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RESUMEN

La salud humana se encuentra ampliamente relacionada con los microorganismos
beneficiosos que habitan en el intestino, definiéndose como microbiota intestinal. Esta
microbiota intestinal juega un papel esencial en la modulacién del sistema inmunitario,
diferentes rutas metabdlicas y ayudando a prevenir a colonizacion de micoorganismos
patdgenos. Ademas, estos microorganismos simbioticos presentan una estrecha relacion
con diferentes drganos vitales. Es importante destacar la relacién que existe entre el
intestino y el cerebro, conocida como eje intestino-cerebro, creando una interconexion
entre el sistema nervioso central y la comunidad microbiana de este entorno, ayudando a
preservar la homeostasis en el sistema gastrointestinal. EI desbalance de la microbiota
intestinal desencadena la disrupcion de la homeostasis, conocida como disbiosis, 1o que

favorece el desarrollo de enfermedades intestinales o extra-intestinal.

Los alimentos fermentados han sido utilizados ampliamente para prevenir y tratar
enfermedades debido a la amplia comunidad microbiana junto con la variedad de
compuestos bioactivos producidos por estos microorganismos que interactlan y
favorecen la microbiota intestinal. Principalmente, los microorganismos que se
encuentran en alimentos fermentados se clasifican como probidticos, que se pueden
definir mas concretamente como * microorganismos vivos que cuando son administrados
en una concentracion adecuada son capaces de producir un efecto beneficioso en el
hospedador. Dentro de las especies probidticas mas utilizadas cabe destacar las
bifidobacteria y las bacterias acido lacticas como son los Lactobacillus, Lactococcus, 0
Streptococcus. Estos probioticos pueden encontrarse en diferentes productos alimentarios
o farmacedticos, ya que se encuentran clasificados como microorganismos considerados
seguros (GRAS) y ademas han sido clasificados con la presuncion de seguridad. Dentro
de la variedad de probioticos, Lactiplantibacillus plantarum se considera una especie
importante debido a la amplia variedad de efectos beneficiososo para la salud humana
observados en estudios in vitro e in vivo. Actualmente, los compuestos bioactivos
sintetizados por probidticos son clasificados como postbioticos debido a su capacidad de
promover efectos beneficiosos. Dentro de los postbidticos mas prometedores cabe
destacar los acidos grasos de cadena corta, poliaminas, vitaminas, enzimas, bacteriocinas,

neurotransmisores 0 amino acidos.



El acido gamma-aminobutirico (GABA) es un postbidtico destacable que puede
ser producido por especies de Lactobacillus y Bifidobacterium a modo de protector en
condiciones de estrés osmatico, en medio &cido o por falta de nutrientes. Por otro lado, el
GABA desemperia un papel completamente diferente en los humanos, ya que se considera
el neurotransmisor con mayor capacidad inhibidora en el sistema nervioso central. Este
neurotransmisor se encarga de modular el comportamiento como puede ser el suefio, la
memoria o el estado de animo, ademas de ayudar a prevenir el desarrollo de enfermedades
del sistema cardiovascular, nervioso o endocrino. Estos efectos beneficiosos producidos
por el GABA han atraido la atencidn de la industria alimentaria y farmaceutica, la cual se
ha centrado en el desarrollo de nuevos suplementos enriquecidos con GABA. En un
principio, la produccion industrial de este neurotransmisor se llevaba a cabo mediante
sintesis quimica. Sin embargo, el alto precio, el bajo rendimento y el impacto ambiental
del proceso de produccion ha conducido a la busqueda de mejores alternativas. Por lo
tanto, la produccion de GABA se ha centrado en la sintesis biologica, usando
principalmente microorganismos como las bacterias &cido lacticas que presentan una alta
eficiencia de produccion, un precio mas reducido, bajo impacto ambiental, y ademas de
ser seguros con clasificacion GRAS. La produccion de GABA por bacterias acido lacticas
se basa en un proceso biosintético donde una molécula de &cido glutdmico es transportada
al interior de la bacteria utilizando un antiportador. Dentro de la bacteria, la molécula de
acido glutdmico se transforma en una molécula de GABA usando el enzima glutamato
descarboxilasa, consumiendo un proton y liberando una molécula de diéxido de carbono.
El rendimiento del proceso se encuentra ampliamente condicionado por parametros de
fermentacion como es la temperatura de incubacion, aditivos o tiempo de fermentacion,
los cuales necesitan ser optimizados para cada cepa utilizada, ya que son condiciones

altamente cepa-dependientes.

Los efectos beneficiosos de los probidticos y posthiéticos han desencadenado la
apertura de un mercado global centrado en el desarrollo de productos alimenticios y
farmaceuticos centrados en favorecer la salud humana. Por lo tanto, el primer paso en el
proceso biotecnoldgico es identificar y aislar el probidtico y postbiotico mas adecuados
para desempefiar un efecto especifico en la salud. Luego, se debe de seleccionar el medio
de cultivo més iddneo para favorecer la maxima produccion de biomasa. Generalmente,
las bacterias acido lacticas como L. plantarum necesitan un medio con una alta

concentracion de nutrientes como es el caso del medio Man Rogosa Sharpe (MRS), cuyo



uso aumenta considerablemente los costes del proceso de produccion a escala industrial.
Por tanto, una de las alternativas méas atractivas para sustituir el medio MRS es la
reutilizacion de subproductos agroalimentarios como sustratos de fermentacion. La
revalorizacion de estos subproductos como medios de cultivo supone una forma de dar
valor afiadido a productos de bajo coste que presentan una amplia variedad de nutrientes,
lo cual, ademés, favorece la disminucion de residuos y reduce el impacto ambiental

generado por la destruccion de los mismos.

Una vez realizado el proceso de fermentacion, la biomasa microbiana y los
compuestos bioactivos producidos por estos microorganismos necesitan ser recuperados
y almacenados manteniendo su integridad. Por otro lado, es necesario realizar estudios de
resistencia de los probidticos y postbioticos frente a condiciones adversas como son las
presentes en el sistema gastrointestinal, ya que ambos necesitan llegar con funcionalidad
suficiente al intestino donde realizaran su efecto beneficioso. Para mantener la viabilidad
de los probidticos y la estabilidad de los postbioticos se puede desarrollar microcapsulas
protectoras. Estas microcapsulas pueden ser producidas utilizando diferentes métodos,
materiales biopoliméricos, o caracteristicas dependiendo de los requerimientos del
producto final. EI proceso biotecnolédgico da lugar a un ingrediente funcional que podra

formar parte de alimentos funcionales, farmacos o suplementos alimentarios.

De acuerdo con las tendencias actuales, esta tesis doctoral se ha centrado en el
desarrollo de un nuevo ingrediente funcional microencapsulado enriquecido con una cepa
de L. plantarum (K16) y el postbiotico GABA. Para ello, se ha llevado a cabo un proceso
biotecnologico que ha englobado diferentes objetivos, desde la identificacion y
aislamiento de bacterias acido lacticas productoras de GABA, caracterizacion de la
actividad probidtica de la cepa aislada, estudio de la produccién de GABA para la
identificacion de los pardmetros mas influyentes usando diferentes medios de
fermentacion, hasta el disefio de un nuevo ingrediente microencapsulado compuesto de

la cepa bacteriana seleccionada y de GABA producido.

Para alcanzar estos objetivos en primer lugar se llevé a cabo una busqueda
bibliografica extensiva centrada en encontrar los microorganismos mas interesantes para
ser aislados, como cepas de Lactobacillus spp, y los beneficios méas destacables del
postbidtico GABA. A partir de esta busqueda, se llevo a cabo la preparacion de kimchi
(alimento fermentado) con materia natural autoctona y se utilizd para aislar bacterias

acido lacticas. El aislamiento y la seleccidn de bacterias acido lacticas se llevo cabo en



primer lugar por la identificacion de la produccion de acido lactico, evaluacion de la
presencia de catalasa y mediante la tincion Gram. Una vez seleccionadas bacterias
productoras de &cido lactico, catalasa negativas y Gram positivas, se realiz6 una prueba
de produccion de GABA usando medio MRS. En este estudio, solo una cepa presento la
capacidad de producir GABA y fue secuenciada e identificada como Lactiplantibacillus
plantarum K16. A partir de aqui, se realizé un estudio de caracterizacion de L. plantarum
K16 para determinar si era segura para su uso y si presentaba potencial efecto beneficioso,

y podia ser clasificada como probiotico.

Los estudios de caracterizacion de L. plantarum K16 indicaron que esta bacteria
podia ser considerada inocua debido a su falta de actividad hemolitica y las resistencias a
antibidticos que presentaba. Por un lado, estas resistencias podrian considerarse
beneficiosas en el caso de utilizar a L. plantarum K16 para favorecer el mantenimiento
de la microbiota intestinal junto con un tratamiento de antibidticos. Sin embargo,
previamente seria necesario realizar un estudio de la concentracién minima inhibitoria de
cada uno de los antibioticos estudiados y determinar la posibilidad de transmitir las

resistencias de antibidticos al huésped.

L. plantarum K16 también presentdé un importante potencial a la hora de
metabolizar diferentes carbohidratos, Ilegando a consumir monosacaridos como son la
glucosa, galactosa o fructosa, hasta moléculas mas complejas como oligosacaridos como
la rafinosa, polisacéridos como la inulina o glucésidos como la amigdalina. EI consumo
de monosacéridos favorece a la obtencion répida de energia favoreciendo el crecimiento
del microorganismo. Sin embargo, el consumo de moléculas mas complejas puede
favorecer a la absorcion de nutrientes dificiles de asimilar por su complejidad, estimular
el proceso de digestion, favorecer el mantenimiento de la microbiota intestinal y favorecer
la produccién de acidos organicos beneficiosos. Ademas, otros enzimas presentes en L.
plantarum K16 también pueden desempefiar un efecto beneficioso. Por ejemplo, se ha
observado que esta bacteria presentaba ciertas enzimas que pueden favorecer el
metabolismo de lipoproteinas, reducir la intolerancia a la lactosa reduciendo la lactosa y
evitar la colonizacion de micoorganismos patdgenos atacando a la pared celular. Ademas,
en los estudios antimicrobianos in vitro realizados frente a diferentes microorganismos
patdbgenos comunes, se observd la capacidad inhibitoria de L. plantarum K16,

especialmente frente a Salmonella typymurihum.



Paralelamente, se realizd la evaluacion de la produccion de GABA por L.
plantarum K16 usando técnicas de fermentacion. En primer lugar, se realiz6 un disefio
experimental centrado en el estudio individual de siete factores (temperatura de
incubacion, concentracion de extracto de levadura, tiempo de fermentacion, porcentaje
de indculo, pH inicial, concentracion de glutamato monosodico y glucosa) usando como
medio de cultivo MRS comercial. Es disefio experimental también fue atil para identificar
las condiciones dptimas de cada pardmetro y asi maximizar la produccion de GABA por
L. plantarum K16, llegando a alcanzar aproximadamente 2115 mg/L de GABA.

Una vez realizado el estudio con medio MRS comercial, se realiz6 una prueba de
produccion utilizando subproductos agroalimentarios (tomate, manzana, naranja y
pimiento verde) como sustratos de fermentacion para la obtencién de GABA. Dentro de
los subproductos utilizados, el subproducto de tomate present6 una mayor produccion de
GABA. De acuerdo con estos resultados, el subproducto de tomate fue seleccionado como
sustrato de fermentacion para el desarrollo del ingrediente funcional. A continuacion, se
realizé un estudio del crecimiento de L. plantarum K16 y su produccion de GABA usando
medios de cultivo con subproducto de tomate. Atendiendo al crecimiento de la bacteria
en subproducto de tomate, se llevd a cabo un estudio de interconexion entre diferentes
concentraciones de glucosa, extracto de levadura y minerales, y el crecimiento
microbiano. Los resultados de este estudio indicaron que el crecimiento de L. plantarum
K16, usando medios de cultivo con subproducto de tomate, se encontraba
significativamente relacionado con la concentracion presente de minerales y, en un
segundo lugar, por la cantidad de glucosa afiadida. En el caso de la produccion de GABA,
el estudio de interconexién se realizo entre diferentes concentraciones de glucosa,
extracto de levadura y glutamato monosodico. Este experimento indico que la sintesis de
GABA por L. plantarum K16 se encuentra positivamente relacionada con la
concentracion de extracto de levadura y glutamato monosddico. Sin embargo, una mayor
concentracion de glucosa presentaba una actividad inhibitoria de la produccion de GABA.
Con estos estudios se identificaron las mejores condiciones para la obtencion del mayor
crecimiento microbiano y rendimiento de sintesis de GABA, llegando a alcanzar hasta
9,5 log unidades formadoras de colonias por mililitro y 1776 mg/L de GABA,

respectivamente.

Finalmente, para realizar el desarrollo de un ingrediente funcional, es necesario

asegurarse que los probioticos y los compuestos bioactivos suplementados, son capaces



de soportar las condiciones intestinales adversas. Para ello, se hicieron estudios de
simulacion intestinal in vitro con L. plantarum K16 y GABA, y asi observar su resistencia
a estas condiciones adversas. En este caso, los resultados mostraron que L. plantarum
K16 tenia estabilidad frente a las condiciones gastricas menos acidas (pH 4y pH 6) y las
condiciones intestinales. Aunque en condiciones gastricas con pH 2, se observo que al
cabo de 120 min se producia la disminucion de la viabilidad de L. plantarum K16. De
igual forma, se evaluo la estabilidad de GABA bajo las mismas condiciones, el cual
mostré una amplia inestabilidad frente a todas las condiciones gastrointestinales

estudiadas.

De acuerdo con estos estudios, se llevo a cabo el disefio y la produccién de una
microcapsula compuesta de biomas de L. plantarum K16 recuperada de su crecimiento
en subproducto de tomate bajo condiciones previamente optimizadas. Esta capsula
también contenia subproducto de tomate enriquecido con GABA previamente producido
usando las condiciones previamente optimizadas. Una vez mezcladas la biomasa de L.
plantarum K16 y el subproducto de tomate enriquecido con GABA, se afiadi6 a la mezcla
un biopolimero (alginato) para llevar a cabo la produccién de las capsulas mediante
técnicas de extrusion por vibracién de boquilla. Por tanto, la mezcla a encapsular saldria
a presion por una boquilla que estaria sometida a una frecuencia, generando la vibracion
de la misma y creando gotas. La caida de estas gotas en un bafio de endurecimiento dio
lugar a la creacion de microcapsulas, que fueron recuperadas y sometidas a un bafio de
leche para proteger los microorganismos en el proceso de secado. Finalmente, las
capsulas fueron liofilizadas, dando lugar a un ingrediente funcional apto para ser utilizado

en alimentos funcionales, farmacos y diferentes suplementos alimentarios.

Con los resultados obtenidos en esta tesis doctoral se puede concluir que el
alimento fermentado kimchi es una buena fuente de bacterias &cido lacticas, destacando
la bacteria identificada como Lactiplantibacillus plantarum K16 que presentaba la
capacidad de producir GABA. Ademas, los estudios de seguridad y capacidad probiotica
de esta cepa indicaban que se trata de una cepa inocua y potencialmente Util para
promover la salud humana. Por otro lado, se identificaron las condiciones dptimas de
produccién de GABA en MRS vy, lo que es mas importante, se observé como
subproductos agroalimentarios, méas especificamente el tomate, son buenos sustratos de

fermentacion para la produccion de postbidticos como el GABA. Finalmente, se pudo



desarrollar una microcapsula protectora para asegurar que GABA y L. plantarum K16,

son capaces de llegar funcionales al intestino y realizar su efecto beneficioso.



SUMMARY

Human health has been directly related to beneficial microorganisms that reside
in the intestine, defined as gut microbiota . This gut microbiota plays a vital role in
modulating the immune system, stimulating different metabolic pathways or preventing
pathogens' colonisation. Likewise, several vital organs are strongly linked to these
symbiotic microorganisms, highlighting the close relationship between the brain and the
gut microbiota, known as the gut microbiota-brain axis, creating an interconnection
between the central nervous system and the microbial community to preserve the
homeostasis in the gastrointestinal tract. The imbalance of the gut microbiota triggers the
disruption of homeostasis, defined as dysbiosis, which enhances the development of

intestinal or extra-intestinal disorders.

Fermented foods have been widely used to prevent and treat illnesses due to their
great microbial community and the bioactive metabolites produced by these
microorganisms, which interact with the gut microbiota. Mainly, the beneficial
microorganisms found in fermented foods are classified as probiotics, defined as "live
microorganisms which, when administered in adequate amounts, confer a health benefit
on the host". Bifidobacteria and lactic acid bacteria (LAB), such as Lactobacillus,
Lactococcus or Streptococcus, are the most used. These probiotic microorganisms are
widely found in food and pharmaceutical products because they are generally considered
safe microorganisms (GRAS) and have been classified as a qualified presumption of
safety. Among probiotics, Lactiplantibacillus plantarum is an important specie because
it presents various beneficial effects observed in vitro and in vivo studies. Moreover,
bioactive metabolites, defined as postbiotics, produced by probiotics, such as L.
plantarum, are gaining interest due to their promoting health effect. Short-chain fatty
acids, polyamines, vitamins, enzymes, bacteriocins, neurotransmitters or amino acids are

some of the most promising postbiotic metabolites.

The gamma-aminobutyric acid (GABA) is an interesting postbiotic metabolite
synthesised by Lactobacillus and Bifidobacterium species as a protective mechanism
against stressful situations such as acid, osmotic or starvation. Furthermore, GABA plays
a different role in human health as it is considered the most crucial inhibitory
neurotransmitter in the central nervous system. This neurotransmitter modulates

behaviour such as mood, sleep and memory and prevents the development of



cardiovascular, nervous or endocrinological systems. The benefits conferred by GABA
have caught the attention of the food and pharmaceutical industry, which has focused on
developing new supplements enriched with GABA. In the beginning, the industrial

production of this neurotransmitter was performed through chemical synthesis.

Nevertheless, the high price, the low yield and the great environmental impact of
the process lead to looking for better alternatives. Hence, GABA production was moved
to biological synthesis, mainly using microorganisms, such as LAB, due to their excellent
efficiency, affordable cost, low environmental impact, and GRAS classification. The
GABA production of LAB is a biosynthetic pathway where a molecule of glutamic acid
(L-Glu) is transported through an antiporter into the microorganisms. Inside the bacteria,
the molecule of L-Glu is transformed into GABA using a glutamic acid decarboxylase
enzyme, consuming at the same time a proton and releasing a carbon dioxide molecule.
The yield of this biosynthetic process is closely related to fermentation parameters, such
as incubation temperature, additives or fermentation time, which need to be optimised as

these conditions are strain-dependent.

The beneficial effect of probiotics and postbiotics has led to the opening of a
widespread market where food and pharmaceutical products are developed to enhance
human health. Therefore, the first step in the biotechnological process is to isolate and
select the most suitable probiotic and postbiotic metabolite to perform a specific health
effect. Then, the fermentation media is chosen to ensure the production of the highest
biomass concentration. Generally, LAB, L. plantarum, are grown using a high-nutrient
media known as Man Rogosa Sharpe (MRS), increasing the production cost while the
fermentation is scaled up. Therefore, one of the most attractive alternatives is reusing
agri-food by-products as fermentation substrates, which is an excellent way to revalue
inexpensive products with great nutrient composition and reduce the environmental

impact produced by destroying these by-products.

Afterwards, the microbial biomass and the bioactive metabolites must be
recovered and stored. Then, studies need to be conducted to ensure the resistance of the
probiotic and the postbiotic against the gastrointestinal tract to arrive functional to the
gut, which will perform a beneficial effect. Furthermore, the viability of probiotics and
the stability of postbiotics could be preserved by designing a protective capsule.
Depending on the final product's requirements, these capsules could be produced using

different techniques, materials or characteristics. The end product of this biotechnological



process results in a functional ingredient which can be used as part of functional food,

drugs or dietary supplements.

Following current trends, this Ph.D. thesis focused on developing a new
microencapsulated functional ingredient enriched with an L. plantarum (K16) strain and
the postbiotic metabolite GABA. For this purpose, a biotechnological process was carried
out, encompassed different objectives, from the identification and isolation of GABA-
producing lactic acid bacteria, characterisation of the probiotic activity of the isolated
strain, study of the GABA production for the identification of the most influential
parameters using different fermentation media, to final design of a new
microencapsulated ingredient composed of the selected bacterial strain and the GABA

produced.

An extensive bibliographic search was first carried out to achieve these objectives,
focused on finding the most interesting microorganisms to be isolated, such as
Lactobacillus spp strains, and the most notable benefits of postbiotic GABA. First, the
preparation of kimchi (a fermented food) with raw natural material was performed to
isolate lactic acid bacteria. Next, the isolation and selection of lactic acid bacteria were
conducted by identifying the production of lactic acid, evaluating the presence of catalase
and by Gram staining. Once Gram-positive and catalase-negative lactic acid-producing
bacteria were selected, a GABA production test was performed using MRS broth. In this
study, only one strain could produce GABA and was sequenced and identified as
Lactiplantibacillus plantarum K16. From here, a characterisation study of L. plantarum
K16 was carried out to determine its safety and if it had a potential beneficial effect and

could be classified as a probiotic.

The characterisation studies of L. plantarum K16 indicated that this bacterium
could be considered innocuous due to its lack of haemolytic activity and some antibiotic
resistance. On the one hand, these resistances could be regarded as beneficial in the case
of using L. plantarum K16 to favour the maintenance of the intestinal microbiota with
antibiotic treatment. However, on the other hand, it would previously be necessary to
study the minimum inhibitory concentration of each antibiotic studied and determine the

possibility of transmitting antibiotic resistance to the host.

L. plantarum K16 also showed potential promoting health effects by metabolising

different carbohydrates like monosaccharides such as glucose, galactose or fructose. Even



more complex molecules, such as oligosaccharides (raffinose), polysaccharides (inulin)
or glycosides (amygdalin), were consumed by these microorganisms. The consumption
of monosaccharides could enhance the fast obtention of energy, favouring the growth of
the microorganism. However, the consumption of more complex molecules can increase
the absorption of nutrients that are difficult to assimilate due to their complexity, stimulate
the digestion process, maintain the intestinal microbiota, and produce beneficial organic
acids. Furthermore, other enzymes in L. plantarum K16 may also have a beneficial effect.
For example, it has been observed that this bacterium has certain enzymes that can
promote lipoprotein metabolism, reduce lactose intolerance by reducing lactose, and
prevent the colonisation of pathogenic microorganisms by attacking the cell wall. In
addition, in vitro antimicrobial studies against different common pathogenic
microorganisms showed the inhibitory capacity of L. plantarum K16, especially against

Salmonella typymurihum.

In parallel, the evaluation of GABA production by L. plantarum K16 was
conducted using fermentation techniques. First, an experimental design focused on the
individual study of seven factors (incubation temperature, yeast extract concentration,
fermentation time, percentage of inoculum, initial pH, and concentration of monosodium
glutamate and glucose) was done using commercial MRS broth. The experimental design
was also useful in identifying the optimal conditions for each parameter and thus
maximise GABA production by L. plantarum K16, reaching approximately 2115 mg/L
of GABA.

Once the study was performed with a commercial MRS medium, a production test
was carried out using agri-food by-products (tomato, apple, orange and green pepper) as
fermentation substrates to obtain GABA. Among the by-products used, the tomato by-
product presented a higher production of GABA. According to these results, the tomato
by-product was selected as the fermentation substrate for developing the final functional
ingredient. Next, a study of L. plantarum K16 growth and its production of GABA was
done using tomato by-product as a fermentation substrate. Therefore, an interconnection
study between different concentrations of glucose, yeast extract and minerals was
performed to evaluate their effect in microbial cell growth using tomato by-product. The
results of this study indicated that the growth of L. plantarum K16, using tomato by-
product as the fermentation substrate, was significantly related to the concentration of
minerals present and, secondarily, to the amount of added glucose. In the case of GABA



production, the interconnection study was performed between different concentrations of
glucose, yeast extract, and monosodium glutamate. This experiment indicated that GABA
synthesis by L. plantarum K16 was positively related to yeast extract concentration and
monosodium glutamate. However, a higher glucose concentration exhibited inhibitory
activity on GABA production. These studies identified the best conditions for obtaining
the highest microbial growth and GABA Yyield, reaching up to 9.5 log colony-forming
units per millilitre and 1776 mg/L of GABA, respectively.

Finally, to develop a functional ingredient, it is necessary to ensure that the
supplemented probiotics and bioactive compounds can withstand adverse intestinal
conditions. To this end, in vitro intestinal simulation studies were carried out with L.
plantarum K16 and GABA,; thus, their resistance to these adverse conditions was
observed. In this case, the results showed that L. plantarum K16 had stability against less
acid gastric conditions (pH 4 and pH 6) and intestinal conditions. Although under gastric
conditions with pH 2, it was observed that after 120 min, the viability of L. plantarum
K16 decreased. Similarly, the stability of GABA was evaluated under the same
conditions, which showed a wide instability against all the gastrointestinal conditions

studied.

According to these studies, designing and producing a microcapsule composed of
L. plantarum K16 biomass recovered from its growth in tomato by-product under
previously optimised conditions was necessary. This capsule also contained GABA-
enriched tomato by-product previously produced using the optimised conditions. Once
the biomass of L. plantarum K16 and the GABA-enriched tomato by-product were mixed,
a biopolymer (alginate) was added to the mixture to carry out the production of the
capsules using extrusion techniques by vibration technologies. Therefore, the
encapsulation mixture would come out under pressure through a nozzle subjected to a
frequency, generating its vibration and creating drops. The fall of these drops in a
hardening bath led to the creation of microcapsules, which were recovered and subjected
to a milk bath to protect the microorganisms in the drying process. Finally, the capsules
were freeze-dried, giving rise to a functional ingredient suitable for functional foods,

drugs and food supplements.

With the results obtained in this Ph.D. thesis, it can be concluded that kimchi
fermented food is a good source of lactic acid bacteria, highlighting the bacteria identified
as Lactiplantibacillus plantarum K16, which could produce GABA. In addition, studies



on this strain's safety and probiotic capacity indicated that it is a harmless and potentially
useful strain for promoting human health. On the other hand, the optimal conditions for
GABA production in MRS broth were identified. More importantly, it was observed that
agri-food by-products, specific tomato, were good fermentation substrates for producing
postbiotics such as GABA. Finally, it was possible to develop a protective microcapsule
to ensure that GABA and L. plantarum K16 were able to reach the intestine functionally

and perform their beneficial effect.
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1. STATE OF THE ART

1.1. Importance of intestinal microbiota for human health

Human health is broadly linked to the balance of the symbiotic microorganisms
(archaea, fungi, bacteria and viruses) that reside in the intestine, known as the gut
microbiota (Morais et al., 2021). One of the essential functions of gut microbiota is the
modulation of the immune system, metabolism promotion, protection against the
colonization of pathogens, and enhancing the correct functioning of other organs such as
the liver, bone, or lungs (Gensollen et al., 2016). Furthermore, the gut microbiota has
significant crosstalk with the brain, known as the gut microbiota-brain axis , that enhances
the preservation of the homeostasis of the gastrointestinal tract, central nervous systems
and the microbial community (Chavarri et al., 2021; Philip & Bercik, 2017). The gut
microbiota-brain axis presents several communication routes (Figure 1) through the
autonomous system, highlighting the relationship between the enteric nervous system and
the vagus nerve, immune system, and neuroendocrine or hypothalamic-pituitary-adrenal
axis (Carabottia et al., 2015). For instance, the vagus nerve plays a key role in the gut
microbiota-brain axis by stimulating the releasement of metabolites, like short-chain fatty
acids (SCFA), neurotransmitters, such as dopamine, serotonin or gamma-aminobutyric
acid (GABA), or hormones (corticotropin releasement hormone) that directly affect the
gut microbiota (Hyland & Cryan, 2010; Liu et al., 2019).
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Figure 1: Gut microbiota-brain axis communication routes (image adapted from our book chapter

Chavarri et al., 2021)



The homeostasis of the gut microbiota-brain axis could be affected by the
disruption of the proper balance of the microbial community (Gagliardi et al., 2018). The
imbalance of the gut microbiota has been defined as dysbiosis triggered by intestinal or
extra-intestinal diseases, which threaten normal physiological functioning (Carding et al.,
2015). Heinen et al. (2020) reported that the microbial community of fermented foods
and the bioactive metabolites produced by these microorganisms could interact with the
gut microbiota, maintaining an adequate microbial balance. In addition, the importance
of these microorganisms and their beneficial metabolites has been highlighted in the
review article (Annex L.1) in which the importance of the postbiotic neurotransmitter

GABA and the probiotic Lactiplantibacillus plantarum are detailed.

1.2. Fermented foods and diversity of probiotics

Fermented foods have been widely consumed since the Hippocratic Corpus of
Ancient Greece. A considerable variety of fermented foods has been observed worldwide,
with more than 5,000 types related to traditions and cultural differences (Bell et al., 2017).
For example, Korea, China, and Japan normally consume more plant-based fermented
foods. However, Europe, North-Central America and the Middle East have developed
more fermented dairy products (Rul et al., 2022). The acquired importance of fermented
foods worldwide is due to their high diversity of potential beneficial health effects, such
as the prevention and treatment of illnesses through the protection against oxidative
stress, regulation of cellular metabolism, modulation of the immune system and cognitive
support (Wilburn & Ryan, 2017). The International Scientific Association for Probiotics
and Prebiotics (ISAPP) highlighted that these beneficial health effects are attributed to
the microorganisms in fermented foods and the bioactive compounds they can release
during fermentation. Hence, the food composition, microbial strain, or fermentation
parameters could modulate the health-promoting effect (Marco et al., 2021). Table 1
shows some relevant fermented foods, the beneficial microorganisms found in them and

their potential health-promoting effects.

Various beneficial microorganisms such as bacteria, yeasts and fungi are generally found
in fermented foods, typically classified as probiotics (Chilton et al., 2015). The ISAPP
(2014) supported the definition proposed by the Food and Agriculture Organization of
the United Nations and the World Health Organization (FAO/WHO) in 2002, where they

claimed that probiotics are "live microorganisms which, when administered in adequate



amounts, confer a health benefit on the host" (FAO/WHO, 2002; Hill et al., 2014).

Currently, bacteria, such as bifidobacteria and lactic acid bacteria (LAB), are the main

microorganisms used as probiotics (Kosmerl et al., 2021).

Table 1: Common microorganisms found in fermented foods and their potential beneficial effects

on preserving a healthy gut microbiota

Fermented ) ) o
food Microorganisms Beneficial health effect References
00
Antioxidant activity,
Lactobacillus, Leuconostoc, inhibition of pro-
o . . . . (Leeetal,
Kimchi Weisella, Pediococcus inflammatory cytokines, 2020)
cholesterol reduction, liver
injury attenuation
Lactobacillus, Lactococcus, Antibacterial activity,
Kefi Leuconostoc, Streptococcus, immunomodulatory effect, (Guclu et al.,
efir
Candida, Kluveromyces, relieved gastrointestinal 2021)
Saccharomyces disorders
Antimicrobial effect, detox
) activity, enhance the
Bacillus, Acetobacter, ) ) ) (Kaashyap et
Kombucha ) gastrointestinal, cardiac,
Gluconobacter, Aspergillus ) ) al., 2021)
hepatic, and neurologic
functions
Bacillus, Lactobacillus, ) ) )
Brain and kidney protection,
) Leuconostoc, Enterococcus, ) ] (Allwood et
Miso ) stroke prevention, anti-
Aspergillus, o al., 2021)
diabetic
Zygosaccharomyces
Weisella, Lactobacillus, Metabolism regulation,
) ) ) (Lau et al.,
Sourdough | Lactococcus, Streptococcus, gastrointestinal benefits, 2021)
Leuconostoc control glycaemic index

The Bifidobacterium genera (Actinobacteria Phylum) is a wide group of catalase-
negative, non-spore-forming and gram-positive curved and bifurcated rod-shaped
anaerobic bacteria which play a key role in the gut microbiota (Ventura et al., 2015). This
genus is closely related to LAB, however, the metabolism of sugars by Bifidobacterium

is more focused on the production of acetic acid than lactic acid (Hoover, 2014).



On the other hand, LABs (Firmicutes Phylum) are non-spore-forming, gram-
positive and catalase-negative aerotolerant or microaerophilic bacteria which highly
produce lactic acid from sugar fermentation. Bacilli or cocci are included in this group,
being essential to highlight the genera Oenococcus, Pediococcus, Weisella, Leuconostoc,
Lactococcus, Streptococcus or Lactobacillus (Ayivi et al., 2020). Also, microorganisms
from the Bacillus genera (Firmicutes phylum), known as catalase-positive, spore-
forming, and gram-positive, have attracted attention to their use as probiotics (Lu et al.,
2018). Several yeast and fungi, such as Saccharomyces cerevisiae, S. boulardi,
Kluyveromyces lactis or Aspergillus oryzae, also present probiotic effects. Nevertheless,
S. boulardi is the only yeast properly classified as a human probiotic (Dawood et al.,
2020; Homayouni-Rad et al., 2020; Sen & Mansell, 2020).

Furthermore, the microorganisms used as probiotics should be considered
Generally Regarded as Safe (GRAS). The European Food Safety Authority (EFSA) has
included Lactobacillus, Bifidobacterium, and Bacillus species in the Qualified
Presumption of Safety status (Liu et al., 2020; Ruiz Sella et al., 2021). However,
FAO/WHO, (2006) highlights that it is essential to perform an in vitro characterization
before carrying out in vivo trials. For instance, it is necessary to determine the resistance
against stressful situations, protection against pathogens or modulation of the immune
system (James & Wang, 2019). Surve et al. (2022) performed a safety assessment of two
L. plantarum strains isolated from Indian foods by evaluating their haemolytic activity,
production of biogenic amines and resistance against antibiotics. Won et al. (2020)
focused on the characterization of L. sakei on the resistance of this strain against different
concentrations of bile salts and the variation of pH, as well as the production of enzymes
with a potential health effect. On the other hand, Jamyuang et al. (2019) also evaluated
the probiotic effect of Lactobacillus strains isolated from human breast milk. In this case,
a model of epithelial cells was used to determine how Lactobacillus could adhere to this

kind of cells and protect then against the colonization of enteric pathogens.

Moreover, Yang et al. (2021) performed an in vivo study with rats to confirm the
antioxidant effect of L. paracesei, isolated from fermented rice, by reducing the
expression of genes involved in oxidative stress. Chaudhari et al. (2022) used Swiss
albino mice and Wistar rats to evaluate the antidiarrheal effect of B. coagulans. The
results showed that B. coagulans could increase gut integrity by repairing damaged
intestinal cells and improving the integrity of the colon goblet cells. Lee and Lee (2022)
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analysed the probiotic effect of S. cerevisiae using a mice model that presented induced
colitis. The supplementation of S. cerevisiae reduced the secretion of pro-inflammatory
cytokines, improved the functionality of proteins essential for a healthy gut barrier and
helped recover the structure of a normal colon. Chéavarri et al. (2022) also have reported
the importance of probiotics in the treatment and prevention of nutritional health disorders
such as undernutrition (severe acute malnutrition in children, pregnancy and elderly),
overnutrition (cardiovascular and metabolic disorders) or malnutrition associated with
other disorders (pathogen infection, food intolerance, irritable bowel diseases). Within
the great variety of probiotic microorganisms and their potential beneficial health effect,
L. plantarum is of great interest due to the high versatility and relevant health effect of
this species (Darby & Jones, 2017).

1.3. Lactiplantibacillus plantarum

In the beginning, Lactiplantibacillus plantarum was named Streptobacterium
plantarum, and this name was changed in the 1980s to Lactobacillus plantarum because
of the phenotypic similarities between other Lactobacillus species (Todorov & de Melo
Franco, 2010). Recently, Zheng et al. (2020) conducted an in-depth phylogenetic analysis
and finally changed the name to Lactiplantibacillus plantarum. Furthermore, L.
plantarum inhabits a wide range of niches such as meat, dairy products, vegetables, and
some parts of the human body. Also, they are mainly found in vegetable-based fermented
foods, such as kimchi, sauerkraut, brined olives, sourdough, or stockfish (Khemariya et
al., 2016). Likewise, L. plantarum strains highlight their great adaptability to a wide range
of environments, may be because this specie has a larger genome size, which ranges
between 2.91 to 3.70 Mb, compared to other LAB (Bringel et al., 2001).

1.3.1 Beneficial effects on human health

The L. plantarum specie is characterised due to its demonstrated probiotic effect
such as protection against pathogenic colonisation (Zhao et al., 2022), adhesion to the
gastrointestinal epithelium (Santarmaki et al., 2017), antioxidant effect (Luan et al.,
2021), immunomodulatory activity (Villena et al., 2017), or reduction of the blood
pressure (Zareian et al., 2015). For instance, Li et al. (2012) showed the antioxidant effect
of L. plantarum, isolated from traditional Chinese fermented foods, in senescent mice.
The administration of this bacteria, which was high resistance against hydrogen peroxide,

reduced the oxidative stress by stimulating the superoxidase dismutase, the glutathione



peroxidase and the general antioxidant activity in the mice liver. Liu et al. (2016) tested
the neuroprotective effect and the blood-pressure modulation of L. plantarum TWK10
strain using hypertensive induced rats. After the administration of this strain, the
production of nitric oxide in plasma was enhanced, coupled with the inhibition of the
angiotensin-converting enzyme in serum and, thus, a significant reduction of the blood
pressure. Hong et al. (2015) and Wang et al. (2021b) also observed the neuroprotective
effect of L. plantarum strains, in murine models, by activating signaling pathways or

enhancing the expression of regulation genes.

Plenty of clinical trials have also been performed to determine the beneficial effect
of L. plantarum strains. Darby and Jones (2017) summarised successful clinical trials
where this bacteria reduced inflammatory markers and decreased lipid levels in blood,
protected against cardiovascular diseases, fought against severe infections and preserved
the gastrointestinal tract. Sohn et al. (2022) showed that the administration of L.
plantarum K50 strain for 12 weeks to obese patients significantly reduced the levels of
triglyceride and cholesterol coupled with an increase of L. plantarum and a reduction of
Actinobacteria in the intestinal community. Liu et al. (2021) detected a reinforcement of
the gut microbiota by increasing the concentration of butyric acid producers and
alleviating the symptomatology of irritable bowel syndrome after the administration of L.
plantarum CCFM8610 strain. Kageyama et al. (2021) indicated that a L. plantarum strain
from a Chinese herbal medicine had the potential to protect against coronavirus disease
because this strain decreased the levels of interleukin-6 and increased the activation of
natural killer cells in the clinical trial. Recently, Kumar et al. (2022a) conducted an in
vivo study with Caernorhabditis elegans and observed that L. plantarum JBC5 strain
could be considered a promising next-generation probiotic that could lead to healthy
ageing and enhance longevity in humans. This strain was characterised by reducing
oxidative stress and stimulating genes involved in protection against heat damage and

pathogenesis, along with stimulating serotonin signalling by increasing cognitive activity.

1.3.2 Metabolism

1.3.2.1 Primary metabolism: microbial cell growth

The transformation of several complex nutrients leads microbial metabolism
through a wide range of biochemical reactions to obtain precursor molecules, known as
metabolites, to ensure the proper development of the microorganism (Chavarri et al.,

2021). The primary metabolism is involved in this process where energy is mainly
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obtained from essential nutrients, classified as macronutrients, which high concentration
Is required for the proper function of the microorganism (Wang et al., 2021c). LAB are
considered fastidious microorganisms with specific nutritional conditions to grow (Ayivi
et al., 2022). Purines, pyrimidines, amino acids and vitamins are some of the essential
growth factors for LAB (Miranda et al., 2021). Therefore, LAB could present proteolytic
enzymes to obtain peptides and amino acids, or lipases, to metabolise lipids into useful
fatty acids and glycerol to promote microbial growth (Wang et al., 2021c). Nevertheless,
the metabolism of carbohydrates is the most important metabolic pathway of LAB
because it is the main way to get energy and carbon molecules for microbial growth
(Hayek & lbrahim, 2013).

L. plantarum is considered a highly versatile Lactobacillus specie which presents
a stronger carbohydrate utilization system compared to another LAB (Corsetti &
Gobbetti, 2002). For instance, L. acidophilus, L. bulgaricus or L. helaveticus are
homofermentative LAB using the Embden-Meyerhof-Parnas (EMP) pathway to oxidaze
glucose into pyruvate (Bintsis, 2018). Subsequently, the pyruvate molecule is reduced to
lactate (homolactic) through the anaerobic catabolic process, where electrons are donated
and accepted by organic compounds and an external electron acceptor is not required,
known as fermentation (Todorov & de Melo Franco, 2010). Furthermore, some LAB
catabolyse glucose through the phosphoketolase pathway obtaining, as a result, carbon
dioxide, glyceraldehyde 3-phosphate (GAP) and acetyl phosphate (AcP). Then, GAP
goes to EMP pathway producing lactate and, AcP is converted into ethanol (heterolactic)
(Khalisanni, 2011). L. brevis, L. fermentum or L. reuteri, use these pathways to catabolyse

glucose, therefore, are classfied as heterofermentative (Bintsis, 2018).

However, L. plantarum is a facultative heterofermentative so in the presence of
hexoses acts as a homofermentative and, with pentoses, follows the heterolactic pathway
(Jung & Lee, 2020). Cui et al. (2021) highlighted that the ability of L. plantarum to
metabolise different kinds of carbohydrates, such as monosaccharides, disaccharides,
sugar alcohol, oligosaccharides, and polysaccharides, was directly correlated to the signal
transduction system known as a two-component system that could regulate several
physiological processes and the microbial metabolism. Therefore, the high yield of two-
component systems in L. plantarum has been directly related to its survivability and

ability to metabolise a great amount of carbohydrates.



According to the isolation source, the metabolism and the potential beneficial
health effects of L. plantarum strains could be different. Surve et al. (2022) isolated two
L. plantarum strains from different Indian food. After a phenotypic characterisation, a
great variation in cell adhesion was observed between both strains, as well as a strong
difference in sugar metabolism. In this regard, one of the strains had glucansucrase and
fructansucrase genes, which are not commonly found in L. plantarum. Furthermore, Yu
et al. (2021) evaluated thirteen L.plantarum strains isolated from different sources such
as tomato, cactus fruit, olives or fermented wheat. The results indicated that the
carbohydrate metabolism and the stress tolerance of these strains obtained from similar
sources did not strongly change. For instance, the strains isolated from tomato and olives
in brine were more resistant against acidic pH and salty medium. The authors suggested
that the high adaptability of the strains could be related to the variety of mechanisms
involved in protecting against stressful conditions. Papadimitriou et al. (2016) studied in
depth all the physiological protective mechanisms of LAB against acidic environments,
osmotic pressure, high concentration of metals or starvation. For instance, amino acids
catabolism is an essential mechanism to preserve the internal pH and reduce energy and
stress in LAB (Fernandez & Zufiga, 2006; Guan & Liu, 2020).

1.3.2.2 Secondary metabolism: postbiotic metabolites

Secondary metabolites are commonly synthesised in the late growth phase of the
microorganism. Although these metabolites are not indispensable for growing, they could
play a key role as defensive or signalling molecules (Thirumurugan et al., 2018). During
the last decade, probiotic secondary metabolites have gained importance because they are
bioactive functional metabolites producing several beneficial health effects (Chavarri et
al., 2021; Mora-Villalobos et al., 2020). Initially, researchers defined these bioactive
substances as metabiotics, postbiotic, pharmacobiotics, cell-free supernatants or non-
viable probiotics, considering that metabolites, signalling molecules or structural parts of
probiotics could be introduced into this classification (Sharma & Shukla, 2016; Singh et
al., 2018). Finally, due to the increase in the use of these terms, the definition has evolved
indicating that the non-viable probiotics or any other cell lysis components such as
polysaccharides, peptidoglycans, teichoic acid or membrane proteins should be defined
as parabiotic (Nataraj et al.,, 2020). Currently, postbiotic are considered bioactive
metabolites or other probiotic compounds released during fermentative processes
(Abdelazez et al., 2022; Duefias & Lopez, 2022; Kim et al., 2022) . Chéavarri et al. (2021)



emphasized the importance of a wide variety of postbiotic metabolites classified
according to their molecular nature (Figure 2). Several organic compounds are included
into the postbiotic classification, such as SCFA, polyamines, enzymes, vitamins,
bacteriocins, neurotransmitters, amino acids, or proteins. In thos regard, Kareem and
Razavi, (2020) reported a group of antimicrobial peptides, known as plantaricins, mainly
produced by L. plantarum strains useful as food preservatives and a promising future
alternative for antibiotic treatments. Li et al. (2022) highlighted that L. plantarum WSJ-
06 strain increased the synthesis of beneficial metabolites like serotonin, vitamin B12 or

several organic acids that could alleviate neurological disorders in humans.
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Figure 2: Diversity of postbiotic metabolites synthesized by probiotics (Image adapted from our
book chapter Chavarri et al., 2021). GABA: gamma-aminobutyric acid; L-DOPA: L-3,4
dihidroxifenilalanina; SCFA: short chain fatty acids

Giri and Sharma (2022) highlighted the importance of neuroactive metabolites
produced by probiotic strains, known as psychobiotics. These compounds can promote
the human health by stimulating the central nervous system, acting as neurotransmitters,
neurohormones and neuromodulators. Several studies have reported that psychobiotics
can produced interesting neurotransmitters that play a key role in human health. For
example, Ali and Haq (2010) reported that A. oryzae performed the oxidation of tyrosine
to enhance the synthesis of 3,4-dihydroxy L-phenylalanine (L-DOPA), an essential
neurotransmitter against Parkinson’s disease. L. lactis strains also transformed L-DOPA
to obtain the neurotransmitter dopamine (Vodolazov et al., 2018). Other species, such as

L. plantarum or Streptococcus thermophilus could synthesise serotonin from the



metabolism of tryptophan (Liang et al., 2019). Currently, the neurotransmitter GABA
widely produced by psyschobiotics, has been gaining importance for the last decades due
to the wide variety of beneficial effects it can confer on human health (Diez-Gutiérrez et
al., 2020).

1.4. Gamma-aminobutyric acid

GABA is a four-carbon non-proteinic amino acid extensively found in eukaryotes
and prokaryotes. In 1949, GABA was first discovered in potato tubers (Solanum
tuberosum). Its production in the plant was directly related to stressful biotic or abiotic
situations such as acidification, cold shock, hypoxia or lack of water (Li et al., 2021). One
year later, GABA was found in mammalians brain and classified as the most crucial
inhibitory neurotransmitter in the central nervous system (Smart & Stephenson, 2019;
Spiering, 2018). The GABAergic receptor system presents three central receptors named
GABA,, GABA, and GABA.. This system modulates human behaviours such as mood,
sleep and memory (Wang et al., 2021a). Also, this neurotransmitter plays an essential role
in preserving health and preventing the development of disorders related, e.g., to the

cardiovascular, nervous or endocrinological system (Chavarri et al., 2021).

According to the importance of GABA in human health, the presence of this
compound in bacteria, fungi, plants and animals began to be widely studied for the last
decades (Ramos-Ruiz et al., 2018). The potential high functionality of GABA attracted
the attention of food, pharmaceutical, agricultural and chemical engineering industries.
In this regard, Pham et al. (2016) reported that GABA was an interesting molecule to
produce bioplastics, as this amino acid is the precursor of pyrrolidone, the main monomer
required for synthesizing the biodegradable commercial polymer Nylon 4. Furthermore,
Liu et al. (2015) proposed that GABA could be a good choice for acid mine drainage
bioremediation due to the protective effect of this molecule against acidic environments.
On the other hand, the food and pharmaceutical industries have focused on developing
food supplements and healthier fermented foods (Boonstra et al., 2015; Champagne et al.,
2018).

Currently, GABA can be chemically synthesized or obtained by biological
processes (Dhakal et al., 2012). The chemical synthesis of GABA follows the Hell-
Volhard-Zelinsky method, which is a simple, reliable process. However, this chemical

synthesis has low efficiency and a high environmental impact because a lot of energy and
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chemicals are required (Wang et al., 2016). Hence, GABA production has moved to use
biological processes such as plants or microorganisms. For instance, plants can
accumulate GABA under stressful conditions, but the inefficiency of the process and high
cost prevent it from being scalable at industrial level (Li et al., 2021). Consequently, the
production of GABA by microorganisms has gained importance due to its high efficiency,
affordable cost and low impact in the environment (Sarasa et al., 2019). Figure 3 draws
the biosynthetic pathways that microorganisms can use to produce GABA. The
machinery to produce GABA depends on the type of microorganisms.The putrescine
pathway (Figure 3a) is often used by Escherichia coli or the fungi Aspergillus oryzae
(Akasaka et al., 2018; Cha et al., 2014). Glutamic acid decarboxylase (GAD) pathway
(Figure 3b) is more extended among probiotic microorganisms such as Lactobacillus and
Bifidobacterium species (Kim et al., 2014; Yunes et al., 2020).
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Figure 3: Biosynhtetic pathways that microorganisms can use to produce gamma-amino butyric
acid: a) Putrescine pathway; b) Glutamic acid decarboxylation pathway; c) Degradation process

of gamma-amino butyric acid (Image obtained from our article Diez-Gutiérrez et al., 2020; Annex

L1).

Furthermore, L. plantarum species synthesize GABA activating the GAD
pathway under stressful environments (Phuengjayaem et al., 2021). An acidic
environment activates the GAD pathway (Figure 4), which begins with introducing a
molecule of L-glutamic acid (L-Glu) into the cell. This molecule is introduced into the
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cell using an electrogenic antiporter, codified by a gadC gene, which is also involved in
the exportation of the synthesized GABA molecule (Yunes et al., 2016). When L-Glu is
inside the cell, it is decarboxylated by the GAD enzyme encoded by the gadB gene,
obtaining one GABA molecule and, in consequence, the cytoplasmic pH increases
consumin