microbiote intestinal humain ex vivo dans un 

modèle de côlon proximal simulant les conditions physiologiques et microbiologiques du colon 

humain. La supplémentation avec des candidats probiotiques producteurs de GABA n'a pas 

affecté la diversité globale du microbiote intestinal sur 48 heures de traitement. Cependant, 

nous avons observé une modulation de la composition du microbiome, en particulier un 

changement de la population de Bacteroides, un microbe intestinal clé associé à des activités 

antidépressives et anti-inflammatoires. Le niveau de butyrate généré par le microbiote dans les 

12 heures suivant le traitement a été significativement augmenté par rapport au contrôle. Les 

résultats de cette étude ont démontré le potentiel probiotique des bactéries productrices de 

GABA testées et leur impact sur la structure et le métabolisme du microbiote intestinal, 

suggérant leur potentiel d’application pour favoriser la santé intestinale. 

Mots-clés: bactéries lactiques, acide γ-aminobutyrique, potentiel probiotique, 

microbioteintestinal. 
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INTRODUCTION 

 
Recent scientific studies have reported that intestinal microbiota, with its structure and 

metabolism, may be a major contributory factor to the neurobiological and physiological function 

of the nervous system(Carabotti et al., 2015; Q. Ma et al., 2019). Gut microbiota dysbiosis has 

been linked to many brain functions and behavioral disorders. This link between gut microbiota 

and mental disorders has been confirmed via animal models, where germ free (GF) mice have 

developed anti-depression and anti-anxiety phenotypes as compared to specific pathogen free 

(SPF) mice as a result of hormonal imbalance in the hypothalamic-pituitary-adrenal (HPA) axis 

(Huo et al., 2017; Zheng et al., 2016).  

Psychobiotics are beneficial bacteria (probiotics) or support for such bacteria (prebiotics) 

that can positively modulate microbiota–gut–brain interactions. Microbiota–brain communication 

channels through which psychobiotics exert effects include the enteric nervous system and the 

immune system (Sarkar et al., 2016). Besides, communication between the gut microbes and 

the brain can occur via multiple routes that include the vagus nerve, gut-secreted 

neuropeptides, sensory nerves, cytokines, tryptophan, and SCFAs (Kimura et al., 2011). 

Currently, there is some physiological evidence to support a psychological role of probiotics, 

such as decreasing serum cortisol and corticosterone levels related to stress responses (Logan 

& Katzman, 2005). For instance, a probiotic cocktail of L. helveticus and B. longum reduced 

anxiety-like behavior in animals, demonstrated positive psychological effects, and decreased 

serum cortisol levels in humans (Messaoudi et al., 2011). Although molecular mechanisms 

related to these outcomes are not known, it has been postulated that they may be due to 

damping of the effects of pro-inflammatory cytokines and oxidative stress, coupled with changes 

in nutritional status (Logan & Katzman, 2005). Despite some studies, the mechanisms by which 

these probiotics are able to exert these beneficial effects on the digestive tract and modulate the 

intestinal microbiota are far from being elucidated and remain very hypothetical. A possible 

mechanism by which probiotic bacteria modulate the intestinal microbiota and mediate 

communication with the brain, is through the secretion of modulatory substances, such as short-

chain fatty acids (SCFAs)(Kimura et al., 2011). For instance, butyrate, one of the major SCFAs 

produced in the colon, has proven neuroactive functions including changes in histone 

deacetylation and brain-derived neurotrophic factor (BDNF) expression in brain (Schroeder et 

al., 2007).  
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Commensal gut bacteria also produce a range of neurotransmitters including GABA, 

acetylcholine, dopamine, and serotonin (Sarkar et al., 2016), with many intestinal physiological 

functions (Y. Li et al., 2012). The GABA receptor has been shown to regulate motility in the 

small intestine and colon by modulating the release of acetylcholine from enteric neurons (Auteri 

et al., 2015). GABA has been identified as an essential growth factor that solely can induce the 

growth of unculturable gut microorganisms (Strandwitz et al., 2019). The relative abundance of 

Bacteroides, a major γ-aminobutyric acid (GABA) producing members of gut microbiota, was 

negatively correlated with depression-associated brain signatures (Strandwitz et al., 2019), 

indicating a significant role of microbiota-derived GABA in brain functionality. In vivo GABA 

production by intestinal bacteria may impact the microbiota–gut–brain axis, and could have 

potential health benefits (Bienenstock et al., 2010). As it is a metabolic product of the gut 

commensal bacteria, and consumed probiotics, gut microbiota composition and diversity would 

control the enteric GABA levels(Carabotti et al., 2015). This neuroactive metabolite can, in 

turn,modulate the gut microbiota structure in various kinds of stress(Galland, 2014).GABA is 

produced mainly from the irreversible conversion of L-glutamate by the enzyme glutamate 

decarboxylase, a pyridoxal 5′-phosphate-dependent enzyme. A potential way of increasing 

GABA levels in the gut could be by harnessing the production ability of the intestinal microbiota 

or ingested probiotic bacteria that could use dietary glutamate to generate GABA in the 

gastrointestinal tract (Barrett et al., 2012). Particularly, several lactic acid bacteria (LABs; e.g., 

strains belonging to Lactobacillus, Lactococcus, and Streptococcus) are an important source for 

glutamate decarboxylase(H. Li & Cao, 2010), and thus can be regarded as promising GABA-

producing candidates with psychobiotic effects(Yunes et al., 2020), especially as they are 

“generally-recognized-as-safe” and commonly found in fermented foods.  

This study aimed to evaluate the GABA production capacity of LABs isolated from 

various starter cultures and fermented foods, characterize their probiotic features, and assess 

their capacity to grow, synthesize GABA,and modulate the human gut microbiotaunder a 

simulated colonic environment.Our resultsprovidethe first evidence of the capacity of LAB from 

the food environment to grow and produce GABAin the colon physiological conditions and to 

positively modulate the composition and metabolismof the gut microbiota, important probiotic 

features for the futuredevelopment of GABA-enriched foodsforgut health-promoting applications. 
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CHAPTER 1: LITERATURE REVIEW 

 

1. Microbial -aminobutyric acid (GABA) 

Gamma-aminobutyric acid (GABA) is a non-protein amino acid thatacts as chemical 

messengers for carrying information from one cell to another. One of GABA's essential 

physiological functions is neurotransmission by regulating brain signals(Dhakal et al., 2012). In 

fact, GABA can improve some physiological functions in the gut, maintain the function of the 

central nervous system (CNS)(Carabotti et al., 2015; Q. Ma et al., 2019), reduce pain by 

interacting with the pain receptors(Benke, 2020; C. Li et al., 2019)while being associated with 

anxiety and depression behaviors by changing the GABA receptors expression(Strandwitz et 

al., 2019).Over the past few decades, GABA has been established as the major 

neurotransmitter inhibiting neural excitability and one of the most studied neuroactive 

compounds in the brain (Smart & Stephenson, 2019). Evidence is accumulating on the 

prevalence of GABA-sensitive neuronal cells, the pivotal role of GABA in the host physiology, 

and the impact of itssignaling dysfunction on a wide range of diseases (Smart & Stephenson, 

2019). Therefore, due to its physiological role and impact on various physical health aspects, 

multiple functional foods containing high GABA concentrations have been developed(Diana et 

al., 2014).  

Several probiotic bacteria can produce GABA via the α-decarboxylation reaction of L-

glutamic acid. The reaction catalyzes by the glutamate decarboxylase(GAD) enzyme with 

pyridoxal 5′ phosphate as a cofactor (PLP,the active form of vitamin B6)(Tavakoli et al., 2015). 

The commonGABA-producing microorganisms that have been employed as probiotics belong 

tothe genera Bifidobacteriumand lactic acid bacteria (LAB), which are at its core Lactobacillus, 

Leuconostoc, Lactococcus, Streptococcus, Pediococcus, and Enterococcus(Diana et al., 2014). 

Various parameters strongly affect the expression of each strain's gad genesand their GABA 

production (K. W. Lee et al., 2017). 

1.1. GABA biosynthesis pathways 

There are two microbial pathways to the biosynthesis of GABA, including the Glutamic acid 

decarboxylation pathway (GAD) and putrescine (Puu) pathways(H. Li & Cao, 2010). Most 

microorganisms can produce GABA using theGlutamic acid decarboxylase pathway, as shown 

in Figure1.1(Cui et al., 2020). GABA can synthesize from L-glutamate, the excitatory 

neurotransmitter,by anintracellular glutamate decarboxylase (Gad) enzyme with pyridoxal-5′-
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phosphate (PLP), the active form of vitamin B6, as a cofactor (Wallace & Milev, 2017). GAD 

pathway performs by Glu/GABA antiporter's action, which is encoded by a gadC gene to 

convert monosodium glutamate (MSG) to GABA. The process conducts with the activity of the 

GAD enzyme and binds to PLP. gadB gene plays an important role in GAD and GABA 

production(Q. Wu et al., 2017). 

The Puu pathway is not the usualroute to produce GABA in Lactobacillus or 

Bifidobacterium strains, but some strainssuch as Escherichia coli can use this pathway to 

produce GABA (Figure 1.2). Briefly, the first stage of GABA synthesis involves an antiporter, 

which is encoded by a PuuP gene to transfer Puu into the cell. Then, the Puu route proceeds 

with two different paths.One of them carries out with various enzymes including γ-glutamate-

putrescine-synthetase, γ-Glutamyl-oxidase, γ-glutamyl-γ-butyraldehyde dehydrogenase, and γ-

Glu-GABA hydrolase, which are codified with PuuA, PuuB, PuuC, and PuuD genes, 

respectively,to obtain GABA eventually.On the other hand, putrescine (Puu) convertsto GABA 

by an activity of a Puu-amino-transferase and a γ-aminobutyraldehyde- dehydrogenase, which 

are encoded by YgjGand YdcW genes, respectively(Q. Wu et al., 2017). 

 

 

Figure 1.1. The biosynthetic pathway of GABA by microbes (Cui et al., 2020). 
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Figure 1.2. General GABA production in bacteria from GAD pathway and putrescine 
degradation pathways (Puu pathway and ADC pathway) (Q. Wu et al., 2017). 

 

1.2. The glutamate decarboxylase enzyme 

Many strains of LAB and Bifidobacteriaare known for their capability to produce GABA 

through the glutamic acid decarboxylase (GAD) enzyme, which is encoded by the gad operon 

(H. Li & Cao, 2010; Q. Wu et al., 2017). GAD, acid resistance (AR) system, is a pyridoxal 

enzyme that catalyzes glutamate's decarboxylation to yield GABA and CO2(Ueno et al., 2013). 

This system includes the two main components Glu/GABA antiporter (gadC) and GAD enzyme, 

with two functionally identical GAD-encoding genes (gadA and gadB) (Q. Wu et al., 2017). The 

gad operon organization was found highly variable among LAB species(Yogeswara et al., 

2020).The presence of fully active forms of the two elements of the GAD system(GadC and 

GadA/B) are associated with high microbial GABA production(Yogeswara et al., 2020). GAD 

system also consumes protons to protect the cell from acid stress and maintains the cellular pH 

equilibrium under acidic conditions during glutamate decarboxylation to regulate gad gene 

expression, activate the GAD enzyme, and synthesize GABA (Ogier & Serror, 2008).Genome-

sequencing was performed to identify the presence of the GAD system, which is encoded by 

gad operon among various LABs and Bifidobacteria species to be efficient for GABA synthesis 

(Lim et al., 2017). Therefore, these strains could be considered an important microbial source 

for GAD-encoding genes (Ogier & Serror, 2008). 
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1.3. Factors affecting GABA synthesis 

Various factors have been identified to impactthe growth, fermentation, and GABA 

synthesis of probiotics bacteria andcreate the optimal fermentation conditions for GABA-

producing bacteria(Alkasir et al., 2017). The most common and essential parameters include 

pH, temperature, fermentation time, co-factors as enzymes, and culture mediacomposition for 

different media additives (Dhakal et al., 2012). 

The biosynthesis of GABA is regulated by pH during the production 

process(Komatsuzaki et al., 2005). For instance, the bacterial growth of lactic acid bacteria is 

associated with acidification due to organic acids' production. The later decrease of pH activates 

the enzyme GAD, which converts glutamic acid to GABA as an acid resistance mechanism. 

Therefore, the initial pH could be adjusted timely to keep the optimal effective pH for producing 

maximum amounts of GABA yield (Dhakal et al., 2012). The incubation temperature also plays 

an important role in GABA biosynthesis during the fermentation process(Kim et al., 2009). The 

highest GABA synthesis in LAB strains is directly correlated with the cell density and GAD 

activation, which is dependent on the temperature(Yang et al., 2006). The optimum temperature 

for GABA production in most LAB strains was 37°C, at which MSG was converted into GABA 

completely(Dhakal et al., 2012). Other studies reported an optimum GABA metabolism at a 

fermenting temperature range of 35-40°C (Lim et al., 2017). 

The cultivation time factor plays an effective role in the fermentation process to reach the 

highest GABA production level. For example, the highest GABA amount was reached at 30-35h 

when the fermentation process was performed at pH 5.7 and 37°C (Lim et al., 2017). Likewise, 

the variation of time intervals in addition to MSG and PLP coenzyme was demonstrated to 

improve GABA production yield significantly during the fermentation process(Dhakal et al., 

2012).The nutritional content of medium composition and culture conditions of the fermentation 

process impacts the amount of GABA production by bacteria(Dhakal et al., 2012). Nitrogen and 

carbon source, MSG and ammonium sulfate, PLP are used as nutritive sources, substrate, and 

coenzyme supplementation respectively in the culture medium for enhancing GAD activity and 

increasing GABA yields during the fermentation by probiotic strains (Komatsuzaki et al., 2008). 

For example, Pyridoxal 5'phosphate (PLP), the active form of vitamin B6, is a significant 

cofactor of the glutamate decarboxylase enzyme involved in GABA production(Komatsuzaki et 

al., 2008).Indeed, PLP addition in the late stationary phase of bacterial growth can stimulate 

GAD enzyme activity and increase GABA production(Dhakal et al., 2012). 
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2. Physiological functions of GABA 

2.1. Antihypertensive properties 

As a potential antihypertensive dietary component, GABA plays an important role in the 

human diet, reducing blood pressure in spontaneously hypertensive humans(Yoshimura et al., 

2010). Indeed, GABA as an effective blood pressure-lowering can regulate the sodium intake in 

hypertensive people's diet (Mayer et al., 2014). GABA receptor activation can decrease blood 

pressure and increase the heart rate.In addition, GABA as inhibitory neurotransmitter against 

the central norepinephrine can keep normal blood pressure(P. Ma et al., 2015).Therefore, 

consumption of GABA-enriched fermented functional food using probiotics bacteria has 

increased worldwide.  

2.2. GABA as a growth factor in the gut 

LAB strains can modulate the composition and function of the gut microbiota and 

gastrointestinal (GI) tract by modifying short chains fatty acid (SCFA) production such as 

butyrate and neuroactive metabolites such as GABA, as well as promoting complex bacterial 

community and diversity to produce a high amount of GABA through communication with gut 

resident bacteria(Yan et al., 2016). Of particular interest, the production of GABA by 

Bacteroides fragilis KL1758, a human gut resident,was reported essential for the growth of the 

commensal KLE1738 (uncultured bacterium being in the "most wanted list" of the National 

Institutes of Health), which depend on GABA as its only carbon source(Strandwitz et al., 2019). 

2.3. Influence on central and peripheralnervous systems 

GABA is found at high levels in the brain and plays a fundamental role in inhibitory 

neurotransmission in several of its routes within the central and enteric, and peripheral nervous 

systems (Diana et al., 2014). A recent study has demonstrated that GABA-producing bacteria 

can modulate the host GABAergic systems, as shown in Figure 1.3 (Foster & McVey Neufeld, 

2013). GABA-producing bacteria can reduce pain, anxiety, and depression by having GABA 

receptors and altering both GABAA and GABAB receptor expression in specific brain 

areas(Mazzoli & Pessione, 2016). The GABA-producing bacteria modulate the gut microbiome 

and could interact with the brain through GABAergic signaling via vagal afferent neurons 

(Pokusaeva et al., 2017). The GABAergic system finds in the central nervous system and 

involves GABA receptors, neurons, and enzymes that regulate the immune system to release 

inflammatory cytokines (Bhat et al., 2010)and attenuate pain(Pokusaeva et al., 2017). The 

contribution of the GABAergic system in the pathogenesis of mood disorders is now well-

recognized(Northoff & Sibille, 2014)(Romeo et al., 2018). Probiotics bacteria, Bifidobacteria and 
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with serum cortisol reduction,
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disruption of physiological pathways 
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dorsolateral prefrontal cortex and the def

suggesting a potential influence of microbial

2019).Likewise, decreased glutamate catabolism potential was observed in depressed 
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2019).Hence, the modulation of 
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3. GABA-producing microorganisms 

3.1. Overview 

Multiple bacterial species have been reported to produce GABA, including Bifidobacteria 

and some LAB such as Lactobacillus, Lactococcus, Streptococcus, and Enterococcus(Diana et 

al., 2014) with a concentration range of 15 - 99.9 mg/kg. For instance, L. paracasei, L. 

delbrueckii subsp. bulgaricus, L. lactis, L. plantarum, and L. brevis have been reported for the 

highest GABA production (99.9, 63.0, 36.0, 16.0, and 15.0 mg/kg, respectively) (Siragusa et al., 

2007). These GABA-producing bacteria were isolated from various sources, mainly the food 

environment(Sahab et al., 2020), as summarized in Table 1.1. 

Table 1.1. Gamma-amino butyric acid-producing bacteria and its source of isolation(Sarasa et al., 2020) 
Microorganisms Isolation Source               References 
Lacticaseibacillus paracasei, Streptococcus thermophilus, 
Lacticaseibacillus rhamnosus, Lactiplantibacillus plantarum 

Cheese (Franciosi et al., 2015) 

Levilactobacillus brevis Kimchi (Lim et al., 2017) 

Lactococcus lactis sp lactis Cheese (Lacroix et al., 2013) 

Streptococcus thermophilus Fish (Linares et al., 2016) 

Lentilactobacillus buchneri, Lactobacillus sp. Cheese (Ibrahim, 2016) 

Lacticaseibacillus paracasei, Lactobacillus delbrueckii subsp. 
bulgaricus, Lactococcus lactis, Lactiplantibacillus plantarum, 
Levilactobacillus brevis 

Cheese (Siragusa et al., 2007) 

Levilactobacillus brevis, Lactiplantibacillus plantarum Egyptian dairy products (Gomaa, 2015) 

Lactobacillus helveticus Koumiss (Sun et al., 2015) 

Enterococcus faecium Traditional fermented food 
samples 

(Lim et al., 2016) 

Lactobacillus otakinesis, Lacticaseibacillus paracasei, 
Lactiplantibacillus plantarum 

Azorean cheese (Ribeiro et al., 2018) 

Limosilactobacillus fermentum Fermented Thai foods (Woraharn et al., 
2014) 

Levilactobacillus brevis Fish intestine (Ko et al., 2013) 

Lactic acid bacteria Kimchi, Jot-gal (traditional 
fermented foods) 

(B.-J. Lee et al., 2010) 

Lactiplantibacillus plantarum Dadih (Harnentis et al., 2019) 

Levilactobacillus brevis Paocai (Huang et al., 2007) 

Lactiplantibacillus plantarum Kimchi (Park et al., 2014) 

 

Indeed, fermented food products are a valuable source of LABs with a high GABA 

production capacity (Dhakal et al., 2012). Still, GABA production in LABs varies considerably 

among isolated strains (Quílez & Diana, 2017).GABA biosynthesis acts as a communication 

mechanism among microbes such as LABs and their host (Siragusa et al., 2007).  LABs strains 

can modify the mRNA expression of GABA receptors, which are associated with physiological 

functions of gut and brain activity (Lyte, 2016). Some studies have also shown that the LABs 

strains can alter the GABAergic signaling by interacting with receptors(Mazzoli & Pessione, 
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2016), increasing cytokine expression, and decreasing neuroinflammation (Muralidhara et al., 

2015). Similarly, some strains of Bifidobacteria (B. dentium, B. breve, B. animalis, B. longum) 

can produce GABA from MSG (Diana et al., 2014), which can modulate the brain-gut 

axis(Sarkar et al., 2016). Indeed, some studies have shown that Bifidobacteria increase the 

level of GABA production in the gut. For example, B. dentium ATCC 27678 was shown to 

produce about 3000 μg/ml of GABA in the gut environment (Pokusaeva et al., 2017). 

Bifidobacteria were previously reported to reduce depression symptoms by altering neural 

functions and increasing GABA receptor expression (O’Hara & Shanahan, 2006). Likewise, 

Bifidobacteria can decrease gut inflammation by producing GABA as an inhibitory inflammatory 

neurotransmitter and alter gene expression related to the inflammatory improvement in the gut 

(Mayer et al., 2014). Some studies have indicated that the GABAergic signaling via the 

microbiota-gut-brain axis is linked to glutamate decarboxylation by Bifidobacteria, resulting in a 

significant pain reduction (Pokusaeva et al., 2017). GABA also has various functions in 

microbial systems. Maintaining a neutral pH under acidic conditions (defense against low pH 

environment) is one of the critical roles of GABA associated with glutamate-antiporter reactions 

(Sarasa et al., 2020). GAD enzyme can regulate the pH of the bacterial environment by 

consuming intracellular protons during the decarboxylation reaction (Sarasa et al., 2020). For 

example, acid stress induces an up-regulation of the gadBgene in Bacillus megaterium G18, 

demonstrating its involvement in an intracellular pH homeostasis mechanism under acidic 

stress(Goswami et al., 2018). Besides conferring resistance to acidic pH,GABA is functionally 

involved in the spore germination of B. megaterium. In addition, Dagorn et al., (2013)reported 

that GABA can affect the cytotoxicity of various strains of Pseudomonas fluorescens,alter their 

lipopolysaccharide (LPS) structure and bacterial surface properties. Indeed, GABA can affect 

the adhesion potential of P. fluorescensin addition to theirexpression of virulence factors as well 

as biosurfactants.Likewise, GABA was found to induce the enzymatic pathway in P. aeruginosa 

through intracellular polyamine levels(Chou et al., 2008).  

3.2. Why using GABA-producing bacteria 

Various kinds of fruits, edible plants, roots, and botanicals contain substantial amounts 

of neurotransmitters, including GABA that can be synthesized through metabolic processes 

(primary products), ecological interactions (secondary products), or microbial food fermentation 

(Naila et al., 2010). Still, dietary glutamate is most abundant in food products than GABA, 

rendering glutamate conversion to GABA more cost-effective. Also, dietary GABA found in 

edible plants is likely to vary with plant parts, morphological and chemotype differences, 
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adaptation to the environment and geographical location, seasons of growth and harvest, 

weather and climate changes, contaminants, and agricultural practices and nourishment 

process (Briguglio et al., 2018). Furthermore, we need to consider consumers' preferences and 

reluctance to certain foods (i.e.,appropriate taste, quality, texture, allergenicity).Besides its long 

safe use history, the utilizationof commensal microbes to produce GABA by food fermentation is 

an effective strategy to reduce production costs and decrease the environmental impact of the 

biosynthetic process (Boonstra et al., 2015; W. Zhao et al., 2014).In addition to the lack of 

scientific evidence to substantiate the related health claims, dietary GABA did obtain GRAS 

status only for use as a flavoring substance (FEMA #4288) (Waddell et al., 2007).Synthetic 

GABA supplements may also contain potentially harmful by-products beyond the active form of 

GABA. Therefore, theFood and Drug Administration (FDA) issued warnings on the potentially 

harmful by-products and toxicity of synthetic GABA and encouraged consumers to use safe and 

natural sources of GABA instead of widely available online GABA food supplements (Boonstra 

et al., 2015).Besides, GABA was found a growth co-factor for many beneficial gut microbes, 

including the Bacteroidetes population that could be promoted by the presence of competitive 

GABA-producing strains that could adhere to epithelial cells and continuously release GABA in 

the intestinal environment (Strandwitz et al., 2019)).Many studies reported that consuming foods 

fermented using GABA-producing probiotics could improve mental health disorders such as 

social anxiety, cognition, and pain sensitivity,mainly through interaction with gut microbiota 

(Appleton, 2018; Zhu et al., 2020). 

4. Potential of GABA-producing bacteria as psychobiotics 
4.1. Definitions 

According to the last definition provided by the International Scientific Association for 

Probiotics and Prebiotics (ISAPP), probiotics are defined as “live microorganisms that, when 

administered in adequate amounts, confer a health benefit on the host”(Hill et al., 2014). Health 

Canada has approved the following probiotics for which non-strain-specific claims might be 

made: Bifidobacterium (adolescentis, animalis, bifidum, breve, and longum) and Lactobacillus 

(acidophilus, casei, fermentum, gasseri, johnsonii, paracasei, plantarum, rhamnosus, and 

salivarius), when delivered in food at a level of 1 × 109 colony forming units (CFU) per 

serving(Hill et al., 2014).In addition, psychobiotic microbes are defined as a novel class of 

health-promoting probiotics, which are potential candidates to treat psychiatric diseases (Barrett 

et al., 2012) and to enhance mental health through modulation of the gut microbiota and 

restoring intestinal dysbiosis (Del Toro-Barbosa et al., 2020; D. Johnson et al., 2021; Sarkar et 

al., 2016). 
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4.2. Probiotic features 
In order to exert their beneficial effects, probiotic microorganisms need to be non-

pathogenic and recognized as safe while being able to survive and grow under the physiological 

conditions of the digestive tract(Fijan, 2014). Therefore, several aspects, including safety, 

functional and technological properties, are considered when selecting probiotic candidates 

(Lyte, 2011).These evaluation tests include acid and bile salt tolerance, antibiotics 

resistance/susceptibility pattern, adhesion to intestinal epithelial cells, freedom from virulence 

factors, survival ability in the GIT, stabilization and modulation of gut microbiota, and viability 

during processing and storage (Ogier & Serror, 2008).For instance, intrinsic 

resistance/sensitivity to antibiotics is an important selection criterion to characterize the strains 

isolated as potential probiotics to be safe for use in different functional products (Wu et al., 

2018). Likewise, survival of potential probiotic bacteria in the acidic condition during gastric 

transit and growth in bile presence are critical functional properties (Siragusa et al., 2007). 

4.3. Psychobiotic mechanisms 
The significant role of probiotics in immune modulation, neurotransmitter biosynthesis, 

gut homeostasis through restoring microbial balance and composition implies a complex 

bidirectional interplaywith the microbiota–gut–brain axis(Halloran & Underwood, 2019; D. 

Johnson et al., 2021; Rogers et al., 2016). Still, the associated action mechanisms by which 

psychobiotics exert beneficial health effects are not clearly defined (Del Toro-Barbosa et al., 

2020; Sarkar et al., 2016). For instance, psychobiotics are capable of changing gut microbial 

composition and activity and stimulate the gut epithelial cells to produce various neuroactive 

compounds in the gut that influence metabolic activity, psychological and physiological function, 

brain’s biochemistry and behavior, as shown in Figure 1.4(Yong et al., 2020). Psychobiotics can 

mediate anti-depressive effects by enhancing neurotransmitter production (Yong et al., 2020). 

For example,GABA-producing L. plantarum 90skand B. adolescentis 150have been associated 

with decreased depressive-like behavior in mice presumed by modulating the GABAergic 

signaling via GABA receptors of host enteric neurons(Yunes et al., 2020).A previous study has 

shown similar effects for L. rhamnosus JB-1 on depression and anxiety behaviors through 

alteration of GABA receptor expression level(Bravo et al., 2011).Furthermore, GABA-producing 

bacteria may impact the gut-brain axis by modulatingENS signaling and regulating the neural 

excitation–inhibition leveling(Mazzoli & Pessione, 2016).Psychobiotics bacteria could also 

modulate the brain indirectly through the vagal pathway and neuroendocrine systems, alter 

neurotransmission in the CNS and expression of inhibitory GABA receptors in the brain 
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(Carabotti et al., 2015; Mohajeri et al., 2018), reduce depression-associated inflammatory 

cytokines (e.g., IL- 1β, IL-6, TNFα) (Suneson et al., 2021; Yong et al., 2020).  
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Figure1.4. Signaling mechanisms underlying antidepressive effects of psychobiotics mediated 
through secretion of neurotransmitters(A),butyrate(B), secreted proteins(C),and other bioactive 
molecules(D)(Yong et al., 2020). 

4.4. Survival in the gut environment 

A probiotic strain must survive the transit through the gastrointestinal tract, where 

bacterial cells are challengedby acid, bile, pancreatic enzymes, and competition from other 

microorganisms(Fernandez et al., 2014).Survival of several probiotic strains have been 

investigated in vivo and in vitro, with the survival rate beingstrain-dependent(Fernandez et al., 

2014).For instance, while L. johnsonii La1 showed a 76% survival ratein vitro, only 0.1% of L. 

rhamnosus GG cells survived(Mainville et al., 2005). More generally, the survival rate of 

Bifidobacteria and Lactobacilli during transit in the human intestine has been estimated between 

20 and 40% depending on the straintested(Bezkorovainy, 2001).  

5. Interplay of GABA and their producing bacteria with gut microbiota 

5.1. The human gut microbiota 

The human intestinal microbiota is a highly complex mixture of microbial organisms 

(approximately 1011 per g feces) that play an important role in host nutrition, metabolism, and 

physiology. This microbiota “organ” is the central bioreactor of the gastrointestinal (GI) tract that 

carries out vital processes for normal digestive functions of the host and plays an important 

albeit not yet fully understood role in the maturation of human immunity and defense against 

pathogens(Verberkmoes et al., 2009). The microbiota acts as a barrier against the proliferation 

of exogenous pathogens by preventing their invasion with a highly dynamic modality, exerting 

metabolic functions, and stimulating the maturation of the immune system(Putignani et al., 

2014). Commensal microbiota inhibits pathogen growth by producing and releasing organic 

acids, volatile fatty acids, antibiotic compounds, bacteriocins, and/or host immune response 

stimulating factors. The GI microbiota, predominated by bacteria, comprising at least 80 genera 

and around 1800 phylotypes(Rajilić-Stojanović et al., 2009),is incredibly diverse and dynamic, 

and each human possesses a unique community fingerprint of bacteria, archaea, and eukarya 

(Rajilić-Stojanović et al., 2007). The gut microbiota co-evolves with its human host from birth to 

adulthood. Several external factors, such as delivery mode, maternal and infant diet, antibiotic 

exposure, or other environmental stimuli, can affect microbiota composition(Guzman-Rodriguez 

et al., 2018). Perturbations in the composition of gut microbial communities, also known as 

dysbiosis, have been associated with several intestinal and extra-intestinal disorders(Carding et 

al., 2015). The causes and consequences of temporal and inter-individual variation in microbiota 
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community composition remain to be resolved and may be key to developing innovative 

strategies to improve human health and reduce gut-associated chronic diseases(K. V.-A. 

Johnson, 2020). Strategies to enhance microbial-host symbiosis in healthy individuals and re-

establish symbiosis in diseased states are of current interest, with diet/dietary components 

receiving increasing attention, not only by those in the scientific community also by the food 

industry and consumers(McDonald, 2017). 

5.2. Impact of GABA-producing bacteria on gut microbiota 

Although GABA's multiple physiological roles in the gut environment, it seems that this 

neurochemical is produced as quorum sensing signaling to other bacteria(Quillin et al., 2021). 

Multiple neurotransmitters were found to facilitate the growth and cellular aggregation of 

microbes, thus confirming the communication between inter and intra-species(Burton et al., 

2002).A variety of GABA-producing bacteria have been found that modulate human gut 

microbiota and promote the growth of key genera in the gut, such as Bacteroides ssp., which 

can produce large GABA quantities in the gut (Strandwitz et al., 2019). Multiple studies have 

demonstrated the role of microbial community structure in the gut and its impact on protein and 

biogenic amino acid synthesis, carbohydrate and neuroactive metabolism, and SCFAs 

production (Parkar et al., 2019; Sudo, 2019). Moreover, the abundance of fecal Bacteroides was 

reported to be associated with an altered GABA-mediated response and negatively correlated 

with brain signatures in depression state (Patterson et al., 2019; Valles-Colomer et al., 2019).  

5.3. Ex vivo fermentation models simulating human colonic microbiota 

Gut fermentation models are simulated systems mimicking most of the spatio-temporal, 

nutritional, and physiological conditions encountered in the human intestine (Macfarlane & 

Macfarlane, 2007). So far, various ex vivo models have been developed with theprimary 

objective to maintain stable, reproducible, and complex microbial communities in a well-

controlled ecosystem (McDonald et al., 2013; Van den Abbeele et al., 2010). These models 

employ either single or multi-stage bioreactors inoculated, depending on the application, with 

fresh human feces or defined microbial communities. Multiple parameters are closely monitored, 

including pH, temperature, culture medium, and transit time (McDonald, 2017). Particularly, 

continuous culture fermentation models (Figure 1.5) have been established as insightful tools to 

understand complex microbial physiology and ecology in a controlled environment  (Fernandez 

et al., 2016; Le Lay et al., 2015).  

Theseexvivofermentation models offer several advantages: no ethical constraints, 

continuous culture standardization, creation of stable phase, high reproducibility, monitor of 



 

microbial composition and metabolic activity, control of various fermentation fa

maintenance of colonic situation, dynamic and unlimited sampling, and the absence of 
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CHAPTER 2: HYPOTHESIS AND OBJECTIVES 

 

Commensal gut bacteria produce a variety of inhibitory neurotransmitters such as γ-

aminobutyric acid (GABA) which, beyond interacting with intestinal physiology, can influence the 

gut-brainaxis (Foster & McVey Neufeld, 2013).GABA-producing bacteria have been identified 

among the colon microbiota with a potential role in modulating gut microbiota functionality and 

promoting gut health. In this project, we hypothesize that GABA production is a probiotic 

mechanism through which beneficial bacteria could modulate the gut microbiota.The present 

study aimed to explore the capacity of lactic acid bacteria (LAB) strains to produce GABA and 

modulate the human gut microbiota.  

 

The specific aims of the study were: 

 Aim 1. Screening and identification of GABA-producing strains isolated from food 

environmentin-vitro. Bacterialsamplesfrom various starter cultures and fermented foods 

were tested for the presence of the gadB gene,and active candidates were isolated and 

phylogenetically identified (Chapter 3). 

 

 Aim 2. Characterization of the probiotic potential(i.e., sensitivity to antibiotics, resistance to 

gastrointestinal conditions, whole-genome sequence) of the isolated GABA-producing 

strains (from Aim 1) and investigation of their capacity to grow and synthesize GABA in pre-

fermented MacFarlane broth that mimics colon physiological conditions, including microbiota 

metabolome (Chapter 3). 

 

 Aim 3.Investigation of the growth, GABA production, and competitiveness of selected 

probiotic candidates from Aims 1-2 (Bifidobacterium animalis, Streptococcus thermophilus, 

and Lactobacillus delbrueckii subsp. bulgaricus) in the presence of human gut microbiota ex 

vivo in a model of a proximal colon mimicking physiological and microbiological conditions of 

the human large intestine (Chapter 4).
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Abstract 

Aims: This study aims to isolate probiotic bacteria candidates from various starter cultures and 

fermented foods and characterize their ability to produce γ-aminobutyric acid (GABA). GABA is 

a major inhibitory neuromediator of the central and enteric nervous systems with a role in 

several health disorders.  

Methods and Results: Several lactic acid bacteria were isolated and screened for the presence 

of the glutamate decarboxylase (gadB) gene using PCR and GAD enzymatic assay. The most 

active strains with high and fast GABA production kinetics were identified andcharacterized, and 

included Streptococcus thermophilus, Lactiplantibacillus plantarum, and Lactobacillus 

delbrueckii subsp. bulgaricus. The most potent strains were able to grow and produce GABA in 

MRS broth and in pre-fermented Macfarlane broth, a medium mimicking the nutrient and 

metabolome composition encountered in the colon. The biological safety (i.e., sensitivity to 

antibiotics and presence of virulence factors) and probiotic potential (i.e., resistance to 

gastrointestinal conditions and whole-genome sequencing) of the identified bioactive strains 

was also confirmed in vitro.  

Conclusions: Several probiotic candidates have shown potential to grow under simulated 

colonic conditions. 

Significance and Impact of Study: Findings from this study provide evidence of the suitability 

of the isolated GABA-producing probiotic candidates for the development of health-oriented 

functional food products. 

Keywords: lactic acid bacteria, γ-aminobutyric acid, probiotic potential, simulated colonic 
conditions  
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1. Introduction 

Gamma-aminobutyric acid (GABA) is a non-proteinogenic amino acid that exhibits 

numerous and important physiological functions, such as anti-hypertensive and antidepressant 

activities (Ngo & Vo, 2019). GABA is widely found in microorganisms, plants, and 

animals(Dhakal et al., 2012). Indeed, GABA is a key metabolic product of commensal gut 

bacteria and probiotics (Strandwitz, 2018). Several microbes, including species of the 

Lactobacillus and Bifidobacterium genera, have been recognized to have the capability to 

produce GABA and alter the composition and diversity of the gastrointestinal microbiota 

(Mazzoli & Pessione, 2016; Strandwitz, 2018), which are promising features for potential use as 

psychobiotics(Sarkar et al., 2016). Of particular interest, Lactic acid bacteria (LAB) are an 

important source for glutamate decarboxylase (GAD), the enzyme converting L-glutamate to 

GABA) (Linares et al., 2017), while being “generally-recognized-as-safe” and commonly found 

in fermented foods. Molecular characterization of the GAD system and gene expression have 

been reported in many GABA-producing LAB strains (Lin, 2013). Microbial GABA is synthesized 

from L-glutamate via the GAD enzyme with pyridoxal phosphate, the active form of vitamin B6, 

as a cofactor (Cui et al., 2020). Synthesis of GABA is performed via the effective acid resistance 

system, including glutamate and two GAD isoforms (H. Li et al., 2010). The GAD enzyme is 

encoded by the gad operon consisting of gadA and gadB, and can convert glutamate to GABA 

while decreasing intracellular pH and consuming intracellular proton (Tavakoli et al., 2015). The 

expression of acid resistance and glutamate import into the cell is carried out by the 

antiportergadC(Q. Wu et al., 2017). Some studies have shown that the high capacity of GABA 

production is associated with the GAD system's efficiency, which varies according to the 

fermentation process (Tavakoli et al., 2015).  

GABA-producing bacteria have been identified as potential probiotic candidates and are 

forefront strategy for producing GABA-enriched functional foods (Lacroix et al., 2013). Probiotics 

are defined as “live microorganisms that, when administered in adequate amounts, confer a 

health benefit on the host” (Hill et al., 2014). Probiotics bacteria have been recognized as an 

effective nutritional strategy with many beneficial effects on the gastrointestinal tract, including 

interaction with host cells and modulation of the gut microbiota (Fliss et al., 2011). Several 

criteria have to be investigated to elucidate the probiotic potential of microbes, including their 

health benefits, efficacy, and safety (Ogier & Serror, 2008). In the present study, we screened 

GABA-producing bacteria from commercial food products, characterized their probiotic potential, 

and provided some evidence of their capacity to grow and synthesize GABA in Macfarlane 



21 
 

broth, which mimics the composition of medium encountered the human colonic environment. 

Although previous studies have reported on the high GABA production capacity in LAB strains 

(Diana et al., 2014; Yunes et al., 2016), the present study is the first to investigate the survival 

and production of GABA-producing probiotic candidates in pre-fermented MacFarlane broth that 

mimic colon physiological conditions, including microbiota metabolome.  

2. Materials and methods 

2.1. Bacterial strains, media, and culture conditions 

Several commercial starter cultures and fermented food products were purchased from a 

local food market, assessed for GABA production, and summarized in Table 1.  Bifidobacterium 

dentium ATCC 27678, a GABA producing bacterium, was used as a positive control. All isolated 

bacteria were routinely cultured overnight, in Lactobacilli MRS medium (VWR Avantor, Canada), 

at 37°C under anaerobic conditions, a gas mixture of 5% CO2, 5% H2, and 90% N2 (Whitley 

Anaerobe Systems A35, Don Whitley Scientific, UK). For the preparation of solid media, 1% 

(w/v) of bacteriological agar (VWR) was added to the liquid media, de Man-Rogosa-Sharpe 

(MRS) or M17 broth (Sigma-Aldrich), depending on the strain. The purified isolates were 

maintained in 20% glycerol stocks at −80°C until further use. 

2.2. Growth conditions 

2.2.1. Growthkinetics in mMRS broth 

To measure the growth kinetics of isolated bacteria, the modified DeMan-Rogosa-

Sharpe (mMRS) broth media, supplemented with 0.5% w/v monosodium glutamate (MSG; 

which acts as an inducer for GABA biosynthesis) and 0.01% w/v pyridoxal-5′-phosphate (PLP; 

the active form of vitamin B6 playing as a cofactor) was used. The selected bioactive strains 

were inoculated to mMRS with a final cell density of 106 CFU/ml and incubated at 37°C for 24 h. 

The growth kinetics and GABA production were determined in the mMRS medium during a 48-h 

incubation at 37°C using 1% of overnight inoculum of the bacterial strains. Samples were taken 

aseptically, every 4 h during the first 12 h and every 6 h during the last 36 h. Hence, growth 

kinetics were measured at 0, 4, 8, 12, 18, 24, 30, 36, 42, and 48 h of incubation. The 

experiment was performed in triplicates for each strain. 100 µl of each sample were transferred 

to a microtiter plate to determine the bacterial growth at OD 600 nm using a microplate reader 

(Tecan Spark GmbH, Austria). Colony counts (Log CFU/mL) were obtained following 10-fold 

serial dilutions and pour plate method. Simultaneously, the pH of samples was measured using 

a Benchtop pH Meter (Fisherbrand™ accumet™ AE150, Thermo Fisher Scientific, Canada). 

The remaining supernatants were centrifuged, filtered by size of 0.22 μm pore disks for taking 
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the cell-free culture supernatants (CFS), and then kept at -80 °C for GAD enzymatic activity and 

GABA quantification. Cell debris was suspended in phosphate-buffered saline (PBS) (pH 7.3) 

for GAD activity assay. 

2.2.2. Comparative growth in mMRS and Macfarlane broths 

GABA-producing bacteria were grown in mMRS broth supplemented and Macfarlane 

broth supplemented with 0.5% w/v MSG and 0.01% w/v PLP. The Macfarlane broth composition 

was previously described by (Le Lay et al., 2015) with some modification. The fresh culture 

media were inoculated with 1% overnight subculture and then incubated under anaerobic 

conditions at 37°C for 24 h. Samples were taken at 0, 24, and 48 h of incubation and analyzed 

for the viable bacterial counts (CFU/mL), pH, and GAD activity, as described below. 

2.2.3. Pre-Fermented Macfarlane broth 

Pre-Fermented broth medium is a Macfarlane broth media containing fecal microbial 

sample which was immobilized by gel beads, a solution containing 2.5 % gellan gum, 0.25 % 

xanthan gum, and 0.2 % sodium citrate (v/w), after the stabilization phase of fermentation in an 

inoculum reactor as described by(Mottawea et al., 2020). This medium, as a fermented outflow, 

was recovered from the fermentation system, which was fed continuously with fresh Macfarlane 

broth by replacing the fermented broth and set up at 80 rpm, 37 °C, pH 6.7, and sterile CO2 

sparger to maintain anaerobic conditions and stabilize the fecal microbiota, then centrifuged at 

14,000 × g for 10 min, and filtered by 0.45 μm pore size for taking the supernatants for further 

experiment. 

2.2.4. Growth and GAD enzymatic activityin simulated colonic conditions 

To determine the capability of the identified active strains to adapt to the simulated 

colonic condition, the different parameters described above were analyzed in the Pre-fermented 

Macfarlane broth media for one week. In brief, pre-fermented Macfarlane broth media was 

inoculated with the overnight culture at the final cell density of 106 CFU/ml and incubated under 

anaerobic conditions at 37°C for 24 h. Samples were taken after 24 h incubation to determine 

the CFU, pH, and enzyme activityas described above. Simultaneously, fresh Pre-fermented 

Macfarlane broth media was inoculated with overnight culture for redoing the test for the next 24 

h. These experiments were performed daily for a week and in triplicate. 
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2.3. Bacterial enumeration 

Bacterial counts were determined by plating ten-fold serial dilutions of culture on 

selective media using the drop plate method. All bacteria were counted using MRS broth 

medium and incubated at 37 °C for 48h anaerobically. 

2.4. GADactivity and GABA quantification assays 

2.4.1. Colorimetric microplate assay method for detection of GAD activity 

The study used the bromocresol green-based colorimetric method for detecting GAD 

activity in a 96-well microplate format as previously described (Yu et al., 2011). In brief, a 

vortexed overnight culture of strains (106 CFU/mL) was transferred to the microplate for 

measuring OD 600nm. Each bacterial overnight culture with the same concentration (OD600 0.6–

0.8) was centrifuged at 14,000 × g at room temperature for 5 min. Bacterial cells were 

suspended in 5 mM PBS buffer (pH 7.3) and disrupted by sonication using a Qsonica Sonicator 

Q125 (Thermo Fisher Scientific, Canada). Cell debris was removed by centrifuging at 14,000 × 

g in 4°C for 30 min, and supernatants were taken as crude extracts for the GAD activity assay. 

The microplate was prepared with the reaction medium containing acetate buffer (20 mM, pH 

4.8), 0.07 mM bromocresol green, 10 mM pyridoxal 5-phosphate (PLP), 5 μL glutamate, and 10 

μL cell extract. The standard reaction medium mentioned above without cell extracts, PLP, and 

glutamate served as a negative control. After sample preparation, the microplate was placed in 

the microplate reader as the reaction proceeded and shaken for 10 s to mix thoroughly. The 

absorbance change at 620 nm was a function of time and recorded by a microplate reader 

(Tecan Spark GmbH, Austria) at 37°C. The absorbance was obtained every 60 s for 10 min. 

The measurement was done in triplicates. 

2.4.2. GABA quantification using GC-FID  

The production of GABA was determined by FID-GC (Lacroix et al., 2013). Briefly, 

samples were centrifuged for 5000g for 30 min, and then supernatants were collected. 

Derivatization of samples was performed using EZ:faast kit (Phenomenex, Torrance, CA, USA) 

according to the manufacturer’s manual with norvaline (200 nmol/L) as internal standard. The 

derivatized samples were then analyzed by FID-GC (Nexis GC-2030, using a flame ionization 

detector (Shimadzu Corporation). A 1-μL volume of the derivatized sample was injected into a 

ZB-MultiResidual column with diameters of dimension is 30-meter x 0.25 mm x 0.25 µm 

(Phenomenex) using autosampler mode. The injection was performed in split mode with a split 

ratio of 1:15 at 300 °C using helium as the carrier gas with 1.0 mL/min flow; and a make-up gas 

flow of 23 mL/min; hydrogen flow of 30 mL/min; airflow of 300 mL/min; The temperature of the 
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oven program at 80°C with a 2-min hold and increased at a rate of 10°C/min to 320°C with a 

final hold of 2 min. For quantification purposes, the calibration curve was created for pure GABA 

(Sigma) in a range of 500 nmol/L to 64 µmol/L. Measurements were performed in triplicates. 

2.5. Safety Evaluation and in vitro probiotic potential 

2.5.1. Antibiotic susceptibility test 

Isolated strains were tested for susceptibility to multiple antibiotics from different classes: 

streptomycin, gentamycin, vancomycin, ampicillin (dissolved in water), erythromycin, and 

chloramphenicol (dissolved in ethanol and water), tetracycline (dissolved in ethanol), 

ciprofloxacin (dissolved in 0.1 M HCl and water). Tests were performed in microplates according 

to the Clinical and Laboratory Standards Institute guidelines (CLSI 2018) and the European 

Food Safety Authority (EFSA 2018) guidelines as described by (Hanchi et al., 2014). briefly, the 

microtiter plate with an equal volume of final cell density of overnight culture of each bacterial 

strain and MRS broth was prepared, and then serial dilution with different concentrations of 

stock solution of each antibiotic was added. The microplates were incubated at 37 °C for 24 h, 

and the minimum inhibitory concentration (MIC) as the lowest concentration of each antibiotic 

that inhibits the growth of each bacteria was reported at OD 600 nm using amicroplate reader 

(Tecan Spark GmbH, Austria). The level of susceptibility to antibiotics was expressed as 

resistant or sensitive according to the breaking points adopted from CLSI 2018 and EFSA 2018. 

2.5.2. Presence of genes encoding virulence factors 

Total DNA of two Enterococcus faecium strains isolated from this study was extracted 

and assessed for the presence of six virulence genes by PCR, using primers for various 

common virulence genes,including cell wall degrading bacteriocin (EntLysA), enterococcal 

surface protein (esp), aggregation substance (asa), Hyaluronidase (hyl), cytolysin operon (cyl 

A), and gelatinase (GelE) as previously described (Hanchi et al., 2014). Enterococcus 

faecalisATCC 27275was used as a positive control. PCR was carried out in a 50 μL reaction 

mixture with template DNA, MgCl2, deoxynucleoside triphosphate (dNTP), Taq polymerase, and 

each specific primer to virulence genes, and performed in a T100™ Thermal Cycler (Bio-Rad 

Laboratories, Canada). Primers and their PCR reaction conditions were used as previously 

described (Hanchi et al., 2014) and are provided in Table S1. PCR products were detected by 

gel electrophoresis in 1% agarose gel (Sigma, Oakville, ON, Canada) and analyzed with UV 

transillumination using a gel imaging system (Life Science Research, Bio-RadLaboratories, 

Canada). 
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2.5.3. Resistance to Simulated Gastric and Intestinal Fluids 

2.5.3.1. Microbial Viability in Simulated Gastric Juice 
The tolerance of selected isolates to simulated gastric and intestinal fluids was examined 

as per the method described elsewhere (Siragusa et al., 2007). Briefly, simulated gastric juice 

recommended by the U.S. Pharmacopeia (USP) was prepared by suspending 0.32% (w/v) 

pepsin in 0.084 M hydrochloric acid, 0.03 M sodium chloride with pH adjusted to 2.5 to the initial 

volume and filtered through a filter of 0.45 μm pore size before autoclaving as previously 

described (Vecchione et al., 2018) with some modifications. Briefly, the strains were grown in a 

MRS broth under anaerobic conditions at 37 °C for 18 h. Then, the overnight cultures were 

standardized at an OD600nm = 1.8-2. Two hundred milliliters of filter-sterilized juice (2%) were 

placed in a 250 mL sterilized flask, inoculated with bacterial suspension at the rate of 2% (v/v), 

and incubated at 37°C for 150 min. The pH during digestion decreased according to the profile 

suggested by Marteau et al. (1991) for yogurt digestion in which gastric pH dropped gradually 

from 4.5 to 1.5 in 2.5 h (Marteau et al., 1991). The initial pH of gastric juice was adjusted at 4.5 

prior to adding bacterial suspension and incubated at 37°C for 30 min. Then the pH decreased 

to 2.4, 1.7, 1.6, and 1.5 at 30 min intervals using 0.5 M HCl solution. Samples were aseptically 

withdrawn at zero time and at 30 min intervals during 2.5 h of incubation to determine the viable 

cell counts by plating serial dilution samples (made in 0.15% sterile peptone water) using the 

drop-plate method described by Herigstad et al. (2001) on MRS agar medium incubated at 37°C 

for 48 h. Results were expressed as CFU per milliliter (CFU/mL) (Herigstad et al., 2001). 

Results were expressed as a percentage of the survival of the bacteria after exposure to 

simulated gastric conditions. 

2.5.3.2. Microbial Viability in Simulated Intestinal Fluid 
The simulated intestine fluid was prepared according to the United States 

Pharmacopeial Convention (2004). Briefly, 0.68% of monobasic potassium phosphate, 19% 

(v/v) of sodium hydroxide 2 N, pancreatin 1% (w/v), 0.3% (w/v) porcine bile extract (Sigma 

Aldrich, Co., St. Louis, MO, USA), and 0.25% L-cysteine (Nikolic et al., 2012), digestion was 

done according to the profile suggested by Marteau (1991). Two hundred milliliters of filter-

sterilized intestinal juice were placed in a 250 ml sterilized flask, inoculated with bacterial 

suspension at the rate of 2% (v/v), and incubated at 37°C for 180 min. The pH was adjusted to 

7.2 by injecting 0.2 M sodium hydroxide solution. During 3 h of incubation, samples were 

aseptically withdrawn at initial time and hourly to determine the viable cell counts by the drop-

plate method as described above.  
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2.6. Genomic analyses 

2.6.1. Design of specific primers for gadB gene and its detection using PCR 

The primers were designed using the Primer-BLAST tool according to the nucleotide 

sequence of the gadB gene of strains with known taxonomic information at the National Centre 

for Biotechnology Information (NCBI) databank. The potential matches of selective specific 

primers were performed with RDP Release 11 - Sequence Analysis Tools. The specific forward 

and reverse gad gene primers were used for PCR reaction are shown in Table 2. The PCR 

amplification was performed with different annealing temperatures with a gradient from 50-55°c 

for optimizing the results.All amplifications were performed in a T100™ Thermal Cycler (Bio-

Rad Laboratories, Canada). After optimizing the respective annealing temperature, the bacterial 

strains were screened for the gad gene's presence in all the commercial starter culture samples 

by performing a PCR reaction.  

2.6.2. Identification of GABA-producers by 16S rDNA sequencing 

Total DNA of active strains isolated with having gadB gene was extracted using Wizard® 

Genomic DNA Purification Kit (Promega Corporation, Madison, USA) according to the 

manufacturer’s instructions with some modifications, and DNA concentration was determined 

using NanoQuant Plate (Tecan Group Ltd. Männedorf, Switzerland) for PCR amplification. For 

each sample, the 16S region was amplified using universal primers Bact 8F (5’-

AGAGTTTGATCCTGGCTCAG-3’), 1391R (5’-GACGGGCGGTGTGTRCA-3’) (Morrison et al., 

2012) in a T100™ Thermal Cycler (Bio-Rad Laboratories, Canada). The total volume of each 

reaction mixture was 50 μl as described by (Hanchi et al., 2014). The thermal cycle program 

consisted of an initial denaturation and polymerase activation at 95 °C for 2 min, amplification 

for 30 cycles of 94 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s, and a final extension at 72 °C 

for 1 min. Amplified products were verified by detecting single bands following electrophoresis 

(110 V for 45min) on 1% agarose gels and visualized by ethidium bromide staining using gel 

imaging system (Life Science Research, Bio-Rad Laboratories, Canada). The PCR amplicons 

were then purified using QIAquick PCR Purification Kit (QIAGEN, Canada), and sequencing 

ofamplified 16S rDNA gene from isolated strains was performed at the Ottawa Hospital 

Research Institute (OHRI) Sequencing Facility. The resulting sequence data were aligned and 

analyzed using Basic Local Alignment Search Tool (BLAST) 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and Ribosomal Database Project (RDP Release 11 - 

Sequence Analysis Tools) 

(http://www.lcsciences.com/documents/sample_data/16S_sequencing/src/html/top1.html). 
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2.6.3. Whole-genome sequencing of selected bioactive strains 

A total of 3 strainshaving high GAD activity, namely Streptococcus Thermophilus ST16, 

Lactobacillus delbrueckii subsp. Bulgaricus ST7, and Bifidobacterium animalis ST20, were 

selected for Whole-genome sequencing (WGS). These bacteria were grown in MRS broth under 

anaerobic conditions for 24 h at 37°C. The whole genomic DNA extraction of the bacterial 

samples was performed using NucleoSpin® Microbial DNA Kit (MP Biomedical, USA) according 

to the manufacturer’s instructions with some modifications. The concentrations of the extracted 

DNA bacterial samples were quantified using a Qubit dsDNA BR Kit (NanoQuant Tecan Spark, 

Switzerland), and the concentration of each sample was set to yielding 30 ng/µl of high-quality 

DNA for PCR reaction to an average fragment library size of ~ 630 bases. DNA library for 

microbial WGS was prepared using the Nextera™ DNA Flex Library Preparation Kit (Illumina, 

San Diego, CA) following the manufacturer’s recommended procedures. The sequencing library 

was sequencedon an Illumina MiSeq instrument using the MiSeq reagent kit with a paired-end 

250 bases format. The PCR amplicons were > 150 bp. Sample bead purification was cleaned 

up amplicons >500 bp.Designed primers were used to cover the amplicon target region (50 bp 

per end reads). Base-calling was performed on the raw WGS data, the fastq data were 

generated, and the velvet assembled genomes were reported. The genome annotation was 

performed by the Rapid Annotation using Subsystem Technology (RAST) 

(https://rast.nmpdr.org/), an annotation server optimized for strains isolated. The DNA 

sequences obtained have been deposited in the GenBank database under accession numbers 

ST7 sp. 6666666.655309, ST16 sp. 6666666.655310, and ST20 sp. 6666666.655312. 

2.7. Statistical analysis 

Data were expressed as the mean ± standard error (SE). All experiments were 

conducted in biological and technical triplicates. Repeated measures 2-way ANOVA test with 

Tukey's was used to compare multiple groups using GraphPad Prism software version 8 

(GraphPad Prism Inc., San Diego, CA, USA). A p-value at p < 0.05 or less was considered as 

the level of significance for some experiments. Significant differences were indicated in the 

figures by different P values (*p < 0.05, **p < 0.01). 

3. Results 

3.1. Detection of gadB genes and isolation of potent LABs species 

A total of 30 microbial cultures were assessed for the presenceof the gadB gene, with 

only 14 samples being positive (Table 3.1). The potentially bioactive bacteria were then isolated 



28 
 

from the samples using selective culture media, and their identity was confirmed by 16SrRNA 

sequencing (Table 3.1). Of 14 isolated LABs, we identified 5 strains of Streptococcus 

thermophilus (isolated on M17 agar plates) and 4 of Lactiplantibacillus plantarum (isolated on 

MRS agar plates). Among isolated bioactive strains, we have also found non-expected strains 

that were undeclared or contaminants, such as Enterococcus faecium, a common contaminant 

of dairy food products, and Bifidobacterium animalis in sample 20. 

3.2. GAD activity 

GAD activity of the isolated strains was determined by rapid colorimetric assay using 

bromocresol green. As shown in Figure 3.1, GAD enzymatic activity of cell extracts was 

maximal for strains S. thermophilusST16, S. thermophilus ST18, S. thermophilus ST8, B. 

animalis ST20, L. acidophilus LP16-2, and L. plantarumLP9 compared to species lacking the 

gadB gene (negative controls: S. thermophilus ST23 and L. plantarum LP27). GC-FID analyses 

confirmed the highest GABA production capacity of S. thermophilus ST16 (1641.5  154.15 

µmol/L), S. thermophilus ST8 (1724.548.08 µmol/L). In a lesser extent, B. animalis ST20, L. 

acidophilus LP16-2, and E. faecium ST3 respectively produced 947.5  70.71, 918.0  121.42, 

and 907.83  55.15 µmol/L of GABA. 

3.3. Growth and enzymatic activity in a simulated colonic environment 

The growth kinetics, acidification profile, and GAD activity of the isolated strains were 

monitored in the mMRS broth, as shown in Figure 3.2. All strains had important growth, being 

maximal for S. thermophilus and L. acidophilus. The pH also decreased below 5 for all strains 

suggesting a significant acid production. Of particular interest, the strain S. thermophilus ST16 

presented the highest growth, almost 10 logs CFU/mL after 24 h, and had a maximal GAD 

enzymatic activity (18-36 h) during the assay (Figure 3.2). The growth, pH, and enzyme activity 

of the GABA-producing strains were also investigated in the mMacfarlane medium, which 

mimics the physiological conditions in the colonic environment. All tested strains had growth, 

acidification profiles, and enzymatic activities relatively maximal in mMacfarlane medium close 

to those obtained in the mMRS broth (Figure 3.3). Finally, the capacity of our selected bacteria 

to grow and produce their metabolites was assessed in a microbiota pre-fermented 

mMacfarlane broth, which contains all metabolites produced by the gut microbiota, including 

short-chain fatty acids that could inhibit the growth of several microbes in the colonic 

environment. As shown in Figure 3.4, the growth, acidification capacity, and GAD enzymatic 

activity were monitored for seven consecutive days. The capacity of the selected bacteria to 

adapt to the pre-fermented media was confirmed, with a maximal growth obtained after 4 days. 
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The strain S. thermophilus ST16 also had the highest growth and GAD activity compared to the 

other tested strains. All these results confirmed the capacity of the selected bacteria to grow and 

survive in simulated human colonic conditions. 

3.4.In vitro probiotic potential 

3.4.1. Resistance to antibiotics of isolated strains 

The minimal inhibitory concentration (MIC) of each antibiotic was detected by 

microdilution methods. The breakpoints of the antibiotics ampicillin, gentamicin, vancomycin, 

streptomycin, erythromycin, ciprofloxacin, tetracycline, and chloramphenicol were determined 

following CLSI 2018 and EFSA 2018 (Hanchi et al., 2014). All the strains were sensitive to 

streptomycin (aminoglycoside class of antibiotics) (Table 3.3). S. thermophilus strains were 

resistant to gentamycin, erythromycin, and tetracycline at the highest amount of 50, 6.25, and 

12.5 μg/mL, respectively.L. plantarum strains were susceptible to gentamycin, streptomycin, 

tetracycline, andchloramphenicolbut resistant to ampicillin, erythromycin, vancomycin, and 

ciprofloxacin. The highest concentration value for ampicillin, vancomycin, erythromycin, and 

ciprofloxacin among isolated L. acidophilus (LP16-2) was measured at 1.562, 3.125, 1.562, and 

6.25 μg/mL. The B. dentium and B. animalis ST20 were shown to be resistant to the 

vancomycin 3.125 μg/mL, erythromycin 1.562 μg/mL (Table 3.3). Two isolated Enterococcus 

faecium(ST2, ST3) were observed to resist to ampicillin, vancomycin, erythromycin, and 

ciprofloxacin with a MIC value of 12.5, 12.5, 3.125, and 1.562 μg/mL, respectively. Finally, L. 

delbrueckii subsp. bulgaricus was found to be resistant to vancomycin at 3.125 μg/mL, 

erythromycin at 1.562 μg/mL, tetracycline at 6.25 μg/mL, and ciprofloxacin at 6.25 μg/mL (Table 

3.3).  

3.4.2. Virulence Factors 

The two isolated GABA-producing strains, E. faecium ST2 and E. faecium ST3, were 

screened for the presence of several determined virulence factors and compared to the positive 

control Enterococcus faecalis ATCC 27275. Six virulence genes involving EntLysA, esp, asa, 

hyl, cyl A, and GelE were tested for isolated strains in this study. None of the virulence genes 

(EntLysA, esp, asa, hyl, cyl A, GelE) were detected for the strains tested. The control strain E. 

faecalis ATCC 27275 was positive for the presence of enterolysin A (EntLysA), aggregation 

substance (asa), entrococcal surface protein (esp), and gelatinase (gelE) as described in 

previous studies (Hanchi et al., 2014; Kiruthiga et al., 2020) in respective product size of 345, 

410, 560, and 250 bp. This strain was also negative for hyaluronidase (hyl), cytolysin (cylA). 
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3.4.3. Whole-genome sequencing 

The whole-genome sequences of 3 isolated representative GABA-producing strains (S. 

Thermophilus ST16, L. delbrueckii subsp. Bulgaricus ST7, and B. animalis ST20) were 

determined and compared with some related closest LABs sequenced genomes available in the 

GenBank database. The genome sequence length, average G+C content, rRNA gene operons, 

and assembled contigs are summarized in Table 3.4. Genomic sequences of all active strains 

were examined to identify genes encoding gadB and gadC involved in GABA biosynthesis. The 

sequence alignments were compared to gadB belonging to Streptococcus and Lactobacillus 

genera possessing the GAD locus identified by BLAST software, as described previously 

(Duranti et al., 2020). The gadC was coded for glutamate/GABA antiporter and identified as a 

whole operon with gts (glutamyl-tRNA synthetase) for strains sequenced, contributing to GABA 

accumulation, similar to other whole genomes available in the GenBank for GAD detection. 

Moreover, we have surveyed the pdxJ, a gene involved in the synthesis of pyridoxal 5′-

phosphate (PLP), a metabolically active form of vitamin B6 that plays a critical cofactor during 

glutamate bioconversion to GABA. Besides, no detected genes were associated with resistance 

to the common antibiotics proposed by CLSI guidelines and EFSA standards, confirming the 

safety of these probiotic candidates. Also, no virulence factor genes were identified in the 

sequenced genomes. 

3.5.4. Survival in gastrointestinalfluids 

The most bioactive strains were tested for their viability in gastric juice and intestinal 

fluid.All the selected LAB strains showed resistance to gastric juice at 2.4 pH and intestinal 

conditions and survived within the gastrointestinal environment. The viable cell counts of the 

LABs and Bifidobacteria strains were calculated as follows: S. thermophilus ST8 and ST 16, L. 

acidophilus LP16-2, and L. plantarumLP6 and LP9, had the highest survival rates, and the L. 

plantarum LP6 had the highest survival rate until pH 1.5 in gastric conditions (Figure 3.5). On 

the other hand, B. animalis ST20 survived only at pH 4.5 and 2.4 in the simulated gastric juice. 

After 3 h of exposure to the intestinal fluid, all bacterial strainsexhibited high survival rates after 

3 h incubation at 37°C.  

4. Discussion 

This study aimed to screen the ability of LABs isolated from different commercial starter 

cultures and food products to produce GABA and to survive gastrointestinal conditions. 

Evidence is accumulating on a pivotal role for GABA in host physiology and on the impact that 

dysfunction in its signaling may have on a wide range of diseases (Smart & Stephenson, 2019). 
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For instance, the relative abundance of Bacteroides, a major GABA-producing member of 

commensal gut microbiota, was negatively correlated with depression-associated brain 

signatures (Strandwitz et al., 2019), indicating a potential role for microbiota-derived GABA in 

brain functionality. Importantly, GABA has been identified as an essential growth factor that can 

induce the growth of unculturable gut bacteria (Strandwitz et al., 2019), raising the possibility 

thatin vivo GABA production by commensal and probiotic bacteria could exert mental health 

benefits through its actions on the gut microbiota (Bienenstock et al., 2010). In this study, we 

identified several Lactobacilli and Bifidobacteria strains with a high capacity to produce GABA, 

consistently with previous studies that described the GAD activity of GABA-producing LABs 

(Lacroix et al., 2013; Patterson et al., 2019). Whether these GABA-producing candidates 

interact with commensal gut bacteria and exert health benefits on the host, however, has yet to 

be determined.  

During the isolation procedure, non-declared strains were identified, including E. 

faecium, L. delbrueckii subsp. bulgaricus, L. acidophilus, and B. animalis, suggesting bacterial 

contamination of the commercial products.A total of 14 LAB strains isolated from various 

commercial starter cultures and food products were identified as positive for the presence of the 

gadB gene (Richard & Foster, 2004) and found to produce GABA, with 5 S. thermophilus and 

4L. plantarum strains being the most active isolates. In addition, these strains presented with a 

high growth and acidification capacity, which is likely due to the production of organic acids 

(mainly lactic acid). Our tested strains also survived in both the mMacfarlane and pre-fermented 

Macfarlane broths (the latter mimicking colon physiological conditions, including microbiota 

metabolome), suggesting their suitability as probiotics with high GABA production capacity. 

Indeed, beside metabolite production (GABA in our case), survival under simulated colonic 

conditions is an important criterion when investigating the probiotic potential of microbial 

candidates (Le Lay et al., 2015). Several studies illustrated the role of the bacterial GAD system 

in the pH tolerance of acidic environments. For example, E. coli contains about 12 metabolic 

stress-related genes, including the GAD system, which form an acid fitness island (Hommais et 

al., 2004; Mates et al., 2007). The GAD system maintains a neutral pH of the cytoplasm via the 

decarboxylation of glutamate to GABA and inversion of the membrane potential (Hommais et 

al., 2004; Mates et al., 2007). Our findings thus confirmed that our isolated strains could adapt 

to a colonic environment and are good GABA-producing candidates for developing functional 

food products.  
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The safety evaluations and in vitro probiotic potential of the selected strains were 

assessed by antibiotic susceptibility, detection of virulence-encoding genes, and survival in 

simulated gastric juice and intestinal fluid assays. Our isolated strains exhibited a species-

dependent susceptibility to several antibiotics, being sensitive to critically important 

antimicrobials as previously observed for LAB strains (Hanchi et al., 2014). LABs (except 

Enterococci) are generally recognized as safe and are widely used as probiotics and fermentive 

cultures for various foods, supported by a long history of safe usage (Hammami et al., 2019). 

Many Lactobacilli have been reported as intrinsically resistant to antibiotics despite their safety 

status, such as vancomycin, gentamicin, kanamycin, streptomycin, and ciprofloxacin but 

susceptible to penicillin and β-lactams (Campedelli et al., 2018). In addition, Bifidobacteria 

strains tested in the current study were resistant to vancomycin, according to previous reports 

(Kheadr et al., 2007). Besides, the two non-expected isolated strains E. faecium ST2 and E. 

faecium ST3, in our study did not exhibit any virulence gene, thus confirming their safety. 

Indeed, the absence of virulence genes is an important criterion for Enterococci's probiotic 

selection (Hanchi et al., 2018).  

Resistance to gastrointestinal conditions is also an essential criterion for probiotic 

assessment (Lone et al., 2021). All bacterial isolates in the current study were resistant to the 

gastric juice at pH 2.4, while only L. plantarum LP9 survived until pH 1.5, and S. thermophilus 

ST8, L. plantarum LP6, and L. acidophilus LP16-2 survived until pH 1.6. Remarkably, all tested 

strains exhibited very high survival rates in the pancreatic fluid. Resistance to gastrointestinal 

stresses was previously reported for several LABspecies while being species-dependent 

(Vecchione et al., 2018). Our WGS results confirmed that our tested strains (L. delbrueckii 

subsp. bulgaricus ST7, S.thermophilus ST16, B. animalis ST20) exhibited high GAD enzymatic 

activity, reflective of their capacity to produce GABA, while lacking plasmids, toxins, adhesion 

toxins, and transposable elements, indicating that their resistance profiles are chromosomic 

mediated. All safety and stability features of the tested GABA-producing strains position them as 

promising probiotic candidates for extending their application to the functional food 

industry(Lacroix et al., 2013; Siragusa et al., 2007). 

The present study provides evidence that several LABs from food origin have the 

capacity to produce GABA and present essential probiotic features for their application as 

functional food products. Fourteen strains were isolated, identified, and tested for their GABA 

production and GAD enzymatic activity. The selected strains had fast product kinetics, did not 

harbor any virulence factors, were sensitive to antibiotics and presented with a high survival rate 
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in simulated gastrointestinal conditions. Our findings also confirm the capacity of these probiotic 

candidates to grow, survive, and produce their active metabolites, such as GABA, under human 

colonic physiological conditions that included microbiota metabolome. Although additional 

studies are still needed to fully characterize these bacteria, the establishment of these essential 

probiotic properties in our candidates offers a new opportunity to use these GABA-producing 

bacteria in the development of health-oriented functional food products. 
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Table 3.1. The list of Bacterial strains isolated from commercial food products. 
Sample Products Declared bacterial content Isolated bacterial strains Strain 

ID 
Detection 

of GAD 
gene 

1 Probiotic capsules Lactobacillus delbrueckii subsp. bulgaricus - - - 
2 Probiotic mix: Lactobacillus 

and Bifidobacterium 
L. delbrueckii subsp. bulgaricus, L. acidophilus, L. casei, L. 
rhamnosus, B. infantis, B. bifidum, B. longum, B. breve, B. 
adolescentis, S. thermophilus 

Enterococcus faecium ST2 + 

3 Bulgarian Yogurt Starter 
Culture 

L. delbrueckii subsp. bulgaricus, S. thermophilus, B. infantis, B. 
bifidum, B. longum, B. breve, B. adolescentis 

E. faecium ST3 + 

4 Cheese Thermophilic starter S. thermophilus, L. helveticus S. thermophilus ST4 + 
5 Propionic Bacteria Propionibacterium freudenreichii subsp. shermanii - - - 
6 Industrial Foamy Kefir L. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar 

diacetylactis, L. plantarumL. rhamnosus 
L. plantarum LP6 + 

7 Yogurt Starter: 
Bifidobacterium and 
Acidophilus 

B. sp., S. thermophilus, L. acidophilus L. delbrueckii subsp. 
bulgaricus 

ST7 + 

8 Yogurt Culture L. casei, B. longum, L. delbrueckii subsp. bulgaricus, S. 
thermophilus, L. acidophilus 

S. thermophilus ST8 + 

9 Digestive Care starter 
culture 

L. plantarum L. plantarum LP9 + 

10 Brevibacterium Linens Brevibacterium Linens - - - 
11 Kefir Starter Culture L. lactis, L. lactis subsp. lactis biovar diacetylactis, L. lactis 

subsp. cremoris, Leuconostoc mesenteroides cremoris, L. 
kefiranofaciens 

- - - 

12 Industrial mesophillic starter L. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar 
diacetylactis, Leuconostoc mesenteroides 

- - - 

13 Industrial starter culture 
Flora 

- 
- - - 

14 Probiotic capsules - L. plantarum LP14 + 
15 Cheese starter culture - -  - 
16 Cheese starter culture 

- 
S. thermophilus 
L. plantarum 
L.acidophilus 

ST16 
 LP16-1 
LP16-2 

+ 
+ 
+ 

17 Cheese starter culture L. lactis, L. lactis subsp. cremoris - - - 
18 Cheese starter culture S. thermophilus, L. delbrueckii subsp. bulgaricus S. thermophilus ST18 + 
19 Cheese starter culture L. lactis, L. lactis subsp. cremoris - - - 
20 Yogurt Culture S. thermophilus, L. delbrueckii subsp. bulgaricus, L. lactis, L. 

acidophilus, B. longum 
B. animalis ST20 + 

21 Starter protective culture - S. thermophilus ST21 + 
22 Cheese starter culture L. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar 

diacetylactis, Leuconostoc mesenteroides 
- - - 

23 Cheese starter culture L. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar S. thermophilus ST23 - 
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diacetylactis, S. thermophilus 
24 Cheese starter culture L. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar 

diacetylactis, L. delbrueckii subsp. bulgaricus 
- - - 

25 Starter protective culture L. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar 
diacetylactis, L. helveticus 

- - - 

26 Cheese starter culture Flav - - - - 
27 Starter protective culture - L. plantarum LP27 - 
28 Starter protective culture Brevibacterium Linens - - - 
29 Starter protective culture L. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar 

diacetylactis, Leuconostoc spp. 
- - - 

30 ATCC reference strain B. dentium ATCC 27678 - - + 
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Table 3.2. Designed specific primers used for the detection of microbialgadB gene 

No Specificity Primer Name Primer type Sequence (5ʹ-3ʹ) 
GC content 

(%) 
Melting Temp 

(°c) 
Annealing 

temp 
gradient (°c) 

1 Bifidobacterium dentium 
GADB-F Forward TGGGACTTCCGCGTCAAGC 63.18 62.88 

50-55°c 
GADB-R Reverse CGCAGGAACATGTAGTACTGC 52.38 59.07 

2 Streptococcus thermophilus 
GADST-F Forward  GTTTTTCTTGCCATCGGCGT 50 60.04 

50-55°c 
GADST-R Reverse CCCCGGAGAAAACACTGAGG 60 60.32 

3 Lactiplantibacillus plantarum 
GADLp-F Forward CGGGTACCTCTACGATTGGC 60 59.97 

50-55°c 
GADLp-R Reverse TGATGCCCATGATACCGACG 55 59.97 

4 
Lactobacillus lactis subsp lactis 
  

GADLL-F Forward TGGCAATTGTGACCCATCGT 50 60.25 
50-55°c 

GADLL-R Reverse TTTCAATCAATACCTCAGGCCA 40.91 57.69 

5 Lactobacillus delbrueckii  
GADLD-F Forward CGGCTGGCTATCAAGTTTGC 55 59.9 

50-55°c 
GADLD-R Reverse AACGACCTTATCGAGTGCGG 55 60.18 

6 Lactobacillus lactis subsp cremoris 
GADLLc-F Forward TTCATAGCCATTCCCCCAAGC 52.38 60.41 

50-55°c 
GADLLc-R Reverse GATGAAATGATAGATGAAGGGAACG 40 57.87 

7 
Levilactobacillus brevis 
  

GADLB-F Forward CCTCGACGATTGGTTCCTCC 60 60.18 
50-55°c 

GADLB-R Reverse GTGTAAAATCCGCCGGAAGC 55 59.9 

8 Lactococcus lactis subsp. diacetylactis  
GADLD'-F Forward CTCGCATTCCAAAGGTCAGC 55 59.55 

50-55°c 
GADLD'-R Reverse ATTGAACCTCGAGTGGCCTA 50 58.43 

9 
 

Lactobacillus delbrueckii subsp. bulgaricus 
    

GADLb-F Forward ACTTCCGGTTGGCTAACGTC 55 60.32 
50-55°c 

GADLb-R Reverse ATCATTTTGGGTCCCTTCCCG 52.38 60.34 
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Table 3.3. Minimum inhibitory concentration of various antibiotics against isolated strains. 

Strains 

Antibiotics (μg/mL) 

Gentamicin 
 

Ampicillin 
 

Streptomycin 
 

Vancomycin 
 

Tetracycline 
 

Chloramphenicol 
 

Erythromycin 
 

Ciprofloxacin 

MIC I* 
 

MIC I* 
 

MIC I* 
 

MIC I* 
 

MIC I* 
 

MIC I* 
 

MIC I* 
 

MIC I* 

S. thermophilus 

Breakpoints** 32 
  

0.25-8 
  

64 
  

1-4 
  

2-8 
  

4-16 
  

0.25-2 
  

4 
 

ST4 50 R 
 

3.125 S 
 

50 S 
 

1.562 S 
 

12.5 R 
 

3.125 S 
 

6.25 R 
 

3.125 S 

ST8 50 R 
 

3.125 S 
 

50 S 
 

1.562 S 
 

12.5 R 
 

3.125 S 
 

6.25 R 
 

3.125 S 

ST16 50 R 
 

3.125 S 
 

50 S 
 

1.562 S 
 

12.5 R 
 

3.125 S 
 

6.25 R 
 

3.125 S 

ST18 50 R 
 

3.125 S 
 

50 S 
 

1.562 S 
 

12.5 R 
 

3.125 S 
 

6.25 R 
 

3.125 S 

ST21 50 R 
 

3.125 S 
 

50 S 
 

1.562 S 
 

12.5 R 
 

3.125 S 
 

6.25 R 
 

3.125 S 

ST23 50 R 
 

3.125 S 
 

50 S 
 

1.562 S 
 

12.5 R 
 

3.125 S 
 

6.25 R 
 

3.125 S 

L. plantarum 

Breakpoints** 16 
  

0.125-2 
  

2-1024 
  

2-256 
  

32 
  

4-8 
  

0.125-1 
  

1 
 

LP6 12.5 S 
 

3.125 R 
 

12.5 S 
 

25 R 
 

25 S 
 

3.125 S 
 

6.25 R 
 

6.25 R 

LP9 12.5 S 
 

3.125 R 
 

12.5 S 
 

25 R 
 

25 S 
 

3.125 S 
 

6.25 R 
 

6.25 R 

LP14 12.5 S 
 

3.125 R 
 

12.5 S 
 

25 R 
 

25 S 
 

3.125 S 
 

6.25 R 
 

6.25 R 

LP16-1 12.5 S 
 

3.125 R 
 

12.5 S 
 

25 R 
 

25 S 
 

3.125 S 
 

6.25 R 
 

6.25 R 

LP27 12.5 S 
 

3.125 R 
 

12.5 S 
 

25 R 
 

25 S 
 

3.125 S 
 

6.25 R 
 

6.25 R 

L. acidophilus 
Breakpoints** 16 

  
1 

  
16 

  
2 

  
4 

  
4 

  
1 

  
1 

 
LP16-2 12.5 S 

 
1.562 R 

 
12.5 S 

 
3.125 R 

 
3.125 S 

 
3.125 S 

 
1.562 R 

 
6.25 R 

Bifidobacteria 

Breakpoints** 64 
  

2 
  

128 
  

2 
  

8 
  

4 
  

1 
  

2 
 

B. dentium 50 S 
 

1.562 S 
 

50 S 
 

3.125 R 
 

6.25 S 
 

3.125 S 
 

1.562 R 
 

3.125 S 

ST20 25 S 
 

1.562 S 
 

100 S 
 

3.125 R 
 

6.25 S 
 

3.125 S 
 

1.562 R 
 

6. 25 S 

L. delbrueckii 
Breakpoints** 16 

  
2 

  
16 

  
2 

  
4 

  
4 

  
1 

  
1 

 
ST7 12.5 S 

 
1.562 S 

 
12.5 S 

 
3.125 R 

 
6.25 R 

 
3.125 S 

 
1.562 R 

 
6.25 R 

E. faecium 

Breakpoints** 500 
  

8-16 
  

1000 
  

4-32 
  

4-16 
  

8-32 
  

0.5-8 
  

1-4 
 

ST2 25 S 
 

12.5 R 
 

100 S 
 

12.5 R 
 

3.125 S 
 

6.25 S 
 

3.125 R 
 

1.562 R 

ST3 25 S 
 

12.5 R 
 

100 S 
 

12.5 R 
 

3.125 S 
 

6.25 S 
 

3.125 R 
 

1.562 R 

I*: MIC interpretation (R: resistant; S: sensitive); ** Breakpoints adopted from CLSI and EFSA 2018 
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Table 3.4.General genomic features of selected bioactive strains 
Strain ID ST7 ST16 ST20 
BLAST identity Lactobacillus delbrueckii subsp. 

bulgaricus 
Streptococcus thermophilus Bifidobacterium animalis 

Biological origin Food environment Food environment Food environment 
Genome ST7 sp. ST16 sp. ST20 sp. 
Domain Bacteria Bacteria Bacteria 
Taxonomy Bacteria; ST7 sp. Bacteria; ST16 sp. Bacteria; ST20 sp. 
Genome length (bp) 1,913,256 1,812,085 4,982,268 
GC Content% 49.8 38.9 50.1 
N50 39756 66727 13730 
L50 14 9 85 
Number of Contigs (with PEGs) 259 125 2012 
Number of Subsystems 189 216 270 
Number of Coding Sequences 2091 2119 6151 
Number of RNAs 77 56 101 
Closest neighbour Lactobacillus delbrueckii subsp. 

bulgaricus ATCC 11842 
Streptococcus thermophilus 
CNRZ1066 

Lactobacillus brevis ATCC 367 

Identified gad gene gadB gadB gadB 
% Similarity compare RAST 
Database and BLAST   

%99.3 %99.8 %98.6 

Accession number ST7 sp. (6666666.655309) ST16 sp. (6666666.655310) ST20 sp. (6666666.655312) 

 



 

Figure3.1. GAD-catalyzed reaction of cell extracts of isolated bacterial strains compared to the positive and negative controls.
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Figure3.2. Kinetics of growth (A), acidification (B), and GAD activity (C) of isolated lactic acid bacteria in mMRS broth (during 
anaerobic incubation at 37°C for 48 h). The initial cell density was Log 
triplicate.Statistical comparisons were conducted among different 
within each tested strain using repeated measures 2
were calculated for all obtained data with various 

✱

✱ ✱
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Kinetics of growth (A), acidification (B), and GAD activity (C) of isolated lactic acid bacteria in mMRS broth (during 
anaerobic incubation at 37°C for 48 h). The initial cell density was Log 106 CFU/mL. Data are the average of an

Statistical comparisons were conducted among different tested strains at the same time and among different time points 
using repeated measures 2-way ANOVA test with Tukey's multiple comparisons test. Significa

with various tested strains and different time points(*p < 0.05, **p < 0.01).

✱

 

Kinetics of growth (A), acidification (B), and GAD activity (C) of isolated lactic acid bacteria in mMRS broth (during 
CFU/mL. Data are the average of analysis in 

at the same time and among different time points 
way ANOVA test with Tukey's multiple comparisons test. Significant differences 

and different time points(*p < 0.05, **p < 0.01).
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Figure 3.3. Kinetics of growth (A), acidification (B), and GAD activity (C) of the GABA-producing 
strains in the mMRS and mMacfarlane broths during anaerobic incubation at 37°C for 48 h. The 
initial cell density was Log 106 CFU/mL. Data are the average of analysis in triplicate.Statistical 
comparisons were conducted among different tested strains at the same time and among 
different time points within each tested strain using repeated measures 2-way ANOVA test with 
Tukey's multiple comparisons test. Significant differences were calculated for all obtained data 
with various tested strains and different time points (*p < 0.05, **p < 0.01).

✱✱ ✱✱ ✱✱
✱✱ ✱ ✱ ✱

✱✱ ✱✱ ✱

✱
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Figure 3.4.Kinetics of growth (A), GAD activity (B), and acidification (C) of isolated GABA-producing strains in the pre-fermented 
Macfarlane broth for seven consecutive days. The initial cell density was Log 106 CFU/mL. Data are the average of analysis in 
triplicate.Statistical comparisons were conducted among different tested strains at the same time and among different time points 
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within each tested strain using repeated measures 2-way ANOVA test with Tukey's multiple comparisons test. Significant differences 
were calculated for all obtained data with various tested strains and different time points (*p < 0.05, **p < 0.01). 
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(A) 

 

(B) 

 
 

Figure 3.5. Survival of active isolated strains in the simulated gastric (A) and intestinal 
conditions (B). 
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Table 3.S1: PCR primers and products used for the detection of virulence genes of E. faecium 
and E. faecalis strains. 

Gene Virulence 
factor 

Primer 
name 

Oligonucleotide sequence (5′ to 3′) Product 
size 
(bp) 

Annealing 
temperature 
gradient 
(°C) 

Ref. 

EntLysA Enterolysin A EntLysAfw 

EntLysArev 

TGGGATCCTGTAGGTGGAGG 

CCATGAACCTCCGAGGACCC 

316 55°c Liu et al., 2011 

asa1  

 

Aggregation 
substance 

ASA 11   

ASA 12 

GCACGCTATTACGAACTATGA 
TAAGAAAGAACATCACCACGA 

375 56°c Galli et al., 1990 

gelE  

 

Gelatinase GEL 11   

GEL 12 

TATGACAATGCTTTTTGGGAT 
AGATGCACCCGAAATAATATA 

213 55°c Su et al., 1991 

cylA  

 

Cytolysin CYT I  

CYT IIb 

ACTCGGGGATTGATAGGC 
GCTGCTAAAGCTGCGCTT 

688 54°c Coque et al., 
1995 

esp  

 

Enterococcal 
surface protein 

ESP 14F  

ESP 12R 

AGATTTCATCTTTGATTCTTGG 
AATTGATTCTTTAGCATCTGG 

510 56°c Willems et al., 
2001 

hyl  

 

Hyaluronidase HYL n1  

HYL n2 

ACAGAAGAGCTGCAGGAAATG 
GACTGACGTCCAAGTTTCCAA 

276 55°c Rice et al., 2003 
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Abstract 

We have recently isolated and characterized in-vitro probiotic candidates producing γ-

aminobutyric acid (GABA), a major inhibitory neuromediator of the enteric nervous system with 

a potential role in modulating the immune system in many health disorders. This study aims to 

investigate the growth, GABA production, and competitiveness of selected probiotic candidates 

(Bifidobacterium animalis, Streptococcus thermophilus, and Lactobacillus delbrueckii subsp. 

bulgaricus) in the presence of human gut microbiota ex vivo in a model of a proximal colon 

mimicking physiological and microbiological conditions of the human large intestine. 

Supplementation with GABA-producing probiotic candidates did not affect the overall gut 

microbiota diversity over 48 h of treatment. However, we observed modulation of the 

microbiome composition, especially change of Bacteroides population, a key gut microbe 

associated with anti-depressive and anti-inflammatory activities. The level of microbiota-

generated butyrate within 12 h of treatment was significantly increased compared to control. 

Results from this study demonstrated the probiotic potential of tested GABA-producing bacteria 

and their impact on gut microbiota structure and metabolism, suggesting their suitability for gut 

health-promoting application. 

Keywords: GABA-producing bacteria; probiotics properties; gut microbiota; microbial 
metabolites; simulated human colon  
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1. Introduction 

Gut microbiota dysbiosis has been linked to many brain functions and behavioral 

disorders(Carabotti et al., 2015; Q. Ma et al., 2019). This link between gut microbiota and 

mental disorders has been confirmed via animal models, where germ free (GF) mice have 

developed anti-depression and anti-anxiety phenotypes as compared to specific pathogen free 

(SPF) mice as a result of hormonal imbalance in the hypothalamic-pituitary-adrenal (HPA) axis 

(Huo et al., 2017; Zheng et al., 2016). Gut microbiota interacts with the host central nervous 

system directly through microbial metabolites such as neurotransmitters or short chain fatty 

acids (SCFAs)(Q. Ma et al., 2019), or indirectly via neuronal, immunological or endocrinal 

connections(Sarkar et al., 2016). Gut microbiota produces a variety of neurotransmitters 

including GABA, serotonin, and dopamine that contribute to gut-brain axis signaling (Sarkar et 

al., 2016; Yong et al., 2020). GABA has been identified as an essential growth factor that solely 

can induce the growth of unculturable gut microorganisms (Strandwitz et al., 2019). The relative 

abundance of Bacteroides, a major γ-aminobutyric acid (GABA) producing members of gut 

microbiota, was negatively correlated with depression associated brain signatures (Strandwitz et 

al., 2019) indicating a significant role of microbiota-derived GABA in brain functionality.  

Probiotics represents the most common way to harness gut microbiota for a therapeutic 

benefit(Hemarajata & Versalovic, 2013). Probiotics are live microorganisms that, when 

administered in adequate amounts, confer a health benefit to the host (Hill et al., 2014). Several 

beneficial effects have been associated with consumption of probiotics such as the 

improvement of digestion and intestinal transit (Verna & Lucak, 2010), prevention of food 

allergies (Matricardi, 2002), enhancement of the immune system (Maldonado Galdeano et al., 

2019), fight against infectious and antibiotic-associated diarrhea (Agamennone et al., 2018), 

irritable bowel diseases (Dale et al., 2019), and more recently mental health disorders (Ansari et 

al., 2020). Probiotics alter gut environment by inducing the generation of a myriad of bioactive 

metabolites including short-chain fatty acids (SCFAs)and neurotransmitters (Yong et al., 2020). 

SCFAs, derived from intestinal microbial fermentation of indigestible fibers by anaerobic 

microbiota, have been known as main source of energy for epithelial cells of the colon that 

makes them crucial to gastrointestinal health and energy metabolism (van de Wouw et al., 

2018). Several commensal lactic acid-producing bacteria were identified to synthesize and 

deliver neurotransmitters (i.e., GABA), including members of the Bifidobacterium and 

Lactobacillus genera(H. Li & Cao, 2010). GABA has been known as a chief inhibitory 

neurotransmitter in the central nervous system, which would be involved in regulating the 
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interaction between gut and brain (Foster & McVey Neufeld, 2013). GABA is synthesized from 

glutamic acid via the action of glutamic acid decarboxylase (GAD) and pyridoxal phosphate 

(PLP) as a co-factor (Dhakal et al., 2012).As it is a metabolic product of the gut commensal 

bacteria, and consumed probiotics, therefore, the gut microbiota composition and diversity 

would control the enteric GABA levels(Hemarajata & Versalovic, 2013; Yong et al., 2020). This 

neuroactive metabolite can in turn modulates the gut microbiota structure in various kinds of 

stress (Mayer et al., 2014). 

There is a growing interest in identifying the high capability of LAB strains to produce 

GABA(Cui et al., 2020; Dhakal et al., 2012), however, the scientific evidence with relation to the 

capacity of these strains to grow, survive and produce GABA invivo, as well as their interaction 

with the colonic microbiota in the physiological colon conditions almost remains rare (Dinan & 

Cryan, 2017). Therefore, these strains could be screened exvivo for their abilities to modulate 

the gut microbiota composition and functionality and to maintain a certain microbial population 

of interest(Guzman-Rodriguez et al., 2018) before moving the promising candidates for invivo 

clinical trials. The present study aimed to evaluate the isolated GABA producing LAB, identified 

in chapter 3 for their capacity as potential probiotic candidates to survive, grow and produce 

GABA in an exvivo continuous fermentation model that mimics the physiological conditions of 

proximal colon. In addition, the impact of the isolated probiotic candidates and their metabolites 

on the gut microbiota composition and diversity was also examined. 

2. Material and methods 

2.1. Bacterial strains, media and culture conditions 

Bacterial strains were isolated from commercial cultures as described in previous 

chapter 4, and pure overnight culture of all strains were cryopreserved in 20% glycerol at −80°C 

till use. All strains were cultured in Lactobacilli MRS broth (VWR Avantor, CANADA). Bacterial 

strains were incubated at 37°C for 24 h anaerobically (Whitley A35 Anaerobic Workstation, UK).  

2.2. Bacterial enumeration by plate counts 

Viable cell counts were determined using the drop plate method. Four 20 μl drops of 

each 8-fold serial dilution of overnight subculture with peptone water (0.15 %, pH 7.0) were 

plated in duplicate on selective media for enumerating bacterial colony counts. Streptococcus 

thermophilus and Lactobacillus delbrueckii subsp. bulgaricuswere enumerated onM17 and MRS 

agar after aerobic incubation at 37°C for 24h respectively. Bifidobacterium animalis was counted 
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using MRS agar with 48h of anaerobic incubation at 37°C. Viable cell counts were 

demonstrated as log CFU/mL of fermentation culture medium.  

2.3. human colonic fermentation model 

2.3.1. Nutritive Culture Medium 

Macfarlane broth is a complex nutritive medium mimicking the nutrients encountered in 

healthy adult large intestine (Macfarlane et al., 1998). The nutrient medium was described in 

(Mottawea et al., 2020). The medium was autoclaved for 15 min and a filter-sterilized mixture 

vitamins solution was added to the cooled medium before use. 

2.3.2. Fecal sample collection and cell immobilization in gel beads 

Fecal samples were obtained from two healthy adult donors (1 male and 1 female), with 

two different enterotypes (Mottawea et al., 2020)who had not exposed to antibiotic treatment or 

probiotic supplements for at least three months before donation. Collection of fecal samples was 

approved by The University of Ottawa Research Ethics Board and Integrity (Ethics file number: 

H-02-18-347; Approval date: 29/07/2019). The feces were processed to slurries by dilution in 

reduced peptone water (20%, w/v), homogenized and further immobilized in 1–2 mm gel beads 

consisting of gellan gum (2.5%, w/v), xanthan (0.25%, w/v) and sodium citrate (0.2%, w/v) under 

anaerobic conditions as described previously in details (Le Blay et al., 2012). 

2.3.3. Experimental Setup and fermentation procedure 

The continuous fermentation was carried out for 34 days using an ex vivo model of the 

human proximal colon (NuGUT Research Platform, University of Ottawa) as previously 

described in (Mottawea et al., 2020). The model consists of a two-stage design comprising an 

Inoculation Reactor (IR) (1L BioFlo® 120 vessel; Eppendorf, Mississauga, ON, Canada) with 

immobilized fecal microbiota used to continuously inoculate four second-stage DASGIP® 

bioreactors (Eppendorf, Mississauga, ON) operated in parallel and consisting of a control 

reactor (CR) (no treatment control) and three test reactors (TR1, TR2, TR3). Each reactor was 

set up to reproduce the physiological and microbiological conditions of the adult proximal colon 

(pH 5.7, stirring at 120 rpm, 37°C, and mean retention time of 8 h). Anaerobiosis was ensured 

through continuous headspace flushing of N2 and CO2 at a 0.9:0.1 ratio, and a constant pH of 

5.7 was maintained by addition of 2.5 M NaOH. Fermentation was initiated by inoculating the IR 

containing 140 mL fresh sterile Macfarlane culture medium with 60 mL of immobilized gel 

beads. During the first 48 h, the colonic model was run in a batch mode to favor beads 

colonization, and subsequently switched to continuous mode for the rest of the experiment. 
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After stabilization of microbiota on continuous intestinal fermentation system for 2 weeks, the 

four bioreactors were set up and run without any treatment for 48 h to reach the stability of the 

microbial community. Once the stabilization is reached in all reactors, the bioreactors were 

subjected to probiotic treatment as follow:  CR bioreactor: served as no treatment control; TR1 

bioreactor: Streptococcus thermophilus ST16; TR2 bioreactor: Bifidobacterium animalis ST20; 

and TR3 bioreactor: a mixture of Streptococcus thermophilus ST16 and Lactobacillus 

delbrueckii subsp. bulgaricus ST7. Probiotic candidates were added once to the corresponding 

test reactor at final concentration of 109 CFU/mL each. Collected effluent samples (2 mL) were 

taken in duplicate and centrifuged at 14,000 × g for 5 min every 2h during the first 12h of 

treatment (0, 2h, 4h, 6h, 8h, 12h) and then at 24 and 48h from bioreactors. The collected 

samples were separated (centrifugation at 14 000 g, 5 min, 4 °C) to pellet used for 

metagenomic DNA extraction and supernatant used for short chain fatty acids (SCFA) analysis. 

Each fermentation experiment was conducted in duplicate for each fecal sample donor (a total 

of 4 biological replicates). 

2.4. Microbiota diversity and microbial metabolism analyses 

2.4.1. Genomic DNA extraction 

The genomic DNA extraction was performed up to approximately 100 mg of wet weight 

microbial cell fermentation pellet using the FastDNA® Spin Kit (MP Biomedicals; Solon, OH, 

USA) and homogenized with Bead Mill-24 homogenizer (Fisher Scientific; Ottawa, ON, Canada) 

as described by (Mottawea et al., 2020). The initial DNA concentration (200 ng/μl) was 

quantified by Qubit Fluorometer using Qubit dsDNA BR Assay Kit (Qubit™ Flex Fluorometer, 

ThermoFisher Scientific, Wilmington, USA). 

2.4.2. 16S Metagenomic Sequencing 

The microbial composition and diversity of the fecal and effluent fermentation samples 

was assessed using 16S rRNA-based MiSeq (Illumina, CA, USA) with high-quality and 

throughput sequencing. The V3-V4 regions of the 16S rRNA gene were amplified using dual-

barcoded primers, and the amplicon library for sequencing was constructed using Illumina 

standard protocol. The amplicon libraries were pooled in equimolar amounts and paired end 

sequenced with Illumina MiSeq platform (NuGUT Research Platform, University of Ottawa) 

using 600 bp MiSeq Reagent Kit v3 (Illumina; San Diego, CA, USA) as per standard protocol. 

Sequences were quality filtered, deblur denoised, and clustered into observed features based 

on 97%-similarity using the Greengenes database (v13.8) via QIIME 2.2020.8 software 
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(Caporaso et al., 2010). The observed features were rarefied into an equal number of 4,000 

reads per sample using QIIME. 

2.4.3. qPCR Analysis 

quantitative PCR (qPCR) was performed following method as described by (Fernandez 

et al., 2016) on a Bio-rad CFX96 Real-Time PCR Detection System with the C1000 Touch TM 

Thermal Cycler (Biorad, Oakville, ON, Canada) in 96-well plates. Standard curves were 

produced for the qPCR relative quantification of the collected fermentation samples of 

bioreactors using the following strains: S. thermophilus ST16, L. bulgaricus ST7, and B. 

animalis ST20. Specific primers used in this study are summarized in Table 1. The qPCR 

reaction mixture (20 μL) contained 1× SYBR green PCR Master Mix (Bio-Rad; Mississauga, 

ON, Canada), 0.5μM of each forward and reverse qPCR specific primer (Millipore-Sigma, 

Cleveland, OH, United States), 6μL of DNase-free water (Invitrogen), and 25ng of extracted 

microbial DNA. qPCR quantification of each sample was performed in duplicate. The 

amplification program was set up for 98 °C for 3 min, followed by 40 cycles of 95°C for 15 s and 

60°C for 30 s followed by melting cycle of the PCR product from 65°C to 95°C. Cq values were 

extracted using Bio-Rad CFX Maestro software, and the relative abundance of each organism 

was determined as a ΔCq value (taxon Cq–universal 16S rRNA Cq) as described before 

(Mottawea et al, 2020) where the increase in ΔCq indicates a decrease in the relative 

abundance and the opposite is true. 

2.4.4. Determination of SCFAs production using GC 

The production of Short-chain fatty acids (SCFAs; butyrate, acetate, and propionate) in 

fermentation samples from all sub-reactors was determined using Gas Chromatography 

coupled to Flame Ionization Detector (GC-FID) (Shimadzu GC-2030) as previously described 

(Monk et al., 2015). In brief, 2ml of supernatants of collected effluent fermented samples were 

centrifuged twice at 14,000 ×g for 30 min at 4C and filtered with 0.22μm membrane. 2-ethyl 

butyric acid was used as an internal standard and added to each sample at a concentration of 

0.5 mM. The analysis was carried out using a capillary column Stabilwax-DA (60 m × 0.25 µm; 

Restek) at a flow rate of 0.4 ml/min with 2 μL were injected to the GC (Nexis GC-2030, 

Shimadzu, Japan). Helium was used as a carrier gas on the flame ionization detector (FID). The 

initial temperature of oven was 100°C and then was increased to 200°C at a rate of 10°C/min. 

Injector and detector temperatures were maintained at 200°C and 300°C respectively. The 

peaks were identified by comparing their retention times with Volatile acid standard mix from 

MilliporeSigma (Oakville,ON, Canada). The data collection was analyzed using Lab Solutions 
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software developed by Shimadzu Corporation, Japan. All samples were analyzed in duplicates 

and results expressed in mM. 

2.5. Statistical analyses 

Alpha diversity was estimated with observed features, Shannon entropy, 

Pielou_Evenness, and Faith_pd. Beta diversity among samples was calculated using Bray-

Curtis distance and visualized using Principal Coordinate Analysis (PCoA). The contribution of 

different treatments to the diversity of gut microbiota community was assessed from the Bray-

Curtis distance matrix using the permutational multivariate analysis of variance (PERMANOVA)-

pairwise and 999 permutations (Bolyen et al., 2019). To identify differential taxa among different 

treatments, linear discriminant effect size analysis was conducted on the relative abundance of 

different taxa levels (Segata et al., 2011). Samples were labeled with the treatment type as the 

sample class, and the time points as the subclass. Taxa with log10 LDA score ≥ 2 and p< 0.05 

were considered significant. When required Kruskal-Wallis test was applied for statistical 

analysis, and P-values were corrected using two-stage Benjamini, Krieger, and Yekutieli false 

discovery rate (FDR) procedure.  

For SCFA contents, statistical analysis was performed using Prism software (GraphPad 

8). Statistical comparisons were conducted among different treatments at the same time and 

among different time points within each treatment using repeated measures two-way ANOVA 

with Tukey's multiple comparisons test and Dunnett's multiple comparisons test for SCFA and 

qPCR results analysis, respectively. Significant differences were indicated in the figures by 

different P values. 

3. Results 

3.1. Gut microbiata diversity 

Four diversity indices were calculated to compare the alpha-diversity of different 

treatments; observed features, Shannon entropy, Faith_PD and Pielou’s eveness. Dual 

treatment with the combination of combination of L. delbrueckii subsp. bulgaricus and S. 

thermophilus (ST16ST7) strains exhibited significant increase in microbiota diversity as 

indicated by the increase in the number of observed features and Faith PD in comparison with 

no-treatment control and the increase in different indices as compared to other treatments 

(Figure4.1, p<0.05).Beta-diversity was calculated to identify which factor controls the microbiota 

diversity among different samples using Bray-Curtis distances and visualized using principal 

coordinate analysis (PCoA) across treatments, donor and biological replicates. Plots of PCoA 
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are shown in Figure4.2. The microbiota of different treatments was clustered by donor 

(PERMANOVA = 153.177, p =0.001; 999 permutations), and by biological replicate within each 

donor (PERMANOVA = 3.53, p =0.003; 999 permutations), and by treatment within each 

experiment replicate (PERMANOVA = 2.45, p =0.003; 999 permutations). 

3.2. Effect of GABA-producing probiotic candidates on gut microbiota composition 

We determined the change in gut microbiota composition over 48h post-treatment with 

Bifidobacterium animalisST20, S. thermophilus ST16 and the combination of Lactobacillus 

delbrueckii subsp. bulgaricus ST7 and S. thermophilus ST16 as compared to the no-treatment 

control. In general, the developed microbiome in different sub-reactors was composed of the 

four major microbiota phyla; Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria 

(Figure4.3). Linear discriminant analysis (LDA) demonstrated the microbial taxa at different 

phylogenetic levels that are affected by the treatments as shown Figure4.4. The microbiota 

composition subjected to the combination of L. bulgaricus ST7 and S.thermophilus ST16 

treatment was enriched in Bacteroides and Lactobacillus at the genus level, Streptococaceae, 

Ruminococcaceae, Lactobacillaceae and Bacteroidaceae at the family level, and Lactobacillales 

at the order level compared to un-treated microbiota (Figure4.4A; p< 0.05). The microbiota 

treated with S. thermophilus ST16 exhibited an increase in Lactobacillus, Alistipes and 

Streptococcusat the genus level, Rikenellaceae and Erysipelotrichaceae at the family level and 

Lactobacillales at the order level as compared to un-treated microbiota (Figure4.4B; p< 0.05). In 

contrast, S. thermophilus ST16 treatment was led to a major modification of microbiota with 

enrichment of Firmicutes at the phyla level and Clostridiales at the order level compared to the 

combination of L. bulgaricus ST7 and S. thermophilus ST16 treatment which didn’t affect the 

microbiota at the phyla level with depletion of Clostridiaceae at the family level (Figure4.4C; p< 

0.05).Microbiota subjected to the Bifidobacterium animalisST20 treatment was also enriched in 

Streptococaceaeand Erysipelotrichaceae at the family level and Bacteroides, Lactobacillus, and 

Streptococcus at the genus level and Lactobacillales at the order level compared to the control 

microbiota (Figure4.4D; p< 0.05). 

3.3.Microbial Survival Analysis by qPCR 

We monitored the levels of the probiotic candidates in their corresponding bioreactors 

via quantitative PCR and by using primers specific to the added strains. We were able to detect 

all the strains after 48 h of treatment in their corresponding sub-reactor. The relative abundance 

of all the strains weredecreased gradually over the 48 h and reached a significant reduction in 

their levels after 24 h and 48 h of the treatment in donor 1. For donor 2, we noticed the same 
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trend of reduction in their relative abundance over time, however, no significant difference was 

detected statistically (Figure4.5).  

3.4.  Effect of GABA-producing probiotic candidates on microbiota SCFAs generation. 

We quantified the generation of SCFAs by the developed microbiota in response to the 

candidate probiotics treatment using GC. We detected the three major SCFAs generated by gut 

microbiota, including acetate, butyrate, and propionate. Inoculation of GABA-producing bacteria 

induced a significant increase in the three metabolites in both donors (p < 0.05; Figure4.6). For 

instance, the treatment with ST20 induced the most significant increase in butyrate and 

propionate compared to control but has a less inducing effect on acetate production (Figure4.6). 

4. Discussion 

Previous studies have demonstrated that probiotic bacteria can help maintain and 

restore gut microbiota homeostasis by modulating the beneficial bacteria populations and 

composition as well as their metabolic activities(Van den Abbeele et al., 2010). Hence, the 

present study assessed three active GABA-producing LAB strains as potential candidates for 

their ability to compete with the existing complex gut microbiota under simulated colon 

conditions and their impact on the microbiota structural and functional profiles (Zihler et al., 

2010).We used an ex-vivo model which reproduced a stable microbial ensemble that mimics the 

colon microbiota(Mottawea et al., 2020). The identified features belonged to the four major 

phyla, Firmicutes, Bacteroidetes, Actinobacteria, and proteobacteria, which have been known 

as common phyla of the gut microbiota with a predominance of Bacteroidetes and 

Firmicutes(Mottawea et al., 2016). We developed two distinct communities from healthy donors. 

Both communities were different at the family level and demonstrated two distinct enterotypes 

that reflected the enterotypes of the two donors as presented before by our group (Mottawea et 

al., 2020). However, some variations between the donor stool microbiota and the one developed 

in the bioreactor were expected as a result of the variability of the microbiota at different 

anatomical locations of the gut, including the variabilities between the proximal colon adopted in 

our system and stool microbiota (Mottawea et al., 2019). Despite all the advantages of exvivo 

fermentation models such as stable and standardized culture, reproducible, and complex of 

microbial communities(Van den Abbeele et al., 2010)under controlled conditions (i.e., 

temperature, pH, growth medium, and transit time)that mimic the human colon environment 

(McDonald, 2017)still, we have to consider some limitations of the exvivo colon simulator 

models such as low number of biological replicates which is due to the time and the high-cost 

constraints, short period of microbial treatment, enrichment/depletion and lack of mucosal 
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environment (interaction between the gut microbiome and mucosal immune system)(Mottawea 

et al., 2020). 

Interestingly, the combination of L. delbrueckii subsp. bulgaricus and S. thermophilus 

increased the microbiota diversity over 48 h of treatment. Recently, dietary GABA 

supplementation has been reported to increase gut microbiota diversity in E. coli infected piglet 

model (Chen et al., 2020). Also, administration of Lactobacillus cocktails has been reported to 

increase the microbiota diversity post-antibiotic treatment (Shi et al., 2017, 2018). Additionally, 

Han and his coauthors have reported that LPS-induced decrease in mice gut microbiota 

diversity was restored by a single strain of S. thermophilus(Han et al., 2020). Combining two 

Lactobacillus strains and streptococcus thermophilus has also improved the microbiota diversity 

in neonatal piglets (Veljović et al., 2017). However, treating the microbiota with a single GABA-

producing strain did not alter the microbiota diversity assuming that the short time of the 

treatment limited the capacity of these strains to alter the microbiota diversity. 

Population of Bacteroidetes as one of the major phyla identified in the generated dataset 

was increased by GABA-producers treatment.  Administration of a mixture of four Lactobacillus 

strains isolated from fermented food have increased the levels of mice Bacteroides that were 

depleted by antibiotic consumption(Shi et al., 2018). Analyses of human fecal samples 

illustrated that Bacteroides spp. may produce large quantities of GABA by expressing GABA-

producing pathways. Additionally, the relative abundance levels of faecal Bacteroides have 

been negatively associated with depression (Strandwitz et al., 2019). We found enrichment of 

Lactobacillaceae family after the addition of GABA-producing bacteria. Enhancement of 

Lactobacillus has been associated with decreasing the depression symptoms in patients with 

major depressive disorder (MDD) (Jiang et al., 2015). Similarly, the Erysipelotrichaceae family 

was significantly increased after GABA-producing bacteria treatment. The role of 

Erysipelotrichaceae family in health benefits is debatable. Some studies have reported 

correlation between abundance of Erysipelotrichaceae and disease phenotypes such as 

inflammatory bowel(IBD) disease (Umu et al., 2017); (Fehlbaum et al., 2018).In addition, the 

microbiota treated with GABA-producers were significantly depleted in Clostridiales and 

Lachnospiraceae, while the microbiota treated with the combination of L. delbrueckii subsp. 

bulgaricus and S. thermophilus strains was enriched by Ruminococcaceae family which has 

been known to have a beneficial effect on gut barrier functions and also introduced as adjuvants 

to immune checkpoint inhibitors (Jiang et al., 2015;(Lukić et al., 2019). Finally, an increased 

abundance was observed in the genus Lactobacillus and Streptococcus, which was expected 
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and may attributed to the test treatment that contains S. thermophilus and L. delbrueckii subsp. 

bulgaricus. Hence, administration of a single dose of these strains maintains a stable level of 

Lactobacillaceae and Streptococcaceae families over at least 48 h of treatment. This is also 

confirmed by the qPCR results. 

SCFAs are saturated fatty acids with mainly acetate, butyrate and propionate are 

distributed in the intestine (Luo et al., 2021). The majority of the gut generated SCFAs are 

absorbed into the circulation with a minor part secreted in the feces (Luo et al., 2021). We 

detected high amounts of acetate and butyrate in our colon model, however, propionate 

concentration in the effluent samples was low. Usually, the ratio of acetate:propionate:butyrate 

is 60:20:20 (Luo et al., 2021; Parada Venegas et al., 2019) which is not the case in our results. 

This may be attributed to the high amount of indigestible fibers and the predominance of the 

phyla Firmicutes in our datasets compared to Bacteroidetes. However, the same base level is 

detected between different bioreactors before starting the intervention. A significant increase in 

SCFAs production especially butyrate was induced by the three tested probiotic formulas which 

was associated with increase of the butyrate-producing community. SCFAs have an essential 

role in intestinal barrier integrity and immune modulatory properties (Tan et al., 2014). This 

indicates that these strains have the potential as adjuvant biotherapeutics not only in mental 

health disorders but also in many other conditions characterized by depletion of SCFAs such as 

inflammatory bowel diseases (Mottawea et al., 2016; Parada Venegas et al., 2019), IBS(Luo et 

al., 2021) and colorectal cancer (Lavoie et al., 2020). Additionally, they may mitigate the 

extraintestinal mental symptoms associated with these disorders. For instance, a previous 

randomized clinical trial has been illustrated that butyrate-producers including Lactobacillus 

could decrease psychological symptoms associated with irritable bowel syndrome such as 

depression, anxiety (Jiang et al., 2015; Liśkiewicz et al., 2019). 

5. Conclusion 

We herein illustrate that GABA-generating probiotics have the capability to modulate the 

fecal microbiota and enhance the SCFAs production in the gut. This work also provides the 

evidence that such potential probiotics could be further exploited as functional food products 

and biotherapeutic regimens to mitigate human health disorders associated with gut microbiota 

dysbiosis. Hence, our obtained data provide the rational for future studies aim at investigating 

the potential symbiotic impact of GABA-producing bacteria on human microbiota composition 

and diversity, and their metabolism associated with diseases and disorders. Further research is 

still required to investigate the survival of GABA-producing bacteria in various parts of the gut, 
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and their ability to produce GABA as inhibitory neurotransmitter in vivo after oral consumption. 

We only tested the effects 3 food-isolated probiotics belonging to Bifidobacteria, lactobacilli and 

streptococci genera. Future work may investigate other human-originated GABA-generating gut 

bacteria and their impact on gut microbiota and disease status.  

Availability of data and materials. The datasets used and/or analyzed during the current study 

are available from the corresponding author on reasonable request. 

Acknowledgments 

This study was supported by a grant from the Canadian Tri-Agency (i.e., CIHR, NSERC, 

and SSHRC) Institutional Program [NFRFE-2018-00295] to MCA and RH and an NSERC-

Discovery grant RGPIN-2018-06059 to RH. RM was supported by the Nutrition and Mental 

Health Master’s Scholarship, University of Ottawa. 

Author contributions 

Conceptualization: R.M., W.M., and R.H.; methodology, R.M., W.M., and R.H.; 

validation, R.M., W.M., and R.H.; formal analysis, R.M. and W.M.; investigation, R.M. and W.M.; 

resources, R.H.; writing—original draft preparation, R.M.; writing—review and editing, W.M., M-

C.A., R.H; visualization, R.M., W.M, and R.H.; supervision, R.H.; funding acquisition, R.H. and 

M-C.A. All authors have read and agreed to the published version of the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in 

the decision to publish the results. 



59 
 

Table 4.1. Specific primers used for the qPCR 

No Specificity Primer Name 
Primer 

type 
Sequence (5ʹ-3ʹ) 

GC 
content 

(%) 

Melting 
Temp 
(°c) 

Ref. 

1 
Lactobacillus delbrueckii subsp. 
bulgaricus 

LdelbF Forward GGRTGATTTGTTGGACGCTAG 47.6 66.9 Byunet al., 2004 
LdelbR Reverse GCCGCCTTTCAAACTTGAATC 47.6 66. 7 

2 Streptococcus thermophilus 
S. thermophilusF Forward  TTATTTGAAAGGGGCAATTGCT 36.3 65.2 Stachelska et al., 

2017  S. thermophilusR Reverse GTGAACTTTCCACTCTCACAC 47.6 58.8 
3 
 

Bifidobacterium animalis 
IDB61F Forward GCATGTTGCCAGCGGGTGA 63.1 73.1 Kwon et al., 2005 
IDBC1R Reverse ATCCGAACTGAGACCGGTT 52.6 63.5 
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Figure 4.1.Observed features (A), Shannon indices (B), Faith's-PD (C), and Pielou's evenness 
(D) estimates of the identified microbiota in each sample from bioreactors with either a no-
treatment control, or treated with ST16-S. thermophilus, combination of ST7-L. delbrueckii 
subsp. bulgaricus and ST16-S. thermophilus or ST20-B. animalis. Data was analyzed using the 
Kruskal-Wallis test and Two-stage Benjamini, Krieger, and Yekutieli FDR procedure (*P< 0.05, 
**P< 0.01, ***P< 0.001).
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Figure4.2.Plots of Principal Coordinate Analysis (PCoA) 

based on Bray-Curtis distances among the identified 

microbiota in different samples, showing clustering based 

on treatment (A), donor (B), and replicate (C). The 

samples were colored as indicated in legends. PCoA1 

and PCoA2 represent the top two coordinates that 

captured the highest microbial variability among samples, 

and the percentage shown indicates the fraction of 

variation represented by each coordinate. permutational 

multivariate analysis of variance (PERMANOVA)was used 

to test for the statistical significance of sample grouping. 
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Figure4.3.The microbiota composition of gut microbiota was determined based on the treatment with active strains over 48 h from 
the two fecal sample of healthy donors. Four bacteria phyla were identified in the generated dataset including Firmicutes, 
Bacteroidetes, Proteobacteria, and Actinobacteria. 
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Figure4.4.The test probiotic candidates modulate gut microbiota composition. (A–D) Histograms of the linear discriminant analysis 
(LDA) scores showing microbial taxa that vary significantly in abundance between: (A) no-treatment control and test treatment of 
combination of L. delbrueckii subsp. bulgaricus and S. thermophilus,(B) no-treatment control and test treatment of S. thermophilus 
(C) compare test treatment of S. thermophilus and combination of L. delbrueckii subsp. bulgaricus and S. thermophilus, (D) no-
treatment control and test treatment of B. animalis.
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Figure4.5.Relative abundance of target species identified by qPCR as indicated by ΔCq: 
relative abundance of inoculated probiotic candidates in various bioreactors with donor 1 (A) 
and donor 2(B) microbiota over 48 h post-treatment. The increase in ΔCq indicates a decrease 
in the relative abundance. Repeated-measures ANOVA with Dunnett's multiple comparisons 
test was used for statistics. Significant differences were indicated for each time point compared 
to the zero time (*p< 0.05, **p< 0.01, ***p<0.001).
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Figure4.6.Short-chain fatty acids concentration measured 

by GC over 48 h with a no-treatment control, and test 

treatment: butyrate (A), acetate (B), and propionate (C) 

from top to bottom for each time point with two biological 

replicates for donors 1 and 2 over 48 h. Statistical 

comparisons were conducted among different treatments at 

the same time and among different time points within each 

treatment using repeated measures 2-way ANOVA test 

with Tukey's multiple comparisons test. Significant 

differences (a, b, c) were calculated for all SCFA 

concentration using levels generated at different 

bioreactors with various treatments and different time 
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points. 

 

CHAPTER 5: GENERAL CONCLUSION AND PERSPECTIVES 

 
This study investigated the growth, GABA production, and competitiveness of probiotic candidates in the presence of human 

gut microbiota exvivo in a model of a colon mimicking physiological and microbiological conditions of a human large intestine.  

In Chapter 3, we have identified several Lactobacilli and a Bifidobacteriumthat harbor gadB gene, encoding a glutamate 

decarboxylase that can convert L-glutamate to GABA, with high potential to produce GABA, consistently with previous studies that 

described the GAD activity of GABA producing LABs (Lacroix et al., 2013; Q. Wu et al., 2017).Of 30 LAB strains, 14 isolates were 

identified as positive for the presence of gadB gene and found to produce GABA, with five S. thermophilus and four L. plantarum 

being the most active isolates. These strains exhibitedhigher enzyme activity thanBifidobacterium dentium ATCC 27678 (positive 

control)(Pokusaeva et al., 2017). The in vitro probiotic properties of selected LAB strains were studied by evaluating sensitivity to 

antibiotics, the presence of virulence factors, and survival rate in simulated gastrointestinal fluids. Our isolated strains were sensitive 

to the most common antibiotics, as previously observed for LAB strains (Hanchi et al., 2014). Most of the tested Lactobacilli were 
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resistant to ampicillin, vancomycin, and ciprofloxacin compared to the previous studies that have reported an intrinsic resistance to 

antibiotics despite their safety status (Campedelli et al., 2018). In addition, Bifidobacteria strains tested in this study were resistant to 

vancomycin, in accordance with previous reports (Kheadr et al., 2007). The observed resistance to tetracycline, erythromycin, and 

gentamicin antibiotics was detected among S. thermophilus isolates in contrast with previous reports(Zhou et al., 2012). S. 

thermophilus and L. delbrueckiisubsp. bulgaricus are routinely used as fermenting yogurt starter cultures in the food industry, 

couldtransfer resistance genesto gut microbiota.Therefore, despite their GRAS status, LABs used as probiotics or functional foods 

should be free of major antibiotic resistance genes to minimize theirwidespread in the gut environment. Likewise, the absence of 

virulence factors is an essential criterion for Enterococci's probiotic selection (Hanchi et al., 2018). The two non-expected isolated 

strains E. faecium ST2 and E. faecium ST3, were free of virulence gene, thus confirming their safety.Acid tolerance is also an 

important criterion for the probiotics' survival in acidic stomach conditions. All bacterial isolates were resistant under the gastric juice 

at pH 2.4, while only L. plantarum LP9 survived until pH 1.5. in addition, S. thermophilus ST8, L. plantarum LP6, and L. acidophilus 

LP16-2 were resistant in gastric juice until pH 1.6. Besides, the tested strains exhibited very high survival rates in the pancreatic fluid 

(mimicking small intestine physiological conditions) in accordance with previous reports (Vecchione et al., 2018). The genomic 

analyses for L. delbrueckii subsp. bulgaricus ST7, S. thermophilus ST16, and B. animalis ST20confirmedpresence of GADgenes, 

lack of plasmids, toxins, adhesion toxins, and transposable elements, thus indicating chromosomal-mediated resistance forisolated 

strains.Our tested strains also exhibited an important survival rate in pre-fermented Macfarlane broth that mimic colon physiological 

conditions, including microbiota metabolome (such as SCFA), indicating their suitability as potential GABA-producing candidates. 

Our isolated strains could adapt to the gut environment, a significant criterion for selecting potent probiotics having the ability to 

survive and produce their active metabolites under GIT.In summary, all safety and stability features of selected GABA-producing 

strains promote them as promising probiotic candidates for extending their application to the functional food industry (Lacroix et al., 

2013; Siragusa et al., 2007).  

Chapter 4 investigated the effect of isolated GABA-producing probiotic candidates (in chapter 3) on gut microbiota using an 

ex vivo continuous fermentation model mimicking the human adult proximal colon, as described in (Mottawea et al., 2020). The ex 

vivo proximal colon models as continuous fermentation models create a stable environment and mimic the colon's microbial 
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composition and physiological conditions,allowing microbial communities to reach a steadystate (Guzman-Rodriguez et al., 2018). 

These systems are physiologically relevant models and can monitor changes in the gut microbiota composition and functionality 

overtime of the fermentation process and react to perturbations/treatments, including probiotics (McDonald, 2017; Newton et al., 

2019).The used model isbased on PolyFermS, whichwas successfully employed in previous studies on the impact of probiotics 

bacteria on gut microbiome and metabolome (Le Lay et al., 2015; Zihler et al., 2010; Zihler Berner et al., 2013). Our 

developedmicrobiota model was composed of the four major phyla, Firmicutes, Bacteroidetes, Actinobacteria,and proteobacteria, 

known as common phyla of the gut microbiota with a predominance of Bacteroidetes and Firmicutes(Mottawea et al., 2020).  

Interestingly, the combination of L. delbrueckii subsp. bulgaricus and S. thermophilus increased the microbiota diversity over 

48 h of treatment. Recently, dietary GABA supplementation has been reported to enhance intestinal immunity in pathogenic 

enterotoxigenic Escherichia coli (ETEC) infected weaning piglets by altering gut microbiota and microbial metabolism and also 

promoting secretion of intestinal secretory immunoglobulin A (SIgA) (Y. Zhao et al., 2020).Likewise, a yogurt starter culture of S. 

thermophilus and L. bulgaricus was shown to modulate the immune response in a mouse model of colitis (Wasilewska et al., 2019). 

Besides, administration of Lactobacillus cocktails has been reported to increase the microbiota diversity post-antibiotic treatment in a 

mouse model,likely due to the SCFAs production, appropriate cell adhesion, and high survival rates in the gastrointestinal tract (Shi 

et al., 2017). Recently, Han and his coauthors (2020)have reported that LPS-induced decrease in mice gut microbiota diversity was 

restored by using a single strain of S. thermophilus, suggesting a potential application as a biologic therapy to alterthe expression of 

gut inflammatory factors.Combining two Lactobacillus strains and S. thermophilus has also improved the gut microbiota diversity in 

neonatal piglets (Veljović et al., 2017)while treating the microbiota with a single GABA-producing strain did not alter the microbiota 

diversity, assuming that the short time of the treatment limited the capacity of these strains to alter the microbiota diversity. Of 

particular interest, the population of Bacteroidetes, one of the major identified phyla, was enriched by the treatment using our isolated 

GABA-producers.Similar results were reported afteradministering a mixture of four Lactobacillus strains isolated from fermented food 

with increased levels of mice Bacteroidetes that were depleted by antibiotic consumption(Shi et al., 2018). Importantly, Bacteroidetes 

was recently inversely correlated with depression phenotype (Strandwitz et al., 2019). In addition, the same authors have reported 

that Bacteroides ssp. could produce GABA by expressing GABA-producing pathways (Strandwitz et al., 2019).The abundance of 
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fecalBacteroides hasalso beennegatively correlated with intestinal inflammation (Flowers et al., 2017). Besides, we found enrichment 

of the Lactobacillaceae family after the addition of GABA-producing bacteria. Enhancement of Lactobacillus has been previously 

associated with decreasing the depression symptoms in patients with major depressive disorder (MDD) (Jiang et al., 2015). In 

addition, the microbiota, treated with the combination of L. delbrueckii subsp. bulgaricus and S. thermophilus strains were enriched 

by the Ruminococcaceae family, known to have a beneficial effect on gut barrier functions, and introduced as adjuvants to immune 

checkpoint inhibitors (Jiang et al., 2015; Lukić et al., 2019).  

SCFAs are saturated fatty acids produced by commensal microbes through fiber fermentation, with acetate, butyrate, and 

propionate being the most dominant metabolites in the intestine (Luo et al., 2021). Most gut-generated SCFAs are absorbed into the 

circulation, while a minor part is excreted in the feces (Luo et al., 2021). We detected high amounts of acetate and butyrate in our 

colon model, while propionate concentration in the effluent samples was low. Furthermore, a significant increase in SCFAs 

production, especially butyrate, was induced by the three tested probiotic formulas,along with the butyrate-producing community. 

SCFAs produced in the colonic environment have an essential role in regulating gut epithelial barrier integrity in addition to their 

immune-modulatory properties (Parada Venegas et al., 2019). Our findings indicate that the tested strains promote butyrate-

producing bacteria and, thus, have the potential as adjuvant biotherapeutics not only in mental health disorders but also in many 

other conditions characterized by depletion of SCFAs such as inflammatory bowel diseases (Mottawea et al., 2016) and irritable 

bowel syndrome (Luo et al., 2021). 

Despite the relevant results presented here, several limitations of the study should be considered for further study using the 

colon model. The present study was performed with fecal slurry from two healthy donors and was not strictly homogenous in terms of 

age and several variables such as the composition of human gut microbial community and their metabolites activity (Gupta et al., 

2017). Therefore, in order to confirm such results on a broader basis, the number of fecal samples from different donors should be 

high. The current ex vivo model was limited by the number of donors, biological replicates, and treatment time, which may affect 

some expected results according to previous findings (Mottawea et al., 2020). There was also the inter-individual variation of the gut 

microbiota combined with different responses to the same treatment due to differences in the host parameters (e.g., diet, 
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environment, age, and genetics), which was made it difficult to explore the changes in the gut microbiota composition and diversity 

(McDonald, 2017). The study used feces for gut microbiome studies which were not representative of all microbial communities 

found in the gastrointestinal tract (GIT), as microbial populations and metabolism vary along the length of the gut (Mottawea et al., 

2020). The microbial communities were effectively grown under simulated colon conditions due to restrictions in substrate supply. 

Also, our model had lack feedback mechanisms by the host and did not combine with cell culture systems (e.g., epithelial and 

immune cells) to mimic host-microbe interactions (Poeker et al., 2018). In most cases, physiological parameters, which impact 

microbial metabolism, composition, and balance, used in the colon model were obtained from healthy adults, which was unclear 

whether these parameters would apply to patients with several disorders or diseases (Cani, 2018).  

The present study provided evidence of several GABA-producing lactic acid bacteria from food origin with probiotic features 

extending their application as functional food products. Our tested strains had fast product kinetics, were free from virulence factors, 

sensitive to antibiotics, in addition to surviving simulated gastrointestinal conditions and producing GABA under simulated human 

colonic conditions. Although we should be careful about generalizing our findings to the overall capability of GABA-producing 

probiotics to modulate the gut microbiota and promote the production of SCFAs in the gut, this study provided evidence that such 

potential probiotics could be further exploited as functional food products and biotherapeutic regimens to mitigate human health 

disorders associated with gut microbiota dysbiosis. Hence, our obtained data provide the rationale for future studies investigating the 

potential symbiotic impact of GABA-producing bacteria on human microbiota composition and diversity and their metabolism 

associated with diseases and disorders. Also, the safety and the stability of our tested GABA-producing isolates under simulated 

colon conditions promote them aspromisingprobiotic candidates for developing health-beneficial functional food products. We only 

tested the effects of 3 food-isolated probiotic candidates belonging to Bifidobacteria, lactobacilli, and streptococci genera, and future 

work may investigate other human-originated GABA-generating gut bacteria and their impact on gut microbiota and disease status. 

For future works, the next direction to take in this area of research would be to: 

 Complete the probiotic characterization of identified candidates,such asassessing adhesion potential to human colonic 

epithelial cells. 
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 Study the survival of GABA-producing bacteria across the gut and their ability to produce GABA in vivo after oral 

consumption. 

 Evaluate the effectiveness of the tested strains on patients with mental health disorders and elucidate the impact of our 

probiotic candidates on microbiota structure and their health benefits. 
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